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SECTION ~

EXECUTIVE SUMMARY

Introduction

This study consists of four descriptive sections covering

respectively: a state-of-the-art literature survey on ungrounded

and grounded power systems, a report on literature pertaining to

human threshold limits of electric shock, an analysis of the

performance requirements of isolated systems and a section on design

and performance specifications for an isolated system. The final

section includes copies, and translations where applicable, of the

most important articles on foreign mining practice as well as some

technical publications which could be difficult to ob~ain elsewhere.

Section 2 - Literature Survey

In analyzing the available literature on ungrounded systems it

became apparent that too strict an interpretation of Section 1.1 of

the Contract would limit the survey in both period of time analyzed

and in available literature which discussed several types of power

systems. Therefore, the survey was expanded to cover approximately

the past twenty-year period and to cover literature which addressed

itself to both ungrounded and grounded power system operation.

Section 2 gives a brief summary of this literature survey and lists

the important papers and books which were examined.
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Section 3 - Human Threshold Limits of Electric Shock

Se~tion 3 examines the literature on the subject of human threshold

limits of electric shQck and includes an extensive separate bibliography

of important papers and references on this subject. The contractor

emphasizes that Section 3 is a report of information contained in exist­

ing literature and no attempt has been made to verify or justify the

conclusions reached by the referenced authors. The contractor has used

the information and conclusions of the various authors as a guide to

understanding the various human threshold limits so that these limits

can be considered in the ap.alys.is of the sa~ety aspects pf ungrounded

power systems.

Section 4 ~ Performance Requirements of Isolated System

Section 4 is the real substance of this report in that it uses the

information contained in the literature references of Sections 2 and 3

as the basis for an analysis of fundamental systems characteristics,

systems performance and. ferformance requirements, and a comparative

examination of the advantages and disadvantages of ungrounded power

sy~tems with respect to existing systems used in underground co&l mines

and with respect to other system designs which might be used.

The most important human threshold limit mentioned in the study

of Section 3·is the 9.0 rnA "let-go current" limitation, since ~urrents

higher than the let-go current could cause the person subject to shock

to "freeze" to the power system and cause death by paralysis, ventricular
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fibrillation. etc., as discussed in Section 3. Therefore, Section 4

examines power system design from the standpoint of "let-go current".

Section 4 establishes that there is really no such thing as an

ideal ungrounded system due to the effect of inherent distributed

capacitance to ground which is present in all components of the system.

This capacitance establishes a path to ground for current to flow so

that a shock hazard exists to a person touching a live conductor while

standing on the ground or while in contact with a grounded metallic

object. Analysis of system characteristics indicates that currents

above the 9.0 mA let-go level can exist in a 480-volt ungrounded

power system even with a limited amount of cable and equipment. The

conclusion drawn is that a completely ungrounded system is no safer

than any other system from a human shock standpoi~t. It is also shown

that the ungrounded system has no advantage with respect to gas ignition

hazard.

The conclusion reached in Section 4 is that the ungrounded system

is not necessarily the best system for underground coal mines, but

that consideration should be given to the high resistance grounded

system which has important advantages over both the ungrounded system

and low resistance or solidly grounded systems. It is stressed, how-

ever. that none of the described systems is intrinsically safe from a

personnel standpoint.

Section 5 of this report covers design and performance specifica-

tions for an ungrounded system as required by the Contract. Where Section
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4 was primarily concerned with fundamental system characteristics, Section

5 accepts these characteristics and defines an overall system and hardware

specification designed to minimize the adverse safety characteristics of

the ungrounded system. The design is based on the use of shielded trans-

formers and cable to minimize stray capacitance problems and a sensitive

relay system to detect high impedance fault conditions. (Unshielded

symmetrical cable designs could also be used to minimize the stray capaci-

tance problem, but shielded cable has safety advantages also.) The relay

system is designed to detect sing1e-1ine-to-ground fault currents as low

as 9 mA, for the a-c system, and as low as 60 mA for the d-c system. The

major limitation of the system is the need to shut down both 480 volt

feeders for a fault on either feeder. The same limitation applies to the

d-c system and to the 120/240 volt a-c system. This is because the relay

system is a voltage sensing scheme and cannot distinguish between individual

feeder faults and therefore is not selective. The current levels are too

low for any known current sensing scheme, using sensors in the individual

feeders, therefore there is no way to obtain a selective system.

The use of cable using shields around each individual conductor is

a necessary part of this system. The shields should be tied to each

machine frame and to the ground connection made at the ground fault

sensor location. The shields balance the capacitive reactance to ground
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• and also reduce the human shock hazard in case of cable insulation

damage.

Each individual shield should be monitored to be sure they are

all intact, so that maximum personnel safety is obtained and to mini-

mize the risk of ground-to-ground arcing.

The system as specified in Section 5 has important advantages

over present systems as discussed in Section 4. However, it still

has the disadvantage of being subjected to excessive overvoltages if

~n arcing ground fault occurs. For this reason, it seems that the

high resistance grounded system is a better choice.

Therefore, an electrical system essentially as described in

Section 5, except using high resistance grounding, seems to be the

best a~swer to personnel safety. In addition, the development of

feeder. ground fault sensors operating at a level of less than one

ampere would permit selective tripping of faulted feeders and improve

the availability of the substation.

Section 5 also includes a reliability analysis of the system

described in the specification, using failure rate data based on

general industrial experience. No specific data has been found for

underground mining applications. Therefore, the analysis must be

considered indicative only. The primary conclusion and recommenda-

tionis that a more reliable breaker should be used for the main 480-

volt circuit breaker so that the reliability of the back-up protection

would be improved.
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Power System for Lights

At the request of Mr. E. L. Litchfield, Bureau of Mines. the

Contractor investigated single phase power systems for supplying

lights used during the loading of explosives, although this is over

and above the contract requirements. A 24-volt d-c system is

suggested and it is described at the end of Section 4.

Conclusion

We believe that the high resistance grounded power system has

personnel safety advantages for underground mining application. We

recommend additional investigation of this system including the type

of grounding (e.g.: resistance vs. transformer coupled resistance).

sensitive ground fault detectors, shielded cable design and ground

continuity monitoring systems for shielded cable.

We recommend the establishment of technical interchange with

the equivalent national bodies of other nations (e.g.: The National

Coal Board of the United Kingdom). Much of the international

literature we reveiwed is quite old, so the establishment of technical

interchange agreements, and formal international technical sessions,

would give an opportunity to assess past experience and current

practice in this important area of human working environment.

1-6



• SECTION 2

STATE-OF-THE-ART LITERATURE SURVEY

Scope

Section 1.1 of the Contract requires the contractor to compile a

state-of-the-art literature survey on the use of ungrounded electrical

distribution systems in industrial applications. A strict interpreta­

tion of the-wording "state-of-the-art" would limit·the survey to current

practice in the industry. but such a limitation does not permit a

comprehensive survey to be made. For this reason. the search of the

literature was extended back from the present time to about 1950. Any-

thing earlier than this was not considered "state-of-the-art" unless the

article discussed fundamentals rather than industry practice.

To confine the literature search strictly to "ungrounded electrical

distribution systems" would place another limitation on the survey by

eliminating a considerable amount of valuable literature that discusses

more than one type of system. Such literature is much more valuable

than literature dealing with only one system. It is inevitable. in any

study such as this, that comparisons will be made between the ungrounded

system and several other types of system. As a matter of fact. very

few articles have been published on the use of ungrounded systems per set

at least ·not in recent years. This, no doubt, is due to the fact
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that there has been a gradual change in practice away from the ungrounded

systems to the solidly grounded and high-resistance grounded systems.

The requirements of Section 1.1 are considered to have been met by the

appended compilation of the state-of-the-art literature entitled, "Bibli-

ography on Power Distribution Systems and Related Subjects". It is an ex-

panded list of publications which include discussions of other types of

systems than the ungrounded system and related subjects to 'permit a compre-

hensive study to be made of such systems. Reference may be made to some

of the listings in this bibliography in other sections of this report, with

the exception that a separate bibliography has been compiled for the report

on human-threshold limits under Section 1 of the Contract. Certain listings

to which specific reference is made in this report, and which are translations

of foreign articles, or otherwise difficult to obtain, are marked with an

asterisk* to indicate that copies are being supplied by the contractor and

are included in Section 6.

Before proceeding with a detailed analysis of the ungrounded system

(included in Section 4 of this report), it might be well to review the history

of the use of this system in industry to gain a better understanding of the

"state-of-the-art" today.

A Brief History of the Ungrounded System in Industry

In the early days of the electrification of industrial plants, the

ungrounded system was used almost universally for low-voltage in-plant

distribution of power at 220 or 440 volts. Generators and transformers

were almost always delta connected, hence there was no way to ground the
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neutral, even if the operators so desired, without additional equipment

such as grounding transformers. The plant was usually supplied from

the utility at 2400 or 6600 volts and these primary systems were also

operated ungrounded. In the larger plants, such as steel mills, there

were many motors operating directly on the 2400-volt or 6600-vo1t systems.

There are generally two reasons given for the popularity of the

ungrounded system in the early days. One reason is that the initial

cost was lower. There were no ground conductors and no ground connec-

tions to be made. In some of the older installations, only two instead

of three breaker overcurrent trip devices were used, which was a cost

saving. The other reason, of much greater importance, is that the first

fault between any phase conductor and ground usually causes no interrup-

tion of power to any part of the system. Thus there is no loss of pro-

duction or interruption of a continuous-type process. The system may

continue in operation until a planned shutdown of the circuit or process

permits the fault to be located and cleared.

Perhaps a third reason should be mentioned, this one explaining why

ungrounded operation is continued long after a change is indicated by

unsatisfactory operating experience. The reason is that the changeover

from an ungrounded system to some form of grounded system may be expen-

sive, especially if additional units, such as transformers, are to be

added to the system.' Then there is the personnel factor--a matter of

training operators and maintenance men to understand, operate, and

maintain a new system having different characteristics. This reason

is given more often than appears justified.
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In the late 1930's and early 1940's, a gradual change away from the

ungrounded system to the solidly grounded system began to take place.

This was brought on, no doubt, by the recognition of some of the serious

deficiencies of the ungrounded system after long years of accumulated

data and operating experience. These deficiencies will be analyzed in

detail in the report under Section 4. During the next twenty years

or so, the problem was given a great deal of thought, many tests and

calculations were made, and most of the results were recorded in the

literature. At first it appeared as though the change might be made

completely to solidly grounded systems, but in more recent years, a third

type of system -- high-resistance grounded (to be defined later) --

gained considerable favor for certain applications. Thus the power

system engineer had a wide choice in the selection of a system best

suited to his particular application. The good and bad features of

the various types of systems will be~studied under Section 4.

As is to be expected, there was, and still is, a difference of

opinion among operators an~ engineers as to the best system. This is

understandable because ungrounded and both high-resistance and solidly

grounded systems have their advantages and disadvantages, and it was

usually up to the individual engineer to choose the system he considers

the best fOr his 'particular appli~ation. ,It is conceivable that

personalities of individuals' sometimes affected the choice made.

Manufacturers of electrical equipment made contributions too, by

devoting a considerable amount of their engineering talent and test

facilities to a better understanding of the problems and their solutions.
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No doubt another factor influencing the trend toward some form of

grounded system was that industrial systems were becoming larger, with

higher KVA and HP rated components. This may have emphasized some of

the problems that operators began experiencing with their large un­

grounded systems as contrasted to small ungrounded systems. For example,

the system charging current may have become considerably higher due to

more and longer feeder cables tied to the same source. Also,·the use

of system voltages higher than 220 volts not only produced new problems

but seemed to amplify those experienced on the low-voltage systems.

These, and the other undesirable characteristics of the ungrounded

system, will be covered in the detailed analysis in the report under

Section 4.

The literature records some of the experience, thinking, and

practices of owners and power engineers, as well as the results of

tests, calculations, and data accumulated by manufacturers of electrical

equipment. In the following discussion, reference is made to the

appended bibliography by item numbers.

As late as 1966, at least one large industrial plant, Kodak.Park

Works of Eastman Kodak Company, after fourteen years of experience

with one hundred ungrounded systems, found the systems satisfactory.

Geinger1 concludes: "On systems of under 600 volts where continuity

of service is of prime importance and where protected from lightning

or contacts with other high voltage systems, and where a rigid practice

of ground detecting, tracing with power on, and clearing the grounds
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is provided, benefits may be experienced which can justify operating such

systems ungrounded."

In recent years, however, this same manufacturer has made it a

practice to install only grounded systems of both the high-resistance and

solidly grounded types in the same plant.

Also in 1966, a small industrial p1ant2 , Edmunds Manufacturing Company,

decided the ungrounded system would be suitable for their operation, but. ,

for quite different reasons. It is interesting to note that the serving

utility company's "highly dependable" experience witb 240-vo1t ungrounded

power distribution systems was a factor. Also, all maintenanance and

repair work was done by an outside electrical contractor.

A perusal of the literature indicates the nature of the problems

and the struggles of engineers and users to solve them. By 1951, one
3 .

manufacturer ha.d accumulated ten "case histories" of failures due to

over-voltage on ungrounded systems with explanations of what caused the

failures. Thus, a better understanding of the characteristics of

ungrounded systems began to emerge.

In 1954, the question of grounding the neutral of power systems

was answered by several plant operators in various ways, but generally

4they leaned toward some form of grounding.

In 1955, Thacker5 made a prediction in the title of an article

"Coming - More Grounded Systems", and in both this article and another

6one , discussed rather thoroughly the advantages and disadvantages of

both types of systems. He also discussed another problem plaguing power

system engineers at the time whether the secondary windings of the

supply transformer should be delta or wye connected.
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transformers in the early days were delta connected. There was no

simple and inexpensive way to ground the neutral of these systems.

In some cases, operators resorted to the practice of grounding one

phase solidly ("corner-of-the-delta"), or even grounding the mid-point,

if-any. of one transformer winding ("mid-phase grounding"). Both

methods produced problems peculiar to such systems, which need not be

considered here.

The use of wye connected and delta connected transformers presented

problems of phasing and load sharing. as well as grounding. if the

new transformers were to operate in parallel with the existing transformers.

Yet some operators were reluctant to use wye connected transformers.

even on independent systems, because of the somewhat higher cost at

the time.

7Brereton and Hickok make a very good case for the high-resistance

grounded system for petroleum plants, which by their nature are inherently

continuous in operation. Forced and unexpected power failure can be

both hazardous to personnel and costly in production losses. This paper

discusses many important factors pertinent to the choice of power system.

Dunbar8 presents a very good discussion of the factors to be considered

in choosing between the ungrounded and grounded system, including the

interesting personnel factor. Austin9• in designing an oil refinery

system, used a solidly grounded 480 volt system but made the 2400 volt

system delta connected ungrounded. The nature of the loads on. the two

systems seemed to be the determining factor in this particular case.
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10For underground coal mines, Huffman wrote in 1958 that the use

of a neutral resistor in both primary and secondary circuits is the

safest system devised so far, and placed great emphasis on proper

design of the entire system. But in 1960, Stewart11 defended the

use of a delta connected ungrounded system for coal mines. In the

same year, an article in Coal Age12 describes mines with resistance

grounded systems. Trasky13, in 1965, recommended high-resistance

grounding with suitable protective devices.

14Although he is writing about public utility systems, Sutton poses

the question in the title "To Ground or Not to Ground is the Question",

and then presents a very good analysis of the factors that should be

considered in choosing between grounded and ungrounded systems.

E1iasen15 does somewhat tqe same thing in an article declaring "Ground-

ing is a Local Problem."

potter16 , in 1965, says, "In the design of large modern industrial

plants, ungrounded delta electrical distribution systems are rarely

considered today", but proceeds with a graphical analysis of ungrounded

delta systems (for balancing loads). In 1966, Jackson17 , a consulting

engineer, made a strong case for system neutral grounding after re-

viewing the characteristics of several systems.

18As for foreign coal mine practice, Luxmore indicates that it is

now accepted practice in Great Britain to limit ground fault current,

by means of a neutral grounding resistor, to not more than 15A, and

in many cases to not more than 0.75A at 1100V and 0.25A at 550V,

with ground fault protective tripping devices. Streich 19,20 indicates
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that the practice in West Germany is to operate the system ungrounded

but with ground fault protective devices. Delauw2l indicates that

Belgium practice may be to operate ungrounded, but with proper pro-

tective devices.

The General Electric Company22, in 1969. published GET-3548.

entitled "System Grounding for Low-voltage Power Systems", which

sums it up by comparing the characteristics, advantages, and dis-

advantages of eight methods of system grounding (including the un-

grounded system).

There are probably many more solidly grounded systems than un-

grounded systems in operation today in modern industrial plants. The

use of high-resistance grounded systems has shown an increase in

oil refineries. paper mills. and similar industries. The ungrounded

system is still favored by many automated process companies, such as

most large automobile manufacturers, in which a power shutdown is

estimated to cost $2000 a minute or more in lost production. The

corresponding cost for coal mines is probably in the order of $400

an hour per mine section. It should be noted that these large in-

dustrial plants generally have well trained maintenance personnel

with adequate equipment, an advantage the smaller companies do not

have, but this is not always true. A few automobile manufacturers have

recently installed high-resistance grounded systems.

All of the above emphasizes the fact that there are many pros

and cons on the subject of system grounding. and that the engineer

should decide for himself which system will best serve his needs,

2-9
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provided, of course, that the system he chooses does not violate

any laws, regulations. or codes that may apply to his industry.
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SECTION 3

REPORT ON STUDY OF HUMAN THRESHOLD LIMITS

OF ELECTRIC SHOCK

General

Section 1.2 of the Contract requires the Contractor to ascertain

human threshold limits and appropriate safety factors for power distribution

systems. It was necessary for the contractor, not skilled in the

medical arts, to make a very comprehensive survey of the literature

to understand the problems, limits, and tolerances of human shock

hazards as they relate to coal mine types of power distribution systems.

This understanding is essential prior to proceeding with the study

and design of the coal mine power system itself.

The study of the power systems, reported under Section 4, will

show why all types of systems present personnel shock hazards. A

knowledge of the characteristics of systems and the effects of electric

shocks on man are both important factors in the choice of the type

of system and, the application of suitable protective devices, not only

for the man but for the system.

The purpose of this report is (1) to record the state-of-the-art

literature on electric shock hazards and human threshold limits,

(2) to summarize the data, observations, and-conclusions of the authors

of the literature, and (3) to emphasize what the authors consider

to be important aspects of the problems and solutions in the matter
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of personnel safety. This report will not attempt to evaluate the

work of the investigators. to draw conclusions not already in the

literature. or to set forth guide lines or limits to insure personnel

safety.

The reference numbers refer to the appended "Bibliography of

Literature on Electric Shock Hazards and Human Threshold Limits".

In the evaluation or a power distribution system in which personnel

safety is the prime consideration, it is important to understand the

effects of an electric current on the human body. These effects range

all the way from mild surprise to immediate death. with intermediate

variations including fright. anxiety. violent involuntary reaction.

paralysis. asphyxia. ventricular fibrillation. cardiac arrest, nerve

and blood vessel damage. and severe burns.

A realistic approach to the problem. and a thorough study of the

literature. will result in the conclusion that an extremely ~inute

quantity of electrical energy can be injurious or even fatal. While

a low value of current may cause only fright or surprise. serious

injury or even death can result under certain circumstances if in-

voluntary reaction to the shock causes the victim to fall from a

high place, to jump so as to strike another object forcefully. or

to tangle with machinery in operation. Whether or not a stated value

of current through the human body is dangerous or lethal depends

upon a set of variables such as body weight. health of the individual.

whether male or female. the path of the current through the body and

the duration of current flow. The actual value of current flowing
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depends upon another set of variables including the circuit voltage,

the circuit frequency, and the total resistance of the body, contact

points, and other circuit elements. While the circuit frequency has

an effect on shock hazard, this report will consider only direct

current and 60 Hz alternating current as applying to coal mine power

distribution system practice.

The electrical resistance of the human body, mentioned in the

foregoing paragraph, varies over a wide range, as reported by several

1 2 3. 2authors. " The actual value depends upon the circuit voltage ,

the nature of the contactl , and the condition of the skin at the point

of contactl , among other things. Authors quote minimum resistance

3values as low as 400 to 600 ohms , although a more realistic value

probably is 1000 to 1500 ohms. Much higher values have also been

2reported , applying when the skin is dry, shoes dry and in good

condition, and whether the surfaces in contact are large or small.

It should be recognized that there is a distinction to be made

between shock due to a flow of electric current and pathological

shock defined as a collapse of circulatory function caused by disease,

blood loss, or severe injury. In other words, a victim of a mild

electric shock may be endangered by unrecognized pathological shock

if he is badly frightened or severly injured by his involuntary

reaction to free himself from the source of voltage.

The hazards of impulse currents should be included in any study

of personnel safety. It is a well known fact that high voltage transients
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may appear on power distribution systems, and especially on ungrounded

systems. These transients may be due to lightning, contact with an-

other higher voltage source, switching surges, resonance between system

capacitance and inductance, and certain types of faults. While most

of the experimental work was done with steady-state currents, some work

on the effects of impulse currents is also reported in the 1iterature. 3

Fortunately, a great deal of work has been done on electric

shock hazards by many investigators, including engineers, scientists,

and medical doctors, to observe effects and obtain data that can

define the problems and lead to solutions. It should be understood

that threshold limits of such dangerous effects as ventricular fibrillation,

cardiac arrest, and severe burning, were arrived at by experimental

data obtained on animals of various sizes and body weights. This

data was then extrapolated to the human body by weight and other

relationships. In other words, no directly-obtained data exists on

the effects of dangerous values of current on the human body. However

such relatively harmless effects as perception, pain sensation, and

let-go current data were obtained directly on men and women under

strictly controlled laboratory conditions. All of this work is well

documented in literature dating back many decades and brought up to

date by recent studies and reevaluations.

Human Threshold Limits

Perhaps the best way to summarize the data, observations and

conclusions of the authors of the 1iterat~re is to consider increasing
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values of current in increments related to the changing effects of the

current on the human body in approximately these steps: (1) perception,

(2) painful sensation, (3) let-go current, (4) paralysis, (5) ventricular,

fibrillation. (6) card~ac arrest. and (7) tissue destruction.

1 - Perception

The threshold of perception of an electric current flow through

the human body is of much greater importance to public utilities and

manufacturers of household appliances than it might be to the mining

industry. However. it is a starting point and of interest if the

possibility of injury as ·a result of surprise or fright is to be

considered.

In a fairly large number of tests by Dalzie14• under several

different test conditions, it was determined that the average 60 Hz

current just perceptible was 1.086 rnA for men and 0.728 rnA for women

when holding a No. 7 or 8 copper wire in the hand. The minimum

current was found to be 0.402 rnA and the maximum 1.77 rnA for men.

and about twp-thirds of these values for women. Comparable d-c current

values for men were an average of 5.2 rnA with a minimum of 2.2 rnA and

a maximum of 12.6 rnA. In data such as these. pertaining to personnel

safety, the minimum values are of greater significance than the

average.

The above data, observations and conclusions seem to agree quite

well with the work of other investigators reported in reference (5).

in which perception threshold values from 0.90 rnA to 1.05 rnA were

obtained in 50 Hz tests.
4It is to be noted that the paper by Dalziel

indicates quite clearly that with types of contact other than holding
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a wire, the threshold of perception by the most sensitive person

is 0.2 mA for both men and women.

2 - Mild and Painful Sensation

Not.much work seems to have been done specifically to determine

current magnitudes required to produce just mild or painful sensation,

probably because such values do not appear to be as important as others.

However, currents between 1.0 mA and 9.0 mA have been reported in some

I 6of the literature ' as producing a sensation varying from mild to

very painful.

While shocks involving current magnitudes less than 9.0 mA may

be more annoying and painful than harmful, they must be taken serious-

ly as a warning ~nd indication that a potentially dangerous condition

exists on a system that should be found and corrected. For example

if a mild shock is felt when touching the frame of a machine or equip-

ment, it is certainly an indication that something is wrong.

3 - Let-go Current

To quote Dalzie~ and Massoglia7 , "For many practical purposes,

the maximum current safe for man is just a little less than that

causing him to 'freeze' to a circuit. This current is called his

let-go current; this is the maximum current he can tolerate and still

be able to release or let go his grasp of an energized conductor by

using the muscles directly stimulated by that current."

789The conclusions of Dalziel and others " are that the r~ason-

ably safe let-go 60 Hz currents for men and women are approximately

9.0 mA and 6.0 mA, respectively. Although only a few tests were
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made on d-c, Dalzie19 reports that the reasonably safe let-go d-c

currents for men and women are 62 rnA and 41 rnA, respectively. Their

figures are based on the theoretical response of 99.5% of a large

group of subjects (199 out of 200).

4 - Paralysis

The reason that the magnitude of current just a little less

than the let-go current is considered to be the maximum safe current

by Dalzie17 is that breathing becomes difficult or impossible, due

to paralysis of the breathing muscles, on higher values of current.

In a United States Atomic Energy Commission publication9 , Dalziel

says, "Prolonged exposure to currents only slightly in excess of a

person's let-go limit may produce exhaustion, asphyxia, collapse,

and unconsciousness followed by death."

It must be concluded then, from the work of Dalziel and others,

that the design of a power system should be such that a man will not

be subjected to more than 9.0 rnA a-c or 60 rnA d-c for a length of

time that would result in death from asphyxiation. This is one of

the most important considerations in the design of a power system

with respect to personnel safety.

Because of the large number of variables in subjects, test pro-

cedures, and even psychological aspects, a clear understanding of

the nature and danger of let-go currents cannot be had without a detail

study of the literature, especially references 7,8, and,9.
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5 - Ventricular Fibrillation

Ventricular fibrillation is a condition in which the heart beats

wildly out of control. The rhythmic pumping action ceases and death

follows rapidly if the condition continues. Worse yet, the condition

is not self-correcting after the current flow is cut off. Special

equipment and medical skill are usually required to save the victim.

Whether or not fibrillation occurs depends ~pon the magnitude of

current, duration of current flow, and body weight of the individua1. 8 ,10,ll

Because fibrillation is too dangerous a condition to experiment with,

no tests on human beings have been made. However, elaborate and

numerous tests on animals of different weights have permitted reason-

2 6 8 10 11ably good extrapolations to be made to determine human li~its. ' " ,

From the large amount of animal test data, Dalziel, Lee and

2 8 10 11others " , determined that the relationship between current

and time required to produce fibrillation in humans is an I 2t relation­

ship. In other words, r 2t is equal to a constant K. In selecting

the proper value for K, Dalziel used a probability factor of lin

200, or, in other words, selected a value of K that results in a

current that will not cause fibrillation in 99.5 percent of humans

subjected to that value of current. He further determined the value

of K = 116 on the basis of a man weighing not less than 50 kg (110

pounds), and for a duration of current flow between 8.0 milliseconds

and 5.0 seconds. This resulted in the formula:

r ... 116

~-t-
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Cardiac arrest means that the heart stops beating

• in which I is in rnA and t is in seconds (for values of time between

0.008 and 5.0 seconds). For example, if t is five seconds, the

current just below the value required to produce fibrillation in

five seconds is about 52 rnA.

2The I t characteristic suggests a basis for the design of pro-

tective devices to minimize shock hazards, a basis of protection that

has been used in some foreign coal mines. However, as was pointed out

under (3) above, the most important consideration should be the 9 rnA

let-go current limitation because currents above this value may cause

death by paralysis and asphyxiation.

6 - Cardiac Arrest

There is evidence that current magnitudes considerably in excess

of the values required to produce fibrillation may cause cardiac

t
5,6,9,10arres .

for the duration of current flow. When cardiac arrest occurs, there

can be no fibrillation. The heart usually starts again when current

stops floWing, provided of course that current has not been on too

long. Since the heart usually starts again, cardiac arrest is thought

to be less lethal than fibrillation, which is not se1f-correcting. 5 ,9

7 - Tissue Destruction

The destruction of tissues, including nerves, blood vessels, and

internal organs, results from shocks of high current magnitudes.

Whether or not this is crippling or fatal depends, of course, on the
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tissues destroyed and the amount of irreversible damage. Destruction

of tissues may occur due to either the flow of current through the

6 8body or to thermal eff~cts of high temperatures close to the body. '

Delayed death may be due to serious burns or complications. 8

Note on Tabulated Human Threshold Limits

Attempts have been made by several investigators and authors

to tabulate the large amount of test data (references 1, 6, 9, 12).

While these tabulations are useful for ready reference and comparison

purposes, they should be used only with a full understanding of what

the tabulated values actually mean. Use of the data without complete

understanding of what it means, as explained in the literature, can

be hazardous.
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BIBLIOGRAPHY OF LITERATURE ON ELECTRIC

SHOCK HAZARDS AND HUMAN THRESHOLD LIMITS
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data probably has been superseded and re-eva1uated in later publications.

However, if there is any interest in the earlier work, a bibliography

of literature published between 1747 and 1936 may be found in reference

(5) below.

Special reference is made to "Bibliography on Electrical Safety .•.

1930 - 1953," AlEE Bulletin S-69, December 1954, which lists nearly

1,000 publications on electrical hazards and related subjects (reference

41 below).

1) "Electrical Safety in Industrial Plants" Ralph H. Lee IEEE

Spectrum June 1971 pp 51-55, also IEEE Transactions Industry

and General Application, IGA-7 January/February 1971 pp 10-16.

2) "Death from Electric Shock" W. R. Lee, Proc. lEE (London)
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3) "A Study of the Hazards of Impulse Currents" C. F. Dalziel,
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and Systems, pp 1032-1043, AlEE Paper 53-313.
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SECTION 4

PERFORMANCE REQUIREMENTS OF THE ISOLATION SYSTEM

Section 1.3 of the Contract requires the Contractor to determine

the performance requirements of the isolation system, the fault detectors,

and disconnect devices for AC supplies from 110 to 4160 volts and for

DC supplies of 300 and 600 volts.

In the following discussions, reference will be made by item

numbers to the bibliography compiled in Section 2 of this study,

entitled "Bibliography on Power Distribution Systelll and Related

Subjects" .

DEFINITIONS

It is important that the terms "isolated" and "ungrounded" (used

in the Contract) be clearly defined before proceeding with the study

of the electrical distribution system. There does not appear to be

a standardized definition of either term in the literature. Authors

of technical articles on industrial power systems use the term "un­

grounded" almost exclusively, and generally define it in similar but

essentially the same wording. Authors of technical articles on high

isolation techniques in the medical field use the term "isolated"

to designate more elaborate procedures and techniques in system design

than just ungrounding the system. According to the wording of Section

1.1 of the Contract, such procedures and techniques are to be minimized
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in this study. The term "ungrounded" will therefore be used exclusively

in this report as being synonymous with the term "isolated" used in

the contract.

The definition of an ungrounded system that will appear in the

revised IEEE publication23 No. 953 ("The Green Book"), when issued,

is expected to read: "Ungrounded system means a system without an

intentional connection to ground except through potential indicating

or measuring devices or through surge protective devices. Though

called 'ungrounded' this typ~ of ~ystem is in reality coupled to

ground through the distributed capacitance of its phase windings

and conductors. The neutral of an ungrounded system under reasonably

balanced load conditions will usually be close to ground potential,

being held there by the balanced electrostatic capacitance between

each phase conductor and ground." Note that the last sentence of

the definition is true only under normal system operating conditions,

as will be shown later.
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An ungrounded system in accordance with the definition is illus-

trated in Fig. 4-1, in which the capacitors C represent the "electro-

static capacitance between each phase conductor and ground" in the

definition. Although this capacitance is actually distributed more

or less uniformly in all of the system components, it may be considered

to be "lumped" for all the usual purposes in one capacitor connected

between each phase conductor and ground as in Fig. 4-1. In some respects,

especially for some mathematical calculations, the electrical behavior

of anyone phase conductor of Fig. 4-1 can be determined by a simplified

equivalent circuit shown in Fig. 4-2, in which the phase-to-ground

capacitances of Fig. 4-1 are shown further "lumped" in a single capacitor

having a value equal to 3 x C connected between neutral and ground.

SUPPLY TRANSFORMER
SECONDARY

C C C

•

GROUND

Figure 4-1. Ungrounded system, capaci­
tively coupled to ground
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The IEEE publication 23 is also expected to define a grounded

system as: "A grounded system is one in which at least one conductor

or point (usually the neutral point of transformer or generator

windings) is intentionally grounded, either solidly or through a

current-limiting device". Note that the "transformer" is the supply

transformer -- not a load transformer.

GET-354822 defines the ungrounded system in essentially the same

wording as the IEEE publication. In addition, GET-3548 defines several

different types of grounded systems in terms of the method of grounding

and the magnitude of ground fault current limitation, if any. For

example, the solidly grounded system is defined as a system in which

the neutral point is connected directly to ground with no intentional

impedance in the ground connection and hence no intentional limitation

of ground fault current magnitude. Corner-of-the-delta grounding and

mid-phase grounding are variations of the solidly grounded neutral

system that, for the purposes of this report, need not be considered

separately, as non~ of these systems is used in coal mine practice.

Fig. 4-3 shows a solidly grounded system.
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GET-3548 defines the low-resistance grounded system as a system

in which a low value of resistor has been inserted in the neutral

ground connection to limit the ground fault current to a value low

enough to reduce damage significantly but high enough to operate

ground fault protective devices. Although not defined too well

quantitatively, the low-resistance grounded system, according to

GET-3548, is one in which the ground fault current is limited to a

value equal to 20 percent of the available three-phase short-circuit

current downward to 1000 amperes. An exception is made for mine power

systems, in which the current may be limited to a value as low as

25 amperes, Fig. 4-4 shows a resistance grounded system.

• SUPPLY TRANSFORMER
SECONDARY

SUPPLY TRANSFORMER
SECONDARY

GROUND

cC

~

GROUND

c

Figure 4-3. Solidly grounded system Figure 4-4. Resistance grounded
system
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GET-3548 defines the high-resistance grounded system: "The

high-resistance grounded neutral system is one in which a high value

resistor has been inserted in the neutral connection to ground to

limit the resistor current under ground fault conditions to a value

not less than the system charging current, resulting in a total ground

fault current of approximately...{i times the charging current."

The "charging current" referred to in the definition is the

current that flows from each phase conductor to ground thru the

distributed phase-to-ground capacitance, represented by C in Fig. 4-1,

due to the phase-to-neutral voltage of the system impressed across

the capacitance. The total charging current then would be three

times the current per phase, since there are three phases. When a

phase-to-ground fault occurs on a high-resistance grounded system,

the fault current flowing thru the resistor adds vectorially to the

capacitor current. If the value of resistance is such that the ground

fault current itself is equal to the system charging current, then

the total current will be V2 times the charging current, thus meeting

the requirements of the def~nition.

Note that the definition permits the use of ground fault current

values higher than...{i times the charging current, which is frequently

the case. Although the definition defines the minimum current of a

high-resistance grounded system, it does not define the maximum. In

the design of a high-resistance grounded system, the current is usually

limited to the lowest value that will operate the protective devices

4-6



chosen for the particular application to minimize the damaging effects

of ground faults (as will be discussed later).

For the purposes of this study of power distribution systems

for underground coal mines, the distinction between the high-resistance

and low-resistance grounded systems will be made in terms of ground

fault current magnitude. A high-resistance grounded system is one in

which the neutral resistor limits the current to 15 amperes or less.

A low-resistance grounded system is one in which the neutral resistor

limits the current to values between 15 amperes and 20 percent of the

maximum available three-phase short-circuit current. The other two

systems discussed will be the ungrounded and the solidly grounded

systems.

ANALYSIS OF SYSTEM CHARACTERISTICS

A complete and detailed analysis of the ungrounded system will be

made to gain an understanding of its unique characteristics before

determining performance requirements of the system, fault detectors,

and disconnect devices. This leads to the determination of advantages

and disadvantages and inevitably to comparisons with other types of

systems; namely:

the-high-resistance grounded system,

the low-resistance grounded system, and

the solidly grounded system.

This study is based on a three phase system energized at rated

voltage. All comments apply to rated voltages up to and including

4160 volts unless otherwise noted. It is also assumed that there

are no 1ine-to-neutra1 or 1ine-to-ground connected loads on the system
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(unless otherwise noted). There may be single phase line-to-line

connected loads, but it is assumed they are relatively small.

It is emphasized here that for the purposes of this analysis,

it is assumed that there are no ground fault detectors or other

protective devices on the system, with the exception of the usual

phase overcurrent trip devices or relays, and circuit interrupters,

for short-circuit protection. Obviously, the inclusion of protective

devices would modify the characteristics qnd thus defeat the purpose

of the study. In other words, this is an analysis of the fundamental

characteristics of the power distribution system itself. After the

characteristics have been determined, then protective devices may be

applied to modify the system as required.

The analysis will be made in three steps:

(A) List each characteristic of the ungrounded system and

analyze it in detail.

(B) Determine which characteristics are advantages, disadvantages,

or unimportant in underground coal mine practice.

(C) Determine if the disadvantages can be overcome by the use

of another type of system without loss of any of the

advantages.

(A) Characteristics of Ungrounded System Listed and Analyzed

Characteristic 1 - Presence of Line-to-Ground
Voltage Nor~ally

Under normal conditions, there is always a voltage present on

an ungrounded system between the three line conductors and ground
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(the earth), or any grounded metallic objects such as frames, pipes,

track rails, roof bolts, and conductors of other systems. If it were

possible for an ideal ungrounded system to exist, as shown in Fig. 4-5,

there would be no voltage whatever between any line conductor and

ground. Actually, however, it is physically impossible for such a sys-

tern to exist because of the inherent distributed capacitance to ground

always present in all components of the system, including supply trans-

former, cable, and connected loads.

SUPPLY TRANSFORMER

480V

GROUND
Figure 4-5. Idealized ungrounded system (no distributed capacitance)

SUPPLY TRANSFORMER

480V

ALL READ
277 VOLTS
IF CIS
BALANCED

GROUND

Figure 4-6. Actual ungrounded system (with distributed capacitance)
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All insulated electrical circuits have distributed capacitance

between the phase conductors and ground, as shown in Fig. 4-6. The

magnitude of the capacitance depends upon many physical factors, such

as the size of the conductor, nature of the insulation, and spacing

of the conductors relative to ground. In addition to the capacitance

of the cables of a system, there is also distributed capacitance

between transformer windings and ground, and between the connected

load and ground.

The existence of the distributed capacitance is well known,

and, in fact, mentioned in most of the literature as an important

characteristic of the ungrounded system (examples, references 22

and 24). A strictly ungrounded system simply cannot exist in actual

practice.

Under most conditions, and in most systems, the distributed

capacitance of the three phases are approximately equal, and such

equal distribution is assumed to be the case in this analysis. How-

ever, if the conductors of a cable, for example, are not symmetrically

arranged with respect to each other in the cable, the capacitances

between phase conductors will not all be the same magnitude. This

mayor may not unbalance the capacitances to ground. If it does

unbalance the 'three capacitances to ground, it will in effect dis-

place the "neutral" of the ungrounded system so that it is no longer
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• in the center of the voltage triangle. Under such conditions, the

three voltmeters shown in Fig. 4-6 will not all read the same voltage.

However, the vector sum of the three voltages will be the same as

for a balanced system.

The electrical effect of the distributed capacitances shown in

Fig. 4-6 can be evaluated by using the simplified circuit shown in

Fig. 4-2. In other words, because of the distributed phase-to-ground

ca.pacitances, the neutral of an "ungrounded" system may be considered

to be grounded thru a capacitor connected between neutral and ground

having a value equal to three times the phase-to-ground capacitance.

Some feeling for the magnitudes of distributed capacitances may

be had from the following examples:

The capacitance between the low voltage winding and ground of

a standard type mining transformer is in the order of 0.0042 ~F.

The capacitance of a typical mine cable is in the order of 0.02 ~F

per 1000 ft.

Simple tests were made by the Contractor on a simulated 480

volt, three phase, ungrounded system. The object of these tests was

to show that because of the capacitance between each phase of even

a short length of cable and ground, there exists a definite and

measurable shock hazard to a person touching a live conductor while

standing on the ground, or in contact with a grounded metallic object.

Fig. 4-7 shows a simple ungrounded system consisting of a power

:-= ..-')
"l,~j '1,.)

transformer and a length of cable. The capacitors C represent
t
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the total capacitance between the secondary winding and ground.

The capacitors C represent the total capacitance of the cable
c

conductors to ground. A man is shown standing on the ground and

touching one of the line conductors. The actual tests were made in

the laboratory, using the equivalent circuit shown in Fig. 4-8. The

capacitors C, representing the total capacitance of the system to

ground, were varied in steps from 0.005 ~F. The resistor, representing

a human body, was varied in steps from zero to 100,000 ohms for each

of the capacitance steps. The ammeter reading was recprded in each

step.

SUPPLY TRANSFORMER
-------- --------

CABLE

I

I
L _

GROUND

Figure 4-7. Ungrounded system with human body between line and ground
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SUPPLY TRANSFORMER
SECONDARY

GROUND

480V

AMMETER

VARIABLE RESISTOR
(HUMANBODY)

Figure 4-8. Test connections simulating person in contact with
ungrounded system.

The data from the tests were plotted on log-log paper, Fig. 4-9,

in which "ground path resistance" represents the resistance of the

human body and "ground current" represents the current thru the body.

Instead of using the curves of Fig. 4-9, the following equation may be

used to calculate the current that would flow thru the body for any

values of system capacitance, body resistance, and system voltage:

I =
EV3 x

+
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Figure 4-9. Relationship between ungrounded system capacitance, body current
and body resistance
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in which I = current thru body in milliamperes

E system voltage (line-to-1ine)

R = resistance of body in ohms

w = 377 for a 60 Hz system

C = total system capacitance, one phase to ground,

in microfarads

It is interesting to note that for a 480 volt system, and a

body resistance of 1000 ohms (which is the value usually assumed),

the maximum current obtainable thru the body is 277 rnA, regardless

of the magnitude of total system capacitance. This is the current

due only to the capacitance to ground and not some other condition

such as insulation leakage or a fault on the system.

The resistance of the human body referred to in the foregoing

actually consists of the body and whatever clothing the victim may

be wearing, especially shoes and gloves. The body resistance itself

varies with the path of the current thru the body, the parts of the

body in contact, and the condition of the skin -- wet, dry, tender,

injured, or calloused. In addition, there is considerable variation

due to the condition of the clothing, especially shoes and gloves --

wet, dry, new, old, worn, or damaged. The total resistance can vary

from a very low value to an extremely high value. Some investigators

use a minimum of 500 ohms while others use 1000 ohms. The 500 ohm

value represents a man standing on wet ground with worn-put shoes,
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firmly grasping a relatively large conductor with a sweaty hand.

The 1000 ohm value seems more realistic.

Referring to the "Report on the Study of Human Threshold Limits

of Electric Shock," included under Section 3, the threshold of per-

ception of an electric current by man is about one milliampere, the

maximum safe value of let-go current is 9.0 rnA, and the minimum

current that can cause heart fibrillation is about 50 rnA (for 5.0

seconds of current flow duration).

From Fig. 4-9, it is evident that a system having a total capaci-

tance to ground of about 0.004 ~F, if touched by a man standing on

the ground, would prod~ce an unpleasant and probably painful shock

sensation, as the current thru his body would be between 1.0 rnA and

2.0 rnA for all values of body resistance. Since the capacitance of a

typical mine cable is 0.02 ~F per 1000 feet, a value obtained from

cable manufacturers and substantiated by Mr. Litchfield (Bureau of

Mines), a cable as short as 200 f~et has sufficient capacitance to

produce this shock sensation even on an ungrounded 480 volt system

alone.

From Fig. 4-9, it is also evident that a system having a total

capacitance to ground of 0.05 ~F may "freeze" a man at 9.0 rnA if

his body resistance is 25,000 ohms or less. This means that a

current of 9.0 rnA can make it impossible for a manto free himself
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from contact with the electrical circuit, and, if this paralysis of

the muscles extends to the breathing muscles, the man will be unable

to breathe. If the current is not cut off, or the victim not otherwise

rescued, he is quite likely to die of asphyxia (suffocation). Thus

the 9.0 rnA value is an important one to consider from the standpoint

of personnel safety. Assuming a body resistance of 1000 ohms, a system

capacitance of only 0.035 uF would result in 9.0 rnA thru the body.

At 0.02 ~F per 1000 feet, this represents a maximum cable length of

1750 feet.

Also it is evident from Fig. 4-9 that a system capacitance of

0.25 uF may cause ventricular fibrillation at 50 rnA if the body

resistance is 4500 ohms or less. Fibrillation is the condition in

which the heart beats wildly out of control, resulting in death in

a matter of seconds. This condition usually will continue even after

the current flow is stopped, as it is not self-correcting. Special

equipment and medical skill are required to save the victim, neither

of which is usually available at the scene of an accident. Assuming

q body resistance of 1000 ohms, a system capacitance of only 0.15 ~F

wou1~ result in fibrillation. At 0.02 ~F per 1000 feet, this repre-

s~nts a maximum cable length of 7500 feet.

The results of the tests shown in Fig. 4-9 agree very well with

19similar data published in Germany by Streich ,taking into account

the differences in system voltage (500 volts in Fig. Sa and 1000
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considered to be 0.25 mil1ijou1es.

volts in Fig. 8b of Streich's paper). Streich also discusses relations

between the current thru the body of a person in contact with an un-

grounded system and the speed of the circuit interrupter required to

protect the person against death due to fibrillation. Although Streich

states that values of current between 8.0 and 10.0 rnA are dangerous~

he evidently uses the current and time duration values required to

produce fibrillation as the criteria for determining the character-

istics of switching and protective devices. He does not explain how

the person is protected from death by asphyxia due to prolonged currents

between let-go and fibrillation values.

34Writing about coal mine power systems in Czechslovakia~ Hudecek

shows the effect of distributed system capacitance and leakage resis-

tance of ungrounded systems on the current thru the body of a ?erson

in contact with a line conductor and ground. The effects are shown

by rather complex calculations and diagrams. The overall objective

seems to be to determine the characteristics of the switching and

protective devices to prevent fibrillation. Hudecek does not explain

how the person is protected from death .Qy asphyxia due to currents

between the let-go and fibrillation values.

As to the gas ignition hazard~ it is understood from Mr. Litch-

field (Bureau of Mines) that the minimum amount of energy that may

be dissipated in an e1ect+ic arc without danger of gas ignition is

25Magison shows test results
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indicating that the amount of energy required to ignite various gases

can be roughly 15 times as high, at voltages in the 100-1000 volt range;

hence the 0.25 millijoules includes a margin of safety when the supply

is not more than 480 volts.

The amount of capacitance in a 480 volt system required to

store 0.25 millijoules may be calculated from the equation: energy

in watt-seconds (joules) = 1/2 CE
2

. Although the capacitance may be

charged at the peak voltage at the moment the arc occurs, the line-

to-neutral voltage, 277 volts, will be used as the value for E in

the equation. Hence

,"""'. ~

;, , ,
.,...,' 0.4.

C

=

2xO.25xlOOO
277x277

0.0065 ).IF

Since typical mine cable may have a capacitance of 0.02 ).IF per 1000

ft., it is seen that only 325 feet of cable will store 0.25 millijoules

at the assumed value of 277 volts.

In discussing limits for electric ignition of explodable gas,

S . h19 h h . ( f d d )tre~c says t at t e system capac~tance 0 an ungroun e system

must not exceed approximately 0.02 ).IF if a line-to-ground fault is

not to cause gas ignition.

The Contractor is fully aware of the fact that gas ignition

by capacitor discharge is not nearly as simple a matter as indicated
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in the foregoing, depending as it does upon many other factors.

However, the calculations do show that the gas ignition hazard is

a characteristic of the ungrounded system that should be considered.

In the foregoing discussion of system capacitance to ground, it

has been assumed that there are no purposely-added capacitors on the

system -- only the natural intrinsic line-to-ground capacitance of

the system components. In some systems, power factor correction

capacitors, radio interference filters, or surge capacitors may be

in use. Surge capacitors are not recommended for'use on ungrounded

systems, but occasionally are so applied. All these devices increase

the system capacitance to ground.

Note that the data in Figure 4-9 applies to a 480 volt system. If

the system voltage is higher, all current values in Figure 4-9 will be

pigher in direct proportion to the voltage for the same values of

capacitance. The energy stored in the capacitance of the system

would be higher in proportion to the square of the voltage. For

example, on a 4l60'volt system the currents in Figure 9 would be

roughly 8.6 times the values shown. The stored energy in the

capacitance of a 4160 volt system would be roughly 75 times the energy

calculated above for a 480 volt system, for the same value of capacitance.

Several important conclusions may be drawn from the tests, cal-

culations, and literature: One conclusion is that a completely
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• ungrounded system is no safer than any other system from a personnel

shock hazard. In fact, it may even be less safe, because some personnel,

not fully understanding the system, simply assume it is safer since

it is not intentionally connected to ground. This is also the conclusion

24 14 5 6of Kline and Friauf , Sutton ,Thacker' ,and others.

Another conclusion is that a completely ungrounded system is no

safer than any other system from a gas explosion hazard. This is

also the conclusion of Streich. 19

Characteristic 2 - Subject to Excessive Overvo1tage

The voltage between line and ground (the earth) of an ungrounded

system may rise to values several times the voltage rating of the system

under certain abnormal but not necessarily unusual conditions, and in

some cases, remain high for indefinite lengths of time. Perhaps it

would help to visualize this phenomenon by thinking of the ungrounded

system as "free-floating" with respect to ground, since no point on

the system is connected to ground. If the system distributed capacitance

is taken into account, then the system may still be thought of as

floating, but very loosely tied to ground by a very stretchable rubber

band.

There are eight abnormal conditions mentioned in the 1iterature26 , 27

that can cause overvoltages in power distribution systems, but for

ungrounded systems in coal mines, perhaps only these need be considered:

1. Physical contact with a higher voltage system.

2. Resonance effects in series inductive-capacitive circuits.

4-21

UJ



,~ !

04

3. Intermittent ground faults.

4. Autotransformer connections.

5. Switching surges.

These and the other phenomena have been well documented in the

literature. Perhaps the most thorough coverage is in the Industrial

26Power Systems Handbook and in the General Electric Company's In-
. . 27

dustria1 Power Systems Data Book. Simpler but less thorough ex-

•

planations can be found in references 7, 28, 29 and 30. 31Be1yakov,

writing about arcing ground faults in 6 to 10 kV ungrounded systems,

for example, indicates overvo1tages can reach fro~ four to five times

rated voltage and perhaps more.

Since this characteristic of the ungrounded system is so thoroughly

covered in the literature, there is no point in attempting to offer

any further explanation here. Accordingly, the pertinent portions

are reproduced herewith directly from the 1iterature. 27 Note that the

Bibliography references on pages 4-41 and 4-42 concern material in pages

4-23 to 4-41.
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• 1. Physical Contact with a Higher Voltage System

If the conductors of a high-voltage electrical circuit come in

contact with those of a lower voltage circuit, then the same potential

will exist on both circuits at the point of contact. If the low-voltage

circuit does not have its neutral grounded its potential will be

increased to that of the high-voltage system or flashover will occur.

If the low-voltage system is anchored close to ground potential as by

the use of a solidly grounded neutral, high values of current may flow

from the high-voltage system but at the same time much lower voltages

will appear than with an isolated neutral system.

Accidental contacts between primary and secondary voltages on

industrial systems are guarded against by the use of metal enclosures

and metal barriers which separate conductor systems of difficult

operating potentials. In some cases overhead circuits have both

primary and secondary on the same pole, but substantial clearances

reduce the danger of accidental contact to a minimum. Occasional

crossups have occurred between primary and secondary on overhead

circuits, and a few cases are known where failure has occurred between

primary and secondary inside a transformer.

Fig. 4-10 illustrates this type of fault connection. It can be

responsible for dangerous overvoltages on ungrounded low voltage

systems. The most effective protection against that type of overvoltage

is grounding of the low voltage system with the grounding impedance
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UNI NTENTIONAL
CONNECTION

A 4160V @ 480V Q

:=======~ ~ , ~ d=='==='=:
Lf--J

PHYSICAL CONNECTIONS

•

NORMAL POSITION OF
I',~' 480V VOLTAGE TRIANGLE
I "
I "

I . ",,;,,"" EA = ?400V

1,.. .... '"

RESULTING VECTOR VOLTAGE DIAGRAM

Figure 4-10. Ungrounded systems-­
overvoltages resulting
from contqct with higher
voltage system

made ~ow enough to accept the maximum line-to-ground fault current of

the high voltage system wi~hout biasing the neutral of the ~ow voltage

system by a dange~ousamount.

2. Resonant EffeGts in Serie~ Inductive-~apacitiveCircuits (Limited

toa-c Systtems)

Ungrounded neutr~l a-c systems are most commonly subject to

overvoltages originating from this cause. It is important to recognize

that ungrounded neutral systems are actually capacitively coupled to

ground rather than truly divorced from ground. It is ungrounded in

the sense that no interqonn~Gti9nwith ground has purposely been made,

but every element of the electric system incorporates some capacitance

to ground whieh constitutes an inherent capacitive impedance interconnection

between the electric system conductors and ground.
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Every ungrounded electric system contains the essential elements

presented in the upper diagram of Fig. 4-11. The electric behavior

of anyone phase conductor relative to ground can be determined by a

much simpler equivalent circuit as indicated in the lower sketch of

Fig. 4-11. In terms of this simpler equivalent circuit it will be

A Xs A PHASE"".,,"" '" t> B iETRANSFORMER

CJ:

T i TXCO

3·PHASE ESSENTIAL ELEMENTS

Xs,...---.J.'IMA\r" A.., P_HA~S_E__

Q:o.~ .
2 YT

XCO/3:J;

EQUIVALENT CIRCUIT REFERRED TO A PHASE CONDUCTOR

Figure 4-11. Ungrounded three-phase
system

possible to understand readily the effect of connecting different

types of impedance between line and ground as portrayed in Fig. 4-12.

It becomes evident that the connection of any value of either resistance

or capacitance between one line and ground produces no dangerous overvoltages.

The potential on the phase to which the impedance is connected pro-

gressively diminishes from normal value to zero. The potential to

ground on the remaining two phase conductors will be increased to full

line-to-line value at the time the first phase conductor has been

reduced to zero potential. This represents an overvoltage of only
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Figure 4-12. Ungrounded systems-­
overvo1tages due to
ground fault through
inductance

73 per cent which is not dangerously high and will normally produce

no ill effect unless continued for a long time.

The connection of an inductive reactance between line and ground,

on the other hand, can b~ responsible for the production of serious

overvo1tages to ground. It is the ratio of the inductive reactance

of the 1ine-to-ground circuit to the total capacitive reactance of

the system to ground which controls the degree of overvo1tage. The

highest overvoltage will occur when these two reactances are equal

and at this point may be as much as 10 to 20 times normal. It is

significant to note however that over a two to one range of reactance,

overvo1tages of three times normal or more would be produced.
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The unintentional connection of an inductive reactance between

a phase conductor and ground can occur in a number of ways, some of

which are illustrated in Fig. 4-13. The operating magentic coil of

a motor-starter contactor may be inadvertently connected between

phase and ground by a ground fault in the control wire to the push-

button station or the slip of a maintenance man's screw driver. Any

time that the inductive reactance value, which becomes connected

from phase to ground, falls in the danger region indicated on Fig. 4-12

dangerous overvo1tages to ground will be produced which are communicated

over the entire metallic conductor system of that operating voltage.

/
:Y:LUO~EN

-::-

~ BROKEN LINE

~ ~I'
GROUNDED

t:~
:; (:;{ GROUND

1 FAULT

-
CASE I

AN INDUCTIVE WINDING ACCIDENTALLY
CONNECTED BETWEEN ONE PHASE AND
GROUND.

CASE Z

A GROUND FAULT AT A FUSE PROTECTED
TRANSFORMER CAN BLOW ONE FUSE
LEAVING THE REACTANCE OF TRANSFORMERS
T2 ANDT3 IN PARALLEL BETWEEN LIN E AND
GROUND (NOTE II

CASE 3

ONE BROKEN OVERHEAD LINE GROUNDED
ON THE LOAD SIDE OF THE BREAK
CONNECTS THE REACTANCE OF TRANSFORMERS
TZ AND T3 IN PARALLEL BETWEEN LINE
AND GROUND (NOTE II

NOTE I
Y UNGROUNDED TRANSFORMER CONNECTIONS

WOULD PRODUCE THE SAME EFFECT

Figure 4-13. Examples of unintentional high reactance connections between
line and ground

Overvoltages originating from this cause can be completely

suppressed by a relatively light resistance ground on the electric

system neutral. A grounding resistor of about the same ohmic value
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as the total charging capacitive reactance to ground is sufficient to

almost completely eliminate overvoltages. It will be evident that

there is good reason to adopt electric system neutral grounding with

a much lower value of grounding resistance for other considerations.

Fig. 4-12 has been computed on the basis that the inductive

reactance is linear. If this reactance incorporates an iron core

which during the mode of operation being considered should encounter

saturation of the iron core, the performance will be somewhat different.

Under such conditions the effective reactance of the inductive circuit

can become much lower than the unsaturated reactance and the voltage

will tend to automatically oscillate between voltage limits which cause

the effective inductive reactance to match the capacitive reactance

value. This character of operation has been named ferro-resonance.

The maximum voltage so developed may not be as high as would be

produced by a linear reactor but may still be in excess of two or three

times normal. Substantial overvoltages may result by ferro-resonance

when the unsaturated reactance is many times the capacitive reactance

to ground.

The application of grounded wye potential transformers on un-

grounded systems with a wye or broken delta secondary connection

can be responsible for damaging overvoltages as a result of resonant

or ferro-resonant action since the magnetizing reactance of the potential

transformers becomes connected from phase conductors to ground.
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UNGROUNDED NEUTRAL SYSTEM

I
)

Tj Tz

~

~~ ~-.TO INSTRUMENTS

R

TO INSURE FREEDOM FROM UNWANTED L1NE-TO­
GROUND VOLTAGE OSCILLATIONS:

I. SELECT PTs TI. TZ, T3, WITH THE L1NE-TO-L1NE
RATED VOLTAGE.

2. APPLY A SECONDARY LOADING RESISTOR WITH A
RESISTANCE NOT GREATER THAN 40 PERCENT OF
THE TRANSFORMER MAGNETIZING REACTANCE.

NOTE: THE LOAD ING RESISTANCE CAN BE APPLIED TO
EACH SECONDARY BUT WILL THEN CONSUME POWER
AND LIBERATE HEAT CONTINUOUSLY

Figure 4-14. Grounded wye-broken delta
potential transformers for
ground indicator or zero
sequence voltage

A complete description of this phenomena need not be taken up here as

it has been adequately treated in an AlEE technical paper3 These

•

system voltage oscillations will not occur if the electric system

neutral is grounded. Freedom from this particular type of voltage

oscillation can be obtained even with ungrounded neutral operation

by using potential transformers with a 1ine-to-1ine voltage rating

and the application of shunting resistors on the secondary windings

as is outlined in Fig. 4-14 .
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Series capacitor welders are occasionally applied, particularly

in the case of large size machines because of their ability to reduce

the kva demand and improve the operating power factor to substantially

unity.

However, the series capacitor welder presents a definite voltage

hazard to an ungrounded neutral a-c supply system. During welder

operation the voltage across both the series capacitor and the welding

transformer primary will be several times the rated line-to-line voltage.

The physical electric connections and the associated vector voltage

relationships are indicated in Fig. 4-15.

o --...:4.:::8.:::.oV.:;......:3:...;-P~H.:......::6.:::.0-=C:.:..Y-- _

RESULTING VECTOR VOLTAGE DIAGlIIAM

b---.....--------~

c C~C P ETR

UNINTENTIONAL"": (':l
FAULT TO GROUND .,.

PHYSICAL CONNECTIONS
1'....
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Figure 4-15. Ungrounded systems-­
overvoltages resulting
from ground fault on
series capacitor welder
circuit

Should a fault to ground occur at the junction between the series

capacitor and the welding transformer (Point p), the location of ground

potential will tend to become that of this junction point instead of
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the center of the a-c system voltage triangle. The total system

capacitive impedance to ground would generally be expected to be high,

relative to that of the welder series capacitor, and thus offers

practically no opposition to this shift in the location of ground

potential. In the case illustrated in Fig. 4-15, it will be evident

that the potential of the "A" phase conductor may be elevated to about

2000 volts to ground which is about seven times normal. As in the

other cases, this overvo1tage is communicated to all equipment

metallically interconnected at this common operating voltage.

All of the these resonant inductive-capacitive overvo1tage hazards

can be eliminated by electric system neutral grounding.

• 3 . Intermittent Ground Faults

Substantial overvo1tages can be developed in ungrounded a-c

•

industrial systems by sputtering or intermittent ground faulting

connections. The intermittent character of the fault path may be

the result of vibration which causes an electrical conductor to make

contact intermittently with ground; the result of scattering particles

of molten conductor metal which intermittently establishes a conducting

path to ground; or as a result of successive breakdown and seal-off

of the separating space between conductor and ground. In the last

case" involving .a fixed separation between conductor and ground, a

progressively increasing breakdown voltage across this gap is an

essential element in the build-up of severe overvo1tages .
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Intermittent ground fault conditions on low voltage ungrounded

neutral systems have been observed to create overvoltages of five

or six times normal quite commonly. An unusual case involved a 480

volt ungrounded system. Line-to-ground potentials in excess of 1200

volts were measured on a test voltmeter. The source of trouble was

finally traced to an intermittent ground fault in a motor starting

auto-transformer. About two hours elapsed while the source was being

located during which time between 40 and 50 motors broke down.

Electric systems which are grounded through reactance of too

high an ohmic value (Xo more than 10 times Xl) are also subject to

overvoltage by this same mechanism acting in a little different form.

An understanding of the manner in which a discontinuous electric

connection can be responsible for the generation of overvoltages can

be most easily acquired by examining the case of a sputtering or

intermittent line-to-ground fault on an ungrounded neutral system.

In Fig. 4-16 at "A" is shown the vector voltage pattern of a

three-phase a-c system as it would normally operate under balanced

unfaulted conditions. The voltage vectors Ea , Eb and Ec rotate about

the neutral at synchronous speed. The electric neutral is a point

of central symmetry and remains constant at ground potential if the

individual phase voltages are pure fundamental frequency sine waves.

Should the "A" phase conductor become grounded, the system voltage

triangle would become displaced as illustrated in "B". At the phase

position illustrated in "B", the "A" phase voltage is at its maximum
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Figure 4-16. Overvoltages developed by
repetitive restrike on
ungrounded systems

value at which instant the charging current to ground is passing

through zero. In case the fault circuit contains a small gap or an

are, the arc current would become extinguished at this point. Note

that the trapped charge on the line-to-ground capacitance will tend

to maintain the voltage triangle in the same displaced position.

In other words, the potential of the neutral would tend to remain

at d-c potential equal to the crest value of the a-c voltage wave

relative to ground. All of this merely says that there will be

little tendency for any voltage to reappear across the gap in the

ground fault circuit immediately following the current zero which

occurs at "B."

During the next half cycle, however, the a-c generated voltages

will reverse their polarities (vectors rotate 180 degrees) which

would cause the three-phase voltage vector pattern to assume the

position shown in the upper part of "C." Note that during this
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one-half cycle time interval, the potential of the "A" phase has

progressively increased from zero value to about twice the normal

line-to-neutral crest voltage relative to ground potential. This

value of line-to-ground potential of the "A" phase may be sufficient

to break down the gap in the ground fault circuit and re-establish

the connection between the "A" phase and ground. If so, the "A"

phase potential will tend to be suddenly yanked to ground potential.

There will inevitably be some system reactance in the "A" phase con-

ductor to the ground fault point which would result in an oscillation

of the "A" phase conductor potential between plus and minus two at

a frequency probably 20 to 100 times normal. If the fault circuit

consisted of a solid metallic connection, t~is oscillation would

decay to zero leaving the "A" phl;ise conductor at ground potential.

Note that associated with this high frequency transitory oscillation

there will be associated a corresponding transitory charging current

to ground. This transitory charging current to ground, or restrike

current, will again reach zero value when the system voltage triangle

is at the maximum excursion in the negative direction as shown in

the lower part of "C." Thus, an opportunity is afforded for the gap

in the ground fault circuit to reclear. If reclearing does occur,

a charge is again trapped on the system capacitance to ground which

would tend to maintain a constant d-c potential to ground on the

system neutral.
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In the course of the next following half cycle, the voltage vector

system will again rotate 180 degrees causing the potential of the "A"

phase conductor to ground to be elevated from minus two to minus four

as indicated by the transition from the lower part of "e" to the lower

part of "D." This increased voltage across the fault gap may again

result in restrike by the same mechanism as before in which case the

voltage triangle would tend to be thrown in the positive direction

in the form of a high frequency oscillation between potential limits

of minus and plus four, which in the presence of a solid metallic

connection would gradually decay to zero.

In this explanation of the mechanism, it will be noted that all

conditions have been most favorable to the creation of the highest

possible restrike voltages in the shortest possible time. The restrike

has been assumed to occur at the time the maximum recovery voltage

was reached but not before. Likewise it has been assumed that a

reclear occurs at the first current zero after restrike. Under these

conditions a 1ine-to-ground potential of five times normal has been

developed in less than two cycles. In practical cases, the restrike

may occur before the maximum recovery voltage has been reached and

several cycles of the transitory oscillation may take place before

the fault circuit rec1ears. While in theory it might be possible

to progressively increase the 1ine-to-ground voltage by successive

restrike without limit if the dielectric strength progressively in-
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creases, voltage measurements on actual systems indicate that voltage

levels of five to six times normal are rarely exceeded.

There is reason to pel~eve that damaging overvoltages of repetitive

restrike origin are fqr more common on ungrounded neutral systems

than would at first be suspected. The case which was mentioned in

an earlier par~graph is very unusual in that the obnoxious restriking

conditions persisted for a long interval of time while the source was

being located. A far more common occurrence is one in which several

pieces of electric equipment on the system suffer electrical breakdown

apparently simultaneo~sly anq one or more of the fault conditions was

known or believed to involve ground. These multiple failures are

commonly associated with ungrounded neutral system operation. It is

also known that a solid metallic ground connection on one phase may

exist for substantial intervals of time without producing multiple

breakdowns in equipment although it does produce 73 per cent overvoltage

on two of the phase conductors. It therefore seems reasonable to assume

that the multiple failures result from the appearance of overvoltages

considerably in excess of 173 per cent normal.

Distribution system overvoltages of repetitive restrike or

intermittent ground origin can be entirely eliminated by effective

system neutral grounding. Resistance grounding with a resistance

ground fault of any value upwards of the line-to-ground charging

current will be effective. For various other reasons it will be evident

that higher values of available ground fault current will be desirable.
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If reactance grounding is contemplated (it rarely finds application

in industrial systems) it is important to keep the reactance of the

grounding circuit sufficiently low so that the ratio of Xo is no more

than 10 times Xl' If this grounding reactance value is exceeded,

opportunity is given for another type of repetitive restrike action

which again can result in system overvoltages to ground.

4. Autotransformer Connections

Autotransformers for interconnecting two electric systems of

different insulation level should be avoided in industrial systems

which are not solidly neutral grounded. The common metallic inter-

connection between the two systems which is formed by the autotransformer

windings tends to subject the lower voltage system to nearly the same

transitory voltages as would be expected on the higher system voltage

level. There are some exceptions, and a specific example will serve

to illustrate the nature. Should a system be planned which is to

initially operate at 2400 volts and later be converted to 4160 volts

with all equipment therein containing insulation levels commensurate

with 4160 volt operating potential it would be satisfactory to employ

a suitable autotransformer for interconnecting this 2400 volt system

with another 4160 volt system.

An unusual variation of autotransformer action which has been

responsible for system overvoltages in a number of instances is

represented by a transformer with extended windings operating on an

ungrounded neutral system such as illustrated in Fig. 4-17. Applications
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of this sort are most often found in test areas or developmental

areas which contain multi-purpose transformers with a multiplicity

of taps to permit a wide variety of output voltages to be obtained.

If operated with system line voltage impressed across a fraction of

the total winding, the vector voltage at the end of the winding extension

will be as illustrated in Fig. 4-17 because the volts ~er turn

developed in the winding extension will be exactly the same as the

volts per turn in the excited winding. Should the end of the winding

extension be inadvertently connected to ground or develop a fault to

ground, the point of ground potential would tend to move away from the

center of the voltage triangle to the potential of the extreme end of

the winding extension resisted only by the high system to ground

capacitance coupling. It will be evident that as a result of this

action, the presence of any extended winding would cause the potential

of one phase conductor to be elevated to more than 173 per cent of

normal operating potential. The degree of overvo1tage may be much

more severe if greater amounts of winding extension are present. It

is again important to realize that these overvo1tages on phase conductors

would be conveyed to all apparatus connected to the same metallic

system. Thus, a ground fault on a winding extension of a transformer

in a small test area at one corner of a building might impose overvoltages

on all equipment fed from the same load center substation which might

encompass half of the productive machinery in that building.
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As has been true so many times before, grounding of the electric

supply system neutral will cure this type of potential overvoltage

also. A system grounding equipment which makes available a ground

fault current which is equal to or greater than the short circuit

current resulting from short circuit of the extended winding portion

of the offending transformer will keep the system line-to-ground

potentials well within safe bounds. It is quite generally true that

transformers of this character to be found in test areas are of

relatively small physical size and do not impose restrictive require-

ments on the necessary system grounding equipment. As a matter of

fact, on all low voltage system equipment (600 volts and less) it

is the standard practice to ground the neutral solidly.
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Figure 4-17. Ungrounded systems-over­

voltages resulting from
ground fault on trans­
former winding extensions
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The application of three-phase transformers or three-phase

banks of single-phase transformers, which do not incorporate a

closed delta winding in their make-up, should in general be avoided

or quite carefully examined to insure that the resulting operation

will be free of damaging overvoltages. This would be equally true

4of wye connected autotransformers. Because of the nonlinear shape

of transformer magnetizing curves, the required transformer magnetizing

current to produce a fundamental frequency sine wave of voltage will

contain rather prominent amounts of harmonic currents. In a wye

connected transformer system energized from a three-nhase supply in

the absence of a delta connected winding the transformers are unable

to obtain a source of third harmonic current or multiples thereof

because these are of zero $equence. As the result of the inability

to obtain a third harmonic exciting current, there will appear a

third harmonic voltage which may be as much as 50 per cent of the

normal operating potential. Should the neutral of such a transformer

system become grounded intentionally or accidentally and the supply

system be ungrounded or high resistance grounded, this third harmonic

voltage will be imparted to and appear on the system phase conductors

and represent a sustained source of overvoltage. Even though the

transformer system neutral be ungrounded, some fraction of the third

harmonic voltage will appear on the phase conduction depending on

the ratio of capacitance to ground within the transformer structure
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to the distributed capacity to ground of the rest of the system.

Core type three-phase transformers present a fairly low zero

sequence magnetizing reactance which would hold the zero sequence

voltage to much lower levels than shell type three-phase transformers

or banks of three single-phase transformers and are thus much less

susceptible to overvoltage difficulties. If operated with grounded

neutral on an ungrounded neutral system~ a careful check should be

made to insure freedom from neutral instability as treated in reference. 3

While grounding the electric system neutral may not solve all of

the troubles of the wye-wye transformer connections, it will eliminate

appearance of overvoltageon the phase conductors of a system to which

such a bank of transformers might be connected.

1. Voltage Recovery Rates Associated with Transmission Line

Faults; W. F. Skeats~ C. H. Titus~ W. R. Wilson; AlEE

Trans. Power Apparatus and Systems; Feb. 1958~ pp 1256-1266

2. Switching Surges Due to Deenergizing Capacitor Circuits;

AlEE Committee Report~ 57-171; AlEE Trans. Power Apparatus

and Systems; Aug. 1957~ pp 562-4

3. Some Fundamentals of Capacitor Switching; I. B. Johnson~

A. J. Schultz~ N. R. Schultz, R. B. Shores; AlEE Transactions~

Vol. 74, Part lll~ 1955, pp 727-736

4. Abnormal Voltage Conditions by Open Conductors on Three-

phase Circuits Using Shunt Capacitors~ P. E. Hendrickson,
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I. B. Johnson, N. R. Schultz; AlEE Trans. Power Apparatus

and Systems; Dec. 1953, pp 1183-93

5. Overvo1tages in Saturable Series Eevices; A. Boyajian and

G. Camilli, AlEE Trans. Vol. 70, Part II, 1951, pp 1845-51

6. Criteria for Neutral Stability of Y-grounded Primary

Broken-delta Secondary Transformer Circuits; H. S. Shott,

H. A. Peterson; AlEE Transactions Vol. 60; Nov. 1941,

pp 997-1002

5. Switching Surges

There are several ways in which switching operations (the closing

and opening of circuit breakers) can cause transient overvo1tages

in nearly all types of systems, but the ungrounded system is particularly

vulnerable to transients due to unequal closing times of the poles

of the breaker in the primary of the transformer supplying the un­

32grounded system. The difference between the closing times of

individual poles may be a matter of milliseconds.

Figure 4-18 shows a power transformer rated 7200 V primary supplying

an ungrounded 480V system. Typical values of capacitances are shown

between each primary winding and ground (C1 = 0.0009 ~F), between

each primary and secondary phase winding (C2 0.0026 ~F), and between

each secondary winding and ground (C3 = 0.0014 ~F). In normal

operation, the neutral of the primary system is near ground potential,
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either because the system neutral is grounded or because of the

distributed capacitances to ground. The neutral of the 480V system

is also near ground potential because of the distributed capacitances

to ground. Hence there is no voltage difference between the two

neutrals.

480V__:...........;.72;;,O;;,.O,;;..;,V --,SUPP LY TRA N5 FOR MER

-tE-
-tE-

c ----:,:-..+--........--........----...)E­
C2

B - r"'.;..........__....__c

A

.0026 each

Figure 4-18. Illustration of conditions producing switching transients due
to unequal pole closing of transformer primary breaker

Now consider what happens when the primary breaker is being

closed and pole A, for example, closes first ahead of the other two.

During the brief but finite length of time (milliseconds) that only

pole A is closed, approximately 4160 V is applied to the entire primary

winding relative to ground. Note that this voltage might instantaneously

be almost any value between zero and 4160 -vz depending upon the moment

in the cycle that pole A closes.

•
The equivalent circuit of the three capacitances under this
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condition is shown in Figure 4-19, in which it is seen that C2 and C3

are now in series across 4160V. Since the voltage across two capacitances

in series divides inversely proportional to the capacitances~ the

voltage to ground on the 480 V secondary winding, and whatever might

be connected to it, is 2700 V until poles Band C of the breaker close.

While this voltage usually exists for only a very brief period of time

(milliseconds), it can" during that time stress insulation or cause a

flashover. Such repeated overvo1tage transients weaken insulation

to cause premature breakdown.

A---~--

I
.0076

E = .0078 + .0042 X 4160

=2700V

GROUND

Figure 4-19. Equivalent circuit diagram of unequal pole closing of
P17imary breaker

Another way in which the transient overvo1tage may occur is

by prestrike between contacts of one pole of the primary breaker

during the closing operation. The effect is about the same as one

pole closing before the others.

In order to minimize the transfer of transient overvo1tages

from the primary circuits to the secondary low voltage system, the

transformer should be provided with a Faraday shield between the

primary and secondary windings. The shield is a turn of metal sheet
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placed between windings, insulated from all windings, and connected

solidly to ground. Such a shield not only minimizes the transfer

of disturbances from the primary to secondary windings, but prevents

a short circuit between the two sets of windings. In other words,

it prevents the low voltage windings from coming into contact with

the high voltage windings due to an internal fault in the transformer.

The shield does not increase transformer cost significantly if specified

before manufacture.

It can be concluded, from the foregoing analysis of each of the

five abnormal conditions, that only the first-mentioned condition

(physical contact with a higher voltage system) can occur on the

solidly grounded and resistance grounded systems, whereas all five

conditions can occur on the ungrounded system. It is very difficult

to predict just what will happen when the high voltage and low volt-

age systems come in contact. If the low voltage system is ungrounded,

or resistance grounded, all the insulation will be stressed until

a breakdown occurs, causing a line-to-ground fault on the high voltage

system, which should cause protective devices to operate. If the

low voltage system is solidly grounded, it is quite likely that there

will be sufficient fault current to cause immediate tripping of the

protective devices on either or both systems.

As for the remaining four conditions named, they all depend

upon the presence of distributed capacitance to ground of the un-

grounded system. In the case of the resistance grounded and solidly
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grounded systems, the distributed capacitance is completely bypassed

by the neutral-to-ground connection and therefore cannot cause the

phenomena described.

Characteristic 3 - First-ground Fault Current Magnitude

On an ungrounded system, the first solid connection, either

intentional or accidental, between anyone line conductor and ground

(the earth), or any grounded metallic object such as frames, track

rails, roof bolts, or grounded conductors, causes very little fault

current to flow. From Fig. 4-20, it can be seen that a ground fault

on phase 2, for example, provides no path for any current to flow

except thru the distributed capacitances to ground of the other

two phases. Hence, the only current thru the fault is the charging

current of the system capacitance.

In the case of a high-resistance grounded system, Fig. 4-21,

the ground fault current is purposely limited to the desired low

value by the choice of a neutral resistor of proper ohmic value,

taking into account also the charging current of the system capacitance.

3

GROUND

c c

GROUND

Figure 4-20. Ungrounded system with
ground fault on one
line.

Figure 4-21. Resistance grounded system
with ground fault on one
line.
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In the case of the solidly grounded system, the resistance in

the neutral connection to ground is nearly zero, hence a very high

fault current flows, approaching in magnitude that due to a three

phase short circuit. The overcurrent protective devices operate

to de-energize the circuit.

Characteristic 4 - Rise in Voltage on First Ground Fault

The first solid line-to-ground connection, described under

Characteristic 3 above, will cause the voltage between the line

conductor and ground at the point of fault to fall to zero. The

voltage between each of the other two phases and ground will rise

to full line-to-line voltage.

,~, (""""~

\.~:, "",:'!

480
3

GROUND

480

2

3

2

(0) NORMAL (b) L1NE-TO-GROUND FAULT

Figure 4-22. Ungrounded system voltage vectors under normal and
line-to-ground fault conditions.

The vector diagram in Fig. 4-22 (a) shows the voltage between

each phase conductor and ground, under normal conditions, to be the
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line-to-neutral voltage of the system, 277 V in this example. The

ground fault on phase 2 connects phase 2 to ground, and, as shown

in Fig. 4-22 (b), the voltage between phase 1 and ground, and between

phase 3 and ground, each rise to 480 V. This means that all insulation

on phases 1 and 3 of the system are stressed at ~ times the

voltage stress under normal operating conditions. This must be taken

into account in selecting the voltage rating of all system components;

for example, the cable must have a voltage rating at least 1.75

times the 1ine-to-neutra1 voltage at which it will normally be operated.

On the high-resistance grounded system, the first solid ground

fault will have the same result; 'that is, the voltage between the

other two phases and ground will rise to full 1ine-to-1ine voltage,

the only difference being that the fault current will be somewhat

higher, the amount depending on the ohmic value of the neutral resistor.

On the solidly grounded system, a very high fault current flows,

approaching the three-phase short circuit capability of the system.

The voltage of the other two phases will not rise above normal value;

in fact, the voltage will drop due to the high current flowing thru

the system impedance. Over-current trip devices should operate to

de-energize the circuit.
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Characteristic 5 - First Ground Fault Does Not
Affect System Operation

The first line-to-gound fault, described under Characteristic

3 above, will not affect the operation of the system as long as it is

a solid connection to ground and no other phase of the system has a

ground fault on it (it is assumed there are no low-level protective

devices on the system that respond to ground fault conditions). The

reason that system operation is not affected is that the fault current

is not more than the charging current of the system capacitance, as

described under Characteristic 3 above. The same is true of the

high-resistance grounded system except that the ground fault current

may be somewhat higher, being limited by the neutral grounding resistor.

In the case of the solidly grounded system, the fault current

is so high that overcurrent protective devices operate to de-energize

the circuit.

Characteristic 6 - Second Ground
Fault Causes System Short-Circuit

The second solid line-to-ground fault on the same system, occurring

on one of the other two phases before the first line-to-ground fault

is cleared, will cause a double line-to-ground fault (line-to-ground

to-line). The amount of short-circuit current depends on the total

impedance in the ground path between the two faults. Since this

impedance generally is low, the fault current is usually very high,

high enough to cause the overcurrent protective devices to shut down
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the affected portions of the system. If the protective devices are

circuit breakers, one or more load circuits are de-energized. Fused

type protective devices create additional problems, such as single-

phasing, but these problems can usually be overcome by proper choice

of equipment.

Figure 4-23 illustrates an ungrounded system with two line-to-

ground faults and shows the path of the fault current thru the

impedance Z of the ground circuit. It should be noted that due to

the flow of current thru impedance Z, there is a difference in voltage

between points A and B. This could be a shock hazard to personnel

if it should so happen that points A and B are physically close

enough together so that a person can make contact simultaneously

with both points, or any metallic objects electrically in contact

with these points, such as frames, track rails, equipment enclosures,

ground conductors, or the earth itself.

In the case of the high-resistance grounded system, everything

is the same as for the ungrounded system. As can be seen from

Fig. 4-23, connecting a high resistance (not shown) between the neutral

and ground will not affect the flow or path of the major ?ortion of

the fault current.

In the case of the solidly grounded system, two line-to-ground

faults are possible, provided the second fault occurs almost immediately
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that is, before the first fault ground is cleared by the operation

of protective devices. Fig. 4-24 shows the several paths the fault

currents can take, depending on the path impedances 21 , 22 , and 2
3

,

Here again, there may be a voltage difference between points A and B.

C

GROUND

t SECOND L1NE-TO­
GROUND FAULT

+-GROUND

Figure 4-23. Double line-to-ground fault on ungrounded system

SECOND L1NE-TO­
GROUND FAULT
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Figure 4-24. Double line-to-ground fault on solidly grounded system
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Characteristic 7 - Second Ground Fault May
Occur Immediately

One of the characteristics (5 above) of an ungrounded system

is that the first line-to-ground fault does not affect operation of

the system. Under certain circumstances, however, the first fault

does set up the conditions for a second line-to-ground fault to occur

almost immediately or very soon afterward. This is especially true

if the first fault is a sputtering, intermittently arcing type fault.

This phenomenon, which cannot occur on resistance grounded or solidly

grounded systems, is fully explained above under Characteristic 2.

Even a solid liqe-to-ground fault can set up a condition for a

second line-to-ground faul.t by raising the voltage on the two un-

faulted phases to full line-to-line voltage as explained above under

Characteristic 4. Any weakness in the system insulation at any point,

due to age, abrasion, repeated overvoltage stresses, or accumulation

of moisture or dirt, m~y show up under the stress of the higher than

normal voltage and cause the second line-to-ground fault. This can

happen also on the high-resistance grounded system, but not on the

solidly grounded system because the first fault causes overcurrent

protective device operation.

Characteristic 8 - Probability of Arc Escalation

The fact that the current due to a line-to-ground fault on an

ungrounded system is very low (see Characteristic 3 above) means

4-52



that the amount of arcing on an arcing type fault is also very low.

Thus the amount of heat, flash, and damage is very small. The

probability that such an arc will sustain itself very long, or

escalate to involve the other two phases, is also very low.

Although the fault current in the case of the high-resistance

grounded system is somewhat higher than in the ungrounded system,

it is not enough higher to increase the probability of sustaining

the arc, or escalating the arc, significantly.

In the case of the low-resistance and solidly grounded systems,

the amount of arcing ground fault current may be so high that the

probability that the arc will be sustained, or escalated to involve

the other phases, is very high. Thus an arcing line-to-ground fault

may very. quickly escalate to a three phase short circuit.

Characteristic 9 - Initial Cost

It is generally agreed in the literature5 ,8,14,22 that the initial

cost of an ungrounded system is lower than the cost of any other

type of system. All authors agree, however, that the difference in

cost is not very much, and therefore is not an important factor in

system design. The higher cost of the resistance grounded and solidly

grounded systems is mainly in the material and installation of a

suitable ground, ground conductors, and resistor, if used. In

addition, there may be costs involved in alarm, indicating, and
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protective devices, depending on system design and operating

requirements.

In most coal mine applications, there will be at least one

additional conductor for the purpose of connecting all the frames

together. This means that the cost of the cable may be the same

on an ungrounded system as on any other system. The conclusion

then is that the ungrounded system does not really have much cost

advantage over other systems, if any.

Characteristic 10 - Maintenance, Repair and
Downtime Cost

The cost of trouble shooting, repair and maintenance, and the

cost of loss of production during downtime, could be high for the

ungrounded system for several reasons.

Since the magnitude of fault current for the first line-to-

ground fault on an ungrounded system is very low (see Character:istic

3), there may be no visible evidence to pinpoint the location of the

fault. The trouble-shooting time required to find the fault may be

costly in terms of labor and loss of production. Usually each power

circuit must be isolated and tested for grounds, and even after

identification of the faulty circuit, the problem of pinpointing

the fault remains.

If the system remains in operation after the first fault occurs,

a second fault may occur due to the increase in voltage on the other
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• two phases as mentioned under Characteristic 4 above. The damage

may be more severe. This increase in cost for repairs may not have

been incurred if the first fault had been removed promptly.

In the case of the high-resistance grounded system, the first

line-to-ground fault will not be pinpointed by any visible evidence

either, but it is much easier to apply ground fault detectors on

each circuit of a high-resistance grounded system, thus reducing

the trouble-shooting time by identifying the faulty circuit.

In the case of the solidly grounded system, the first line-

to-ground fault usually results in sufficient current flow to cause

overcurrent trip devices to operate. The higher fault current

may cause considerable damage due to the more intensive arcing,

resulting in possible higher repair cost or even equipment replacement.

Fast fault clearing effectively reduces potential burning damage.

If the first line-to-ground fault on an ungrounded system

~s of the intermittent, sputtering, or arcing type, the resulting

system overvoltage (see Characteristic 2 above) may cause multiple

breakdowns in other parts of the system. This, of course, would

increase the downtime and cost of repairs.

(B) Advantages and Disadvantages of Ungrounded Systems

In the determination of advantages and disadvantages of an

ungrounded system for use in underground coal mines, comparisons
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must be made with other types of systems; i.e., with a high-resistance

grounded system, a low-resistance grounded system, and a solidly

grounded system. Each of the ten characteristics of the ungrounded

system enumerated and analyzed in (A) above will be considered in

turn. A summary of this analysis appears in Table I.

1. It has been shown that on an ungrounded system there is

always a voltage between line and ground under normal operating

conditions. The ungrounded system is no different in this respect

from the resistance grounded or solidly grounded systems. However,

it is recognized that many operators, and especially maintenance

personnel, erroneously consider the ungrounded system safer.

6Thacker says, "If maintenance personnel treat all circuits with

equal care and respect, the hazard of shock on an ungrounded circuit

is slightly less. However, a subconscious tendency to be less careful

in working on a normally ungrounded, energized circuit often exists,

even though the impression that one phase of the ungrounded circuit

can be safely contacted is often false". The same reasoning can be

applied to mine personnel who may come in contact with live conductors

by handling damaged cable. 14Similar thoughts are expressed by Sutton.

Streich19 leaves no doubt about the personnel and gas ignition hazards

of an ungrounded system even under normal conditions.

Since the ungrounded system is just about as hazardous as any

other system with respect to this characteristic, it has no advantage

relative to any other type of system.
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2. It has been shown that high values of overvoltage can occur

due to a sputtering type of ground fault, or due to several other

possible conditions enumerated under Characteristic 2. This is the

most serious disadvantage of the ungrounded system relative to any

other system because of the personnel shock hazard, gas ignition

hazard, and stresses on the insulation of all system components.

These phenomena cannot occur on high-resistance, low-resistance

and solidly grounded systems.

3. The fact that the first ground fault on an ungrounded system

results in a very low value of fault current is an advantage of the

ungrounded system relative to the low-resistance grounded and the

solidly grounded systems. In the latter system, the ground fault

current can be very high, approaching the value obtained when all

three phases are short-circuited. These high values of fault current

may cause considerable damage to cable, motor windings, and other

equipment. They can also be a serious flash and burn hazard to personnel

~lose by the fault, as well as an explosion hazard if gas is present.

The ungrounded system does not have too much advantage over the

high-resistance grounded system because of this characteristic.

The personnel and gas ignition hazards are about the same. Since the

fault current may be a little higher in the high-resistance grounded
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systems t depending upon the ohmic value of resistance used, somewhat

more damage might result for certain types of faults; for example t

a ground fault in a motor windin~ or in control devices.

The conclusions then are that this characteristic is neither

a great advantage nor a disadvantage relative to the high-resistance

grounded system. Jt is, however t a distinct advantage relative to

the solidly grounded and low-resistance grounded systems with respect

to the magnitude of ground fault current and therefore with respect

to personnel flash and burn hazard t and equipment damage. There is

also the possibility that heavy ground fault currents may cause

ground-loop voltage problems relative to personnel and gas explosion

hazards.

4. The fact tha~ the first ground fault on an ungrounded system

raises the voltage to ground in the other two phases to rated circuit

voltage is neither an advantage nor disadvantage compared with a

high-resistance grounded system because the change in voltage and its

effects are approximately the same for both systems. This is also

true for a low-resistance grounded system in which the current is

limited to a relatively low value.

In solidly grounded systems t the first ground fault causes

immediate tripping of circuit interrupters due to the relatively

high magnitude of fault current. The voltage on the other two

phases does not rise because of the fault and there is no greater

stress than normal on the insulation. This characteristic, then,
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may be considered a disadvantage of the ungrounded system relative

to the solidly grounded system.

5. The fact that the first line-to-ground fault does not require

a shut down of the system is a distinct advantage, in industrial plants,

of the ungrounded system relative to the low-resistance and solidly

grounded systems which require immediate shut down because of the high

values of fault current. Historically, it is because of this advantage

that the ungrounded system has been used in continuous process industries

and in many applications where even a short shut down cannot be tolerated.

The ungrounded system, however, has no advantage relative to the

high-resistance grounded system with respect to continued operation of

the system after the first ground fault, because it is not necessary

to de-energize the high resistance grounded system either.

This characteristic of ungrounded and high-resistance grounded

systems may not be too important in coal mine systems because

continuity of service is probably not of prime importance in most

mine operations.

6. The fact that the second ground fault on another phase

short-circuits the system is true of both the ungrounded and high-

resistance grounded systems. In the case of the low-resistance

and solidly grounded systems, th~ first ground fault causes the

protective devices to operate, assuming proper devices are in use.

Hence, there are no advantages or disadvantages either way.
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7. The fact that the second, or even more ground faults may

occur immediately after the first ground fault, for the reasons en-

umerated under Characteristic 2, is a disadvantage of the ungrounded

system relative to the high-resistance and low-resistance grounded

systems because there may not be time to locate and clear the first

fault before the others occur. This is not likely to be the case

with either the high-resistance or low-resistance grounded systems.

In the case of the solidly grounded system, the first ground fault

usually causes overcurrent trip devices to function, hence there is

neither an advantage nor disadvantage.

8. The probability that a line-to-ground arc will not sustain

itself or escalate into a line-to-line arc, because of the very low

value of ground fault current, is a distinct advantage of the un-

grounded system over the low-resistance and solidly grounded systems.

The high-resistance grounded system has the same characteristics as

the ungrounded system, although the arcing ground fault current may

be a little higher.

9. The lower initial cost of the ungrounded system over all the

other types is an advantage, but of dubious value. The cost saving

is usually small relative to the total cost of the installation. It

should not really be a determining factor.
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10. The higher cost of trouble shooting, repair, and maintenance,

and the cost of loss of production during down time, is a disadvantage

of the ungrounded system relative to all other systems with the

possible exception of the solidly grounded system. In the latter,

an arcing type ground fault can do extensive and costly damage to

equipment, even requiring complete replacement. In this respect,

the ungrounded system has an advantage over the solidly grounded

system.

The above advantages and disadvantages of the ungrounded system

relative to other systems are summarized in Table I.
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TABLE I ADVANTAGES AND DISADVANTAGES OF UNGROUNDED SYSTEM

Advantages or Disadvantages
of Ungrounded System

Relative to:

High Res.
Grounded

Characteristic of Ungrounded System System

Low Res.
Grounded
System

Solidly
Grounded
System

*
*

*

*

*

I-Presence of line-to-ground
voltage normally N N N

2-Subject to excessive
overvoltage D D D

3-First-ground fault
current magnitude N A A

4-Rise in voltage on first
ground fault N N D

5-First ground fault does not
affect system operation N A A

6-Second ground fault causes
system short-circuit N N N

7-Second ground fault may
occur immediately D D N

8-Probabili ty of arc
escalation N A A

9-Initial cost A A A

IO-Maintenance, repair,
and downtime cost D D **

A = Advantage D = Disadvantage N = Neither

* Considered important as to personnel shock hazard, gas explosion
hazard, and/or equipment damage.

** Depends on nature and severity of fault.
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(C) Overcoming Disadvantages of Ungrounded Systems

A study of summation Table I shows that the ungrounded system

has several disadvantages relative to one or more of the other types

of systems due to certain of its characteristics; namely 2, 4, 7

and 10. A review of the discussions under (B) suggests that one way

to overcome these disadvantages is to ground the system thru a

properly selected relatively high resistance connected between the

system neutral and ground (the earth). The results of this approach,

summarized in Table II, would be as follows (considering each of the

characteristics of the ungrounded system in turn):

1. There is no doubt that voltage is always present between

line conductors and ground under normal conditions in the high-

resistance, low-resistance, and solidly grounded systems, because

the neutral is connected to ground thru a resistance or thru a solid

connection. It has been shown in the study under (A) that the same

is true of the ungrounded system because of the ever-present line-

to-ground capacitance. Therefore, it is neither an advantage nor

a disadvantage with respect to this characteristic, and relative to

the other types of systems, to ground the system thru a high resistance.

2., 7., and 10 - It was shown in (A) that a serious disadvantage

of the ungrounded system is that a sputtering type ground fault,

and other abnormal conditions, can cause the voltage to soar to

values many times rated voltage.
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These excessive overvoltages can cause a second line-to-

ground fault to occur immediately (characteristic 7), resulting

in possible higher maintenance, repair, and downtime costs

(characteristic 10). Since such overvo1tages cannot occur on a

high-resistance grounded system, the high-resistance grounded system

has an advantage over the ungroun4ed system with respect to these

three characteristics. It has neither an advantage nor disadvantage

over the low-resistance and solidly grounded systems as to overvo1tage

and multiple faults, but it has an advantage over these two types

with respect to repair and downtime costs in most cases.

3. It has been shown in (A) that the fault current in the case

of the first solid ground on an ungrounded system is a very low value

because the return path is thru the relatively high impedance of the

system distributed capacitance. In the case of the high-resistance

grounded system, the ground fault current is somewhat higher because

the return path includes, in effect, the system Qistributed capacitance

in parallel with the grounding resistor. However, the fault current

even so is very low in comparison with the fault current obtained

in low-resistance and solidly grounded systems. Therefore, it is

neither an advantage nor a disadvantage, with respect to this

characteristic, relative to an ungrounded system, to ground the

system thru a high resistance. But it is advantageous relative to

the low-resistance and solidly grounded systems because of the lower

magnitude fault current.
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4. It has been shown in (A) that the first solid line-to-ground

fault raises the voltage to ground on the other two phases in both

the ungrounded and high-resistance grounded systems. This mayor

may not be true of the low-resistance grounded system, depending

on magnitude of ground fault current limitation and action of pro-

tective devices, if any. However it is not true of the solidly

grounded system. Therefore, it is neither an advantage nor a dis-

advantage, with respect to this characteristic, to ground the system

thru a high resistance. This characteristic of all three types of

systems, however, may be considered to be a disadvantage relative

to the solidly grounded system.

5. Since the first solid ground fault in either the ungrounded

or high-resistance grounded system does not result in enough ground

fault current to require shutting down the system, it is neither an

advantage nor a disadvantage, with respect to this characteristic,

to ground the system thru a high resistance. However, this characteristic

is an advantage relative to the low-resistance and solidly grounded

system.

6. Since the second ground fault on both the ungrounded and

high-resistance grounded system results in complete shutdown by pro-

tective devices, the same as the first ground fault does on both

the low-resistance and solidly grounded systems, there are no ad-

vantages or disadvantages either way.
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8. Since the probability of arc escalation was shown to be low

for both the ungrounded and high-resistance grounded systems, there

are no advantages or disadvantages either way. However, relative

to the low-resistance and ~olidly grounded sy~tems, there are definite

advantages.

9. Since the initial cost of the high-resistance grounded system

is somewhat higher than the initial cost of an ungrounded system,

this is a disadvantage. With respect to the low-resistance and solidly

grounded systems, there m~y be no significant advantages or disadvantages.

The advantages and disadvantages of the high-resistance grounded

system relative to the other types is summarized in Table II.
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TABLE II ADVANTAGES AND DISADVANTAGES OF HIGH RESISTANCE GROUNDED SYSTEM

Advantages and Disadvantages of
High-Resistance Grounded System
Relative to:

Ungrounded
Characteristic of Ungrounded System System

Low Res.
Grounded
System

Solidly
Grounded
System

*

*

*

*

i-Presence of line-to-ground
voltage normally

2-Subject to excessive
overvoltage

3-First-ground fault
current magnitude

4-Rise in voltage on first
ground fault

5-First ground fault does
not affect system operation

6-Second ground fault causes
system short-circuit

7-Second ground fault may
occur immediately

8-Probability of arc escalation

9-Initial cost

lO-Maintenance, repair,
and downtime cost

N

A

N

N

N

N

A

N

D

A

N

N

A

N

A

N

N

A

N

A

N

N

A

D

A

N

N

A

N

A

A = Advantage D = Disadvantage N = Neither

* Considered important as to personnel shock hazard, gas explosion
hazard, and/or equipment damage.
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Conclusions

The conclusions that may be drawn from a comparison of Table II

with Table I are that the high-resistance grounded system:

(1) has several important advantages over the ungrounded system

(2, 7, 10),

(2) has one relatively unimportant disadvantage relative to

the ungrounded sYptem (9),

(3) has the same adva~tages as the ungrounded system relative

to the low-resistance and solidly grounded systems (3, 5,

8), plus an additional advantage (10), and

(4) has the same single disadvantage over the solidly grounded

system as the ungrounded system has (4).
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POWER SYSTEM FOR LIGHTS

At the suggestion of Mr. E. L. Litchfield, Bureau of Mines, on

November 5, 1971, the Contractor investigated single phase power

systems for supplying lights used during the loading of explosives

and other hazardous operations, although this is over and above the

requirements of Contract HOll1465.

One way to minimize the hazards would be to use a "dedicated"

circuit, i.e., a circuit especially designed and installed for a specific

light or group of lights. This circuit should be supplied from a

separate especially designed transformer with a solidly grounded

protective shield between the primary and secondary windings to prevent

electrical breakdown between the windings.

The voltage rating of the lights should be as low as feasible

for the lamp wattage required; for example, 24 volts. This minimizes

insulation failure, arcing, and personnel shock hazard. The conductors

should be over-insulated; for example, 600 volt wire for the 24 volt

circuit.

Because of the low voltage, the current will be relatively high

for a given lamp wattage. This means that the resistance of the

conductors and the inductance of the circuit will cause relatively

poor regulation (high voltage drop under load). The resistance drop

can be minimized by using sufficiently large conductor size. The
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inductance of the circuit can be eliminated entirely by means of

a full-wave bridge rectifier near the supply transformer. The

secondary voltage of the transformer must then be the proper value

to produce rated d-c voltage at the lamps.

Figure 4-25 shows a circuit embodying all the features mentioned

in the foregoing.

SEPARATE SUPPLY
TRANSFORMER

24V D-C
r-------- - - - - - ----,

L LAMPS

/ -
GROUNDED

INTERWINDI NG
SHIELDING

FULL WAVE
RECTIFIER

L..-. ~

Figure 4-25. Low-v91tage power supply for lighting
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SECTION 5

SPECIFICATION OF AN UNGROUNDED DISTRIBUTION CENTER

FOR WORKING SECTION

These specifications are not intended to be complete from an

overall installation point of view, but merely to identify the equipment

necessary to provide ground fault detection and breaker tripping.

Description of System

The system one-line diagram shown in Fig. 1 represents a 500

kva skid-mounted underground mine load-center with a delta connected

4160 volt primary winding and two plus and minus 2-1/2% no-load taps.

The secondary winding is wye connected for 480 volt operation. The

neutral will be left floating for ungrounded system operation. To

minimize capacitive coupling and dielectric breakdown between the pri­

mary and secondary winding, the transformer should be designed to provide

proper shielding. The shield should be tied solidly to the high voltage

ground system.

The 480 volt main and feeder breakers are usually molded case

breakers, equipped with under-voltage (UV) trip devices. To maintain a

circuit breaker in the closed position it is necessary to keep the UV

device energized through normally closed contacts of the GDR device.

Upon de-energization, the UV trip will cause the circuit breaker to trip.

Shunt trip devices may also be used but a reliable source of control

power must be provided.

The ground detection scheme utilizes static relays (Fig. 2) to

sense a ground fault as low as 9 rnA on the ac power system and 60 rnA
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on the dc power system. In the proposed detection scheme, a ground fault

anywhere on the ungrounded 480 volt system will cause both relays GDR-l

and GDR-M to pick up. Relay GDR-l operates after an extremely short time

delay (10 cycle) to minimize false operation due to transient displacement

of the system neutral. When it operates, GDR-1 will trip both ac power

feeder breakers no. 1 and no. 2. Relay GDR-M will time out after about

2 seconds if the ground fault condition is not removed by opening of the

two ac power feeder breakers. In this event, relay GDR-M will trip the

transformer main secondary breaker.

It should be noted that operation of relay GDR-M could be initiated

by anyone of the following conditions:

1. failure of GDR-l to operate

II. failure of breakers 1 or 2 to trip

III. ground fault on 480 volt system did not occur on feeder circuits

no. 1 or no. 2.

Thus relay GDR-M functions as back-up protection for condition I and

II, but it provides primary protection for condition III.

A ground fault current on the dc power supply system of 60 rnA or

greater will be sensed by relay GDR-3 which is wired to trip breaker no. 4.

It should be noted that the ground fault detector relays on the 480 volt

system do not sense a ground fault on the dc power system, because the

rectifier transformer isolates the dc system from the 480 volt system.

Similarly a ground fault on the 120/240 volt lighting system will not

be sensed by GDR-l or GDR-M, because of the transformer isolation. To

remove a ground fault anywhere on this lighting system, relay GDR-2 is
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wired to trip breaker no. 3 and will disconnect only the lighting system.

The extremely low ground fault sensitivity of 9 rnA, as determined by

the human let-go limitation, makes it essential that the system capacitive

reactance to ground be balanced. In cable circuits, this objective can

be approached when the three individual power conductors are equilatera1ly

spaced in a three conductor cable and/or by metallically shielding each

power conductor. In addition the shielded cable construction not only

minimizes phase-to-phase faults but also reduces the human shock hazard

in case of cable insulation damage due to mechanical abuse.

SECTION LOAD CENTERS FOR UNGROUNDED WORKING SECTION

500 KVA skid mounted, underground mine load center, 4160 volt delta

primary two 2~% taps above and below, 480 volt secondary with the following

devices mounted and wired for 4160 volt underground mining service:

a) 1 - Incoming coupler with cover.

b) 1 - Loop feed coupler with shorting cover.

c) 1 - Set coupler wrenches with mounting provisions.

d) 1 - Air interrupter switch, 4.8 kV, 3 pole, load break with

auxiliary switch and viewing window.

e) 3 - Lightning arresters, 4.5 kV.

f) Dry type transformer, 500 kVA, 4160 volt delta primary with taps,

480 volt secondary, ungrounded with grounded shield between high

and low voltage windings. Shield to be tied directly to 4160 volt

system ground.
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g) 1- 480 volt main circuit consisting of:

1) 1 - Air circuit breaker, 600V, 3 pole, 800 amp with three

time delay and instantaneous direct acting trips and

120 volt ac undervoltage device.

2) 1 - Time delay ground relay.

3) 3 - 277 volt ground detection circuits, 9 mA maximum.

h) 2 - 480 volt, 200 ampere feeder circuits with:

1) 1 - Air circuit breaker, 600 volt, 3 pole, 225 ampere frame,

three 200 ampere time delay and instantaneous direct

acting trips and l20V ac undervoltage device.

2) 1 - Receptacle with cover.

3) 1 - Mating plug with cover.

i) 1 - Control power transformer, kVA to suit, 480 volt primary with

fuses, 120 volt secondary.

j) 1 - 480 volt, 3 pole lighting primary breaker, 60 ampere with

120 volt ac undervo1tage trip.

k) 3 - 10 kVA, 480 volt to 240/120 volt lighting transformers con-

nected delta-delta, provided with shield between primary and

secondary windings, shield to be connected solidly to the
r

ground point of the 480 volt ground sensing system.

1) 6 ~ 240' volt, 3 pole, 30 ampere lighting breakers, air circuit

breaker type, with three time delay and instantaneous direct

acting trips.

m) 6 - Receptacles, 3 pole, 240 volt, with cover.

n) 6 - Mating plugs.
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0) 3 - 138 volt ground detectors t 9 rnA max.

p) 3 - 69 volt grounddetectors t 9 rnA max.

q) 1 - 600 volt t 3 pole air circuit breaker t 600 ampere t with three

time delay and instantaneous direct acting trips and 120 volt

ac undervoltage trip.

r) 1 - Rectifier transformer t 480 volt primary with straddle tapst

kVA and secondary voltage for 300 KW t 600 volt dc rectifier.

Transformer to be provided with shield between primary and

secondary windings t shield to be connected solidly to the

ground point of the 480 volt ground sensing system.

s) 1 - 300 KW t 600 volt dc silicon diode rectifier with normal pro-

tective devices for mining service t ungrounded.

t) 2 - 300 volt dc ground detectors t 60 rnA max.

u) 4 - 600 volt t 300 ampere t 2 pole dc contactors.

v) 4 - 600 volt t 300 ampere t 2 pole dc receptacles with cover.

w) 4 - Mating plugs.

x) X - Necessary cover and door interlocks including E-Stop push-

button wired in series with incoming pilot circuit.

RELIABILITY ANALYSIS OF UNGROUNDED DISTRIBUTION CENTER

General

A reliability analysis is made of the "Underground Distribution Center

for Working Section" shown in Fig. 1. This is an ungrounded system. The

"GDR" ground detection relay circuits operate the circuit breakers when

ground faults are encountered.
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Operation of 480 Volt System

The GDR #1 relay will trip Circuit Breakers #1 and #2 if a ground

fault current greater than 9 rnA occurs on any of the three phases of the

480 volt power system and persists for longer than 10 cycles (.167 second).

The GDR main relay has a two second time delay and will trip the Main

Circuit Breaker if a ground fault current greater than 9 rnA occurs for

more than 2 seconds on any of the three phases of the 480 volt system.

Thus the GDR Main relay plus the Main Circuit Breaker acts as a

backup to GDR #1 relay plus Circuit Breakers #1 and #2. This backup is

for clearing ground faults on either of the two 200 ampere circuits of the

480 volt three phase power system if they are not cleared by the Circuit

Breakers #1 and #2. The main GDR relay and circuit breaker also provide

ground fault protection for the portions of the 480 volt system not pro-

tected by Circuit Breakers #1 and #2.

Lighting Power

The power for the lighting circuits is isolated from the 480 volt

power by three single phase ungrounded transformers. A ground fault on the

120/240 volt circuits of the Lighting System greater than 9 rnA will cause

GDR #2 relay to trip Circuit Breaker #3. Failure to operate of GDR #2

relay or Circuit Breaker #3 will not result in a ground fault on the 480

volt power system because of the transformer isolation, and the fault could

go undetected. The use of redundant ground sensing relays with time delay

tripping of the Main Circuit Breaker is recommended.

A ground fault greater than 9 rnA on the 480 volt power system between

Circuit Breaker #3 and the primaries of the 10 kVA transformers will be
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cleared by the GDR Main relay tripping the Main Circuit Breaker after

a two second time delay. Circuit Breakers #1 and #2 will also have been

tripped, since the sensing system is not selective.

Power for DC Machines

The power for the D.C. machines is isolated from the 480 volt AC power

by a 300 kW transformer. A ground fault greater than 60 rnA on the D.C.

system will cause GDR #3 relay to trip Circuit Breaker #4. Failure to operate

of GDR #3 relay or Circuit Breaker #4 will not result in a ground fault on

the 480 volt power system because of the transformer isolation and the fault

could go undetected. The use of redundant ground sensing relays with time

delay tripping of the Main Circuit Breaker is recommended.

A ground fault greater than 9 rnA on the 480 volt AC power system between

Circuit Breaker #4 and the primary of the 300 kW transformer will be cleared

by the GDR Main relay tripping the Main Circuit Breaker after a two second

time delay. Circuit Breakers #1 and #2 will also have been tripped, since

the sensing system is not selective.

Reliability Analysis of the Two 200 Amp 480 Volt Circuits

The ungrounded 480 volt system shown in Fig. 1 has two 200 ampere

3 phase circuits that supply power to mining machines. For safety reasons,

it is desirable to trip Circuit Breakers #1 and #2 after the first ground

fault greater than 9 rnA current has occured. A reliability analysis attempts

to look at various equipment failure modes and effects and make a reliability

prediction of the likelihood of it happening. Documented sources of field

failure data are used wherever possible. However, in many cases the data is

for electrical equipment that has been used in general industrial applications

rather than in the probably more hostile environment encountered in mining

5-7
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applications. Since the environment is somewhat different than for mining

applications, the failure rates are not necessarily the same as could be

expected in underground mining applications. Data for molded case breakers

has been used since they are in wide use currently in underground power

systems.

Fig. 2 shows a more detailed diagram of the GDR ground detection

relay circuit that is used with both the Main Circuit Breaker and with the

Circuit Breakers #1 and #2. The control circuits for tripping these

breakers are also shown in Fig. 2.

Fig. 3 shows a reliability analysis for a circuit breaker not operating

to clear a ground fault when it should.

Fig. 4 gives a list of equipment failure modes that would result in

a false trip of a 480 volt circuit.

Conclusions from Reliability Analysis

The failure rate of a molded case breaker and its associated auxiliary

devices is high enough such that the Main Circuit Breaker will be operated

quite often for back-up protection to clear a ground fault. The auxiliary

devices, such as a UVR or a shunt trip, degrade the basic reliability of a

molded case breaker. A shunt trip is believed to be more reliable than a

UVRj however, a separate reliable power source is required for use with a

shunt trip, and the combination could be less reliable than the UVR.

Recommendations

It is recommended that very reliable breaker and auxiliaries be used

for the Main 480 volt Circuit Breaker. This is desirable to assure that

the back-up protection for clearing a ground fault is highly reliable.
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Source of Failure. Rate Data Used in Fig. 3

1. Sensing Circuit (GDR) - a failure rate of .012 per year was cal-

culated by using MIL2l7A for a similar circuit used in a High Voltage DC

transmission terminal containing light emitting diodes and light detection

circuits and amplifiers.

2. Undervoltage Relay (UVR) - this failure rate is assumed to be

1.5 times the failure rate of the molded case breaker.

3. Molded Case Circuit Breakers - the Nov.-Dec. 1965 issue of

"Electrical Tester" published by Multi-Amp Corporation stated that 7 out of

402 molded case breakers tested at an industrial plant would not trip at

all at any current. This gives a probability of failure of .017 per breaker

operation. If it is assumed that each breaker is required to clear six

ground faults per year, then this gives a failure rate of .102 per year.

A failure is defined to be "failed to clear a ground fault when called upon".

5-9



Reliability Analysis of Lighting Circuit

If the lighting circuit has a ground fault current greater than

9 rnA, Circuit Breaker #3 will be opened to clear the ground fault.

See Figure 5 for a calculation of Circuit Breaker #3 failure rate of

.000034 failures per year. In addition the GDR #2 relay sensing may fail

or its UVR may fail, so to this figure must be added the UVR failure rate

(.000051) and the sensing circuit failure rate (.012) for a circuit failure

rate of .012085 failures per year.

Reliability Analysis of 600 Volt DC

Circuits for the DC Machines

If a ground fault current greater than 60 rnA occurs on the 600 volt

D.C. circuits, the AC Circuit Breaker #4 will be opened to clear the

ground fault.

See Figure 6 for a calculation of Circuit Breaker #4 failure rate of

0.102 failures per year. In addition the GDR #4 relay sensing may fail

or its UVR may fail, so to this figure must be added the UVR failure rate

(.153) and the sensing circuit failure rate (.012) for a circuit failure

rate of .267 failures per year.
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EACH PHASE HAS A STATIC RE­

LAY WHICH DROPS OUT WHEN 9mA
OF UNBALANCED GROUND CURRENT
IS SENSED.

tI"" ...--_ ...... _,

/ \

-.( 1
I I
I I
\ I" /-------""""

'i' -..
--I

l'--1---
'I'--1----.

IU~RI

UVR-l

OPENS WHEN
BREAKER CLOSES

HH
Am Bm Cm

TOBI CI

'-+------t H H
UVR-2

D.O. UVR MAIN BRK

14------120V 120 V

CONTROL POWER CONTROL POWER

CONTROL CIRCUIT FOR CONTROL CIRCUIT FOR
GDR-I RELAY GDR-M RELAY

Fig. 2 GDR Ground Detection Circuit
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• FALSE TRtP OF # 1 AND # 2 AND MAIN CI RCUIT BREAKERS

1.' LOSS OF 120 VOLT CONTROL POWER

• FALSE TRIP OF EITHER OR BOTH # 1 OR #2 CIRCUIT BREAKERS

1. UVR # 1 OR #2 DROPS OUT WHEN IT SHOULDN'T

2. SHUNT TRIP # 1 OR #2 OPERATES WHEN IT SHOULDN'T

3. CIRCUIT BREAKER # 1 OR #2 OPERATES WHEN IT SHOULDN'T

4. SENSING CIRCUIT (GDR # 1) OPERATES WHEN IT SHOULDN'T

• FALSE TRIP OF MAIN CIRCUIT BREAKER

1. UVR MAIN DROPS OUT WHEN IT SHOULDN'T

2. SHUNT TRIP MAIN OPERATES WHEN IT SHOULDN'T

3. CIRCUIT BREAKER MAIN OPERATES WHEN IT SHOULDN'T

4. SENSING CIRCUIT (GDR MAIN) OPERATES WHEN IT SHOULDN'T

Fig. 4 Equipment Failure Modes that will Cause False Trip of 480
Volt Circuit Breakers
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ASSUME
.002 PER YEAR .002 TIMES/YEAR .017 PER OPERATION

.'"'\ ''7

A GROUND FAULT 480V. CIRCUIT 480 V CIRCUIT
OCCURS ON 120/240 BREAKER #3 IS BREAKER #3
VOLT LIGHTING CALLED UPON TO FAILS TO CLEAR

CIRCUITS CLEAR A GROUND GROUND FAULT
FAULT

-000034
FAILURES

PER
YEAR

Fig. 5 Calculation of Failure Rate of Circuit Breaker No. 3 for Lighting
Circuits

ASSUME
6 PER YEAR 6 TI MES/YEAR .017 PER OPERATION

A GROUND FAULT 48QV. AI:.. CIRCUIT 480 V A.C. CIRCUIT
OCCURS ON 600 V. BREAKER#4 IS BREAKER #4
D.C. LINES CALLED UPON TO FAILS 'TO CLEAR

CLEAR A GROUND GROUND FAULT
FAULT

.102
FAIWRES

PER
YEAR

Fig. 6 Calculation of Failure Rate of Circuit Breaker No. 4 for 600 Volt
D.C. Circuits
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Report on Power Systems Grounding

by the Task Force on

Low-voltage Power System Grounding

THE NEED FOR THIS STUDY

For many years the recommendation
of the General Electric Company for the
grounding of low-voltage industrial and
commercial power systems has been
solid grounding of the power system
neutral. For special operating or safety
requirements, alternative methods of
grounding - such as high-resistance
grounding or low-reactance grounding­
have been advised. On the basis of such
recommendations a long-term trend to­
ward the installation of power systems
with a solidly grounded neutral de­
veloped, with the result that such sys­
tems are currently the most widely used
in industrial and commercial power
system design. These systems have, in
general, performed adequately and pro­
vided the safety, reliability and con­
tinuity of service which had been an­
ticipated from them.

Recently, however, it has been sug­
gested that the high-resistance grounded
neutral system is better suited for
certain systems-particularly insofar as
personne) safety and process continuity
are concerned. Proposals to this effect
have arisen because of serious injuries
or fatalities which have occurred to
operating or service personnel during
line-to-ground arcing faults in solidly
grounded neutral systems.

In response to such proposals General
Electric's Energy Systems Operation put
together a task force which has re­
studied the question of power system
grounding. As part of its activities, this
task force has worked to bring into focus
the characteristic features of competing
alternative grounding methods.

RESULTS OF TASK FORCE STUDY

The typical features of alternative

4

grounding methods are presented herein,
covering individually the characteristics,
benefits, drawbacks and typical applica­
tion areas for each of the available
methods of low-voltage system grounding
which were studied. Specific recom­
mendations of one method of grounding
in preference to another have been
avoided, however, in recognition that no
single method of system grounding will
prove unrivaled and completely satis­
factory in all the application situations
which may be encountered. In illustra­
tion of this, the solidly grounded neutral
system is very extensively used in in­
dustrial and commercial building appli­
cations, yet the so-called "ungrounded"
system, when complemented with ground­
fault detection and first-quality electrical
system maintenance, has provided de­
sirable performance characteristics and
adequate service in certain process in­
dustries.

Additionally, specific recommenda­
tions are not given because it is felt that
the comparative merits of the various
methods of system grounding, for any
given set of customer conditions and
objectives, will be self-evident from the
listing of the characteristics and features
of the individual system grounding
methdds; and that the power system
designer, application engineer, or power
distribution equipment sales engineer is
best qualified to consult with the cus­
tomer and advise him on the choice of
grounding method for his specific con­
ditions and objectives.

TYPES OF SYSTEM
GROUNDING REVIEWED

All the methods of low voltage power
system grounding which have been ap­
plied or used insignificant numbers were

covered by the task force review. Ground­
ing methods of very infrequent USle, such
as the dual-resistance grounding and
ground-fault neutralizer methods, were
not included in this review. The spe­
cific methods of power system grounding
which are covered in this report are

1. the ungrounded system.
2. solid neutral grounding.
3. low-resistance grounding.
4. high-resistance grounding.
5. high-resistance grounding with

traceable signal to the fault.
6. corner-of-the-delta grounding.
7. mid-phase grounding.
8. low-reactance grounding.

For each of these methods of system
grounding the characteristic features, ad­
vantages, disadvantages, and typical
areas of application, as well as general
remarks on the particular system of
grounding, are given in the following
pages.

It is appropriate to point out that
selection of a specific 'method of system
grounding should not be based on the
number of advantages or disadvantages it
possesses, since these attributes are not
necessarily absolute, and generally have
firm meaning and significance only when
related to such factors as equipment cost
and quality, electrical system mainte­
nance, safety of personnel, damage to
equipment arising from ground fault
conditions, system protective devices and
their settings, power continuity require­
ments of the process or service being
powered, and so forth. In addition, cer­
tain attributes are common to most, if
not all, of the methods of system ground­
ing; in these instances the attributes may
be listed as "characteristic features" in
the tabulation, rather than as advantages
or disadvantages.



THE UNGROUNDED SYSTEM

Characteristic Features

Definition The ungrounded system is one which has no intentional con­
nection to ground except through potential indicating or meas­
uring devices, or through surge overvoltage protective devices.
Although called "ungrounded" this type of system is in reality
capacitively coupled to ground through the distributed phase­
to-ground capacitance of the windings and phase conductors
of the system.

Circuit Schematic and Thevenin line-to­
ground equivalent circuit diagramCD.

Suitable for serving load circuits of the type indicated

I
1
I

Circuit

Two-wire, single-phase
Three-wire, three-phase

XT+XS

Thevenin Equivalent

Grounding equipment required for this method of system
grounding.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply
point.

Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault current.

For footnotes see Page 33.

None required, but potential transformers, a voltage relay
and/or ground indicating lights and possibly stabilizing re­
sistors are advisable for ground fault detection.

Same cost, if no ground fault detection. Ground fault detection
adds to cost.

System charging current, (3 EL-N)/Xco. Less than one percent;
usually less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.

Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc Restrike
Volts Percent<!l Volts Volts

208 2 275 275

480 74 275 375

600 85 275 375
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Probability of sustained arcing for line-to-line fault on single­
phase circuit extension (no escalation to three-phase fault).

Shock hazard, phase-to-ground, for
(a) No ground fault.

(b) Ground fault on phase conductor.

Advantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Rms current value for sustained single-phase line-tocground
arcing fault.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or 3-phase arcing fault, in bare bus system.

Automatic tripping by phase (or ground) over-current devices
for first line-to-ground fault.

Ease of discrimination between an arcing line-to-lirie fault and
normal system load current.

Flash hazard to personnel, arising from accidental line-to­
ground fault (no escalation).

Disadvantages in Relation to:
Control oftransient and steady-state over-voltages from neutral
to ground.

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

6

208-volt systems~small probability, but sustained arcing
can occur.
480-, 600-volt systems~high probability; in the order of 1.0.

(a) Phase-to-neutral voltage exists from each phase to
ground.

(b) Line-to-line voltage appears on two phases, for solid
fault and no series resonant L-C circuit.
With repetitive restrike to ground, or series resonant
L-C circuit, voltages to ground well in excess of line­
to-line voltage may appear.

Extremely low probability, near zero. A sputtering fault with
repeated restrikes may continue indefinitely.

Very low value, if fault could be sustained. Single-phase line­
to-ground arcing fault in ungrounded system would very likely
be self-extinguishing, unless of the sputtering type.

Very small probability. Probability of escalation would be
prominently influenced by closeness of phase conductors.

No automatic tripping for the 'first ground fault occurs, pro­
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con­
tinues in operation; in certain process industries and condi­
tions of service this is regarded as an advantage.

For the usual levels of line-to-line arcing fault currents, dis­
crimination is not difficult. But low-level line-to-line or double
line-to-ground arcing faults are possible which will operate
phase overcurrent devices only with considerable delay, or not
at all. Then burndown may occur.

Basically no flash hazard exists, unless the system has an un­
removed ground fault on another phase. This could result in a
double line-to-ground fault with serious flash hazard.

The ungrounded system provides no effective control of such
overvoltages.

The ungrounded system phase-to-ground potential may be
elevated as high as the normal phase-to-ground voltage on the
higher voltage system.



Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Effect of delayed removal of line-to-ground fault on the sys­
tem (no escalation to line-to-line fault).

Difficulty of locating the first line-to-ground fault.

Cost of system maintenance.

Motor protection.

i-~",

',-~-"

The first or second ground on such a control circuit may start
the motor.

All unremoved ground faults put greater than normal voltage
on system insulation. Certain unremoved ground faults may
result in very severe overvoltage conditions, leading to in­
creased shock hazard and eventually to extensive equipment
and circuit outages.

Ground fault locating is usually very difficult. It may require
much time and repeated shutdowns of unfaulted as well as
faulted equipment. Special fault-locating equipment can fa­
cilitate pinpointing the fault site.

Maintenance costs on the ungrounded system are relatively
high because of reduced insulation life and the labor of locating
ground faults. .

Ground fault in motor cannot be easily detected and removed
until it has burned into another coil, resulting in greater
damage.

Typical Area of Application

The ungrounded system has been
much used in general industry, and in
the process industries, such as the paper,
chemical and petroleum industry, and in
certain other service or manufacturing
operations where the ability of this
system to avert immediate shutdown on
the occurrence of the first ground fault
was desired. The prevention of a non­
scheduled shutdown in these instances
was intended to avoid severe financial

loss in production, substantial contingent
damage to equipment, or grave danger to
personnel.

General Remarks

The prominent favorable feature of
the ungrounded system is its ability to
avoid immediate interruption of service
continuity when a single ground fault
takes place. The vulnerability of the
ungrounded power distribution system
to insulation failures and increased shock
hazard from transient and steady-state

overvoltage conditions, however, has led
to the gradual diminishment of its use,
in favor of the solidly grounded and high­
resistance grounded systems. Ungrounded
systems with ground fault indicators are
still used in specific plants and industries,
but such installations require excellent
maintenance and housekeeping proce­
dures, and rigorous ground fault detection
and removal practices in order to provide
service reliability and continuity equiva­
lent to that found in the solidly and high­
resistance grounded neutral systems.

7



'5 ~
~I,.. 0; "j

THE SOLIDLY GROUNDED NEUTRAL SYSTEM

Characteristic Features

Definition The solidly grounded neutral system has the neutral point di­
rectly grounded through an adequate ground connection in
which no impedance has been inserted intentionally, except
possibly in the case of low-voltage generator grounding.

Circuit schematic and Thevenin line-to­
ground equivalent circuit diagram CD.

Circuit

XT+XS

Theven;n Equivalent

Suitable for serving load circuits of the type indicated.

Groundinl; equipment required for this method of groundingCD.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-gr 'md fault, in percent of bolted
three-phase rms fault curre' t, for terminal fault at sup­
ply point.

Probable levelQ) of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Two-wire, single phase.
Two-wire, single phase, 1 side grounded.
Three-wire, three-phase.
Four-wire, three-phase.

None for wye-system with neutral available. Grounding trans-
former is required for delta system®. .

This is the reference system, using a wye-connected trans­
former. Ground fault relaying adds to price.

Varies; may be 100 percent or more.

Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions, calculated
values are:

For footnotes see Page 33.
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System
Volts

208

480

600

Fault Current.
Percent ®

2

74

85

Arc
Volts

275

275

275

Restrike
Volts

275

375

375



Probability of sustained arcing for line-to-line fault on single­
phase circuit extension (no escalation to three-phase fault).

Rms current® for sustained single-phase line-to-ground arcing
fault, in percent of three-phase bolted fault value.

Shock hazard, phase-to-ground, for
(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neutral
to ground.

Automatic tripping by phase and/or ground overcurrent de­
vices for first line-to-ground fault.

Ease of discrimination between an arcing line-to-line or line­
to-ground fault and normal system load current.

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Shock hazard, from neutral to ground during line-to-ground
fault.

*Tentative; subject to further investigation. Minimum ground
fault current value may be quite low, depending on ground
circuit impedance and other factors.

rr
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208-volt systems-small probability, but sustained arcing
can occur.
480-, 600-volt systems-high probability; in the order of 1.0.

Based on 140-volt arc and 375-volt restrike voltages (275 volts
@ 208 V):

208 V-O percent®
480 V-40 percent*
600 V-50 percent*

(a) Phase-to-neutral voltage from each phase to ground.
(b) Phase-to-neutral voltage on two phases.

The solidly grounded neutral system effectively controls to
safe levels the overvoltages which become impressed on or
self-generated in the power system by insulation breakdowns,
resonant inductive-capacitive circuits, restriking ground
faults, etc.

System is designed to provide automatic tripping by low-cost
phase devices for first ground fault. Solid ground faults or
high-level arcing faults to ground will operate the phase over­
current devices. For low level arcing faults to ground, ap­
plication of sensitive ground fault relays is required to assure
disconnection of faulty circuit before burndown can occur. In
many industries and conditions of service this rapid protection
of equipment is necessary and desirable, to protect other
services and personnel.

Usual levels of arcing faults will cause tripping of phase de­
vices. Use of zero-sequence type ground fault relaying is nec­
essary for prompt discrimination between low-level ground
faults and normal load currents. Line-to-line arcing faults
usually involve ground quickly. Thus ground relays minimize
the possibility of arcing-fault burndown.

Limited to low-voltage system line-to-neutral voltage, ap­
proximately.

Essentially zero voltage for low impedance common main
grounding conductor.

For footnotes see Page 33.
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Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Difficulty of locating the first line-to-ground fault.

Cost of system maintenance.

Motor protection.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit (no escalation).

Probability of escalation of I-phase, line-to-ground arcing fault
into line-to-line or 3-phase arcing fault (in bare bus system).

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Effect of delayed removl'!l of line-to-ground fault on system
(no escalation).

Flash hazard to personnel arising from accidental line-to­
ground fault (no escalation).

* Not to be construed as being dependably self-extinguishing.

10

Only 58 percent of line-to-line voltage appears on contactor
coil. Motor start is not likely.

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying is
recommended to isolate very low level faults on high current
circuits. Noise, smoke, and flash during fault aid in pinpointing
fault site.

Minimum, since insulation life is not shortened, and ground
faults are readily located.

A fault to ground in a motor winding can be quickly de­
tected and removed, before extensive damage occurs, by means
of phase overcurrent devices or ground sensor rel.ays.

208-volt systems-small probability; near zero.*
480-, 600-volt systems-high probability; in the order of 1.0.

High probability, in the order of 1.0, particularly for 480- and
600-volt systems. (Probability of escalation is zero in this sys­
tem on single-phase circuits serving line-to-neutral connected
loads.)

A motor already running may not drop out when the "stop"
button is pressed.

Pushing the "start" button with a ground fault in the con­
trol circuit may permit line-to-ground fault current to flow
through the push button. This would cause a momentary
personnel hazard until a protective device operates.

Protective contacts on energized equipment may be bypassed
by an accidental ground, preventing equipment shutdown if
safety limits are exceeded.

Continuing low-level arcing fault may result in equipment
. burndowns and delayed restoration of service. Sensitive ground
fault relaying can eliminate this problem.

Severe flash hazard for ground fault on any phase of a high
capacity system.



Typical Area of Application
The solidly grounded neutral system is

the one most widely used in industrial
and commercial service, for serving
general industrial loads, and loads af­
fecting public welfare and safety (light­
ing, elevators, fire pumps, ventilation,
etc.) In particular, the solidly grounded
neutral arrangement is the most effective
in serving three-phase four-wire low volt­
age power distribution circuits. It has
also been used effectively on critical proc­
ess (so-called non-interruptible) loads.

General Remarks
The prominent characteristics of the

solidly grounded neutral system are its
effective control of all overvoltage con­
ditions and its immediate segregation of
the faulty circuit, by means of economic
phase overcurrent trips, on the occur­
rence of a sensible ground fault. Further­
more, the solidly grounded neutral system
provides an eHective basis for protection
against destructive low-level arcing faults,
since the addition of zero-sequence type
relaying to such a system enables the
easy detection and removal of such
faults.

These characteristics of overvoltage
control, immediate fault isolation, and
practicable protection against arcing
fault burndown help to account for the
very extensive use of the solidly grounded
neutral system in industrial and com­
mercial power service. Its emphasis on
prompt protection for faulty equipment
and circuits, thereby increasing service
restorability and reducing repair costs
and downtime, make it suitable for use
wherever extensive damage to electrical
equipment and prolonged shutdown of
processes or services is to be guarded
against.

A particular shortcoming of the solidly
grounded neutral system is the very
severe flash hazard which exists on the
occurrence of an arcing fault involving
ground. Where a person may be in close
proximity to the fault, or may have
been directly instrumental in initiating
the fault, a serious personnel hazard then
exists. This hazard is sufficient to require
that equipment and· circuits be worked
upon only when de-energized. This safe
working practice is also required by the
otherwise ever-present voltage hazard.

".~ ('~
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Working on energized equipment requires
specially trained crews and safety pro­
cedures not normally available in in­
dustrial plants or commercial buildings.

The solidly grounded neutral system
generally isolates phase and ground
faults promptly. In this system, however,
equipment burndown may occur if a
relatively low-level arcing fault occurs
on a high-current circuit. Ground-fault
relaying minimizes this possibility.

The prompt removal, in the solidly
grounded neutral system, of a circuit in
which a ground fault has occurred is
considered by some system operators to
be a singular imperfection. For these
operators the requirement to avoid a
disorderly and abrupt shutdown on the
occasion of the first ground fault, and to
continue to supply power to a critical
process or service takes precedence over
all other considerations. In situations of
this sort high resistance in the neutral
connection to ground to limit fault
current and avoid tripping on the first
ground fault .has frequently been em­
ployed. See High-Resistance Grounding.

11
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Characteristic Features

Definition

LOW-RESISTANCE* GROUNDED NEUTRAL SYSTEM

The low-resistance* grounded neutral system is one in which
a low-value resistor has been inserted in the neutral connection
to ground to limit the current under ground-fault conditions
to a level significantly reducing the fault-point damage but
still permitting automatic detection and isolation of the fault
by ground-fault protection devices.

Circuit schematic and Thevenin line-to
ground equivalent circuit diagram CD.

XT+XS

Suitable for serving load circuits of the type indicated.

i
~II

Circuit

Two-wire, single-phase.
Three-wire, three phase.

Footnote ®

, Thevenln Equivalent

Grounding equipment required for this method of grounding @.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply
point.

* Not yet defined quantitativelY. See entry for "Current for
bolted line-to-ground fault. "for range of resistor current
values.

For footnotes see Page 33.
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Neutral resistor for wye systems. Neutral resistor and ground­
ing transformers for delta systems 0.

Higher, because of neutral resistor, and because sensitive
ground fault relaying is necessary to insure that no ground
faults remain unremoved.

20 percent and downward to 1000 ampere. Installations with
special safety requirements against shock hazard, such as
mine power systems, may go as low as 25 amperes.



Probable level ® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Probability of sustained arcing for line-to-line fault on single­
phase circuit extension (no escalation to three-phase fault).

Rms current® for sustained single-phase line-to-ground arcing
fault in percent of bolted line-to-ground fault values.

Shock hazard, phase-to-ground, for
(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from
neutral to ground.

Automatic tripping by phase and/or ground overcurrent
devices for the first ground fault.

Ease of discrimination between an arcing line-to-line or line­
to-ground fault ,and normal system load current.

* Currently under examination.

n.

Value is function of systellf voltage as well as of arc and
restrike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc

I
Restrike

Volts Percent ® Volts Volts

208 2 275 275

480 74 275 375

600 85 275 375

208-volt systems-small probabilty, but sustained arcing can
occur.
480-, 600-volt systems-high probability; in the order of 1.0.

Based on 140 1-1/1-1 volt arc and 375 volt restrike voltages.
208 V-*
480 V-*
600 V-*

(a) Phase-to-neutral voltage from each phase to ground.
(b) Approximately line-to-line voltage on two phases.

The low-resistance grounded neutral system effectively con­
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static
charges, and restriking ground faults. It may not control
certain steady-state overvoltages arising from physical contact
with a higher voltage system, from autotransformer extended
winding failures, or from faulty series capacitor-welder circuits
0.

System is designed to' provide automatic tripping by ground
ovei:current devices for first ground fault. Phase overcurrent
devices may also operate, depending on their ratings relative
to the resistance-limited fault current. To many power system
operators fast tripping on ground faults, which limits fault
damage and prevents equipment burndoWn, is advantageous
to system service reliability.

Required use of sensitive zero-sequence type relaying permits
prompt discrimination between low-level grol,lnd faults and
normal load currents. Line-to-line arcing faults usually involve
ground quickly. Thus ground relays minimize the possibility
of arcing-fault burndowns.

For footnotes see Page 33.
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Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Shock hazard, from neutral to ground, during line-to-ground
fault.

Difficulty of locating the first line-to-ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or three-phase arcing fault (in bare bus
system).

Shock hazard, phase-to-ground, resulting from fault-path
contact with a higher voltage system.

Safety hazard arising from ground faults in directly connected
control circuits, using line-to-line rated voltage contactor coils.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Cost of system maintenance.

Flash hazard to personnel, arising from accidental line-to­
ground fault (no escalation).

* Not to be construed as being dependably self-extinguishing.

For footnotes see Poge 33.
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Less than line-to-neutral voltage appears on contactor coil.
Motor will not start.

Essentially zero shock hazard, since the neutral IS not run
with the phase conductors.

UsuaIly not difficult. The smaIler circuit phase overcurrent
devices wi1l provide self-isolation. The larger circuits must
be equipped with ground-fault relaying and will provide rapid
fault isolation. Noise, smoke, and flash during fault aid in
pinpointing fault site.

208-volt systems-small probability; near zero. *
408-, 600-volt systems-high probability; in the order of 1.0.

High probability, in the order of 1.0, particularly for 480- and
600-volt systems.

May be as high as normal line-to-neutral voltage on the
primary system 0.

Pushing "start" button with ground fault on control circuit
will permit line-to-ground fault current to flow through push
button, causing momentary personnel hazard until protective
device operates.

Continuing presence of a ground fault could cause burndown
or serious damage cf equipment, but ground fault relaying
required by this system of grounding should avoid this
situation.

May be higher than for solidly grounded system, because of
shortened insulation life arising from certain types of over­
voltage not effectively controlled by this method of system
grounding.

Serious flash hazard, but less severe than on solidly grounded
neutral system. Reduction in hazard is proportional to re­
duction in bolted line-to-ground fault current. Escalation,
which is probable in bare bus system, would cancel any re­
duction in line-to-ground fault flash hazard.



Typical Area of Application
The low-resistance grounded neutral

system to date has been used largely in
special situations, stich as mine power
systems, where extraordinary protection
against shock hazard on portable equip­
ment is required.

Although the reduction in burning
damage and in flash hazard offered by
this type of system grounding is signifi­
cant, it has been infrequently applied in
general industrial and commercial build­
ing service. In the latter instance the
unsuitability of this type of system to
serve four-wire three-phase loads has been
responsible for its not being used. For
general industrial service the application
of this system grounding method has
been hampered by the lack of sensitive,
small, inexpensive ground-fault detectors
which can be applied to circuit interrup­
ters on branch circuits and small feeder

circuits. Adequate ground-fault protec­
tive devices for the larger circuit inter­
rupters on load center substations and
distribution switchboards have been
available, but not for the smaller circuit
interrupters. Consequently, a completely
sdective operation for ground faults in
low-resistance grounded neutral systems
would be difficult to achieve economically.
Hence applications in general industry
have been of the solidly grounded neutral
system, to secure maximum probability
of selectivity in operation.

It is to be expected that the develop­
ment of small, sensitive, inexpensive
ground-fault protective devices which
are compatible with currently available
circuit protective devices for lew-rated
circuits will result in the inueased use of
low-resistance grounded nt>utral power
systems.

General Remarks
The low-resistance grounded neutral

system, when augmented with sensitive
ground fault relaying, will provide most
of the benefits of solid neutral grounding,
plus reduced damage at the fault point,
decreased flash hazard, and lower voltage
dip on the occurrence of a ground fault.

With this type of system neutral
grounding the current under ground
fault conditions may be severely limited
in comparison with the solidly grounded
neutral system, making detection of such
faults by the larger phase overcurrent
devices either impossible or very long
delayed. Since a ground fault unremoved
from the system will likely cause severe
damage or even burndown, the low­
resistance grounded neutral 'i./';tClil re­
quires the use of ground fault relaying
to make its application practicaLL.

15
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Characteristic Features:

Definition

THE HIGH-RESISTANCE GROUNDED NEUTRAL SYSTEM

The high-resistance grounded neutral system is one in which
a high value resistor has been inserted in the neutral connection
to ground to limit the resistor current under ground-fault
conditions to a value not less than the total system charging
current, resulting in a total ground fault current of approxi­
mately y2times the charging current. An objective of
high-resistance grounding is to avoid automatic tripping of
the faulty circuit for the first ground fault.

Circuit schematic and Thevenin line­
to-ground equivalent circuit diagram.

Suitable for serving load circuits of the type indicated.

Circuit

Two-wire, single-phase
Three-wire, three-phase
Footnote 0

Thevenin Equivalent

Grounding equipment required for this method of grounding 0.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault, for terminal fault at
supply point.

For footnotes see Page 33.
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Neutral resistor for wye systems. Neutral resistor and ground­
ing transformer for delta systems 0. Ground fault indication,
which is recommended, requires relay and indicating lights or
alarm.

Higher, because of neutral resistor and ground fault indicating
equipment.

Determined by neutral resistor ohmic value, but should not
be less thany2times system charging current (3ELN/Xeo);

generally less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.



Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Probability of sustained arcing for line-to-line fault on single­
phase circuit (no escalation to three-phase fault).

Shock hazard, phase-to-ground, for
(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neu­
tral to ground.

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Rms current value for sustained single-phase line-to-ground
arcing fault.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or three-phase arcing fault, in bare bus
system.

Automatic tripping by phase overcurrent devices for the first
ground fault.

For footnotes see Page 33.
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Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions calculated
values are:

System Fault Current, Arc Restrike
Volts Percent® Volts Valts

208 2 275 275

480 74 275 375

600 85 275 375

208-volt systems-small probability, but sustained arcing
can occur.
480-, 600-volt system-high probability; in the order of 1.0.

(a) Phase-to-neutral voltage from each phase to ground.
(b) Approximately line-to-line voltage on two phases.

The high-resistance grounded neutral system effectively con­
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static
charges, and repetitive restrike ground faults. It does not
control certain steady-state overvoltages such as those arising
from physical contact with a higher vc;>ltage system, from auto­
transformer extended winding failures, or from faulty series
capacitor-welder circuits.

Extremely low probability, near zero. Arcing line-to-ground
fault would be difficult to initiate and would very likely be
self-extinguishing.

Very low current value, if fault could be sustained. Single
phase line-to-ground arcing fault in high resistance grounded
neutral system would likely be self-extinguishing.

Very small probability. Escalation probability would be prom­
inently influenced by closeness of phase conductors.

No automatic tripping for the first ground fault occurs, pro­
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con­
tinues in operation; in certain process industries and condi­
tions of service this procedure is considered necessary and
advantageous.

17
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Safety hazard, for groumi Wu,,~ 11< , ••• ,__ :r connected control
circuits using line-to-line rated voltage contactor coils.

Shock hazard from neutral to ground, during linc-to-ground
fault.

Flash hazard to personnel arising from accidental line-to­
ground fault (no escalation).

Disadvantages in Relation to:

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Ease of discrimination between line-to-ground or line-to-line
arcing faults and normal system load currents.

Effect of delayed removal of line-to-ground fault on the sys­
tem (no escalation to line-to-line fault).

Difficulty of locating the first line-to-ground fault.

Cost of system maintenance.

Less than line-to-neutral voltage appears on contactor coiL
Motor will not start.

Essentially zero shock hazard, since the neutral is not run with
the phase conductors.

Basically no flash hazard eXists, unless the system has an un­
removed ground fault- on another phase. This could result ill a
double line-to-ground fault with serious flash hazard.

May be as high as normal line-to-neutral voltage on the
primary system.

Line-to-ground arcing faults are indistinguishable from load
currents, but are very likely to be self-extinguishing. Arcing
line-to-line faults would usually cause tripping of phase­
overcurrent devices. At times their current level may be so
low, however, as to go undetected and cause, equipment
burndown.

All unremoved ground faults put greater than normal voltage
on the system's insulation. System continues in operation, but
with continued damage at the point of fault. While this dam­
age is greatly limited, in a relative sense, its prolongation in
equipment with multi-turn coils may cause eventual turn-to
turn or phase-to-phase failures and result in severe damage,
requiring motor restacking and/or rewinding.

Frequently as difficult as for the ungrounded system. May re­
quire many hours and repeated shutdown of faulty zone equip­
ment. Special fault-locating equipment can facilitate pin­
pointing the fault site.

Will be somewhat higher than for the solidly grounded neutral
system because of the adverse effect of greater than normal
voltage (during presence of ground fault) on insulation life and
because locating ground faults increases maintenance costs.

Typical Area of Application
The high-resistance grounded neutral

system has teen applied in the process
industries and in other situations where

18

control of transient overvoltages is de­
sired but an immediate service interrup­
tion on the first ground fault is to be
avoided. In these instances the objective

is to prevent a disorderly shutdown of
equipment which might result in severe
financial losses,or hazards to personnel
or equipment. A collateral benefit lies in
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the virtual elimination of personnel flash
hazard arising from accidental faults to
ground.

General Remarks
The underlying reasons for the applica­

tion of high-resistance neutral grounding
(see typical Area of Application) are the
same as those for the use of an un·
grounded system, except that transient
overvoltage control is also a prime ob­
jective when employing the resistance
method of grounding. Any advantages to
the power system user which exist in the
ungrounded method of operation may
also be secured, along with transient
overvoltage control, when using the high-

resistance grounded neutral system.
In comparison to the solidly grounded

neutral system during ground faults, high­
resistance grounding affords essentially
zero flash hazard, arc blast and voltage
dip during ground faults, provided simul­
taneous ground faults on different phases
do not occur. The difficulty of locating
ground faults on this system, however,
increases the probability of a second
ground fault shutting down two circuits
simultaneously.

Since unremoved ground faults in this
type of system continue to 'liberate
energy at the fault point which may
eventually cause further breakdown in
the insulation system, it is essential to

monitor the high resistance grounded
neutral system for ground faults and to
remove them with all possible expediency.
Furthermore, while a ground fault re­
mains on this system it loses its original
characteristics and becomes essentially
a "corner-of-the-delta" grounded system
with serious flash hazard, arc blast, volt­
age dip, and the probability of fault
escalation should a second ground fault
occur.

As the neutral point is elevated to
essentially normalline-to-neutral voltage
above earth during a ground fault, this
grounding method is not suited to 4-wire
3-phase systems with line-to-neutral
connected loads.

19



Characteris'tic Features:

Definition

THE HIGH-RESISTANCE GROUNDED NEUTRAL SYSTEM
WITH TRACEABLE SIGNAL TO FAULT

The high-resistance grounded neutral system with traceable
signal to fault, is one in which a high-value resistor has been
inserted in the neutral connection to ground to limit the re­
sistor current under ground-fault conditions to a value not
less than the total system charging current, resulting in a total
ground fault current of approximately V2 times the charging
current. An objective of this type of grounding is to avoid
tripping of the faulty circuit for the first ground fault. In ad­
dition this system is equipped with ground-fault indicators and
a means of pulsing a traceable signal onto a grounded phase to
aid in rapid location of system faults to ground while the sys­
tem is energized.

Circuit schematic and Thevenin line-to­
ground equivalent circuit diagram. XT+X s

XCO!5

Suitable for serving .load circuits of the type indicated.

Circuit

Two-wire, single-phase.
Three-wire, three-phase.
Footnote ®.

Thevenin EqUivalent ~

Grounding equipment required for this method of groundingCD.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault, for terminal fault at .
supply point.

For footnotes see Page 33.
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Neutral resistor for wye systems. Neutral resistor and ground­
ing transformer for delta systems®. Ground fault indicating
equipment, plus signal pulsing and tracing equipment are re­
quired for either wye or delta system arrangements.

Higher, because of neutral resistor and ground fault indicating,
pulsing and tracing equipment.

Determined by neutral resistor ohmic value, but should not
be less than V2 times system charging current (3ELN/Xoo);

generally less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.
The pulsing current used for fault tracing may be two or more
times the normal ground fault current.



Probable level® of sustained single-phase line-to-Iine arcing
fault current, in percent of three-phase bolted fault value.

Probability of sustained arcing for line-to-Iine fault on single­
phase circuit extension (no escalation to three-phase fault).

Shock hazard, 'phase-to-ground for

(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neutral
to ground.

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Rms current value for sustained single-phase line-to-ground
arcing fault.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-Iine or three-phase arcing fault, in bare bus
system..

Automatic tripping by phase overcurrent devices for the first
ground fault.

For footnotes see Page 33.

Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions, calculated
values are:

System Fault Current. Arc Restrike
Volts Percent@ Volts Volts

208 2 275 275

408 74 275 375

600 85 275 375

208-volt systems-small probability, but sustained arcing
can occur.
480-, 600-volt systems-high probability; in the order of 1.0.

(a) Phase-to-neutral voltage from each phase-to-ground.
(b) Approximately line-to-Iine voltage on two phases.

The high-resistance grounded neutral system effectively con­
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static charges,
and restriking ground faults. It does not control certain steady­
state overvoltages such as those arising from physical contact
with a higher voltage system, from autotransformer extended
winding failures, or from faulty series capacitor-welder circuits.

Extremely low probability, near zero. Arcing line-to-ground
fault would be difficult to initiate and would very likely be
self-extinguishing.

Very low current value, if fault could be sustained. Single­
phase line-to-ground arcing fault in high-resistance grounded
neutral system would likely be self-extinguishing.

Very small probability. Escalation probability would be prom­
inently influenced by closeness of phase conductors.

No automatic tripping for the first ground' fault occurs pro­
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con­
tinues in operation; in certain process industries and conditions
of service this procedure is considered necessary and ad­
vantageous.
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Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Shock hazard, from neutral-to-ground, during line-to-ground
fault.

Flash hazard to personnel arising from accidentalline-to-ground
fault (no escalation).

Difficulty of locating the first line-to-ground fault.

Cost of system maintenance.

Disadvantages in Relation to:

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Ease of discrimination between line-to-ground or line-to-line
arcing faults and normal system load currents.

Effect of delayed removal of line-to-ground fault on the sys­
tem (no escalation to line-to-line fault).

Less than line-to-neutral voltage appears on contactor coil.
Motor will not start.

Essentially zero shock hazard, since the neutral is not run
with the phase conductors.

Basically no flash hazard exists, unless the system has an un­
removed ground fault on another phase. This could result in a
double line-to-ground fault with serious flash hazard.

Very little difficulty. Pulsed signal aids in locating fault with
system energized, but some skill in use of tracing equipment
is required.

Approximately the same as solid grounding. Tracing ground
faults adds cost, and insula tion life is reduced by unremoved
ground faults, but fault damage arising from ground faults
is reduced.

May be as high as normal line-to-neutral voltage on the
primary system.

Line-to-ground arcing faults are indistinguishable from load
currents, but are very likely to be self-extinguishing. Arcing
line-to-line faults would usually cause tripping of phase-over­
current devices. At times their current level may be so low,
however, as to go undetected and cause equipment burndown.

All unremoved ground faults put greater than normal voltage
on the system's insulation. System continues in operation, but
with continued damage at the point of fault. While this dam­
age is greatly limited, in a relative sense, its prolongation in
equipment with multi-turn coils may cause eventual turn-to­
turn or phase-to-phase failures and result in severe damage,
requiring motor restacking and/or rewinding. This possibility
is minimized by the use of ground fault tracing equipment,
which facilitates locating the fault site and helps to lessen the
time that the ground fault remains on the system.

Typical Area of Application
The high-resistance grounded neutral

system with tracing pulse has been ap­
plied in the process industries and in
other situations where control of tran­
sient overvoltages, coupled with a re-
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duction in flash hazard, is desired but
where an immediate service interruption
on the first ground fault is to be avoided,
and a means of subsequently tracing the
fault location with the system energized
is wanted. The objectives in these in-

stances are to prevent a disorderly shut­
down of equipment which might result
in severe financial losses or hazards to
personnel or equipment, and to mini­
mize personnel injuries from arc flash
during accidental line-to-grourid faults.



General Remarks
The fundamental objectives in the use

of the high-resistance grounded neutral
system with a fault-tracing pulse are
several: The avoidance of an immediate
service interruption on the occasion of
the first ground fault, the minimizing of
flash hazard to personnel arising from
accidental ground faults in equipment, a
substantial reduction in the risk of equip­
ment burndown arising from ground
faults, and the ability to trace the loca­
tion of a ground fault without de-energiz­
ing the system. An additional benefit is
a reduction in voltage dip during ground

faults, provided simultaneous ground
faults on different phases are not en­
countered.

The facility of quickly locating ground
faults with the pulsing and tracing equip­
ment on. this system tends to lessen the
probability of a second ground fault shut­
ting down two circuits simultaneously.

Since unremoved ground faults in this
type of system continue to liberate energy
at the fault point which may eventually
cause further breakdown in the insula­
tion system, it is essential to monitor the
high-resistance grounded neutral system
for ground faults, to trace them promptly

r- (';
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with the fault locating equipment, and to
remove them with all possible expediency.
While a ground fault remains on this
system it loses its original characteristics
and becomes essentially a "corner-of-the
delta" grounded system, with serious
flash hazard, arc blast, voltage dip and
the probability of fault escalation should
a second ground fault occur.

As the neutral point is elevated to
essentially normal line-to-neutral voltage
above earth during a groand fault, this
grounding method is not l>uited to 4­
wire, three-phase systems with line-to­
neutral connected loads.
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CORNER-OF-THE-DELTA GROUNDED SYSTEM

Characteristic Features:

Definition

Circuit schematic and Thevenin line-to­
ground equivalent circuit diagram.

The corner-of-the-delta grounded system is one in which an
identified phase conductor is directly grounded through an
adequate ground connection in which no impedance has been
inserted intentionally.

1.16 XT+O.58Xs

1
r

Circuit Thevenin Equivalent

Suitable for serving load circuits of the character indicated.

Grounding equipment required for this method of groundingeD.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault, in percent of three­
phase rms fault current, for terminal fault at supply point.

Probable leveleD of sustained single-phase line-to-line arcing
fault current, in percent of bolted three-phase fault value.

For footnotes see Page 33.
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Two-wire, single-phase.
Two-wire, single-phase, I-side grounded.
Three-wire, three-phase.

None, but grounded-phase identification is necessary through­
out the system.

Approximately the same, as wye and delta transformers cost
about the same.

Varies; may be as high as 87%.

Value is function of system voltage as well as of arc and re­
strike values. For particular conditions, calculated values are:

System Fault Current, Arc Restrike
Volts Percent® Volts Volts

208 2* 275 275

480 74 275 375

600 85 275 375

* Corner-of-the-delta grounding is not likely on 20B-volt systems,
but value is given to permit estimating current for 240-volt
systems, for which calculations were not made.



Probability of sustained arcing for line-to-line fault on single­
phase circuit extension (no escalation to three-phase fault).

Rms current® for sustained single-phase line-to-ground arc­
ing fault, in percent of three-phase bolted fault value.

Probability of escalation of single-phase line-to-ground arc­
ing fault into three-phase arcing fault (in bare bus system).

Shock hazard, phase-to-ground, for

(a) No ground fault.
(b) Ground fault on phase conductor.

Control of transient and steady-state overvoltages from
neutral to ground.

Automatic tripping by phase and/or ground overcurrent de­
vices for the first line-to-ground fault.

Ease of discrimination between arcing line-to-line or line-to­
ground fault and normal system load current.

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Shock hazard, from neutral-to-ground during line-to-ground
fault.

* Value for 20B-volt system is given to permit estimating current
for 240-volt comer-of-the-delta grounding systems, for which
calculations were not made.

208-volt systems--small probability, but sustained arcing can
occur.
480-, 600-volt systems-high probability; in the order of 1.0.

Based on 275 volt arc and restrike voltages of 275 volts
(208-volt system) or 375 volts (480-, 600-volt systems)

208 V- 2 percent®*
480 V-74 percent
600 V-85 percent

Probability is high, but fault starts as line-to-line fault and
escalation to 3-phase fault produces only moderate current
increase.

(a) Line-to-line voltage on two phases.
(b) Line-to-line voltage on unfaulted phase, zero volts on

others.

The corner-of-the-delta grounded system effectively controls
to safe levels the overvoltages which become impressed on or
self-generated in the power system by insulation breakdowns,
resonant inductive-capacitive circuits, restriking ground faults,
etc. It continuously impresses, however, 1.73 times normal
line-to-neutral voltage between two conductors and ground.

System is designed to provide automatic tripping by phase
devices for the first ground fault. For very low level arcing
faults to ground the application of sensitive ground fault re­
lays will help assure disconnection of the faulty circuit before
burndown can occur. In many industries and conditions of
service this rapid protection of equipment, service, and per­
sonnel is necessary and desirable.

Usual levels of arcing faults will cause tripping of phase de­
vices. Line-to-line arcing faults usually involve ground quickly.
Thus use of ground fault relays permits prompt discrimina­
tion between low-level arcing faults and normal load currents,
minimizing the possibility of arcing-fault burndown.

Limited to secondary line-to-line voltage, approximately.

Essentially no hazard, since neutral of system voltage triangle
is not normally run with this system.

For footnotes see Page 33.
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Difficulty of locating the first ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Flash hazard to personnel arising from accidental line-to­
ground fault (no escalation).

Cost of system maintenance.

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying may
be advisable to isolate low-level faults on high current circuits.
Noise, smoke, and flash during fault aid in pinpointing fault
site.

240-volt systems-small probability. *
480-, fiOO-volt systems-high probability; in the order of 1.0.

Pushing the "start" button with a ground fault in the control
circuit may permit line-to-line fault current to flow through
the push button, causing a momentary personnel hazard until
the protective device operates. On properly wired control cir­
cuits an accidental ground will not start the motor or prevent
its shutdown if running.

Continuing low-level arcing fault to ground may result in
equipment burndown and delayed restoration of service.

Severe flash hazard, equivalent to arcing line-to-line fault, for
accidental ground on a "hot phase."

Somewhat above that for the solid neutral grounding method,
because of 73 percent higher insulation stress on two phases.
Ground faults are easily located.

Typical Area of Application
The corner-of-the-delta method of

grounding is not widely used in industrial
systems. Its application generally has
been made only in delta systems®
where the benefits of a grounded system
are desired to be secured at minimum cost.

General Remarks
For new systems the corner-of-the

* Not to be construed as being dependably
self-extinguishing.
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delta grounding method offers no special
advantages, since the solidly grounded
neutral system provides the same and
additional benefits at the same or less
cost, and without many of the disad­
vantages of corner-of-the-delta grounding.

This method of grounding requires
positive identification of the grounded
phase throughout the distribution system.

In addition, all instrumentation, meter­
ing and motor overload relays must be
connected to the "hot" phases to avoid
having accidental grounds upset their
registration or operation. A ground fault
on the grounded· conductor cannot be
readily detected but will result in stray
ground currents even in the absence of
additional faults on the system.



THE MID-PHASE GROUNDED SYSTEM

Characteristic Features

Definition

Circuit schematic and Thevenin line-to
ground equivalent circuit diagram.

The mid-phase grounded system is a delta system in which the
mid-point of one phase of the supply transformer has been
tapped and solidly grounded.

O.83XT+XS

Circuit Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Grounding equipment required for this method of grounding CD.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Current for bolted line-to-ground fault in percent of three­
phase rms current, for terminal fault at supply point.

Probable level® of sustained single-phase line-to-line arcing
fault current in percent of bolted three-phase fault value.

For footnotes see Page 33.

Two-wire, single-phase.
Two-wire, single-phase, I-side grounded.
Three-wire, single-phase, mid-phase grounded.
Three-wire, three-phase.

None, but the mid-point of one phase of the power source must
be available, and the highest voltage conductor must be iden­
tified at any point where a connection is to be made.

Approximately the same.

Varies; may be as high as 120 percent.

Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions calculated
vaues are:

System Fault Current, Arc Restrike
Volts Percent® Vo'ts Volts

208 2* 275 275

480 74 275 375

600 85 275 375

• Mid-phase grounding is not likely on 20B-volt systems, but
value is given to permit estimating for 240-volt systems, for
which calculations were not made. •
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Probability of sustained arcing for line-to-line fault on single­
phase circuit (no escalation to three-phase fault).

Rms current@ for sustained single-phase line-to-ground arcing
fault, in percent of bolted three-phase fault value.

Probability of escalation of single-phase line-to-ground fault
into three-phase arcing fault (in bare bus system).

Shock hazard, phase-to-ground, for

(a) No ground fault.

(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from
neutral-to-ground.

Automatic tripping by phase and/or ground overcurrent de­
vices for the first line-to-ground fault.

Ease of discrimination between arcing line-to-line or line-to­
ground fault and normal system load current.

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Shock hazard, from neutral-to-ground during line-to-ground
fault.

For footnotes see Page 33.
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240-volt systems-small probability, but sustained arcing
can occur.
480-, 600-volt systems-high probability; in the order of 1.0.

Based on 275 volt arc and restrike voltages of 275 volts
(208-volt system) or 375 volts (480-, 600-volt system).*

240 V- 2 percent.
480 V-64 percent.
600 V-74 percent.

Probability is high, but fault starts as relatively high level
line-to-mid-phase fault, and ~scalation to three-phase fault
produces only moderate increuse in fault current.

(a) 1.5 times line-to-neutral (geometric) voltage on one phase;
.87 times line-to-neutral on other two phases.

(b) .87 times line-to-neutral voltage on one phase; line-to-line
volts on the other.

Mid-phase grounding effectively controls to safe levels the
overvoltages which become impressed on or self-generated in
the power system by insulation breakdowns, resonant capaci­
tive-inductive circuits, restriking ground faults, etc. It con­
tinuously impresses, however, 1.5 times normalline-to-neutral
voltage between one conductor and ground.

System is designed to provide automatic tripping by phase
devices on the first ground fault. For very low-level arcing
faults to ground the application of sensitive ground fault relays
will help assure disconnection of the faulty circuit before
burndown can occur. In many industries and conditions of
service this rapid protection of equipment, service, and per­
sonnel is necessary and desirable.

Usual levels of arcing faults will cause tripping of phase de­
vices. Line-to-line arcing faults usually involve ground quickly.
Thus use of ground-fault relays permits prompt discrimination
between low-level arcing faults and normal load currents,
minimizing the possibility of arcing fault burndowns.

Limited to .87 times secondary line-to-line voltage, approxi­
mately.

Essentially no hazard, since neutral of system voltage triangle
is not normally run with this system.

'" Tabulated values are estimates based on line-to-line fault cal­
culations for 208-, 480- and 600-volt systems.



Difficulty of locating the first ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Flash hazard to personnel arising from accidental line-to­
ground fault (no escalation).

Cost of system maintenance.
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Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying may
be advisable to isolate very low-level faults on high current
circuits. Noise, smoke, and flash during fault aid in pinpointing
fault site.

240-volt systems-small probability. *
480-, 600-volt systems-high probability; in the order of 1.0.

Situation depends on how control is wired with respect to the
"high" leg. In worst case approximately 87 percent of line-to­
line voltage could appear on the contactor coil, causing a motor
start. In other cases an accidental ground may create a hazard
to personnel by causing a momentary short-circuit through
the "start" button when it is pressed, or by preventing a run­
ning motor from being shut down by the "stop" button or by
a safety contact.

Continuing low-level arcing fault to ground may result In

equipment burndown and delayed restoration of service.

Serious flash hazard for accidental ground on any phase.

Somewhat above that for the solid neutral grounding method,
because of 50 percent higher insulation stress on one phase.
Ground faults are easily located.

Typical Area of Application

The mid-phase method of system

grounding is infrequently used in in­

dustrial systems. Its application has.

been made largely in systems made up of

* Not to be construed as being dependably
self-extinguishing.

banks of single-phase transformers with a
mid-tap available.

General Remarks

For new systems the mid-phase ground­
ing method offers no special advantages,

since the solidly grounded neutral system
provides the same and additional benefits
at the same or less cost.

This method of grounding requires
positive identification of the "hottest"
phase throughout the system.
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Characteristic Features:

Definition

THE LOW-REACTANCE GROUNDED NEUTRAL SYSTEM

The low-reactance grounded neutral system is one in which a
low-value reactor has been inserted in the neutral connection
to ground to limit the current under ground-fault conditions
to a value not less than 25 percent nor more than 100 percent
of the three-phase bolted fault value.

Circuit schematic and Thevenin line-to­
ground equivalent circuit diagram.

Suitable for serving load circuits of the type indicated.

Circuit

Two-wire, single-phase.
Three-wire, three-phase.
Four-wire, three-phase.*

Thevenin Equivalent

Grounding equipment required for this method of groundingCD.

First cost, relative to as::!, ;:y r;ounded neutral system with
phase relaying only.

Current for bolted ["',,· ..u-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply point.

Neutral reactor is required.

Higher, because of neutral reactor.

System is designed to produce current in the range 25-100 per­
cent of three-phase value.

._._-~--_..._-------------------------------

Probable leveleD of sustained single-phase Ene-to-line arcing
fault current, in percent of three-phase bolted fault value.

Value is function of system voltage as well as of arc and re­
strike voltage values. For particular conditions; calculated
'values are:

System
Volts

208

480

600

Fault Current,
Percent®

2

74

85

Arc
Vats

275

275

275

Restrike
Volts

275

375

375

For footnotes see Poge 33.
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* Only in exceptional cases, where ground fault current ~100

percent of three-phase bolted fault value and XN< < Xc, where
Xo = total system zero sequence reactance. •
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Probability of sustained arcing for line-to-line fault on single­
phase circuit extension (no escalation to three-phase fault).

Rms current® for sustained single-phase line-to-ground arcing
fault, in percent of bolted line-to-ground fault values.

Shock hazard, phase-to-ground, for
(a) No ground fault
(b) Ground fault on phase conductor.

Advantages in Relation to:
Control of transient and steady-state overvoltages from
neutral to ground.

Automatic tripping by phase and/or ground overcurrent de­
vices for the first ground fault.

Ease of discrimination between an arcing line-to-line or line-to­
ground fault and normal system load current.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Difficulty of locating the first line~to-ground fault.

Cost of system maintenance.

For footnotes see Page 33.
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208-volt systems-small probability, but sustained arcing can
occur.
480-, 600-volt systems~high probability; in the order of 1.0.

Based on 140 1-1/1.1 volt arc and 375 1-1/1-1 volt restrike
voltages-
208 V-*
480 V-*
600 V-*

(a) Phase-to-neutral voltage from each phase to ground.
(b) Varies; maximum would be approximately line·to-line

voltage on two phases.

The low-reactance grounded neutral system effectively con­
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static
charges, and restriking ground faults. It may not control over­
voltages arising from physical contact with certain higher
voltage systems.

System is designed to provide automatic tripping by ground
overcurrent devices for the first ground fault. The phase over­
current devices may also operate, depending on their ratings,
relative to the reactance-limited fault current. To many power
system operators, fast tripping on ground faults, which limits
fault damage and prevents equipment burndown, is advan­
tageous to system service reliability.

Usual levels of arcing faults will cause tripping of phase de­
vices. Use of zero-sequence type relaying will permit prompt
discrimination between low-level ground faults and normal
load currents. Line-to-line arcing faults usually involve ground
quickly. Thus ground relays minimize the possibility of arcing­
fault burndown.

Less than line-to-neutral voltage appears on contactor coil.
Motor start is not likely.

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying is
recommended to isolate low level faults on high current cir­
cuits. Noise, smoke, and flash during fault aid in pinpointing
the fault site.

Probably somewhat higher than for solid neutral grounding,
because insulation may be subjected to higher than normal
voltage stresses for certain fault conditions.

* Currently under examination.
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Disadvantages in Relation to:
Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Probability of escalation of single-phase arcing line-to-ground
fault, into line-to-line or three-phase arcing fault (in bare bus
system).

Shock hazard, phase-to-ground, resulting from fault-path con­
tact with a higher voltage system.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Flash hazard to personnel, arising from accidental line-to­
ground fault (no escalation).

208-volt systems-small probability. *
480-, 600-volt systems-high probability; in the order of 1.0.

High probability, in the order of 1.0, particularly for 480- and
600-volt systems.

May be as high as normal line-to-neutral voltage, approxi­
mately, on the higher voltage system.

Pushing "start" button with ground fault in control circuit
may permit line-to-ground fault current to flow through push
button, causing momentary personnel hazard until the pro­
tective device operates.

A motor already running may not drop out when the "stop"
button is pressed, or protective contacts on energized equip­
ment may be bypassed by an accidental ground, preventing
equipment shutdown if safety limits are exceeded.

Continuing presence of ground fault may result in equipment
burndown and delayed restoration of service.

Severe flash hazard for ground fault on any phase.

Typical Area of Applic'1tion

The low-reactance method of system
grounding is not very often used. It is
basically designed for systems where the
limited mechanical or electrical capability
of equipment requires reducing ground­
fault current. In particular it is applied
to local generators at 600 volts or less to
limit the ground fault current contribu-

tion of the generator to a value no
greater than the bolted three-phase fault­
contribution value.

General Remarks

To avoid transient overvoltages the
.Iow reactance neutral grounding method
must not reduce ground fault current
below 25 percent of the three-phase fault
value. This is generally higher than the

minImum fault current desired in a re­
sistance grounded system and reactance
grounding is therefore not usually con­
sidered an alternative to resistance
grounding.

This type of system grounding may
interfere with normal four-wire system
operation if the ground fault current is
limited to a value much below 100 percent
of three-phase fault current.

* Not to be construed as being dependably self-extinguishing.
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FOOTNOTES

(DOn a line-to-neutral basis, X T = reactance of source generator
or transformer, X s = low voltage distribution system reactance,
XN=reactance of grounding reactor, and RN=resistance of
grounding resistor. Xco=system line-to-ground capacitive re­
actance, including surge capacitors, if present.

@These values are of interest to establish minimum sensitivity
requirements for relaying. Even greater sensitivities are desir­
ab'"e to account for situations where the current is suppressed
to lower values. The percentage figures in tj1e tables are the
calculated theoretical values for the system, arc and restrike
voltages indicated. Actual fault current values may be greater
or less than those calculated, because of differences in driving
voltage, arc voltage and/or restrike voltage, and because of the
influence of physical factors not included in the theoretical
calculations.

®The low current value at 208 volts results from the relatively
high arc voltage and restrike voltage used in the calculation.
Experimental data and field reports indicate that arcing faults
of much higher current value may be produced in 208-volt sys­
tems. The use of lower arc and restrike voltage values in the
calculation would increase the calculated 208-volt current value.

(VAll grounded systems require a grounding electrode and common
main grounding conductor as basic equipment for grounding
the system.

@A "delta" system is one in which the neutral is not available.
New systems should use wye-connected source, with the neutral
brought out.

@While certain resistance- and reactance-grounded systems may
meet the NEC requirement for a "grounded" system (NEC
250-51), they do not provide the limitation of voltage from
phase-to-ground and from grounded conductor (neutral) to
ground which are commonly expected of "grounded" systems.
Therefore such impedance-grounded systems have not been in­
dicated as suitable for serving single-phase load circuits with
one-side grounded or four-wire, three-phase circuits.

(DUse of recommended practices in the primary and secondary
systems, such as 400 amp grounding at 13.8 kV and 1000 amp
or higher at 600 volts and below, will avoid excessive over­
voltage in the secondary system when physical contact with
the primary system occurs. In such cases the secondary phase­
to-ground voltages will not exceed those present during a line­
to-ground fault in the secondary system. A high voltage-low
voltage crossover will result in dangerous overvoltage on the
low-voltage system if the high-voltage system is solidly grounded.
13.8 kV utility systems are frequently s9lidly grounded, and all
higher voltage systems are almost always solidly grounded.

@The zero value at 208 volts results from the high restrike volt­
age used in the calculation. The use of a considerably lower re­
strike voltage would permit the calculation of a non-zero rms
current value.
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APPENDIX

PRINCIPAL METHODS OF lOW­
VOLTAGE SYSTEM GROUNDING

The preceding material makes no
recommendations for the application of
specific system grounding methods, be­
cause this is dependent upon the par­
ticular system involved. As the intro­
ductory comments indicate, the "sales
and/or application engineer is best
qualified to consult with the customer and
advise him on the choice of grounding
method for his specific conditions and
objectives."

From a practical viewpoint, however,
it should be recognized that two methods
of system grounding - the solidly
grounded neutral and the high-resistance
grounded neutral (with or without tracing
pulse) methods-are those which are
most frequently applied. Very often, the
choice of a method of grounding comes
down to a selection between these two
methods. For that reason, it is appro­
priate to re-emphasize certain ideas and
provide additional information regarding
these particular grounding techniques, to
aid in the selection process. Furthermore,
the table on page 38 provides a useful
quick reference for comparing the main
features of these two grounding methods
with one another and with the un­
grounded system.

SOLIDLY GROUNDED NEUTRAL
SYSTEM

This system has the neutral point
directly grounded through an adequate
ground connection in which no impedance
has been inserted intentionally. By proper
selection and setting of its circuit pro­
tective devices, the solidly grounded
neutral system is intended to provide
automatic disconnection of faulty cir­
cuits on the occurrence of line-to-ground
or line-to-line faults. Most often, in con­
ventional practice, this automatic segre­
gation of defective circuits is provided by
the phase overcurrent devices. More and
more, however, it is being recognized that
this type of system may justify supple­
mentary ground fault relaying to detect
and remove low-level arcing faults to
ground which, if unremoved, could
cause extensive burndown of equipment.
No instances are known of such burn­
downs having occurred on solidly ground­
ed neutral systems equipped with sensi­
tive ground fault relaying.
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An important feature of the solidly
grounded neutral system is that it has
essentially zero shock hazard on the
neutral conductor during a line-to­
ground fault, and is thus satisfactory for
serving four-wire three-phase distribu­
tion systems with line-to-neutral con­
nected loads.

Application Area
The solidly grounded neutral system

has been applied most satisfactorily in
general industrial and commercial power
distribution systems (including those
serving "critical" loads) where one or
more of the following characteristics
prevail:

1. Four-wire three-phase power serv­
ice. is required.

2. Automatic tripping for isolation
and removal of ground faults is de­
sirable and acceptable.

3. Maximum possible system insula­
tion life is to be secured through
effective control of transient and
steady-state overvoltages.

4. Competent operating and main­
tenance personnel are not con­
tinuously available for tracing
ground faults and scheduling their
removal from the system with
minimum deliberate delay.

5. There is an unusual possibility of
a high voltage-low voltage crosS­
over:

Requirements for Securing
Maximum Benefits

To secure the maximum in benefits
from the use of a solidly grounded
neutral system, the following items are
essential:

1. Proper equipment grounding con­
ductors installed to insure adequate
ground fault current for tripping.

2. Properly set and maintained phase
overcurrent protective devices.

3. Properly set and maintained ground
fault protective devices where this
requirement is not served by the
phase devices.

4. Observance of the limitations of
single-pole interrupters. (See GER­
2253, "Application Limitations of
Single-pole Interrupters in Poly­
phase Industrial and Commercial
Building Power Systems," R. H.
Kaufmann.)

The observance of the limitations of
single-pole interrupters is necessary to

prevent an undesirable reduction in fault
current level during arcing line-to-ground
or line-to-line fault conditions. Prevent­
ing such a reduction helps to assure
prompt removal of these faults by
ground- or phase-overcurrent protective
d.evices.

HIGH - RESISTANCE GROUNDED
NEUTRAL SYSTEM

The neutral point of this system is
connected to ground through an im­
pedance, the principal element of which
is resistance. Although an official defi­
nition is lacking, it is to be· understood
here that "high resistance grounding"
implies the use of a neutral resistor
which limits the resistor current during
a bolted line-to-ground fault to not less
than (3Ico), the total system charging
current (3ELN/Xco)' Furthermore, in a
well-designed high-resistance grounded
system the resistor current under ground
fault conditions will not be greatly in
excess of the total system capacitive
charging current to ground with the
result that the total maximum current in
a solid fault to ground will be approxi­
mately y2 times the neutral resistor
current. Only very rarely, pn systems
having a great many surge capacitors,
will the total ground fault current ex­
ceed 5 amperes when the neutral re­
sistor is chosen as indicated; in general,
the total fault current will be less than
one ampere.

The high resistance grounded system
generally is designed so that automatic
segregation of the faulty circuit does not
take place on the occurrence of the first
ground fault. Thus when a ground fault
occurs there is no immediate interrup­
tion of service, and loads on the faulty
circuit are continued in operation. This
is often a desirable operating character­
istic for certain critical loads to permit
an orderly shutdown and/or to avoid the
severe financial penalty arising from loss
of production or from contingent equip­
ment damage following an unscheduled
outage. It is imperative to get the first
ground fault removed from high-resist­
ance grounded systems as quickly as
possible, however, because while the
initial ground fault remains on, the
occurrence of another ground fault will
result in flash hazard to personnel and
possibly in the shutdown of tWQ circuits,



instead of only one. Thus, the continued
presence of a ground fault constitutes a
substantial peril both to personnel and
to system service continuity. Further­
more, in equipment with multi-turn
coils turn-to-turn failure may follow,
with possibly greater resultant damage
than if the system were soldily grounded.

For the foregoing reasons any pur­
chaser choosing a high-resistance
grounded system should be alerted to the
need for ground fault detection and
alarm equipment, continuously available
equipment and personnel for tracing and
locating ground faults with the system
energized, and operating instructions that
require the removal of such faults with
all the urgency that conditions permit.

Application Area

The high-resistance grounded neutral
system has been applied with the most
favorable results in industrial systems­
particularly in the process-type indus­
tries-where one or more of the follow­
ing characteristics are prevalent:

1. Automatic tripping on the first
ground fault is not desirable or
acceptable.

2. The minimizing of ground-fault
flash hazard for personnel is an
objective.

3. A substantial reduction in the risk
of equipment burndown arising
from ground faults is desired.

4. Competent operating and main­
tenance personnel are available for
promptly tracing ground faults and
scheduling their removal with min­
imum deliberate delay.

5. 4-wire 3-phase service is not re­
quired.

6. Control of system transient over­
voltages is required, but the avoid­
ance of certain possible steady­
state overvoltage conditions is of
secondary importance to avoiding
automatic tripping on the first
ground fault.

Requirements for Securing
Maximum Benefits

The attainment of maximum benefits
from the use of the high-resistance
grounded neutral system is dependent on
the following:

1. The selection of a grounding re­
sistor to provide a resistor ground­
fault current only slightly greater
than the line-to-ground system
charging current (3ELN/Xco)'

This means the total ground fault
current will be approximately y2
times the system charging current.

2. The application of procedures and
fault-tracing equipment for quick
detection, location, and removal of
ground faults. *

3. The proper setting and maintenance
of phase-overcurrent devices.

4. Consideration of the use of ground
overcurrent protective devices for
backup protection.

5. The installation of proper equip­
ment grounding conductors.

6. The observance of the limitations of
single-pole interrupters. (See GER­
2253, "Application Limitations of
Single-pole Interrupters in Poly­
phase Industrial and Commercial
Building Power Systems," R. H.
Kaufmann.)

The limitations of single-pole inter­
rupters should be observed to avoid a
reduction in fault current level during
line-to-line fault conditions and during
the existence of sequential-occurrence
line-to-ground faults at different loca­
tions. This procedure facilitates the
prompt removal of such faults by
ground- or phase-overcurrent protective
devices acting upon three-phase inter­
rupters.

Evaluation of These Alternative
Grounding Methods

There are many possible criteria
against which to measure the suitability
of a particular method of system ground,
ing. While nontechnical factors, such as
the need to minimize the disorderly shut­
down of certain critical loads, may be
the predominant influence in the choice
of a grounding method, it is appropriate
to weigh other factors in the process of
making a decision. Among these other
factors the following are particularly im­
portant:

1. Control of Overvoltages.
The sources of overvoltage which
may occur on a power distribution
system are many. Inasmuch as the
method of system grounding may
be effective in relieving such over­
voltages, ·the most significant are
(see Industrial Power Systems
Data Book, Section .22):
A. Physical contact with a higher

voltage system.
B. Resonance in series inductive­

capacitive circuits.
C. Repetitive restrike (intermittent

ground faults).
D. Autotransformer connections.

*See GER-2375 "High-resistance Ground­
ing of ... delta systems with ground-fault
alarm and traceable signal to fault," F. K.
Fox, H. J. Grotts, C. H. Tipton.

fJ
.'. \,...,-.

APPENDIX

The solidly grounded neutral sys­
tem effectively controls to safe
levels the overvoltages which tend
to be impressed on or self-generated
in the power system by the above
situations. The high-resistance
grounded system, on the other
hand, is able to effectively control
to acceptable levels only the over­
voltages in categories B. and C.
above. Overvoltages arising from
physical contact with higher volt­
age systems, from faults in systems
interconnected with an ungrounded
autotransformer, or from auto­
transformer extended winding fail­
ures, are not satisfactorily con­
trolled by the high-resistance
grounded system.

2. Shock Hazard.
Serious, perhaps lethal, electrical
shock caused by accidental contact
with energized phase conductors is
a hazard common to almost all
power distribution systems,
grounded as well as ungrounded.
Since the human body presents a
relatively high impedance fault-to­
ground, only extremely sensitive
ground fault' detection, coupled
with very rapid fault isolation and
near-perfect dependability, can
significantly improve the present
incidence of injuries or deaths at­
tributable to such contacts. Un­
fortunately, detector-interrupter
combinations of the required sen­
sitivity and speed are presently
applicable only in the smallest of
power systems-as in residential
or pool-side service-and are not
currently practical in industrial and
commercial power systems. Thus
avoidance of injury or death from
shoc;k in these systems is essen­
tially a matter of avoiding working
on energized equipment, the observ­
ance of safe work habits, the
proper maintenance and repair of
equipment, and the installation of
an adequate grounding network.
Despite these measures, however,
accidental contact with energized
conductors or with the frames or
enclosures of faulted equipment or
circuits improperly grounded will
continue to occur. For these rea­
sons, comment on .the difference
between solidly grounded neutral
and high-resistance grounded neu­
tral systems under such conditions
is appropriate.
In the absence of a circuit fault to
ground, the solidly grounded neu­
tral and the' high-resistance
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grounded neutral systems both
present direct-contact shock
hazard; line-to-neutral voltage
exists from each phase to ground,
and the neutral point is at essen­
tially ground (zero) potentia1.
In the presence of a solid line-to­
ground fault, normalline-to-neutral
voltage continues to be present on
two ofthe three-phase conductors to
ground in the solidly grounded sys­
tem, while in the high-resistance
grounded system essentially normal
line-to-line voltage appears on two
of the phase conductors (to ground)
for the duration of the fault, thus
increasing the shock potential on
these phases. Of greater importance,
however, is the fact that the
neutral conductor of the solidly
grounded neutral system remains
at essentially ground potential
during the line-to-ground fault in­
terval, while in the resistance­
grounded system the neutral point
assumes a potential above ground
approximately equal to the value
of the normal line-to-neutral volt­
age. Stated another way, the
ground fault current flow in the
neutral resistor elevates the neutral
point above ground potential by
about the normal line-to-neutral
voltage value. It is essentially for
this reason that the resistance­
grounded system is not satisfactory
for general four-wire power distribu­
tion, since the neutral conductor
during line-to-ground faults would
be energized to about normal line­
to-neutral voltage On four-wire
systems, line-to-neutral connected
loads are served by single-pole
interrupters, the disconnection of
which in a resistance grounded
system would not prevent the ap­
pearance of hazardous shock po­
tential between the "white" wire
and ground during line-to-ground
faults. Thus the safety of elec­
tricians working on supposedly de­
energized circuits would be jeopar­
dized during line-to-ground faults
in four-wire systems served from
resistance-grounded sources, unless
two-pole interrupters were used to
serve the line-to-neutral connected
loads. This, however, would be a
costly change from present prac­
tices and requirements.
In the presence of an adequate
equipment grounding network, the
shock potential presented by the
frame of an equipment or device
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3.

having an internal line-to-ground
fault is less in the high-resistance
grounded system than in the
solidly grounded neutral system.
In either case, however, the shock
potential is low. Under the same
fault conditions, but in the absence
of an adequate equipment ground­
ing network, no difference in shock
hazard exists between the two
systems described.

Flash Hazard.
Whenever a phase-to-phase or
phase-to-ground fault takes the
form of a flashover through air (an
arcing fault) the release of energy
in the fault may cause the violent
generation of hot gases and arc
plasma, accompanied by incan­
descent metallic vapors. The site
of the fault, when a relatively high
fault current flows-say, a thousand
amperes or more-becomes a flam­
ing eruption with considerable
blasting and burning effect. Such
a fiery explosion represents an ex­
treme peril to persons working at
or near the fault location, and may
realistically be referred to as a
flash hazard.
In the solidly grounded neutral sys­
tem it is possible for several thou­
sand amperes to flow during a line­
to-ground arcing fault. Obviously,
the flash hazard associated with
such a fault would be severe. With
high current flow in the arc there
is a strong probability that in­
stantaneous overcurrent protective
devices will promptly remove the
fault. If the arcing fault current
occurs at reduced levels the flash
hazard, though still serious, will be
correspondingly reduced in severity.
Under these restricted flow condi­
tions supplementary ground fault:
relaying may be required to detect
and extinguish the fault, at least
on the larger circuits.

The extent of the flash hazard in
solidly grounded neutral systems
clearly is of sufficient degree, at its
best, to make it a safety require­
ment that equipment and circuits
be worked upon only when de­
energized, thus eliminating the
risk of fault initiation. The voltage
hazard always present in energized
systems also imposes this same
requirement.
The high-resistance grounded sys­
tem is not free from flash hazard
:md warrants similar rules regard-

ing working on energized equip­
ment. The flash hazard in this
type system on the occurrence of a
first ground fault, however, is min­
imal, provided escalation does not
occur. The restriction in current
flow is so great that limited energy
is released in the arc. Also, the arc
itself is difficult to sustain. Little
flash and spark are produced and
the tendency, at the point of con­
tact between conductor and ground,
is for the arc to extinguish or for a

. slight "tack" welding action to be
produced.
The serious flash hazard situation
in high-resistance grounded sys­
tems occurs when a line-to-ground
fault escalates into a line-to-line
fault, or when the fault occurs as a
line-to-line or double line-to-ground
fault. The latter two events may be
brought about, respectively,
through an electrician's error or
from the occurrence of a second
ground fault on the system. The
flash hazard from a line-to-line
fault is a danger associated with
the solidly grounded neutral sys­
tem also, but the occurrence of a
double line-to-ground fault is a
peril associated largely with the
high-resistance grounded system.
In a line-to-line arcing fault on a
high-resistance grounded system
the flash hazard may be as great as
for a line-to-ground fault -on a
solidly grounded neutral system.
Thus the resistance grounded sys­
tem is not secure from very serious
flash hazard. This is one reason that
application of this type of system
grounding should be bolstered by
ground-fault indicating and tracing
equipment, and by the requirement
that ground faults be removed as
promptly as operations permit.

4. Detection of Arcing Faults.
The need for rapid detection and
removal of arcing faults in low­
voltage systems has been well
covered in the technical literature
in the past few years. Funda­
mentally, the objective is to con­
trol arc burning damage to an ac­
ceptable degree and avoid or min­
imize equipment burndowns. The
use of sensitive zero-sequence type
relaying may permit prompt detec­
tion and subsequent removal of
arcing faults, especially in the
solidly grounded neutral system.
This kind of system commonly in­
cludes ground itself in the fault
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circuit, even though the fault may
be initiated line-to-line. With sen­
sitive ground fault relays, even
low-level arcing faults may be
quickly detected and removed be­
fore extensive damage is incurred
at the fault site. Thus the solidly
grounded neutral system provides
an effective basis for protection
against destructive arcing fault
burndowns.
In the high-resistance grounded
system little if any threat of burn­
down is presented by a single fault
to ground, provided it is not left on
for prolonged periods. Line-to-line
arcing faults, however, will cause
severe equipment damage if not
removed within a few cycles. When
the arcing fault current is relatively
high, the conventional phase over­
current devices will function to
detect and remove the faults. Under
certain conditions, however, the
rms current value associated with
an arcing line-to-line fault may be
so low as not to operate conven­
tional phase overcurrent devices,
or to operate them only after a
prolonged interval; then burndown
may occur. This is possible, for
instance, when single-pole inter­
rupter operation has only par­
tially disconnected the faulty cir­
cuit, when. a double line-to-ground
fault on separate circuits intro­
duces substantial impedance into
the fault circuit or when the arc
resistance lowers the current. In
the double line-to-ground fault
case sensitive ground fault relays
can detect and remove one or both
faults provided they are on dif­
ferent circuits. If the low level
arcing fault involves only one cir­
cuit, however, on either a line-to­
line or double line-to-ground basis,
ground fault relaying will be in­
effective and burndown can occur
unless the fault current level in­
creases sufficiently to operate the
phase overcurrent devices. Such
escalation is not certain and thus,
in contrast to the solidly grounded
neutral system, the high-resistance
grounded system does not provide
a simple, economical means to
assure deteCtion and removal of
low-level arcing faults regardless of
where they occur. Also, the high­
resistance grounded system does

not offer as good rotating machine
protection as solid grounding with
ground fault relaying, since ground
faults are not quickly detected and
removed, and may burn into turn­
to-turn faults creating greater
damage to the machine. This com­
promise in rotating machine pro­
tection is inbuilt in the "non­
interruptible" design concept of
high resistance neutral grounding.

Summary Remarks

There is, obviously, no single method
of system grounding which will prove to
be most satisfactory in all possible situa­
tions. Each application problem must be
resolved on the basis of its individual
requirements and constraints, leading
usually to a compromise choice in which
something is gained at the expense of
something else. The solidly grounded
neutral system with ground fault relay­
ing will provide acceptable performance.
In other instances, the high-resistance
grounded neutral system with tracing
pulse may have user preference. For
each of these system grounding methods
the typical application areas are sug­
gested in preceding paragraphs, while
concluding statements may be made as
follows:

Solid Neutral Grounding

The solidly grounded neutral system
provides transient overvoltage control
and a means for automatic easy detec­
tion and selective isolation of system
faults, as well as the possibility of good
rotating machine protection. To secure
greater benefits from its use, however,
and to improve personnel safety and
system service reliability, this type of
system grounding may require the use of
supplementary ground fault relaying.

In the solidly grounded neutral system
arcing line-to-ground faults can produce
violent local eruption which could result
in personnel injuries and severe damage
to equipment if not quickly removed.
Most line-to-line faults, however, will
promptly involve ground and will be
removed without significant delay by
phase overcurrent devices or supple­
mentary ground fault relays. This method
of system grounding is the one most
widely used ,at present in industrial and
commercial power distribution, and is
required on four-wire systems.

APPENDIX

High·reslstance Neutral Grounding

High-resistance neutral grounding has
frequently been applied in process and
similar industries in the belief that de­
layed tripping of a faulted critical process
circuit will improve over-all service con­
tinuity by permitting an orderly shut­
down under ground fault conditions.
The basic objective is to secure control
of the self-generated system transient
overvoltages while minimizing the pos­
sibility of having a service interruption
arising from a first ground fault. Since
the prolonged existence of a ground fault
increases the probability of a second
ground fault shutting down two circuits
simultaneously, it is advisable to com­
plement this grounding method with
ground detection and alarm devices and
fault-tracing equipment, to help in se­
curing maximum be!"!efits from this
type of grounding.

High resistance neutral grounding, on
a first ground fault, avoids the arc blast
and minimizes the fault damage associ­
ated with arcing line-to-ground faults.
Such faults, however, may escalate into
line-to-line faults or, if unremoved, may
be compounded by a similar fault on
another phase, with subsequent arc
damage quite like that with a solidly
grounded neutral system. Furthermore,
unremoved ground faults continue to
produce some damage at the fault point
and may eventually escalate to more
serious character. On equipment with
multi-turn coils, such as motors, such
unremoved faults may cause eventual
turn-to-turn failures and consequent se­
vere damage (turn-to-turn currents are
not limited by the grounding resistor).

This method of neutral grounding is not
satisfactory for general four-wire service,
since the elevation in voltage of the
neutral conductor during any line-to­
ground fault may result in a severe shock
hazard to personne1. To minimize this
would require the use of two-pole inter­
rupters on single-phase circuits. Even
then, there might be other problems in
the safe use of portable tools or appli­
ances. The high resistance method of
system grounding is, however, gaining
increased acceptance on three-wire sys­
tems with plant operators in process and
other industries who are desirous of
securing control of transient overvoltage
while avoiding a disorderly' shutdown of
electrical equipment and/or the presence
of a severe flash hazard on the occur­
rence of a first ground fault.
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- PRINCIPAL CHARACTERISTICS OF MAJOR METHODS OF GROUNDING
LOW-VOLTAGE SYSTEMS

PRINCIPAL CHARACTERISTICS OF MAJOR METHODS OF GROUNDING LOW-VOLTAGE SYSTEMS

Type of System Grounding

System Property

I I
Solid High Resistance Ungrounded* **

Immediate Shutdown of Faulty Yes No No
Circuit on Occurrence of First
Ground Fault
-------------
Control of Transient Overvolt- Yes Yes No
ages Due to Arcing Ground
Faults
------------------------------------
Control of Impressed or Self- Yes No No
generated Steady-state Over-
voltages

Flash Hazard to Personnel Dur- Severe Essentially zero Essentially zero
ing Ground Fault (No Escala-
tion of Fault)
-------------
Arcing Fault Damage to Equip- May be severe unless Usually minor unless fault Usually minor but transient over-
ment During Ground Fault (No fault is promptly re- removal is so prolonged as voltages may cause fault esca-
Esca lation) moved to cause fault escalation lation or multiple insulation fail-

ures
-------------
Shock Hazard, Unfaulted Line-to-neutral voltage Approximately line-to-Iine May be several times line-to-
Phases to Ground, DurOing voltage neutral voltage
Ground Fault
-------------
Shock Haz<lrd, Equipment Moderate Minimum Small
Frame to Ground During Solid
Internal Line-to-Ground Fault
-------------
Detection of Arcing Faults l-l or loG arcing faults Ground detectors and fault Ground detectors and fault 10-

readily detected, esp. locating equipment required eating equipment required for
with ground fault relay- for loG arcing faults. l-l loG arcing faults. Transient over-
ing faults readily detected by voltages may meanwhile cause

phase overcurrent devices additional insulation break-
unless fault current is se· downs. l-l faults readily de-
verely limited tected by phase overcurrent de-

vices unless fault current is se·
verely limited

-----------------------------------
Suita ble for Four-wire, Three- Yes No No
phase Service

* For optimum results, use of solid grounding method should include sensitive ground fault relaying. •
**For optimum results. use of high resistance grounding method should include equipment and procedures for alarming, tracing and

removing the ground fault promptly.
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1. INTRODUCTION

The neutral grounding and ground fault protection
practices as they relate to low-voltage a.c. systems ap­
pear to be under renewed scrutiny primarily because
of a genuine concern about recurring reports of arcing
faults and their destructive consequences.

As a related development, the National Electrical
Code Committee has under consideration a proposal
to include an art 230-95 in the 1971 edition whiGh
would make at least one step of ground fault protec­
tion on circuits rated 1000 ampere or above mandatory
and on smaller circuits desirable.

This publication presents a review of the general
sUbject of low-voltage neutral grounding and ground
fault protection. Coupled to historical developments
which led to the present state-of-the-art, the emerging

,"0' n
.'. J '-

understanding should be helpful in evaluating neutral
grounding and ground fault protection practices.

The material presented herein pertains primarily to
the options and practices as they relate to neutral
grounding for the purpose of system service continuity
as well as circuit and equipment protection. Grounding
for "Personnel Safety," which is aimed at reducing
shock hazards by limiting accidental ground currents
to a few milliamperes is outside the scope of this pub­
lication.

This publication brings together the various aspects
of arcing ground faults, which to a certain extent have
been discussed in published technical literature. This
composite treatise of the subject matter may prove
helpful in the further development of protection phi­
losophies and equipments.

J. R. Dunki-Jacobs. Mgr.
Advance Planning
Low Voltage Switchgear Dept.

August 1, 1970

::The aut/Wi act-nOf{~1e1'1eJh,:J inde6/edneJJ 10 the eailiei w~iteiJ
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,q;:, $- flJ/iietdJ /oi tlteti UJefitl Ju!/!/eJliollJ and ieLCeeW of the
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2. REVIEW OF LOW VOLTAGE SYSTEM
GROUNDING PRACTICES

GROUNDING OF THE 3-PHASE, 3-WIRE SYSTEM

The early 3-phase, 3-wire systems, predominantly
serving industrial plants, were historically ungrounded
240, 480 and 600V systems for the reason that they re­
quired the fewest number of wires to connect. Free­
dom from unscheduled equipment shutdowns in the
event of a single ground fault was not the basic reason
for the early use of ungrounded systems. Fault locating
was not only cumbersome but at times was neglected
at the risk of developing a second ground fault. More
severe faults and unscheduled outages on a larger
scale were consequently experienced.

When disastrous multiple insulation failures began
to emerge and were analytically proven to be caused
by transient overvoltages due to intermittent ground
faults and the resonant effects in series inductive­
capacitive circuits, this early practice of not ground­
ing power systems rapidly lost its popularity. These
analytical studies further showed that solid grounding
of the system neutral provided a simple and effective
means to suppress the damaging transient line-to­
neutral overvoltages.

As a result, industrial systems are now, with very
few exceptions, operated with solidly grounded neu­
trals. On properly designed low voltage systems, a
solid line-to-ground fault, in magnitude approaching
the 3-phase fault current, is usually rapidly removed by
phase overcurrent protective devices thus negating the
need for separate ground fault protection. The major
operational disadvantage of solidly grounded systems,
however, is that essential equipments will be shut down
when they develop a line-to-ground fault.

Where electrical service continuity is considered to
be an overriding consideration, high resistance neutral
grounding is considered an acceptable compromise. By
limiting the neutral resistor current to a magnitude no
less than the capacitive charging current of the low
voltage system, generally between .5 and 5A, several
types of severe transient overvoltages can be limited
to safe values. The resultant small magnitude of ground
fault current is relatively harmless until a second
ground fault occurs which increases the fault current
to much greater magnitudes, requiring two circuits to
be opened by phase overcurrent trip devices. There­
fore, the success and effectiveness of high-resistance
grounded systems depend largely on the early loca­
tion and removal of a ground fault. To aid in the loca­
tion of ground faults, the neutral resistor, in more
recent applications is arranged to provide a pulsating
ground fault. generally from 1 ampere to 20 ampere.

4

Now, a simple portable fault locator can more easily
pin-point the fault location against "noise," usually
introduced by stray ground currents.

Note that low resistance grounding, so popUlar in
medium voltage systems, has not found wide accept­
ance in low voltage systems. The need for a complete
and separate series of coordinated ground responsive
trips on sprawling multi-circuit low voltage systems
made this mode of grounding unattractive. Mining
service systems however, have long been grounded
through a low resistance because of unique protection
problems.

GROUNDING OF THE 3-PHASE, 4-WIRE SYSTEM

The 4-wire neutral grounded systems are operated
to supply a line-to-neutral voltage and require that one
of the power conductors, such as the neutral of a wye­
connected transformer be solidly grounded. Typical
areas of application are the downtown networks as
well as large apartment and commercial building
systems.

It is important to note that the early 4-wire systems
operated on a 208 wye/120 voltage. Increasing load
densities gradually made the 480 wye/277 volt system
the more attractive distribution voltage.

The operational record of these systems was gen­
erally considered to be excellent until reports of severe
burndowns of equipments became more frequent,
especially on 480 wye/277 volt systems which relied
heavily on fuses to provide protection. Studies and
tests brought to light that these severe burndowns
were caused by "arcing faults" as opposed to "bolted
faults," the latter being the usual criterion used to size
interrupters. The growing number of arcing fault inci­
dents further appeared to coincide with a correspond­
ing growth of the 480 wye/277 volt systems (replacing
the 208 wye/120 volt systems) and a corresponding
increase in the use of higher rated breaker trip coil
and fuse ratings.

GROUNDING FOR SAFETY OF PERSONNEL

This form of grounding has been receiving increas­
ing attention. In essence, the objective is to limit the
flow of accidental ground currents in both time dura­
tion and magnitude, to levels of a few mill i-amperes,
considered to be non-lethal to the human body. Elec­
trical service to hospital operating rooms for instance,
oftentimes rely on this form of grounding. Although no
national standards have been finalized for non-lethal
boundaries, the following limits have been suggested:



100 ma for 1 second and a constant I't value for other
time intervals, with less than 5 ma as a permanent
sustained current value limit.

Such a low level of ground fault current can not be
attained in the usual low-voltage system, where just
the normal charging ground current can easily exceed
the 100 milli-amps level. A special form of protection
to be applied at the branch circuit level, character­
istically the 20A or 30A single pole breaker or fuse in

conjunction with isolating transformers and monitoring
equipment, is promoted to provide such personnel
safety grounding. The effectiveness of such protection
is presently under active deliberation as is the alterna­
tive of emphasizing the need for a low impedance
ground return circuit.

The subject will not be discussed in further detail
since it is considered outside the scope of this publica­
tion.
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3. THE NATURE OF FAULTS

Figure 3-1: Calculation of bolted 3-phase short-circuit current
magnitude.

line-to-Iine short-circuit

Zr =0.06

eLL~
-~....0_6 _

The line-to-ground fault case requires further study.
The significant variation in the ground return circuit
impedance is primarily the result of the inductive
reactance (XL) componenF". The XL value is minimal
if the ground current returns to the transformer neu­
tral through a path in close proximity to the outgoing
power conductors. Since currents seek a path of low­
est impedance, the return current has a natural tend­
ency to flow in a proximal path to the outgoing current.
In Fig. 3-4, a ground fault in the motor winding will
thus return almost completely through the conduit.
Absence of such a return circuit may force dangerous
(10,000A) stray currents in an unpredictable path
through building steel, waterpipes etc. At the locations
where the current jumps from one metallic member to
another, considerable arcing will be evident. In haz­
ardous areas, such sparks could cause disastrous
explosions.

From a protective device point of view. the need
for a low impedance ground return circuit should be
evident. Both the path and the magnitude of the

1000 kVA
13.8-480V

1o/,=Transf. FLA=1203A (ii' 480V

I = eL_L_ eL-NX V3
L·L 2X

T
- 2X

T

V3 eL_N 877 I=2X---X:;:=' X 30

=.877X20,000=17,540 Amp.

Figure 3-2: Calculation of bolted
current magnitude.

In per unit: 1 "II Amp=Transf. FLA

= 1000",,=1203 Amp.
480V3

I eL.N 1.0 16 6 't
30= z;-= .06= . per unl

=16.6X1203=20,000 Amp.

Note: 34\ fault appears symmetrical as viewed from neutral.
Can thus be calculated on single-phase basis. Each line­
neutral voltage drives its phase current through one trans­
former winding.

1000 kVA
13.8-480 V

Zr =0.06

.'-'f:
--------

THE BOLTED FAULT
The study of fault conditions is usually aimed at· the

determination of the theoretically maximum fault cur­
rent magnitudes by assuming close-in bolted fault con­
ditions. The selection of the interrupting rating of pro­
tective devices in three-phase systems is based on
bolted three-phase faults. Bolted line-to line faults and
bolted line-to-ground faults (on solidly grounded sys­
tems) should in specific cases also be considered. Ex;
ternal to the interrupter, the physical evidence of the
flow of the maximum fault current is minimum; only a
movement of conductors may be observed. Because of
the high magnitude of these short circuit currents,
the usual phase-overcurrent protective devices should
interru pt these close-in bolted faults without unneces­
sary delay.

In preparation for an approximate quantitive com­
parison of the magnitude of various types of faults, Fig.
3-1, 3-2 and 3-3 display the bolted th ree-phase, Iine­
to-line and line-to-ground fault equivalents. The cal­
culation of fault currents further illustrates the typical
magnitudes for a 1000 kva, 480V substation.

• Superscript indicates bibliography reference.
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1000 kVA
13.8-480V

ground fault are predictable within reasonablt:! limits.
This knowledge will indicate whether fast detection
and removal by phase overcurrent protective devices
and interrupters is assured.

The unexpected shutdown of essential equipment
due to a single ground fault is in certain application
areas considered highly undesirable. The high resist­
ance grounded neutral system allows a temporary
continuity of service to such critical equipments at the
risk of meantime developing a double line-to-ground
fault with more widespread shutdown consequences.

In Fig. 3-5, the system charging current is assumed
to be 1 ampere. To suppress transient line-to-neutral
overvoltages to acceptable levels, the grounding re­
sistor must be sized so that the resistor current will
equal or exceed the 1 ampere of charging current.
Since both the transformer impedance and the ground
fault impedance are negligible relative to the desired
grounding resistor value, the required resistor can be
calculated to be equal or less than 277 ohm (see Fig.
3-5).

THE ARCING FAULT

While bolted faults are largely theoretical and rare
in occurrence, arcing faults are more likely to materi­
alize due to loose connections, conductive dust ac­
cumulation on insulators, insulation failure due to
overloading, slippage of electrician's tools and "fish
tapes," and unsuccessful interruption of short circuits
causing conductive gases to emanate from circuit
breakers or fuses.

Although smaller in magnitude, arcing faults are
extremely turbulent in that the energy released by the
arc can generate a tremendous amount of heat and

,..:>

1 oil Amp.=Transf. FLA=1203A @ 480V
I eL-N 1.0
L-G= ZT+ZG= .06+ .02

1.0 125 .= .08= . per unit

IL_G=12.5X1203=15,000 A
IF Z,,= 0 then, ILG = 13q,= 20,000 A

Note: The line-neutral voltage drives the fault current thru
one transformer winding and ground path.

*The ground path impedance (Ze;) can vary considerably. For
minimum ZG provide ground return circuit in close proximity
to outgoing power conductors.

Figure 3-3: Calculation of bolted line-to-ground short-circuit
current magnitude.

CABLE CIRCUIT
/IN CONDUIT

TR ANSFORMER

Figure 3-4: Ground fault originating in motor will return
almost completely through conduit or interstitial ground wire.
Ground rod is not very effective in conducting ground fau It
current to transformer neutral but essential to provide "equip­
ment ground."

arc pressures in a matter of cycles. Copper or alumi­
num bus and grounded parts can be melted away if
these faults are allowed to persist.

Naturally, such faults are not allowed to persist
intentionally. A study of the behaviour of arcing faults
reveals that arcing faults may be considerably smaller
in current magnitude than bolted faults. The fault
magnitude may be so small that the usual phase
overcurrent protective devices do not respond at all
or only after a considerable time-delay. It is therefore
appropriate to gain an understanding of the current­
limiting effects of arcing faults. Once these effects are
better understood, phase overcurrent devices can be
examined in terms of their ability to sense arcing faults
of the three-phase, line-to-line and line-to-ground
variety. This knowledge can also be used profitably
in optimizing the design of the power system in terms
of its protective features.
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1000 kVA
13.8-480"-V;...-. e-__+

----~ .... TO LOAD
_----e---4----. EQUIPMENT

,.., C.
i ~"

o Normal Operation. •
For balanced capacitance: Xc.= Xc"= Xc,

Ic.+lc,,+lc,=O; therefore IG=O
Neutral UN" is at ground potential

TO LOAD
~-----e--4--- .. EQUIPMENTa

Vb
~ leo

Ie: I A \

\
Icc

® Ground Fault on Phase b

Xc" is shorted; thus Ic,,=O
High resistance criterion: IR2:.lc

Assume Ic = IR= 1 amp; then IG= VZ or 1.414 amp
Grounding resistor sees line·to·neutral voltage; therefore

277
R.= l~ = 277 ohms

Figure 3-5: Illustration of high-resistance neutral grounding principle.
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4. THE BEHAVIOR OF ARCING FAULTS

The environment in which the arcing fault originates
has a considerable influence on its subsequent be­
havior.

An arcing fault caused by cable insulation deterio­
ration for instance usually originates as a sputtering
ground fault. Temperature elevation accelerates car­
bonizing of the insulation rendering it semi-conduct­
ing. A continuing low level current may persist for a
long time causing localized damage. A runaway con­
dition may in time involve another phase. The con­
siderably higher phase-to-phase fault current will then
be detected by phase overcurrent devices and sub­
sequently removed.

An arcing fault originating in a metal-enclosed
bare bus arrangement usually involves ground. This
fault can be expected to escalate quickly into a phase­
to-phase or 3-phase arcing fault. unless the fault is
detected and interrupted promptly; a matter of cycles.
When allowed to persist, the resultant heat and arc
pressures are likely to cause complete destruction of
such equipments.

The precept appears to be: apply sensitive ground
fault protection in an attempt to sense and promptly
interrupt an arcing ground fault before it escalates
into the more seVere forms of arcing faults or before
it inflicts severe damage to equipments. The sensitivity
required of such a device, however, in most cases can
not be achieved by fuses or direct-acting trip devices
with only long-time and instantaneous trip elements.
Short-time trip elements may often times prove reason­
ably effective in securing ground fault removal.

To further support this precept, the following anal­
ysis is presented to identify the mechanism which
causes the relatively low levels of arcing fault cur­
rents. Inasmuch as the reduction in arcing fault cur­
rent magnitudes is particularly significant in the event
of a ground fault, this case will be used to explain the
phenomenon.

The bolted line-to-ground fault current as identified
in Fig. 3-3 (P. 7) is a 60 Hz sinusoidal current with a cal­
culated RMS value of 20,000 Amperes, as shown in
Fig. 4-1.

Zr=0.06

\
\
\

\. /
"--'

BOLTED
GROUND FAULT
CURRENT

epeak=390V~

/ '\
/

LINE-NEUTRAL /
VOLTAGE --.;

/
I
I
L_ ..Jlflf'P--- __.~.

ZG

IG=20,OOOA

1000 kVA
13.8-4BOV

Figure 4-1: Bolted line-to-ground fault current is essentially a sine wave.

9



An arcing fault can be simulated by inserting -in the
solid connection between one phase and ground a
sparkgap with a spark-over value of 375 volts (Fig.
4-2). Thus if the instantaneous voltage across the
gap reaches or exceeds 375V, an arcing current will
pass through the gap. Analytical studies and tests
further show that the voltage across the conducting
gap (eorel is reasonably constant but that its magnitude
is a function of type of fault. For arcing ground faults
the eore value is approximately 140V; for line-to-line
and 3-phase arcing faults the eore value is approxi­
mately 275V.

Referring to the right hand portion of Fig. 4-2, it
becomes apparent that no current flows until the gap
sparks over when the instantaneous line-to-neutral
system voltage reaches 375V. At that instant an arcing'
current begins to build up, while the voltage across
the gap remains relatively constant at about 140V.
(This suggests that the arc resistance is inversely
proportional to the arc current.) The arc current reaches
its peak when the line-to-neutral voltage equals the
arc voltage eore , after which the arc current attenuates.
The arc is snuffed out when the line-to-neutral voltage
reverses polarity and becomes equal but opposite to
the arc voltage, eore•

This process is repeated every half cycle and re­
sults in an arcing ground current of a discontinuous,
non-sinusoidal character.

Recognizing that overcurrent devices respond to
RMS currents, this value of the arcing ground fault

current is also indicated in Fig. 4-2. Although the deter­
mination of this value is quite complex, researchers
were able to determine a relationship between this
value and the bolted fault equivalents. In the case of
the arcing ground fault, its RMS value is only 38% of
the bolted 3-phase fault value. On this basis the RMS
arcing ground fault must be about .38 x 20,000= 7600
Ampere.

With a basic understanding of this phenomenon
as it applies to line-to-ground faUlts, it suffices to
say that line-to-line and 3-phase arcing faults can be
similarly explained. The higher driving voltage (Iine-to­
line rather than line-to-neutral voltage) causes the
gap to conduct for a considerably longer time (Fig.
4-3). Although the arc voltage builds up to 275V (as
compared 140V) the resultant arcing currents are
considerably higher.

The importance of the system voltage can now also
be visualized. On 208-volt systems, neither the peak
line-to-neutral voltage (1.41 x 120=170V) nor the peak
line-to-line voltage (1.41 x 208=295V) exceeds the
375V restrike voltage. On this theoretical basis, an
arc could not be sustained. In practice however, not
all 208 volt arc faults are known to have been self­
extinguishing, in particular the 3-phase variety.

In summary: Arcing faults are considerable smaller
in magnitude than the bolted varieties. The likely
minimum values of arcing line-to-ground fault cur­
rents, governed by arcing and re-ignition voltage

FIG. 3·1

-1- I

" ARCING
GROUND FAULT
CURRENT

~ epeak =390V

egap=375V-'( \

/1 \
earc=140V~

/ 1__ - _~
/-!_._.

I

SPARKGAP
SPARKS OVER
AT 375 V
(RESTRIKE VOLTAGE)

ARCING
GROUND FAULjT-= SIMULATION

I
I
L_ - - _r~Y;If'---- _

",,"oJ -

Zr IGA=O

~
l--_~

r
ZT __~~6]OO~ I RMS = 38% OF I 3 (1 tiN

I =(0.38) (20,000)

e=277v f -----......... ............. earc~140V FOR L-G FAULTS ONLY =7600 AMPERE

---- Ii-~ (FOR k,-L FAULTS

~--...-l e arc =275V)

Figure 4-2: Arcing line-to-ground fault current is a discontinuous, non-sinusoidal wave.
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Figure 4-3: Arcing line-to-line fault current is a discontinuous non-sinusoidal wave.

magnitudes named in the previous paragraphs, are
shown in table 4a.

Incoming circuit Amp. rating
Bolted close-in three-phase fault

1X
15-25X

~---~~----~---~

Type-of-arc fault
System Voltage

480Y/277 208Y/120

Arcing three-phase fault

Arcing line-to-line fault

Arcing line-to-ground fault

@480V

13-23X

11-19X

Three phase

Line-to-Iine

Line-to-ground

89%

74%

38%

12%

2%

o

Suggested max. pick up of short­
time trip on incoming line for
arcing phase faults n/2-12 112 X

Suggested max. pick up of short-
time trip on incoming line for
arcing ground faults. 31/2 -6X

1-2X

Table 4-a
Approx. min. value of arcing fault current in per-cent of
3-phase bolted fault.

The relationships between arcing fault magnitudes
and the bolted 3-phase fault allows a convenient gen­
eralization on the basis of the incoming circuit (trans­
former main secondary or service entrance) ampere
rating. These magnitudes are presented in table 4-b.

Table 4-b
Generalized relationships between various types of arcing
faults and interrupter ampere rating.

Reference to instantaneous trips has been omitted
for the reason that incoming line protection in general
requires selective trip characteristics, which rules
out instantaneous elements. If such elements are
used in Iieu of short-time trips, the suggested instan­
taneous element settings may be those indicated
for the short-time trips.

11



"; (:~
.i_ ~ ,-,'

5. THE ART AND' SCIENCE
OF GROUNDING

The selecton of the type of neutral grounding for
any specific low voltage systems is based on a
variety of considerations. The following bar chart
(Fig. 5-1) is an attempt to present in summary format
a qualitative comparison of the modes of grounding
low voltage systems. Characteristic features are un­
pretentiously evaluated as a function of four arbitrary
ground fault current levels related to ungrounded,
high-resistance grounded, low-resistance grounded
and solidly grounded neutrals.

Although the merits of each characteristic feature
relative to the mode of grounding cannot be eval­
uated in only two (black or white) categories, this

form of presentation should appeal to the practical
industrial or consulting engineer.

On the basis that a white bar indicates a favorable
condition, a black bar an unfavorable condition, it
follows that the grounding mode showing a plurality
of white bars should be favored for the first consider­
eration. Ignoring weighting factors (which should be
applied to each feature), it appears that the high-re­
sistance grounded neutral is the optimum mode of
grounding, except that it cannot be used on systems
serving single-phase, line-to-neutral loads (480Y/277)
so popular in commercial buildings.

~ I

I

I

I

I

I

I

I

I

I

Characteristic feature

A. Suppresses transient line-to-ground
overvoltages

S. Service continuity unaffected by a single
line-to-ground fault

C. Sustained arcing line-to-ground faults on
480 volt unlikely

D. Restrains arcing ground escalation in
equipments

E. Freedom from arcing ground fault flash
hazard

F. Freedom from stray currents arcing hazard,
due to line-to-ground fault

G. Security against stray fault current
electric-shock

H. Resultant ground fault damage limited
(depends on protection system)

I. Ease of locating a ground fault

J. Security against shock hazard due to
high-voltage source intrusion

K. Serves single-phase line-to-neutral load

c==:::J Favorable evaluation.

_ Unfavorable evaluation.

Ic=L.V. system charging current.

Fig. 5-1: Qualitative comparison of low-voltage grounding
modes utilizing wye connected transformer windings.
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Figure 5-3: Ungrounded system with close-in ground fault on
c-phase. Neutral is elevated above ground by 277V.
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curs which interposes between line and ground
an inductive reactance equal to the capacitive
reactance of the grounded phase, the line-to-ground
voltage may become as much as 6 to 10 times
normal. Fig. 5-4 clearly shows the make-up of the
notorious Xl - Xc resonant circuit, which is respon­
sible for the severe voltage transients. Note that
the voltage between phases at the transformer is
not affected and that only the ground insulations
are severely overstressed. The stage is set for
multiple ground faults!

also shown in Fig. 5-5 for the value of XL =1/3 Xc as

This series resonant overvoltage magnitude is
also shown in fig. 5-5 for the value of XL = 1/3 Xc as
well as varying ratios of these system constants.
It appears that overvoltages are relatively mild
for any XL over 1/3 Xc ratio greater than 2, if the
frequency is 60 Hz. Any appreciable third har­
monic voltage, not uncommon in power systems,
will cause the series inductive capacitive circuit
to resonate when the XL over 1/3 Xc ratio calcu­
lated at 60 Hz is 9. Other harmonic frequencies
similarly affect the resonant condition but their
significance is usually considerably reduced be­
cause of the lesser magnitudes of higher harmonic
frequencies in power systems.

If the bolted ground fault were resistive in
nature, the magnitude of line-to-ground overvolt­
ages on ungrounded systems would be significantly
reduced as illustrated in Fig. 5-6.

Intermittent or arcing ground faults on low volt­
age ungrounded systems are known to have gener­
ated phase-to-ground potentials in excess of 1200V
due to the repetitive restrike nature of such a
ground fault.

Figure 5-4: Ungrounded system with remote ground fault on
c-phase neutral may be elevated as high as (10) (277l=2710V
due to resonant effect of series inductive (XL)-capacitive (Xc)
circuit.
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No attempt will be made to present a detailed dis­
cussion pertinent to each of the characteristic fea­
tures. The bibliography lists an excellent article' for
further study. Instead a short topical summary will be
provided here merely to define and illustrate the nature
of each feature.

Figure 5-2: Ungrounded system under balanced operating
conditions. Neutral and ground are at same potential.

CHARACTERISTIC FEATURE
A. Suppresses transient line-ta-ground overvoltages

The ungrounded system is shown to be suscep­
tible to these overvoltages. The basis cause is the
lack of neutral stability, meaning that the neutral
can assume any value between zero and 6 to 10
times the line-to-neutral voltage relative to ground
potential. Only when the capacitive coupling be-

. tween each phase conductor and ground is bal­
anced, will the neutral assume a zero potential
relative to ground (Fig. 5-2). A close-in bolted
ground fault will force the c-phase to assume
ground potential with the result that the neutral
will be elevated by 277V, while the a and b phase
voltages will increase to 480V relative to ground
(Fig. 5-3). This is not too dangerous an overvoltage,
but it is potentially sufficient to break down already
weakened insulation to ground.

The generation of more severe overvoltages finds
its origin in the inherent capacitance of all cables,
capacitors, and other insulations to ground.

If a remote bolted ground fault or more real­
istically a magnetic coil breakdown to ground oc-
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Many other mechanisms can cause overvoltages,
which appear between phase(s) and ground. In
most cases the line-to-Iine voltages are not af­
fected. In the majority of cases, the offending agent
is the capacitive coupling between phases and
ground, which in effect unintentionally "loosely"
grounds the neutral.

These transient overvoltages can usually be
effectively curbed by intentionally grounding the
neutral. The ultimate is a solidly grounded neu-.
tra/. No appreciable voltage excursions can appear
in this case between neutral and ground.

By inserting increasing magnitudes of resistance
between the neutral and ground, the neutral will be
allowed to assume an increasing voltage to ground
under ground fault conditions. Analytical studies
and tests have proven that transient overvoltages
due to the series resonance and repetitive restrike
effects can be restrained to acceptable levels by
sizing the neutral resistor such that the ground
fault current magnitude is slightly higher than the
total 480V system charging current, (Fig. 3-5, P. 8)

or about 1 to 1.5 amperes on the average low
voltage system.

In the region of effective grounding the ground
fault current magnitude will vary between a maxi­
mum of about the 3-phase fault magnitude (20,OOOA

in Fig. 3-3, P. 7) to a minimum of about V2 times the
charging current (1.414A in Fig. 3-5, P. 8). Operation
in the region of maximum current requires the im­
mediate separation of the ground fault from the
system. A neutral resistance which limits the
ground fault to essentially 1-2 amperes obviates
separation. This current is sufficiently low to do
no severe damage quickly, but expedient steps
should be initiated to localize and orderly remove
the fault from the system. Such systems are classi­
fied as high resistance grounded systems.

It should be noted that the low values of current
are acceptable only if resistance limited. If re­
actance limited, the lower limit of ground fault is
about 25% of the 3-phase value for reasons of
controlling transient line-to-ground overvoltages.

5432
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Xc = -1-- = 830 ohm at 60 HZ.

Figure 5-5: Effect of 1/~"Xc ratio on line-to-ground overvoltages.
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Figure 5·6: Effect of 1/:Xl ratio on line-to-ground voltages.

When selective ground fault relaying is desired,
such as is used in medium voltage systems, the
need for a higher magnitude of resistance limited
ground fault current will be indicated.

A 400 ampere ground fault level for instance
is popular in systems 2.4 through 13.8 KV because
of available ground fault relay sensitivities. This
so-called low resistance grounded neutral approach
is not commonly used in low voltage system design
for these reasons:

a. The first ground fault will still result in an
unscheduled shutdown-if this is objection­
able, the high resistance grounded neutral
offers the desired continuity.

b. Separate ground responsive trips or relays
are required in greater quantities to meet the
basic desire for selectivity-the high re­
sistance grounded system requires only one
ground fault detection equipment.

It should be noted that users of single-phase
one-side grounded circuits (277V in 480V and 120V
in 208V systems) have no choice but to solidly
ground the neutral conductor.

B. Service continuity affected by ground fault

The previous discussion indicates that by se­
lecting a solidly grounded neutral mode, the ground
fauit should be removed promptly. In continuous
process plants and for other extremely sensitive
loads, the resulting unscheduled outages may have
serious consequential effects. In such cases the
system is grounded through a 150-300 ohm re­
sistor. Now the ground fault is limited to about 1
ampere, which can be allowed to persist long
enough to arrange for an orderly shutdown of the
affected critical loads. All too often, however, de­
lays in locating and clearing the first ground fault
allows a second such fault to occur on a di fferent
phase, creating a line-to-line fault condition which
defeats the basic objective of this operating mode.

C. Probability of sustained arcing line-to-ground faults

The solidly grounded system can potentially pro­
duce extremely high ground fault currents, espe­
cially in high fault capacity networks. Such an oc­
currence in an equipment causes considerable arc
gases and pressures which if sustained, can pro-
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duce devastating arcing burndowns especially on
480 volt systems. The proper application of ground
fault protective devices will minimize burndowns.

The occurrence of a single line-to-ground fault
on a high resistance grounded system however
will create only a minor arc at the point of ground
fault. The potential danger of escalation into a
phase-phase or 3-phase arcing fault is therefore
considerably reduced. Also, arc gases emanating
from arc chutes of a circuit breaker during a fault
current interruption are less likely to ignite a
secondary fault within the switching equipment
housing.

D. Restrains arcing ground fault escalation in equip­
ments

The probability of escalating an arcing ground
fault into phase-phase and 3-phase arcing faults in
equipments is greatly enhanced when the initial
ground fault produces considerable arcing, which
ionizes the air surrounding bare buses. This may
lead to a breakdown of the insulation properties of
air and the escalation of the ground fault.

Fast fault removal, a matter of 1/2 cycle, is es­
sential to help prevent this escalation on solidly
grounded systems.

E. Freedom from arcing ground fault flash hazard

The arcing fault phenomenon described pre­
viously, unless properly controlled through suitable
protection, can pose a real personnel hazard be­
cause of the explosive character of these faults.

F. Freedom from stray current arcing hazard

The discussion related to Fig. 3-4 (P. 7) illustrated
the need for a continuous ground return circuit in
close proximity to the outgoing power conductors.
This requirement is of particular importance in solid­
ly grounded systems. Careless installation practices
could potentially result in discontinuities, which
could be the cause of severe sparking during
ground faults on solidly grounded systems. In areas
of combustible mixtures these sparks could set off
explosions or fires. The early detection and removal
of these ground faults effectively reduces this
hazard.

G. Security against stray fault current electric shock
hazard

The lack of a continuous ground return circuit in
solidly grounded systems results in the flow of
stray ground currents through pipes, building steel
etc. At the point where the current traverses these
members, the IR drop across the point of resistive
contact could rise to several hundred volts. Person­
nel straddling the resistive contact could be severe­
ly injured.
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The high resistance grounded neutral suppresses
ground currents and thus the potential of shock
hazard in the presence of a single line-to-ground
fault.

H. Resultant fault damage limited

Fault damage on solidly grounded systems can
be effectively reduced by fast fault removal. The
selection and setting of trip devices and relays
must consider this aspect in the determination of
the overall protective characteristics of the system.

Fault damage is inherently limited on high resist­
ance grounded systems provided the first ground
fault is removed before the second ground fault
occurs. Once a fault escalates into a phase-to­
phase or 3-phase fault, the rate of fault current
damage will increase enormously.

I. Ease of locating a ground fault

The solidly grounded system is the most effective
in this respect, while the ungrounded system pre­
sents severe problems. In the latter case, the crude
approach is based on the process of elimination;
sequential tripping of breakers until ground-volt­
meters indicate the removal of the faulted circuit.
More sophisticatedly, portable electronic monitor­
ing devices can be used to trace the path of the
ground fault current. The presence of even small
stray currents of fundamental and harmonic fre­
quency, however, may result in inconclusive read­
ings. To establish a clear tracing signal, the ground­
ing resistor can be arranged to be partially and
intermittently shorted so as to produce a pulsating
tracing signal. Even against the spurious stray cur­
rents, the monitoring device can then clearly iden­
tify the fault location (see Fig. 8-25, P. 49).

J. Security against shock hazard due to high-voltage
source intrusion

The danger of medium or high voltage wires
falling into or being accidentally brought in con­
tact with low voltage circuits should be considered
in selecting the desired grounding mode.

The ungrounded system is extremely vulnerable
to this potential hazard. In Fig. 5-7 it is assumed that
the A-phase of the solidly grounded 4.16 KV circuit
has come in accidental contact with phase b of the
ungrounded 480V system. The result will be that
the low-voltage b-phase will assume the same
potential as the high voltage A-phase conductor
(2400 volts to ground). In other words, the tip of the
b-phase voltage vector coincides with the rotating
A-phase voltage vector tip. The neutral of the 480V
system will thus be elevated from ground. The
maximum excursion of the 480V system neutral with
respect to ground may rise to about 2400+ 277 =
2677 volts maximum. This explains how the ground
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Figure 5-7: Elevation of low-voltage system above ground due
to accidental contact between 480V and 4.16 KV system.

insulations of all phases of the 480 volts equipments
will be seriously overstressed.

These dangerous overvoltages can be avoided by
securely anchoring the neutral of the 480V system
to ground. The solidly grounded neutral system
accomplishes this objective.

K. Serves single-phase IOl;1d

Those systems which supply single-phase one­
side grounded loads (480 wye/277 volts or 208 wye/
120 volts) must be solidly grounded to provide a
stable neutral.
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6. STATE AND FUTURE OF THE ART

The majority of low voltage systems are and will
continue to be solidly grounded. These systems, if
properly designed with ground fault protection in mind,
do not usually require additional ground responsive
devices to prevent burning damage due to arcing
ground faults. These designs, in general are charac­
terized by main secondary breakers using long time
and short time trips rated 1200 to 2000 amperes.
Feeder breakers are preferably 600 ampere rated with
short time trips in addition to the usual long time and
where appropriate, instantaneous trips.

However, too many system designs show the
evidence of insufficient funds or foresight to establish
distribution systems consistent with the minimum reli­
ability requirements. Inferior design concepts advocat­
ing fewer larger breakers or worse, fewer larger fuses
providing the barest arcing ground fault protection, if
any at all, can set the stage for destructive arcing
faults. When the number and extent of the fault
damage incidences began to assume alarming dimen­
sions a gradual up-grading in system design practices
emerged.

Although basic agreement and understanding exist
on the direction of design improvements, the com­
plexity of the problem tended to obscure from the
practicing engineer the real need for the higher degree
of system protection.

The National Fire Protection Association has begun
to lay the ground work for an acceptable minimum
standard for the design and protection of low-voltage
systems against the possibility of devastating arcing
faults. The Board of Fire Underwriters is presently
considering the acceptance of NEG article 230-95.

"230-95. Ground Fault Protection. Ground-fault pro­
tection of equipment shall be provided for grounded
electrical services of more than 150 volts to ground,
but not exceeding 600 volts phase-to-phase for any
service disconnecting means rated 1000 amperes or
more. The ground-fault protection may consist of over­
current devices or combination of overcurrent devices
and current transformers or other equivalent protective
equipment which shall operate to cause the service
disconnecting means to open all ungrounded service
entrance conductors of the faulted circuit within one
second at fault current values of 1200 amperes or
more.

"When a switch and fuse combination is used, the
fuses employed shall be capable of interrupting any
current higher than the interrupting capacity of the
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switch during a time when the ground-fault protective
system will not cause the switch to open.

"Exception. Where equivalent ground fault protection
is provided on the supply side of the service entrance
conductors. (See Fig. 7-11, P. 26, and text for limitations.)

"Fine print note: It is recognized that ground fault
protection may be desirable for service disconnecting
means rated less than 1000 amperes on grounded sys­
tems having more than 150 volts to ground, not exceed­
ing 600 volts phase-to-phase.

"Ground fault protection that functions to open the
service disconnect means will not protect service
conductors or the service disconnect means but will
protect conductors and equipment on the load side of
the service disconnect.

"It is recognized that ground-faUlt protection may be
desirable for feeder and branch circuits for such sys­
tems, coordinated with the required service disconnect
means where a maximum continuity of electrical ser­
vice to the system is necessary.

"Each installation will have to be designed and
equipment specified by knowledgeable personnel."

The industry seems to support this proposal al­
though some resistance has been registered against
the presumed upgradng effect of the system pro­
tection standards. Rightly so, it can be claimed
that the proposed one-step of ground fault protection
required at the service entrance equipment will result
in the shut-down of a complete low-voltage system
follOWing a ground fault. This indeed would soon
discredit the perfectly sound philosophy of sensitive
and fast arcing ground fault protection. However,
instead of rejecting the whole concept because of this
limitation, the proponents of 230-95 would not only
accept the minimum NEG requirement but expand on
the concept by providing selective ground fault pro­
tection based on the specific protection and conti­
nuity requirements.

A prediction of low voltage protection practice fore­
casts 3-phase 4-wire and 3-phase 3-wire industrial and
commercial building systems with solidly grounded
neutrals and selective phase and ground responsive
trips, or relays.

The industrial 3-phase 3-wire system serving critical
loads is expected to move toward the high-resistance
grounded system with pulsating tracing signal facilities.

The continuing emphasis on arcing fault protection
will be accompanied by increasing demands for elec­
trical equipments designed to minimize the initiation



as well as communication of arcing faults within
switchgear and switchboards. In spite of such equip­
ment features and improvements, the probability of
arcing faults cannot be ignored. Back-up protection in
the form of sensitive ground fault protection is ex­
pected to find acceptance.

The additional ground responsive relays and trips
are likely to increase the cost of interrupters appreci­
ably. The percentage increase is especially significant
on smaller and lower priced equipments. The function­
cost trade-off will establish a price level below which
the ground fault protection feature can no longer be
justified economically. This development will con­
sequently require that ground fault protectors on the
larger upstream interrupters be coordinated with
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downstream phase overcurrent direct-acting trips. The
proper anticipation of compatibility between such
devices in the early specification phase of the design
activities requires an increasing intelligence and experi­
ence level on the part of the design engineer. As a
result, selectivity studies on low voltage systems are
expected to become the rule rather than the exception.

It would not be surprising if as a result of the cur­
rent re-evaluation of ground fault practices many
radical or minor deviations from those predicted will
be proposed and utilized. Such proposals need to be
carefully scrutinized to ascertain that not only specific
problem areas are properly solved, but more impor­
tantly that no other unrecognized problems are in­
herently introduced.
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7. GROUND FAULT PROTECTION
PRINCIPLES

The renewed interest in ground fault protection will
surely include a demand by users for equipments iNith
the greatest possible freedom from arcing ground
faults. Considerable progress has been made to pro­
vide such equipments within economic feasibility. AKO-5
switchgear, for instance, incorporates important safe­
guards against arcing faults by the use of compart­
mentation (Fig. 7-14). The patented application of this
concept provides for the physical separation of the
following components in AKO-5 switchgear:

1. The main bus from transformer to main secondary
breaker.

2. The main secondary breaker itself.
3. The load bus.
4. Each feeder breaker.
5. The customer cable.
The resultant construction not only considerably

reduces the probability of an arcing fault, but it also
reduces the possibility of fault communication to
other energized components. In spite of these pre­
cautions however, electrical failures cannot be ruled
out. Proper system design practices recognize this
possibility by incorporating supplemental back-up
protection in the form of ground fault protection.

These voluntary or compulsory ground fault protec­
tion requirements eliminate from the list of options
those interrupters and switches which cannot or
should not be opened in the event of a ground fault in
a solidly grounded system.

The implementation of adequate ground fault protec­
tion is dependent upon the interrupter (power circuit
breaker, molded case breaker, fused switch), the
equipments (switchgear, switchboard, individual en­
closure), the type of circuit to be protected (cable,
busway) and the economics of the acceptable options.

The addition of ground fault protection appears to
be especially costly on the smaller, lower priced inter­
rupters and switches. These smaller devces are as a
result not likely to be equipped with ground fault
relays unless a product development break-through
produces a more economical ground responsive
device. The evaluation of the economics of the func­
tional equivalents including ground fault protection as
a result may not always follow the established patterns
pertaining to devices for phase protection only.

To clarify the discussion on the application aspects
of the various options, it is essential to first develop an
understanding of the operation of four distince modes
of ground fault detection:
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A. Broken-delta ground fault protection, (BOP) relies
on the measurement of voltage across broken­
delta-connected current sensors. In this arrange­
ment a voltage will appear across the broken
delta only when a ground fault develops in the
system. The Power Sensor ground fault (PSG)
option, available on type AK power circuit
breakers, makes use of this method of detection
by monitoring the outgoing ground fault current.

B. Ground-sensor protection, (GSP) is based on a
combination of a donut-type current transformer
which surrounds all 3 or 4 outgoing conductors
and a specific overcurrent relay with either
instantaneous or time-delay operating character­
istics. The current transformer produces an out­
put proportional to the ground fault component
of the total outgoing current.

C. Ground return protection, (GRP) relies on a bar­
or donut-type current transformer and a conven­
tional time-delay or instantaneous relay. The
current transformer measures the ground fault
current as it returns to the source of power.

O. Residual ground fault protection, (RGP) measures
the outgoing ground fault current in the residual
circuit of three phase current transformers.
Although frequently applied in medium voltage
applications, this scheme is hardly ever used at
low-voltage levels because of the need for three
current transformers. Only for special applica­
tions may residual ground fault protection be
practical. For this reason, no further reference
will be made to this mode of ground fault protec­
tion.

Monitoring the outgoing ground fault current is the
most reliable mode of ground fault sensing because
the sensors respond to the total ground fault current.
Thus the broken-delta (BOP) and ground-sensor (GSP)
modes should be preferred. The broken-delta applica­
tion is preferred for use with AK breakers equipped
with static Power Sensors. The ground-sensor approach
is applicable to molded-case breakers and AK power
circuit breakers equipped with direct-acting EC trips.

The ground return protection (GRP option should
be avoided whenever the possibility exists that a part
of the total ground fault current might bypass the GRP
function on its return path to the transformer neutral.
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BROKEN-DELTA GROUND FAULT PROTECTION
(BOP)

This protection concept is incorporated in the
new solid state ground fault protection available
in the static Power Sensor (PSG) trip device (Fig.
7-1). The design is based on the measurement
of the outgoing ground fault current in either 3 or
4 wire, 3-phase systems and is limited to 60 Hz
applications. In the 3-wire system, three air-core
transducers with linear characteristics (linear
couplers) are connected in series or delta. A

separate transducer in the neutral conductor at
the location where it connects to the insulated
neutral bus is needed when the system serves
single-phase one side grounded loads as well as
3-phase loads.

Limiting the explanatory discussion to the
ground fault protection circuit shown in Fig. 7-1,
the air-core transducers are connected in series
so as to measure the so-called broken-delta volt­
age. An understanding of the operation of this
method of ground detection can be gained by the
following discussion.
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Figure 7-1: Functional block diagram of Power-Sensor static trip device.
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In 3-phase 3-wire systems (Fig. 7-2) with normal
balanced loads, the broken-delta voltage (V~I)

should be zero since the vectorial sum of the
primary currents add up to zero. The secondary
voltages are not only equal but also displaced by
120°. The series connection will force the volt-

ages a, band c to assume the vectorial positions
shown. The broken-delta voltage (V~I) is mea­
sured between the tail of vector "a" and the tip
of vector "c". The vector diagram shows that this
voltage is zero.
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Figure 7-2: For balanced 3-phase operation, in 3-phase, 3-wire
system, V~l=O.

Figure 7-4: For ground fault condition in 3-phase, 3-wire
system, V~3 not equal to O.
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Figure 7-3: For unbalanced (Iine-to-neutral) load operation in
3-phase, 4-wire system, V~2=O.

Figure 7-5: For ground fault condition in 3-phase, 4-wire sys­
tem and unbalanced load operation, VM not equal to O.
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Fig. 7-3 shows that under unbalanced load
conditions the broken-delta voltage V~2 still
equals zero. This has been made possible by the
addition of a linear coupler, measuring the
neutral or unbalanced load current.

When a ground fault develops, in phase B for
instance, an additional component of current G
will flow out on phase B and returns through
some external ground return circuit. (Fig. 7-4).
In the vector diagram, ground current G shows
up as an extension on the B-phase current. This
higher current induces a corresponding higher
voltage in the B-phase transducer. The net effect
is that a voltage appears across the broken delta
(V~J)' A voltage sensitive device could be made
to respond to such voltages.

This principle works equally well on 3-phase 4­
wire systems, provided an additional linear cou­
pler is added to measure the unbalanced current
flowing in the insulated neutral conductor. (Fig.
7-5).

In the broken-delta voltage scheme, the volt­
age signal used is the vectorial sum of the
individual voltages induced in each of the current
sensors. For this reason it is essential that the
primary current in each phase be accurately
transduced to a secondary voltage. To aid in this
objective, air-core transformers are used. When
so applied these transformers are also referred
to as "linear couplers." Iron core transformers
are likely to introduce inaccuracies in transduc­
ing the primary currents to secondary signals
due to saturation of the iron core in the presence
of relatively high current magnitudes especially
those with d-c components or higher harmonic
contents.

GROUND SENSOR PROTECTION (GSP)

This principle is based on the measurement of
the total outgoing current by a toroid or donut

type current transformer which surrounds the 3
power conductors and any neutral wire (on 4
wire systems). The magnetic flux produced by
each of the 3 phases of the usually balanced load
has a cancelling effect as observed by the donut­
type current transformer. (Fig. 7-6).

Even an unbalanced load caused by a line-to­
neutral load is not sensed by the donut-type cur­
rent transformer and GSR relay since the out­
going and returning current are equal but in
opposite direction. (Fig. 7-7). A ground fault,
however, will go through the current transformer
towards the fault but will return through a ground
return circuit external to the donut-type current
transformer (Fig. 7-8A).

For proper operation on any 3-phase, 4-wire
system it is essential that the neutral conductor
not be grounded on the downstream side of the
ground-sensor. Therefore, circuits servicing
ranges, cook tops etc. should not be protected
with ground-sensors.

At this time it is essential to clarify the seman­
tics related to zero-sequence currents and
ground-sensors. The ground fault literature often­
times refers to ground fault currents as zero­
sequence currents. Similarly, donut-type current

transformers surrounding all outgoing power
conductors are labeled zero-sequence current
transformers. These expressions have their origin
in the "symmetrical component" analysis, a
powerful tool to analyze the performance of a
power system in terms of positive, negative, and
zero sequence networks. In effect, the ground
fault current is evaluated in terms of the zero
sequence current component and is fixed by the
relationship that the ground fault current equals
three times the zero-sequence current (1 5 =31 0 ),

For the purpose of this pUblication, no knowledge
of symmetrical component analysis is assumed.
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Figure 7-6: Ground-sensor relay is insensitive to balanced
3-phase load currents.

Figure 7-7: Ground-sensor relay is insensitive to line-to-neu­
tral load if neutral conductor is inserted in donut-type cur­
rent transformer.
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The terms ground-sensing, ground-sensor and
ground-sensor relay imply that ground fault pro­
tection relies on a specific and economical com­
bination of the relay and donut-type current
transformer which surrounds all power conduc­
tors. To attain sensitive ground fault protection
only small (as low as 50/5; more commonly
500/5) CT ratios are considered. The small
current transformer ratios are made possible by
the fact that these current transformers are blind­
to the normal balanced or unbalanced load cur­
rents. Occasionally the use of even smaller cur­
rent transformer ratios andlor extremely sensitive
relays are proposed if ground fault sensitivities
less than about 15 primary amperes are required.

The accuracy of economical current trans­
formers of small ratios (50/5) in the presence of

to note that the current transformer saturation
effect tends to protect the relay in that the volt­
age applied to the relay will not exceed about 20
volts for the JCB-O current transformer and
IAC53A3A relay combination. This limits the relay
current to about 10 amperes, regardless of the
magnitude of the primary current.

The phenomenon has of course a desensitizing
effect on the relay. To illustrate the approximate
extent of the "error" introduced by current trans­
former saturation, Fig. 7-9 shows the operating
characteristic of an IAC53 relay set at 0.5 amp.
tap and a 5 time dial. The difference between the
operating curves with an ideal and a 50/5 ground­
sensor current transformer is considerable but
acceptable. As CT ratios increase, these differ­
ences tend to reduce.
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Figure 7-BA: Ground-sensor relay operates for ground fault
current not returning through the donut·type current trans­
former. Note CT ratio error.

Figure 7-88: Approximate equivalent circuit of current trans­
former and relay.

high ground fault currents is relatively poor but
nevertheless acceptable. The poor performance
is caused by the saturation of the transformer
core in the presence of relatively high primary
currents. As a result, most of the secondary wind­
ing current is absorbed in the form of excitation
current (Ie)' The equivalent circuit of Fig. 7-8B
shows that only 9 amperes out of 80 amperes will
be seen by the relay, an IAC53A relay set at 0.5
ampere. Under these conditions the relay exhibits
an impedance of about 2 ohms. It is interesting

The determination of settings of selective steps
of ground fault tripping must be based on the
operating characteristics of the specific current
transformer and relay combination. Considering
the many possible current transformer and relay
combinations, only a few combinations are actu­
ally tested and offered as a ground-sensor relay­
ing scheme. Donut-type current transformers
with larger and smaller openings are offered to
accommodate larger and smaller conductors as
well as bus bars.
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Fig.ur~ 7-9: ~ffect of CT saturation on relay operating charac­
teristic. This effect reduces with increasing CT ratios.

It should be noted that the relay input current
is derived from the outgoing ground fault current
only. The installation of these current trans­
formers requires special care to help assure that
the return current passes outside the ground­
sensor current transformer.

Fig. 7-10 illustrates typical installations of
ground-sensor current transformers using either
cable in conduit or interlocked armor cable. The
wrapping of a non-magnetic braid or tape helps to
tightly bundle the 3 or 4 conductors thereby
reducing the possibility of inducing small error
currents in the current transformer in the pres­
ence of extremely large transients or load cur­
rents. The termination clamp used with inter­
locked armor cable must be isolated from ground
for the purpose of sensing a ground fault in the
segment between the current transformer and the
termination clamp. In this event, the ground cur­
rent must pass through the current transformer
before it can seek a ground return path.

GROUND RETURN PROTECTION (GRP)

Ground fault currents must return to the trans­
former neutral to complete the circuit. The GRP
approach attempts to seek strategic locations in
the system equipments which can be relied upon
to pass all or most of these return currents. It
goes without saying that at the time of installa­
tion and thereafter, proper safeguards must be
taken not to alter the preferred path of the
return current so as to render the GRP inopera­
tive.

The most reliable application of the GRP
principle is in the transformer neutral connection
to ground. (Fig. 7-11). Installed in this location
all ground currents will be sensed by the trans~
former neutral ground relay (GRR). Operation of
the GRR indicates that the ground fault may be
on the bus, in the transformer winding or its
extension to the line terminals of the main
~econdary breaker. To provide the proper protec­
tion, the relay should be wired to trip the main
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Figure 7·10: Typical installations of donut-type current trans­
formers. Power source assumed to be at top.

Figure 7-11: Transformer neutral ground fault protection.

secondary breaker and to start a timer. If about
5 cycles after breaker operation, the fault is still
sensed by the GRR, then the relay must signal
the transformer primary protector to trip through
a transfer trip arrangement.

A low voltage ground fault on a system fed
through a delta-wye transformer is not reflected
to the primary system conductors as ground
fault current, but as a phase-to-phase overcurrent.
(Fig. 7-12). The higher set and less sensitive
phase-overcurrent protective devices however
are not likely to sense the low voltage ground

t

fault unless the ground fault is of the bolted
variety. As a result, arcing ground faults are
likely to go undetected by the transformer pri­
mary protectors, especially when they happen
to be fuses.

Figure 7-12: Ground fault appears as phase-to-phase over­
current to primary fuse.
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Only a service entrance interrupter, properly
equipped with arcing ground fault protection, can
remove these faults on the load side of the inter­
rupter. Protection for the incoming circuit down
to the line side of the interrupter has to be
provided by the utility company supplying the
power. Arrangements for the proper form of pro­
tection needs to be made with the power com­
pany.

A bolted 480V ground fault could cause one of
the primary fuses to blow (Fig. 7-13). The open­
ing of one primary phase however does not re­
move the ground fault. The horizontal leg of the
transformer (Fig. 7-13) is still energized. Even
though the winding impedance has increased
the ground fault is still very much in existence
but at considerably lower current levels. (See
fig. 8-14, P. 42, and text for details.)

The transfer trip function is relatively simple to
implement if the transformer primary protector
is physically close to the transformer. Remotely
located protectors complicate the problem to the
extent that it has often been ignored because of
the degree of difficulty and for economic reasons.
The risks associated with the absence of transfer
tripping can be minimized by installing the trans­
former in the closest possible proximity to the
main secondary breaker and to physically isolate
this short bus section from all other compart­
ments. This concept of compartmentation is
being used effectively in AKD-5 load center unit
substations. (Fig. 7-14A. Fig. 7-14B next page.)

'===-'-~-=~~R2D BUS
FEEDER BREAKER NEUTRAL BUS

CABLE TERMINAL COMPARTMENT

I
OPEN

Figure 7-13: If fuse blows, ground fault current continues at
low values of current.

..--

Figure 7-14A: One-line diagram showing patented AKD-5

27



> n f»

.J.. j;':-;

00
DO

Figure 7-148: Isometric view of AKD-5 switchgear showing
compartmentation principle.
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When a transfer trip function is required in the

case of remotely located protectors, the use of a
grounding switch should be considered (Fig.
7-15). Especially when the primary protection
operates in a low resistance (400A) grounded
medium voltage system, operation of the ground
switch should cause minimum disturbance.

The effectiveness of the GRP principle be­
comes questionable when the transformer neutral
is not available to monitor the ground fault cur­
rent. In such instances the usefulness of the
GRP option depends largely upon the low ground
return circuit impedance meaning the trans-
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Figure 7-15: One-line diagram showing use of electrically
operated grounding switch on 400 amp resistance grounded
13.8 kV system to de-energize faulted 480 volt transformer.

former neutral wire should be installed in close
proximity to the out-going power conductors, as
described in Fig. 3-4 (P. 7). This helps assure that
most of the ground fault current will follow a pre­
dictable path. A current transformer in this path
will thus monitor most of the ground current.
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8. APPLICATION OF GROUND FAULT
PROTECTION

ON SOLIDLY GROUNDED SYSTEMS

The application of ground fault protection on
solidly grounded systems is relatively simple if a
complete and separate set of ground fault relays is
available with each interrupter. The main reason
for the absence of these ground responsive devices
is the cost of the addition of a ground fault pro­
tector; as high as about 25-40% of the basic in.­
terru pter price. As a result, system designers are
expected to place a greater emphasis on system
design practices which tend to produce conditions
whereby the phase overcurrent protector has suf­
ficient sensitivity and speed to provide arcing
ground fault protection as well.

To underline this development, this chapter will
deal with these considerations before presenting
a detailed discussion on the various ground fault
schemes.

Limitation of phase-overcurrent devices

The usefulness of phase overcurrent devices in
providing arcing ground fault protection was intro­
duced in chapter 4, and summarized in table 4-b
(P. 11). To pursue this concept in greater detail,
Fig. 8-1 is presented to illustrate the approximate
boundaries of effectiveness of the usual direct
acting trip devices.

On the basis that the probable minimum arcing
ground fault current magnitude is about 38% of
the 3-phase bolted fault current; the uppermost
dashed line (Fig. 8-1) represents this linear rela­
tionship. To help assure that a protective device
will definitely respond to an arcing ground fault,
the device should be set to pick-up at about two­
thirds of the probable minimum arcing ground
fault. It is further necessary that at pick-up, the
device operate in less than 30 cycles.

These sensitivity and speed requirements can be
met only with instantaneous and/or short-time trips
in add ition to the usual long-time trip character­
istic. Instantaneous elements, of course, preclude
selectivity with down-stream devices, making the
short-time trip necessary where selectivity is de­
sired.

To illustrate the use of Fig. 8-1, assume that a
150 HP, 460V motor is being considered. The start­
ing equipment requires a breaker with a continu­
ous current rating of 250 amp. The starting time
and inrush allow a 10 x instantaneous setting. The
phase overcurrent trips are expected to provide

adequate ground fault protection if the bolted 3­
phase short-circuit current at the starter location
equals or exceeds 9800 amperes. These conditions
may not always exist in 480V systems at the starter
location.

As a second illustration of the use of Fig. 8-1, as­
sume a 1600 ampere main secondary breaker is
considered with a short-time trip set at 8 times. The
phase-overcurrent trips will provide ground fault
protection only if the 3-phase fault exceeds about
50,000 amperes. This short-circuit current exceeds
the usual magnitudes associated with a 1600 am­
pere main secondary breaker. Therefore, additional
ground responsive devices should be provided to
prevent severe equipment burning damage due to
undetected arcing ground faults.

Alternatively, if selectivity of phase overcurrent
trips permit, the short-time trip on the 1600 amp
breaker could be set at 3 times or 4800 amp. This
combination should provide arcing ground fault
protection on systems with a 3-phase available short
circuit current of 18,000 amps or more.

Fig. 8-2A shows that a 1600A upstream inter­
rupter with a Power Sensor long-time, short-time
(LS) trip set at 3 times proves to be selective with a
downstream interrupter with a 400 amp long-time,
instantaneous (L1) trip set at 10 times or 4000 amps.
However, loss of selectivity over a certain range
must be expected when the downstream interrupter
trip rating increases. (Fig. 8-28). The lack of selec­
tivity may not be as serious as it appears for the
reason that the minimum arcing ground fault mag­
nitude is about 7600 amps. Only in the presence of
higher ground return path impedances will selectiv­
ity be lost in the current region between about 4800
and 6000 amps.

This discussion indicates that the usefulness and
limitation of phase overcurrent trips are to a great
extent determined by the relative characteristics
and ratings of the interrupters operating in series
as well as the available short-circuit current. When
the conditions do not produce inherent arcing
ground fault protection, additional ground respon­
sive relays or trips should be considered.

Combining phase and ground responsive trips

Ground responsive trips are required whenever the
phase overcurrent trip is incapable of sensing the
probable minimum arcing ground fault current and of
interrupting such faults in less than 30 cycles.
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Figure 8-1 and 8-1 A: Graph showing approximate effective­
ness of short-time or instantaneous trips to provide arcing
ground fault protection. Applies only to solidly grounded
systems with low impedance ground return circuits.

30



SHORT TIME
SET 3X=

4800 At
AMPS----+-

UJ
:::E
I- L- ~~:..L.~~

®

DOWNSTREAM

f
)+-,NTERRUPTER

LI

~
UPSTREAM ..... ) ..--,
INTERRUPTER 1600A

SHORT TIME Is
SET 3X=4800A y LS

480V

t INST. SET
IOX=4000A

UJ
~

~L- .JL..~""-.L.,.,.'--"",,,&-

AMPS---+
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fau It protector.
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Figure 8-3: Operating characteristics of 5000A GSR on 20,OOOA
system shown in center, relative to 400A and GOOA long-time,
instantaneous (ll) direct acting trip.
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Fig. 8-3 again assumes a 20,000 amp, 480 system.
Referring to Fig. 8-1 the minimum arcing ground fault
is about 7600 amp, which requires a maximum pick up
of about 5000 amp on the upstream interrupter (Fig.
8-3A). A ground-sensor relay set at 5000 amp and a
low time-dial should provide full selectivity with the
400 amp downstream interrupter. However, a 600 amp
breaker (Fig. 8-38) with an instantaneous setting of
10 times or 6000 amp encroaches on the selectivity
objectives. In this example, the apparent lack of selec­
tivity may not be serious for the reason that the prob­
able minimum arcing ground fault magnitude is about
7600 amps. Only when high ground return path im­
pedances further limit the ground fault, will selectivity
be lost.

Even though a 5000 amp ground fault sensitivity ap- .
pears adequate, system designers tend to favor more
sensitive ground fault protection. Minimum sensitivities
of 400 to 600 amp have been suggested as a practical
compromise. As expected, selectivity is being sacri­
ficed to a greater degree as shown in Fig. 8-48. This
disadvantage is usually considered acceptable based
on the small probability that the arcing ground fault is
less than the calculated minimum level of 7600 amp
on a 20,000 amp system. (See Fig. 8-1).

Implementation of ground-sensor protection (GSP)

The ground-sensqr principle is commonly used on
molded-case breakers and on AK breakers equipped

with EC trip devices. (The Power Sensor Ground option
is preferred on AK breakers with PIS trips). The instal­
lation details for 3-phase 3-wire and 3-phase 4-wire
systems are shown in one-line diagram format in Fig.
8-5. In the 4-wire case, the insulated neutral conductor
must be carried from the switchgear neutral bus back
to the transformer neutral. The bare ground return
conductor on closely coupled transformers is usually
carried back to the transformer neutral. If the trans­
former is remote, this bare ground wire should be
connected at Q rather than at N (Fig. 8-58). Note that
Q is located between the GSR current transformer and
the transformer neutral.

The insulated neutral wire must not be grounded
on the downstream side of the GSR in the feeder cir­
cuit to help assure the proper operation of this GSR
function.

The GSR will not operate on a ground fault between
the GSR CT and the transformer. The probability of
such faults can be considerably reduced by minimiz­
ing this spacing and by mounting this cable or bus
section in a separate enclosure (see Fig. 7-14, P. 27).
Additional protection can be installed as shown in Fig.
8-6. The ground return relay must be wired to trip the
main secondary and to start a timer which in turn signals
the transformer-p;:imary interrupter to trip when the
fault exceeds the set time on the timing relay. The GRR
function can be performed by an IAC53A relay and
a bar type CT. The CT ratio should be selected such
that the GRR will pick up at a current slightly higher

LI
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Figure 8-4: Operating characteristics of 600A PSG on 20,~OOA

system shown in center re!atlve to 40A and 600A LI direct
acting trip.
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Figure 8-5: Implementing ground fault protection using the
ground-sensor principle (GSP) in conjunction with direct­
acting trips.

®

ci
zo
u
<Iiz

480V

GR. BUS------

cizo
u
w
a::
~

.l TRANSFER TRIPep-_l TR. PRI. INTERRUPTER

... ... GRR .---- .......
I
I

/J
./

j INSUL.
NEUTR BUS---

o

+TRANSFER TRIPep-_...J TR. PRI. INTERRUPTER

L..... GAR .------.
I
I
I

ci )
Z ./
8 f./
~ 480V!
III GR. BUS ---

Figure 8-6: Implementing ground fault protection for trans­
former secondary winding and circuit to main secondary
breaker.

33



a.
lL.
l?

o
Z

INSUL
NEUTR
BUS

CONDUIT OR
BUSWAY

13~-4WJ

®

N

'CONDUIT OR
BUSWAY

13~-3WI

GR. BUS

BARE GR.
RETURNa.

lL.
l?

o
Z

Figure 8-7: Implementing ground fault protection using the
Power Sensor Ground (PSG) option.

than the sensitivity of the GSR relay in the transformer
main secondary breaker circuit (Fig. 8-5).

Implementation of Power Sensor ground protection
(PSG)

When AK breakers in conjunction with Power Sen­
sors are used, the PSG option can be implemented as
shown in Fig. 8-7. In the 3-phase 4-wire case, an ad­
ditional linear coupler (air-core eT) is inserted be­
tween the insulated neutral bus and the neutral con­
ductor (see Fig. 7-4 and 7-5 P. 22). If no additional
ground fault protection, as shown in Fig. 8-6 is required,
the bare ground return conductor in Fig. 8-7B can be
connected at Q instead of at N. The insulated neutral
conductor must not be grounded downstream from the
PSG.

Implementation of ground return protection (GRP)

The implementation of the GRP principle is shown
in Fig. 8-8A for 3-phase, 3-wire circuits fed from a
solidly grounded service system. The GRR-O (instan­
taneous ground return) function on the conduit or bus­
way feeder circuit will trip the feeder breaker in case
of a ground fault in a feeder. Any stray ground current

(lS6) will be very small. The GRR-1 (time delay ground
return) relay not only backs up the GRR-O function,
but also responds to a ground fault in the equipment
bus structure or feeder breakers.

Fig. 8-8B illustrates the GRP principle applied to
3-phase. 4-wire systems. The difference is that here
the GRR-1 relay is installed between the ground bus
and the insulated neutral bus rather than the trans­
former neutral. Now the GRR-1 relay will not sense
unbalanced neutral currents but should properly sense
ground return currents passing from the ground bus
to the neutral bus.

While the GRP principle is theoretically sound, the
practical application is vulnerable due to the possibility
of shorting the insulation separating the equipment en­
closure and conduits and/or busways. Water pipes,
instrument air tUbing etc. installed by unsuspecting
craftsmen present a continuous risk to the integrity
of the insulation and therefore to the ground return
protection principle.

The effect on combination motor starters

By definition, a combination starter consists of a
.Contactor and another interrupter; either a fuse or
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breaker, usually a molded case breaker.
The majority of combination starters utilize breakers

of a range of ratings which inherently provide arcing
ground fault protection. Increasing motor horsepower
ratings however require breakers which may become
insensitive to arcing ground faults. When the need for
additional ground fault protection is required, these
breakers need to be equipped with shunt trips and
an appropriate control power supply.

The easiest solution would be to allow the ground
fault protector to de-energize the starter holding coil.
The probability that the contactor will be called upon
to interrupt a current in excess of its 10 times starter
size rating, however, prohibits this apparent solution.

Mindful of this limitation, the fused combination
starter should be avoided whenever additional ground
fault protection is mandatory.

The effect on fused switches

Fused switches rely on fuses to interrupt phase over­
currents in excess of about 6 to 7112 times the switch
rating. The switch is usually operated by a manual
stroke or by electrical operation initiated by operators.

Ground fault relays require that fused switches be
equipped with an electrical trip to remove a ground
fault of a predetermined magnitude either instantane-

ously or after a set time delay (Fig. 8-9A). Under these
circumstances the switch cannot be permitted to await
the operation of the fuse because, especially on larger
fuses, the arcing ground fault will persist too long.
The devastating results of prolonged arcing ground
faults have been explained in chapters 3 and 4.

Furthermore, it should be recognized that an arcing
fault may be initiated as an arcing line-fo-ground fault
with a magnitude below the switch interrupting rating
(Fig. 8-98). Assume that either instantaneously or after
some time delay, the switch receives the signal to
open. 8ecause of its turbulent nature the fault could,
in bare bus equipments, easily escalate into an arcing
line-fo-line fault. The fault current magnitude could
then increase rapidly above the switch interrupting
ability just as the switch attempts to open the short­
circuit.

It appears that the fused switch protection coordina­
tion is based on steady-state fault current and that upon
blowing at least one fuse, fault magnitudes are con­
siderably reduced to well within the switch rating. In
the case of an arcing ground fault however, the fault
current is transitory, imposing an unpredictable in­
terrupting duty on the switch mechanism.

For this reason, the use of fused switches with in­
adequate load break ratings should be avoided.
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Figure 8-9: The potential problem created by the operation of
a fused switch in the presence of a dynamic arcing fault.

The limitation of fuses as a ground fault protector

The inability of fuses to sense lower levels of arc­
ing ground faults has been pointed out in the previous
text. The following discussion will bring to light the
fact that, even if a fuse properly senses a ground fault,
the subsequent fuse blowing will not remove the
ground fault.

To illustrate the problem, assume a balanced static
3-phase load (Fig. 8-10). A static load is defined as
lamp or heating element load and is contrasted to a
dynamic load, such as a motor.

In Fig. 8-10A, a 554 amp load is assumed, which
consequently must have a .5 ohm impedance per phase
on a 480 volt wye supply. If a ground fault occurs
under the circumstances as indicated in Fig. 3-3 (P. 7),
a 15,000 amp ground fault current will flow in the "a"
phase transformer winding and circuit only. The 600
amp fuse in the "a" fuse can be expected to blow in
less than 1 cycle (Fig. 8-10B).

To· examine the SUbsequent developments, Fig.
8-10C represents the essential circuit elements. First of
all, the "b" and "c" phase loadings are singe-phased,
meaning that the line-to-line voltage. (480 volts) is im­
pressed on two .5 ohm loadings in series. As a result
the current in the "b" and "c" phase conductors can
be calculated to be:

I '--I '-~ - ~80 = 480 amp.
b - c - .5 + .5 1

Note that in the case of a static 3-phase load, the
current in the unfaulted phases has decreased sig­
nificantly (from 554 amp to 480 amp).

As a result of this current flow, the neutral point N
is elevated above ground and forms the driving voltage
for a continued ground fault current Ig • The magnitude
of Ig is thus a function of the load impedance. In other
words the load magnitude has a controlling influence
on the magnitude of the ground fault current, which
continues to flow after the first fuse blows. More de­
scriptively, the ground fault is being back-fed through
the load once the first fuse blowing has caused the

.system to single-phase. A calculation of the magnitude
of Iq in Fig. 8-10C, made in the next paragraph, shows
that, neglecting the transformer and ground return im­
pedances, this current will be about 185 amp. The re­
maining 600 amp fuses will not sense the continuing
ground fault, which sets the stage for SUbsequent burn­
ing. In the best of circumstances, it may burn into
another phase conductor for the same circuit. The re­
sulting phase-ground-phase fault should elevate fault
currents SUfficiently to cause the second fuse to blow.
Even then the ground fault has not been removed. In
other circumstances the burning caused by the flow
of 185 amp ground fault current could involve a phase
in another circuit. The variety and complexity of the
possible escalated faults is only of academic interest.
From a practical point of view, the consequences of
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the inadequacies of fuses to protect equipments
against burning damage, whatever the chain of events,
are serious.

The calculation of the continuing ground fault cur­
rent shown in Figure 8-10C can be developed by the
application of Thevenin's theorem. To estab'lish the
effective driving voltage, consider the ground fault to
be an open circuit. With no fault current flowing, the
open circuited load conductor would assume the same
potential as the neutral point N, which is midway be­
tween the band c phase conductors or 138 volts above
ground. The effective impedance can be calculated
by looking into the system from the fault point, which
appears to be .5 ohm in series with a parallel pair of
.5 ohm impedances or .5 + .25 = .75 ohm (Figure
8-10E and F). The ground fault current magnitude IG

will thus be 138 = 185 amps.
.75 d .

The assumption of a static load was introduce pn-
marily to simplify the calculation of the ground fault
current. More realistically, the load may be predom­
inantly motors. Considering the complexity of the
ground fault current calculations, it may SUffice to in­
dicate that the winding connected to the faulted phase
(Fig. 8-11) is situated in the magnetic flux generated
by the current in the "b" and "c" phases. As a result,
a voltage will be induced in the "a" phase winding,
which represents the driving voltage for the ground
fault current I'g. This generated voltage can force the
motor neutral-to-ground voltage to 200 or 225 volts,
which will exceed the equivalent maximum voltage for
the static load condition of 138V (Fig. 8-10E). The re­
sultant sustained ground fault currents under single­
phasing conditions can therefore be considerably
higher than the calculated value of 185A depending
upon the motor loading connected to the transformer.

The previous discussion indicates the limitations of
fuses in removing a ground fault from a power system.
In addition, blowing one fuse creates a single-phasing
condition which jeopardizes the 3-phase motor load
on the system.

The effect of single-phasing on 3-phase motors

A ground fault on a solidly grounded system pro­
tected by fused switches is likely to blow only the fuse
in the faulted phase. In this event, only single phase
power can be transmitted past the point of the blown
fuse. Single phase loads are not affected by the con­
sequent single-phasing condition. Three phase loads
however, in particular fully loaded 3-phase induction
motors, could be in serious distress. The degree of dis­
tress depends to a great extent upon the location of
the fuse in the system; that is a blown fuse in a

A. motor branch circuit
B. transformer main secondary circuit
C. transformer primary circuit

A. Motor branch circuit single-phasing

The least harmful single-phase condition is
created by blowing the fuse in a fused combination
starter (Fig. 8-12).

To better understand this phenomenon, it should
be noted that the load equipment (compressor,
pump, fan etc) determines the horsepower loading
on the motor, regardless of the electrical conditions
on which the motor is operating. Furthermore, the
motor horsepower delivered to the load is approxi­
mately equal to the motor kva drawn from the power
system. Because of the symmetry of the 3 windings,
the texbook formula indicates that

Motor HP=motor kva=Vala+Vblb+Vele

where: Va, Vb and Ve are the line-to-neutral volt­
ages of phase a, band c respectiveiy. la, Ib and Ie
are the currents in lines a, b, and c respectively.

During normal balanced conditions

HPB=3 Val.=3 VL-NIL

If as the result of a ground fault on phase b, the
b fuse blows the motor no longer sees the voltage
Vb. Instead only a single-phase voltage (Vae) is
impressed on the "a" and "c" winding (Fig. 8-12C).

/:BLOWN

'="277V I
,.-....rT"'~277V / I 9

b .... ../-
(·"\,.,MOTOR

\ I
......./

bm

FLUX

Figure 8-11: Diagram showin~ that ground current ~an. be
induced by the stator flux In the faulted phase Winding,
raising Yam to about 200 volts.
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Consequences:

1. Overload relay senses single phasing and drops out contactor only if motor was fully loaded and after considerable time delay.
2. Two O.L. relays will suffice to protect the induction motor winding on this basis.
3. The ground fault will persist at considerable lower level due to voltage Vbm , which back feeds the ground fault.
4. Rotor winding or squirrel cage is subjected to injurious negative sequence heating.

Figure 8-12: Diagrams showing the effect of motor single-phasing due to blowing a motor branch circuit fuse.

Thus only two motor windings produce torque,
which equals:

HP,=(2) (1/2 Va,) 11.'=(2) (1/2 Vay'3) 11.' =VL'_"I/v3
On the basis that the mechanical HP require­

ments have not changed, this can be expressed
mathematically by the equation:

HPn=HPu

3 VL-NIL= VI.' -"IL'y'3

The line-to-neutral voltages before and after
fuse blowing are essentially identical; thus

3 VL-"IL= VL-"IL'y13

3 /-
11.'= =h.=ILV3=1.73ILy3
Opening of the b phase appears to increase

the line currents in the remaining phases by 73%.
If more obscure effects of single-phasing on 3­
phase induction motors are included; the phase
current can run as high as 225%. But even at
173% of normal full load amps, however, the ther­
mal overload relay, if properly selected to cause
tripping at 115% of FLA, should pick-up and drop
out the contactor after some time delay. In the
meantime, however arc burning continues and
ground fault current continues to flow.
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Figure 8-13: Diagrams showing that ~roundfault on bus per­
sists after blowing one incoming servIce fuse.

Note that two overload relays are adequate to
protect the motor winding against motor branch
circuit single-phasing conditions. The rotor of
the induction motor however may be in greater
distress in that it is subjected to a so-called
"negative sequence" flux which rapidly heats up
the rotor7• This aspect is considered outside the
scope of this discussion.

The motor winding configuration (delta or wye
connection) has an important consideration, its
effect does not materially influence the single­
phase discussion.

It therefore appears that a running motor will
continue to run for some time or even continuously
in the case of unloaded motors when a branch cir­
cuit fuse blows. However, motors can not be
started under these single-phase conditions.

Again referring to Fig. 8-12, it appears that the
"b" phase lead is still grounded while it operates
at a voltage above ground. This voltage results in
a continued low level ground fault. In other words,
a ground fault which caused a fuse to blow, is still
very much a ground fault, back-fed through the
motor windings.
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B. Transformer main secondary single-phasing.

This resembles the motor branch circuit single­
phasing condition except that the problem area
is extended to include all motors. The motor shown
in Fig. 8-13 is an equivalent motor, one' which can
be thought of as representing all small and large
motors connected to the bus.

During the ground fault but prior to fuse blowing
(Fig. 8-13A), assume that the ground fault is limited
by the transformer and ground return impedances.
This current is usually sufficiently large to blow a
fuse after some or considerable time delay. Upon
fuse blowing however, the "b" phase bus voltage
is not zero and as a result the ground fault still
exists (Fig. 8-13B), although considerably reduc~d

in magnitude.

When only a small motor operates on the 480V
bus, the motor impedance is high and thus the
ground fault minimum. When the transformer is
fully loaded with motors, the equivalent motor
impedance is quite small and thus allows a rela­
tively large ground fault current to flow.

Under these conditions the motor overload re­
lays, if properly selected will in time drop out most
contactors, thereby reducing the ground fault cur­
rent before another transformer main secondary
fuse blows. Note that eventuaUy, the ground fault
current is reduced to a level below the sensitivity
of any available protective devices, allowing the
ground fault to persist indefinitely. The probability
exists, however, that the intermittent sparking at
the ground fault location may result in a more
severe fault or communication to other cable cir­
cuits.

A ground fault in a delta-wye connected trans­
former secondary winding or its connection to the
fuse is of course not sensed by the main secondary
fuses. If the fault develops in or close to the trans­
former terminal winding, sufficient ground fault
current may flow to blow a primary fuse (Fig. 7-12,
P. 26). But again the ground fault persists at lower
levels (Fig. 7-13, P. 27). However, a ground fault in
a winding close to the neutral is likely to be so small
that properly selected and set phase overcurrent
devices cannot sense its presence. It is for this pur­
pose as well as to provide back-up ground fault
protection that a ground fault relay and CT in the
transformer neutral ground connection are recom­
mended (Fig. 8-6). To do so in the presence of an
extensive poorly planned system is to invite a
complete system shutdown for many downstream
minor ground fault conditions, which persist longer
than anticipated.

C. Transformer primary circuit single-phasing

In the absence of a main secondary breaker or
fuse, an arcing ground fault in the main bus struc­
ture can be extremely devastating in that only
transformer primary protectors are available to
detect such aground fault. It will be shown that
such protection may be inherently inadequate to
prevent a catastrophic burn-out.

In Fig. 8-14, a ground fault is assumed on the "b"
bus. The resultant ground current (ig) in the low
voltage "b" phase winding, causes a correspond­
ing current (U in the high voltage "b" phase wind­
ing. Observing that the primary delta current must
be 58% of the corresponding secondary wye cur­
rent to satisfy the transformer energy equations,
it follows that Ie, = .58 "J'

To determine the approximate magnitude, recall
that in table 4-b (P. 11), the low voltage arcing
ground fault current was estimated to be between
5.5 and 9.5 times the transformer current rating. As­
suming a very light load on the transformer shown
in Fig. 8-14, the primary current Ie. may vary between
(.58) (5.5)=3.2 and (.58) (9.5)=5.5 times the trans­
former full load current.

It is appropriate to point out at this time, the
difference in the nature of the primary Ie; and
secondary ig currents. The low voltage ig current
is truly a ground fault in that this current returns
to the neutral of the low voltage winding through
some ground return circuit. Observe that the pri­
mary 1<7 current is not a ground current since it
flows only in the phase conductors. As a result:
ground fault relays in the transformer primary sup­
ply circuit will not respond to low voltage ground
fault currents. Phase overcurrent relays in the
transformer primary supply circuit, however, will
sense the IG currents, but are not likely to operate
at all or only after a considerable time delay, since
they are set to pass relatively high steady-state
load currents.

If the transformer primary protector is in fact
a fuse, currents of these reduced magnitudes are
not likely to blow a primary fuse or will do so only
after a considerable time delay, measured in terms
of a minute or longer. Of course, the fuse melting
time will be measurably shortened when the trans­
former approaches full load conditions. In the mean­
time however, a low-voltage arcing fault causes
considerable burning damage to equipments.

In the event a primary fuse does blow, (Fig.
8-14B), the problem is compounded since not only
the ground fault persists at low current levels but
the motor load is operated from a single-phased
power supply. The primary IG' current is now
forced to flow through the phase a-c winding which
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introduces an impedance with a magnitude de­
pendent upon the normal load current. In the ab­
sence of load, a high (magnetizing) impedance is
introduced, which reduces the IG' current to about
5% of 'G' A fully loaded transformer will introduce
a low (leakage) impedance which reduces the IG'

current to about 75% of IG•

The single-phasing aspect forces a current dis­
tribution in the motor branch circuits in a 2-1-1
proportion (Fig. 8-14B). As a result only one
phase will sense an overcurrent, which dictates
the need for three overload relays.

In summary: neither transformer primary fuses
nor primary ground fault or phase relays in con­
junction with breakers adequately protect a low
voltage bus against arcing line-to-ground fault.

How to deal with double ended loadcenters
The implementation of ground fault protection

as described above is generally applicable to
radial low-voltage loadcenter unit substations.
When applied to double ended loadcenters, specific
problems may arise which should be recognized

C-4>----+-+-----+--

I
OPEN

~ IL = I PER UN IT

-'---- --+----....
~ i L =I PER UNIT j

I
'----- I

I - I__ =-- ... _.Ja-+----+--.....---+-

+---- EQUIVALENT MOTOR--+

®

Mechanical load requires same HP
HPb ;= HPu -;.3eL_N iL ;= 3 eL_NiL'

Consequences:

1. Three overload relays required to help assure that at least one will sense twice normal load current.
2. Rotor winding or squirrel cage is subjected to injurious negative sequence heating.
3. Ground fault will persist at low levels. '

Figure 8-14: Diagrams illustrating that ground fault persists
after blowing one transformer primary fuse.
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Figure 8-15: Double ended 3-phase, 3-wire loadcenter, using
direct-acting trips. Arrows show ground fault current flow.

to help assure that all ground responsive devices
operate selectively.

The 3-phase 3-wire double-ended loadcenters
operating with normally open or closed tie breakers
and serving balanced 3-phase loads offer no par­
ticular problems beybnd the recognition that the
tie breaker must also be equipped with compatible
ground fault devices in the form of a GSR (Fig.
8-15) or a PSG (Fig. 8-16).

The alpha-numerical device identification not
only specifies the ground detection mode (PSG,
GSR, GRR) but also the desired selective sequence
of operation. The numeral zero is usually reserved
for instantaneous devices; the numeral one and
subsequent numerals in ascending order identify
increasing time delay steps.

Using Fig. 8-16 as an example, it is desirable to
make PSG-l operate as sensitive and as fast as
possible as influenced by the downstream protec­
tors. The PSG-2 device should be set to be selec­
tive with PSG-l. Both the PSG-3A and PSG-3B de­
vices are usually set identically to be selective with

PSG-2. The GRR-4 devices in the transformer neu­
trals are set to provide coordination with the PSG-3
trips and wired up as suggested in Fig. 8-6A. In case
of a feeder ground fault, PSG-l operates to trip
the appropriate breaker. In case of a breaker fail­
ure or bus fault on bus A, PSG-2 operates to open
the tie breaker (if closed), removing the ground
fault from bus B. However, the fault is not removed
until PSG-3A functions to open the main secondary
breaker of bus A.

The 3-phase 4-wire double ended loadcenters
serving unbalanced line-to-neutral loads require
an insulated neutral bus and insulated cables to
connect to the transformer neutrals. Figure 8-17
shows that the line-to-neutral load current is seen
to come in and to go out of each set of PSG current
transformers. In effect, the PSG devices are in­
sensitive to unbalanced line-to-neutral load, which
is vectorially shown in Fig. 7-13 (P. 27).

When a ground fault develops, as shown in Fig.
8-18, all PSG and GRR devices will sense a current
flow, but only PSG-l will respond due to selective
coordination. Similarly, a fault on bus A "Nill cause
PSG-2 to operate first, which results in opening of
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Figure 8-17: Double ended 3-phase, 4-wire loadcenter. Arrows
indicate unbalanced line-to-neutral load current.
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Figure 8-18: Double ended 3-phase, 4-wire loadcenter. Arrows
indicate ground fault current flow.
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Figure 8-19: Double ended 3-phase, 4-wire loadcenter with
open tie breaker. Arrows indicate ground fault flow to which
both PSG·3A and PSG-3B may simultaneously respond
erroneously.
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Figure 8-20: Diagrams showing a method to provide ground
fault protection on double-ended 3-phase, 4-wire substation
with one common ground.

the tie breaker. Separation of the 3 phase buses
however proves to be inadequate to completely iso­
late the faulted A bus from the 8 bus. As shown in
Fig. 8-19, the ground fault current splits between
two loops; each one formed by the bare ground
bus, the bare ground wire to the transformer neu­
tral, the insulated neutral wire and the insulated
neutral bus. Consequently, both PSG-3A and PSG­
38 will sense approximately the same magnitude of
current, creating a race between the two devices
with the probable result of tripping both main sec­
ondary breakers. This erroneous protective opera­
tion can also be anticipated on secondary selective
systems, which are operated with normally open
tie breakers, equipped with PSG or GSR protection.

To remedy the problem, various protective
schemes have been suggested. Most sol,utions rely
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on protective relays, because of their versatility.
Without elaborating on competing protective
schemes, only one such scheme will be discussed
based on the one-line diagram shown in fig. 8-20.
This scheme is applicable only to double ended
loadcenters, with one common ground.

In essence, the A, 8 and Tie breakers are each
controlled by an overcurrent relay which is de­
signed with two current coils. Only if both contacts
associated with the two current coils are closed
will the corresponding breaker receive a trip sig­
nal. As a result, a form of "supervised tripping"
is obtained, meaning two conditions must simul­
taneously exist to cause a breaker to trip. The GE
type 121AC55F1 A overcurrent relay has been used
extensively for such applications. Thus, three IAC55
relays will be required as indicated in fig. 8-20.
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Figure 8-21: Line-to-neutral load current flow with closed tie
breaker for substation shown in Figure 8-20.

Only two CT's, straddling the common ground are
required. The CT primary current rating should
equal or exceed the neutral bus rating.

Fig. 8-21 shows the distribution of normal line­
neutral unbalanced load currents. With the Tie
breaker closed, the neutral current will pass through
both the P and Q current transformers. Observing
the polarity markings, the secondary CT current
will flow only through the number 1 coils of the
GRR-A and B relays. These relays, which are usu­
ally set above the normal line-to-neutral current,
should therefore not operate to close their number
1 contacts. Any transient unbalanced load however
will close the number 1 contact but will not result
in any breaker operation since the number 2 con­
tacts are open due to the absence of current in .the
number 2 coils. (The PS function however will oper­
ate to cause the tie breaker to trip if the transient ex­
ceeds allowable limits). Note that no secondary CT
currents will flow when the tie breaker is open.

When a line-to-ground faUlt develops with the
tie breaker closed (Fig. 8-22) all current coils carry

current. When the ground fault originates in a feed­
er circuit, the corresponding PSG will operate to
trip the feeder breaker, allowing the GRR relays to
reset. Failure to trip, or bus-faults, however, will

cause the tie breaker GRR to time out first. The re­
sultant opening of the tie breaker will not isolate
the ground fault. (Fig. 8-23). Secondary CT currents
continue to flow in both coils of relay GRR-A, which
is set to be selective with the GRR-Tie relay. Not
until GRR-A times out to trip breaker A will the
assumed ground fault be removed from the system.

Note that only the faulted half of the double­
ended substation was removed, allowing the B bus
load to ride through the disturbance.

Depending upon the basic equipment layout and
grounding modes, various protective schemes can
be developed to suit specific objectives.

47



·""'. ,'" f::.
> ,

~.........~ ..... ,.

NEUTRAL BUS
~~-

FEEDERS

,I

GROUND
FAULT
HERE

Figure 8-22: Line-to-ground fault current distribution with
closed tie breaker for substation shown in Figure 8-20.

t JTIE, OPEN )" 1---- -+ B

~ + t t
~ I I NEUTRAL BUS

·1
Q 11 .

I I I
I ) I
I w " , FEEDERS

_IN 1.#
Il,t ~ I r

~I- I. I
(!) \ J )

GRR-A \ \
I 2) I"- ---/- ---../

\
l 2 1 I
'- -- ..... GRR-B

.--

Figure 8-23: Line-to-ground fault current distribution with
open tie breaker for substation shown in Figure 8-20.
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APPLICATION OF GROUND FAULT
PROTECTION ON HIGH RESISTANCE
GROUNDED SYSTEMS

The concept of high resistance grounding of
transformer neutrals was introduced in chapter 5
as a compromise between suppression of transient
Iine-to-neutral overvoltages and unexpected shut
downs of critical circuits due to a ground fault in
circuit conductors.

The ground resistor current magnitude in high
resistance grounded systems should be limited to
no less than the total capacitive charging current
to ground. On this basis the ground fault on the
general 480V system should be limited to about 1 to
2 amperes.

5/5

RI

-~) R2

3tJ-3W ONLY

PULSING
CONTACTOR

5/5

---<J ALARM

GROUNDING
RESISTOR

GROUND FAULT PATTERN ---I•• TI ME

480V-3(ll-3W ONLY

FEEDERS

Figure 8-24: One-line diagram showing principle of high-re­
sistance grounding.

Considering the extremely low level of fault cur­
rent, no immediate separation of the faulted equip­
ment is required. However immediate action to lo­
cate and orderly remove the faulted circuit is nec­
essary to reduce the probability of the develop­
ment of a second ground fault which results in a
more serious double line-to-ground fault.

In its simplest form, the implementation of the
high resistance grounding principle consists of a
resistor with a rating of about 277 ohms and 1 am­
pere continuous current. (Fig. 8-24). The presence
of ground fault is sensed by a time overcurrent
relay and a 5/5 CT, which actuates an alarm. Until
recently the actual location of the ground fault was
usually accomplished by sequentially opening all
feeder breakers. The loss of ground fault signal in­
dicated the faulted feeder breaker. Repeating this

Figure 8-25: Method to incorporate cyclic pulsing to facilitate
ground fault locating in high-resistance grounded systems.

process of elimination on all downstream circuit
breakers ultimately identified the circuit containing
the ground fault. This mode of fault locating, how­
ever, is not very practical in that all or most circuits
may be subjected to an outage every time a ground
fault must be located.

To remove this disadvantage, several methods
have been developed which use a portable sensing
device to trace the course of pulsing ground fault
current which can be recognized clearly and un­
mistakably even in the presence of stray signals
usually found in low-voltage distribution systems.

In one simple approach, a 60 Hz ground pulse
is generated by cyclicly shorting a portion of the
grounding resistor (Fig. 8-25). In this manner, a
2 to 1 or 3 to 1 pulse magnitude ratio can be picked
up with a relatively simple sensor. This scheme has
found growing acceptance because of its simplicity
and proven reliability.

The high resistance grounding concept should
not be relied upon to sense ground faults in all
machine windings since the windng impedance
may be sufficiently high to reduce fault currents to
levels below alarm pick-up.
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9. CONCLUSION

Arcing ground fault burn downs can be effectively
reduced by designing low-voltage systems with arc­
ing ground protection in mind. This leads to the
selection of smaller 3-phase circuit breakers with
short-time or instantaneous trips set sufficiently low
to sense minimum levels of arcing faults on a selective
or coordinated basis.
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If this appears impractical or insufficient, ground
fault relays should be applied to provide low-level
arcing ground fault protection.

The use of fused switches with inadequate load
break ratings and equipped with shunt trips and
ground fault relays should be discouraged.
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