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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of the
IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus develop-
ment process, approved by the American National Standards Institute, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the Institute and serve with-
out compensation. While the IEEE administers the process and establishes rules to promote fairness in the consensus devel-
opment process, the IEEE does not independently evaluate, test, or verify the accuracy of any of the information contained
in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other dam-
age, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly resulting
from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly disclaims
any express or implied warranty, including any implied warranty of merchantability or fitness for a specific purpose, or that
the use of the material contained herein is free from patent infringement. IEEE Standards documents are supplied “AS IS.”

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase, market,
or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the
time a standard is approved and issued is subject to change brought about through developments in the state of the art and
comments received from users of the standard. Every IEEE Standard is subjected to review at least every five years for revi-
sion or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is reasonable to conclude
that its contents, although still of some value, do not wholly reflect the present state of the art. Users are cautioned to check
to determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other services
for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other person or
entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon the advice of a com-
petent professional in determining the exercise of reasonable care in any given circumstances.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to specific
applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate action to prepare
appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is important to ensure that any
interpretation has also received the concurrence of a balance of interests. For this reason, IEEE and the members of its soci-
eties and Standards Coordinating Committees are not able to provide an instant response to interpretation requests except in
those cases where the matter has previously received formal consideration.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation with
IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with appropriate
supporting comments. Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

P.O.Box 1331

Piscataway, NJ 08855-1331

USA

Note: Attention is called to the possibility that implementation of this standard may require use of subject mat-
ter covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying patents
for which a license may be required by an IEEE standard or for conducting inquiries into the legal validity or
scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the Institute of
Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center. To
arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood Drive,
Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 16:41:50 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.48.1-2002


http://www.avadocuments.com/doc/ieee-c37-48-1-2002
http://www.avadocuments.com/doc/ieee-c37-48-1-2002

Introduction

(This introduction is not part of IEEE Std C37.48.1-2002, IEEE Guide for the Operation, Classification, Application and
Coordination of Current-Limiting Fuses with Rated Voltages 1-38 kV.)

This guide is a new publication and is required to provide necessary additional guidelines for the application
and coordination of high-voltage power- and distribution-class current-limiting fuses.

This guide was prepared by the IEEE Subcommittee on High-Voltage Fuses with cooperation from the
National Electrical Manufacturers Association (NEMA).

This guide is one of a series of complementary standards covering various types of high-voltage fuses and
switches, so arranged that two of the standards apply to all devices while each of the other standards pro-
vides additional specifications for a particular device. For each device, IEEE Std C37.40-1993, IEEE Std
C37.41-1994, plus the standard covering that particular device constitute a complete set of standards for
each device. In addition, IEEE Std C37.48-1997 is an application, operation, and maintenance guide for all
of the devices, and this guide provides additional guidelines for current-limiting fuses.

The following standards comprise this series:

ANSI C37.42-1996, American National Standard Specifications for High-Voltage Expulsion Type Distribu-
tion-Class Fuses, Cutouts, Fuse Disconnecting Switches, and Fuse Links.

ANSI C37.45-1981 (R1992), American National Standard for Specifications for Distribution Enclosed Sin-
gle-Pole Air Switches.

ANSI C37.46-1981 (R1992), American National Standard for Specifications for Power Fuses and Fuse Dis-
connecting Switches.

ANSI C37.47-1981, American Natioinal Standard for Specifications for Distribution Fuse Disconnecting
Switches, Fuse Supports, and Current-Limiting Fuses.

IEEE Std C37.40-1993, IEEE Standard Service Conditions and Definitions for High-Voltage Fuses, Distri-
bution Enclosed Single-Pole Air Switches, Fuse Disconnecting Switches, and Accessories.

IEEE Std C37.41-2000, IEEE Standard Design Tests for High-Voltage Fuses, Distribution Enclosed Single-
Pole Air Switches, Fuse Disconnecting Switches, and Accessories.

IEEE Std C37.48-1997, IEEE Guide for Application Operation and Maintenance of High-Voltage Fuses,
Distribution Enclosed Single-Pole Air Switches, Fuse Disconnecting Switches, and Accessories.

IEEE Std C37.48.1-2002, IEEE Guide for the Operation, Classification, Application, and Coordination of
Current-Limiting Fuses with Rated Voltages 1-38 kV.
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IEEE Guide for the Operation,
Classification, Application, and
Coordination of Current-Limiting
Fuses with Rated Voltages 1-38 kV

1. Scope

This guide provides information that supplements that presented in IEEE Std C37.48"-1997! on the
application operation and maintenance of high-voltage (1-38 kV) fuses, fuse disconnection switches, and
accessories for use on alternating current distribution systems. These guidelines apply to the following
specific types of equipment:

a) Distribution- and power-class current-limiting type fuses.

b) Distribution- and power-class current-limiting fuse disconnecting switches.

c¢) Items a) and b) used in fuse enclosure packages (see types listed in 1.1).

d) Removable switch blades of the type used exclusively with power- and distribution-class fuse dis-
connecting switches.

e) Distribution- and power-class of current and combination current-limiting expulsion external capac-
itor fuses used with a capacitor unit, groups of units, or capacitor banks.

NOTE —Some of the power- and distribution-class current-limiting fuses listed above are the same as those listed in IEC
60282-1 (2002-01).

1.1 Description of fuse enclosure packages using current-limiting type indoor
distribution- and power-class fuses

a) Type 1C—A fuse mounted in an enclosure with relatively free air circulation within the enclosure.
(Example: A fuse mounted in a live front pad-mounted transformer or in a vault.)

b) Type 2C— A fuse mounted in a container with restricted air flow surrounding the fuse, but with rela-
tively free air circulation within the enclosure on the outside surfaces of the enclosure. (Example: A
fuse inside a canister in a vault.)

c¢) Type 3C—A fuse mounted in a container with restricted air flow surrounding the fuse but relatively
free liquid circulating within the enclosure on the outside surfaces of the container. (Example: A fuse
inside a canister immersed in transformer oil.)

nformation on references can be found in Clause 3.
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d) Type 4C— A combination of types 2C and 3C, where the container is partially in air and partially in
liquid. (Example: A fuse inside a canister immersed in transformer oil.)

e) Type 5C—A fuse mounted in an enclosure, directly immersed in liquid, with relatively free liquid
circulation around the fuse. (Example: An oil immersed fuse in a transformer or switchgear
enclosure.)

1.2 Purpose of the document

During the process of determining the need for revising the standards to include full-range fuses, users and
specifiers, both at utilities and at manufacturers, were surveyed. This survey revealed that additional infor-
mation needs to be made available to the specifiers and users of all types of high-voltage current-limiting
fuses. There were widespread and deep misunderstandings as to what types of current-limiting fuses were
available, how to differentiate between types of current-limiting fuses, how to properly apply each type of
current-limiting fuse, and how to properly handle and store fuses.

As a result, the High-Voltage Fuse Subcommittee of the IEEE Power Engineering Society’s Switchgear
Committee established a task force to develop additional standards information that would summarize perti-
nent information regarding current-limiting fuses in general and full-range fuses in particular. This task force
became a working group on full-range fuses. It has created this additional application information to guide
the application and coordination of full-range fuses.

In order to fully understand the behavior of current-limiting fuses and the application relationship between
them and other types of fuses which do not significantly limit the first peak of current (hereafter referred to
as expulsion and other types of non-current-limiting fuses), a number of references to these “other” types of
fuses will be made. It is not the intent of the authors of this guide to claim that any type of fuse is inherently
“better” or “worse” than any other. The intent is to present design and operating characteristics of, as well as
application guidelines for, current-limiting fuses. However, since such fuses are used on the same system as,
and are coordinated with, expulsion and other types of non-current-limiting fuses, some discussion of their
design and operating characteristics is also appropriate.

In all cases, it is of particular importance to follow the specific application guidelines published by the man-
ufacturer of any particular device to be used. The manufacturer’s guidelines should always take precedence
over the opinions expressed in this guide, which are, of necessity, something of a generalization.

2. References

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

ANSI C37.42-1996, American National Standard Specifications for High-Voltage Expulsion Type Distribu-
tion-Class Fuses, Cutouts, Fuse Disconnecting Switches, and Fuse Links.2

ANSI C37.44-1981 (R1992), American National Standard Specifications for Distribution Oil Cutouts and
Fuse Links.

ANSI C37.45-1981 (R1992), American National Standard Specifications for Distribution Enclosed Single-
Pole Air Switches.

2ANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor,
New York, NY 10036, USA (http://www.ansi.org/).
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ANSI C37.46-1981, American National Standard Specifications for Power Fuses and Fuse Disconnecting
Switches.

ANSI C37.47-1981 (R1996), American National Standard Specifications for Distribution Fuse Disconnect-
ing Switches, Fuse Supports, and Current-Limiting Fuses.

ANSI C37.53.1-1989, American National Standard for Switchgear —High-Voltage Current-Limiting Motor-
Starter Fuses —Conformance Test Procedures.

IEC 60282-1 (2002-01), High-voltage fuses—Part 1: Current-limiting fuses.’

IEC 60282-2 (1997-12), High-voltage fuses—Part 2: Expulsion fuses.

IEC 60291 (1969-01), Fuse definitions.

IEC 60549 (1976-01), High-voltage fuses for the external protection of shunt power capacitors.
IEC 60644 (1979-01), Specification of high-voltage fuse-links for motor circuit applications.

IEEE Std C37.40™-1993, IEEE Standard Service Conditions and Definitions for High-Voltage Fuses, Distri-
bution Enclosed Single-Pole Air Switches, Fuse Disconnecting Switches, and Accessories *

IEEE Std C37.41™-1994, IEEE Standard Design Tests for High-Voltage Fuses, Distribution Enclosed Sin-
gle-Pole Air Switches, Fuse Disconnecting Switches, and Accessories.

IEEE Std C37.48-1997, IEEE Guide for Application, Operation, and Maintenance of High-Voltage Fuses,
Distribution Enclosed Single-Pole Air Switches, Fuse Disconnecting Switches, and Accessories.

IEEE Std C37.100™-1992, IEEE Standard Definitions for Power Switchgear.

IEEE Std C57.91™-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

IEEE Std C57.93™-1995, IEEE Guide for Installation of Liquid-Immersed Power Transformers.
IEEE Std C57.109™-1993, IEEE Guide for Transformer Through-Fault-Current Duration.

IEEE Std 141™ -1993 (R1999), IEEE Recommended Practice for Electric Power Distribution for Industrial
Plants (IEEE Red Book™).

IEEE Std 399™-1997, IEEE Recommended Practice for Power Systems Analysis (IEEE Brown Book™).

NOTE — The IEEE standards referred to in this clause are trademarks owned by the Institute of Electrical and Electronics Engi-
neers, Incorporated.

3EC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue
de Varembé, CH-1211, Geneve 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.

4IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
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3. Fuse operation and theory

3.1 Introduction

An enormous variety of fuses are available today. They are used as a reliable means of protecting and/or lim-
iting damage to apparatus from overcurrents in both low- and high-voltage systems. This guide is limited to
high-voltage (1-38 kV) current-limiting fuses intended for use in alternating current circuits.

Before different types of high-voltage fuses are examined in detail, a summary of the essential characteris-
tics common to all fuses will be presented. These are the thermal characteristics (current rating and melting
characteristics) and interrupting characteristics (voltage rating and interrupting ratings).

Discussion will then proceed to introduce a fundamental comparison of power-class versus distribution-class
fuses and current-limiting versus expulsion and other types of non-current-limiting fuses.

3.2 Thermal characteristics

Despite the variety of types, all true fuses, by definition, are devices that open a circuit with a fusible part,
which is heated and severed by current flowing through it. This fusible part is called the “element.” When
current flows through a fuse, heat is generated and its element temperature rises. For a current less than or
equal to its rated continuous current, temperatures rise until a steady-state condition is reached in which the
heat generated equals the heat dissipated. At rated continuous current, fuses conforming to the IEEE/ANSI
C37 series of standards will have temperature rises within the limits specified in IEEE Std C37.40-1993.

When a current (higher than rated continuous current) flows through the fuse, the temperature of the element
will rise. For some higher currents, steady-state conditions may again be achieved, but at a higher tempera-
ture. This temperature may exceed the values specified for a fuse carrying its rated continuous current.
Whether such a situation is acceptable, or must be avoided, will depend on the fuse type and the application.
A discussion of fuse types and typical applications is presented in Clause 4 and Clause 5. At some point in
time, if the current has sufficient magnitude, the higher current will cause the fuse element to melt before
steady-state temperature conditions are achieved. After melting, the fuse must interrupt the current, but that
also will be discussed in 3.6.

For a given fuse, the relationship between the magnitude of the current that causes melting and the time
needed for it to melt is given by the fuse’s melting time-current-characteristics (TCCs), usually shown as a
TCC curve plotted on log-log graph paper. The curve is produced from time-current tests, which are speci-
fied in IEEE Std C37.41-1994. They are performed with constant current applied to the fuse, in an ambient
temperature between 20 °C and 30 °C, with the fuse carrying no initial current. IEEE Std C37.41-1994 spec-
ifies that a melting TCC is to be drawn showing the minimum-melting time of a fuse (including an allow-
ance for the manufacturer’s minus variations —for manufacturing tolerances etc.) when carrying symmetrical
current.

The typical shape of a fuse’s melting TCC is shown in Figure 1A. The severing of a fuse element is caused
by predominantly thermal, rather than mechanical means, so there is virtually no limit on how short the
melting time can be. This very fast operation (melting) of a fuse at very high currents tends to be a distin-
guishing characteristic of fuses compared to most other protective devices.

A fuse has a long melting time at a low current because the low rate of heat input into the element is only
slightly greater than the rate of heat loss from the element. As a result, the temperature of the element will
increase slowly. As current increases, the melting time becomes shorter, not only because of the higher rate
of heat input but also because the heat being produced in the areas with reduced cross section, and/or in the
center of the elements, cannot be removed as fast as it is being produced. This gives fuses very inverse
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melting characteristics. At very short melting times, no heat is lost from the smallest cross section of the ele-
ment. The melting Pt is, therefore, constant within this range. Pt,or actually [ i2dt, is a value proportional to
the heating effect of a current of a particular rms value and duration. When Pris multiplied by a resistance
value through which it “flows,” the energy (heat) generated in that resistance is obtained. Pt is a useful con-

cept for fuse-to-fuse and fuse-to-equipment protection and coordination, and will be discussed in more depth
in 3.6.

3.3 Interrupting characteristics

After the fuse element melts, the fuse must interrupt the current (which continues to flow through an arc).
After interruption, the fuse must withstand any immediate TRV condition and the subsequent steady-state
recovery voltage. When a fuse melts, there will always be some period of arcing before the current is inter-
rupted. The melting time (adjusted by an allowance for the manufacturer’s plus variations for manufacturing
tolerances, etc.) is added to this arcing period to obtain the total-clearing time. Total-clearing TCC curves are
drawn to present this information. Normally, at long melting times, arcing as a portion of total clearing time
is negligible, while at short melting times it can be significant. Thus, for a given fuse, the minimum- melt-

ing TCC and the total-clearing TCC tend to diverge at shorter times (higher currents), as illustrated in Figure
1A and Figure 1B.
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Figure 1A - Typical minimum melting curves Figure 1B - Typical total clearing curves
Developed at 25°C, any variations should be positive Developed at 25°C, any variations should be negative
(above and to the right of the curve) (below and to the left of the curve)

The two characteristics described above are used to coordinate with comparable characteristics of other

fuses or protective devices to selectively isolate faulted circuits and to protect equipment. This is a very
important consideration in the operation of electric systems.

In addition to rated current, a fuse has a rated maximum voltage. This is the highest voltage at which the fuse

is designed to operate, and it is important that a fuse not be called upon to interrupt current at a higher
voltage.
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All fuses also have a rated interrupting current, the highest current that a fuse has been tested to, thereby pro-
viding a demonstration of successful interruption. Some fuses also have a rated minimum interrupting cur-
rent, which is the lowest current that the fuse has been tested to, thereby providing a demonstration of
successful interruption, not necessarily the lowest current that it can interrupt. A fuse may not function as
intended, with potentially serious results, when attempting to interrupt outside maximum and minimum
interrupting rating.

3.4 Comparison of power fuses versus distribution fuses

Both current-limiting and expulsion fuses are classified by ANSI C37 standards as either power-class or dis-
tribution-class fuses. The differentiation between the two reflects the different system conditions that exist
where fuses are normally applied on a power system based on specific requirements for generating sources,
substations, and distribution lines. Each class has its own unique set of voltage, current, and construction
requirements (see ANSI C37.42, 44, 46, and 47 for examples of typical fuse requirements). Testing of
each class must follow particular specifications (see IEEE Std C37.41-1994). A comparison of some of these
specifications is given in Table 1. Power fuses are tested to TRVs and X/R ratio values more likely to be
encountered in or near the generating source or substation and on three-phase circuits. Distribution fuses
have specifications more closely matched with requirements of the distribution system, further away from
the source or substation on single or three-phase circuits.

Table 1—Comparison of ANSI fuse specifications

ANSI C37.42 . ANSI C3747
. distribution ANSLC37.4d 0l 1 gy 3746 distribution
Requirement cutouts and fuse s L.
cutouts and fuse . power fuses current-limiting
. links
links fuses
Rated kV 2.6t038 26to 15 2.8to0 169 2.81t027
Rated continuous cur- | to 200 to 200 to 700 to 200
rent— Amps
Rated interrupting 2.6to 16 22t07.1 1.25t0 80 12.5t0 50
current—kA Sym.
X/R ratio at 133t0 15 23t012 =15 =10
maximum interrupting
current

Because current-limiting fuses are relatively insensitive to high X/R ratios, the performance difference
between power-class and distribution-class current-limiting fuses is generally not significant. The basis for
current-limiting fuse function, at high currents, involves inserting a high resistance into the faulted circuit,
which forces the power factor of the circuit as a whole toward unity. Thus, a distribution current-limiting
fuse can often be applied at or near generating sources and substations.

3.5 Comparison of current-limiting versus expulsion and other types of
non-current-limiting fuses

All fuse types have the following characteristics, namely:

a)  They can carry continuous current.
b) They are intended to interrupt abnormal overcurrents and isolate circuits.
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c¢) Their melting and interrupting time characteristics can be coordinated with those of other circuit
overcurrent protective devices.

d) They all interrupt the circuit at a modified or normal current zero, by having a dielectric recovery
that is greater than the TRV imposed by the power distribution system.

e) They all dissipate the arc energy released in the fuse to reduce the likelihood of thermal breakdown
after current zero.

However, there are other interrupting characteristics that divide fuses into separate types. Expulsion and
other types of non-current-limiting fuses limit the fault duration, while essentially allowing the full peak of
the available fault current to pass until it is interrupted at the circuit’s normal current zero. Because the
circuit’s normal current zero is typically not close to the voltage zero, a high TRV may occur. Common
examples of fuses that exhibit this behavior are expulsion, vacuum, SFg, boric acid, liquid, and some elec-
tronically-actuated fuses.

Current-limiting fuses, by contrast, limit faults in magnitude and duration. A current-limiting or “current
zero forcing” fuse begins limiting the rising fault current as soon as its element melts and thus prevents the
current from reaching its prospective peak value. The current-limiting action results from melting of a rather
long fuse element that interacts with the constraining and cooling medium (typically sand), to introduce a
quickly rising equivalent resistance into the fault circuit. Thus, the fuse melting and arcing results in a high
arc voltage appearing across the fuse, and the fuse changes a high-current, low power factor fault circuit into
a lower current, higher power factor circuit. As a result, the current is forced to near zero well before the nor-
mal current zero of the circuit and close to the voltage zero. This typically occurs within less than 1/2 cycle
of the fault initiation. Because the current zero is moved close to the voltage zero, TRVs result. The
operation of current-limiting fuses will be expanded upon in 3.6.2. The various types of current-limiting
fuses include commutating as well as non-commutating, electronically actuated fuses.

The energy released into the fault is proportional to the duration of the fault and square of the fault current
(or I?¢). This energy is primarily responsible for the destructive effects of faults. Current-limiting fuses sig-
nificantly reduce these effects. Mechanical forces due to magnetic effects of peak currents are also limited.
The reduced fault current and duration result in lower stress on all of the equipment that makes up the
protected circuit when a fault is cleared by a current-limiting fuse. Other distinguishing characteristics of
current-limiting fuses are that they are virtually noiseless and do not usually discharge arc products. For
some applications, these factors are an important consideration in fuse selection. Additional features pro-
vided by each fuse type are referenced in 3.6 and 3.7.

3.6 Circuit interruption and recovery

During normal circuit conditions, a fuse does not appreciably affect the flow of current in a given circuit.
Interruption of current in an electric circuit by a fuse requires the opening of a fusible element, a transition to
a nonconducting state, and the ability to withstand the transient and steady-state circuit recovery voltages.
Circuits can be inductive, capacitive, or resistive. This discussion is limited to highly inductive fault circuits
and to abnormally overloaded circuits with a power factor of less than one.

Depending on the current-interruption technique employed by a fuse, it may or may not significantly modify
the characteristics of the circuit that it protects during the interruption process. In principle, current-limiting
fuses are energy absorbing, arc constricting devices, which appreciably modify the circuit during the inter-
ruption process to force an early current zero when interrupting high magnitude faults. By comparison,
expulsion and other types of non-current-limiting fuses do not constrict the arc to the same degree and there-
fore do not significantly modify the circuit during the interruption process. As such, they wait for a normal
current zero to occur before interrupting the circuit. Current-limiting fuses, when interrupting overload and
lower-level fault currents, well below their maximum interrupting rating, may also function as non-circuit-
modifying devices.
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Ls
Q00
|(t) earc(t)

Fault

Where:
V(t) = Voltage of the source
earc(t) = Arc voltage of the fuse
I(t) = Current
Ls = Source impedance

Figure 2—Simplified fault-current circuit

The interruption process begins upon melting of the fuse element and establishing of an arc across the asso-
ciated gap. The ability to modify the circuit during the interruption process is a function of the arc resistance
and associated arc voltage of the fuse once it has melted. The effect may be demonstrated with the aid of the
simplified fault circuit in Figure 2. The voltage of the source is designated v(t). Generally, one can assume
that the primary impedance of this source is reactive and is based upon its inductance L. The arc of the
melted fuse element has some variable magnitude of resistance and associated arc voltage, e, (t). Two basic
equations can aid in understanding the interactions. The loop equation can be written as Equation (1).

V (1) — eyre (1) = L di/dt (1)

Accordingly, the introduction of a relatively low arc voltage has little circuit modifying effect. When solved
for current we have Equation (2).

§(0) = VLS V(D) - ey (0] dt @
This equation illustrates the following concepts:

a) The current is proportional to the area under the voltage traces, specifically, their difference. The
inductance provides a stored energy and the necessary voltage to sustain the current even though the
instantaneous arc voltage of the fuse may momentarily exceed that of the source.

b) A higher source voltage will yield a higher prospective fault current.
¢) A higher fuse arc voltage sustained over time will result in greater limitation of that fault current.

d) Current is inversely proportional to the inductance, and therefore, a smaller inductance will produce
a higher available prospective fault current.

Figure 3A and Figure 3B depict idealized arc voltages of the two primary fuse types. Figure 3A is that of the
non-circuit-modifying (non-current-limiting) fuse with a relatively low arc voltage. This figure indicates that
the fuse has not forced a change in current zero. The occurrence of a second loop of fault current is
dependent on the fault-current magnitude, the fault initiation timing, and the fuse size. Figure 3B is that of
the circuit-modifying (current-limiting) fuse.
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Figure 3A—Low arc voltage and fe,.dt Figure 3B—High arc voltage and fe,,.dt

3.6.1 Interruption without circuit modification

Expulsion and other types of non-current-limiting fuses have been defined as low arc voltage devices, which
do not appreciably modify the circuit during interruption. By virtue of the low arc voltage, these devices do
not significantly limit the magnitude of the fault current. Instead they conduct to a normal current zero for
the existing circuit conditions and recover dielectrically at that time to achieve an interruption.

Since the current zero does not coincide with a voltage zero of the source, the fuse must recover against a
TRV of that system. In theory, the TRV can reach a level of twice the power frequency recovery voltage. For
interruption to occur, sufficient gap length and deionization must be achieved. Depending on the interrupting
characteristic of a particular fuse, the interruption may or may not occur at the first current zero.

Figure 4 and Figure 5 depict interruptions at normal current zeros, after which a TRV arises. These circuits
are not modified by the interrupting device. This is typical of interruption by expulsion and other types of
non-current-limiting fuses; interruption of current-limiting fuses in the non-current-limiting mode (melt
times greater than .01 s) also typically interrupt in this manner. The following conditions are met for inter-
ruption at normal current zero:

a) Essentially the full magnitude of fault current has passed (see Figure 3A).

b) The energy stored in the circuit’s inductance has been returned to the source and absorbed by the
system (and fault) resistance. It is now virtually zero.

c) The system voltage at interruption is at some substantial value, typically near the maximum.

d) As the arc chamber of the fuse recovers dielectrically, it must withstand the TRV of the system,
which is now imposed across its terminals.
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3.6.2 Interruption with circuit modification

Figure 6 shows how the circuit is interrupted by a current-limiting fuse having a high arc voltage. The arc is
highly resistive, though non-linear with respect to current. If the resistive arc impedance is substantially
greater than the system inductive impedance, a dynamic condition is established during the interruption pro-
cess whereby the power factor of the circuit changes from being primarily inductive to primarily resistive.
The current is thereby shifted back toward becoming more in phase with system voltage.

7
Let-through Prospective
A current — fault current
Peak

without CL fuse

\

Interruption \
Let-through

current profile \ —pp time
N /
\ ~ v
Peak Arc -
Voltage
Source
Voltage
—p time

/
v

tmelt

Figure 6—High current operation of a current-limiting fuse,
with resulting circuit modification

If we now apply the principles of Equation (2), the large area under the arc voltage curve of Figure 3B when
subtracted from the area under the system voltage curve illustrates why there is a limitation of current and
subsequent reduction to zero, coinciding generally with the voltage zero. At this newly “created” current
zero, the following conditions have been reached:

a)  The system voltage is close to zero.

b) The stored energy of the inductance has been absorbed, primarily by the fuse, and is now at zero.

c¢) The fuse arc voltage is zero.

d) No significant TRV will develop.

e) The magnitude of fault current has been limited to a peak value only slightly higher than the instan-
taneous value at which the fuse begins to arc.

The preceding example indicated an asymmetrical fault, normally the worst case condition for a current-lim-
iting fuse, since it has to interrupt against an increasing supply voltage. IEEE Std C37.41-1994 specifies
worst case conditions during fuse interruption. A prospective fault current may be symmetrical or asymmet-
rical depending on the fault initiation point in time on the source voltage wave. This is depicted in Figure 7A
and Figure 7B. Note from Equation (2) that the fault current, through a primarily inductive impedance, is
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related to the integral of the voltage (the area under the voltage trace). The prospective current crest for a
fault initiation at a voltage zero (See Figure 7B) may be up to twice that of a fault initiated at a voltage crest
(see Figure 7A). The criteria for circuit modification during interruption remain essentially the same in both
cases.

We see that the fault current characteristics can be modified by controlling the arc voltage of a fuse. This is a
function of the fuse design, which is expanded upon in 3.7.1.1 through 3.7.1.8.

(source)
(source)

Note: Rise of current corresponds to positive (+) area under v(t);
Decay of current corresponds to negative (-) area under v(t)

Figure 7A—Symmetrical Figure 7B—Asymmetrical
short-circuit current short-circuit current

3.7 Fuse construction and operation

In the preceding paragraphs, arc voltage has been shown to be a good criterion to compare the two basic fuse
types. Table 2 lists the fuse types and characteristics under high-current-interrupting conditions.

3.7.1 Current-limiting fuses

The effects of high-magnitude arc resistance and arc voltage and how they act to modify the fault circuit
were reviewed in 3.6.2. This subclause reviews the means by which this resistance and arc voltage are
achieved and controlled in the design of current-limiting fuses. It also reviews various types and classes of
these devices.

3.7.1.1 The fusible element and establishment of high arc voltage

The conducting, fusible elements of current-limiting fuses are commonly made of high conductivity materi-
als such as silver or copper, which are supported within the fuse body and surrounded with high-purity
quartz sand. When a current-limiting fuse melts at high fault currents the conducting element is segmented
into many portions. This segmenting will occur at holes or notches that form restrictions in the current path
of the conducting elements. These restrictions are common in higher continuous current designs. Uniform
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Table 2—Fuse characteristics and types of fuses

. Current-limiting,
Type of fuse Expulsion, vacuum, .
. . commutating, current-
characteristics oil fuse cutout, SF¢ - .

limiters, triggered fuses

Arc voltage Lower Higher

Circuit modifying No Yes

Current zero shifting No Yes

Max. interrupting current Lower Higher

Let-through current Full available current Current is limited

Fault duration One loop or more 1/8 to 1/2 cycle

Energy absorbed by fuse Small amount Substantial amount

Let-through Pt Substantial Small

Recovery voltage Transient—up to twice Equal to power frequency

power frequency crest crest

Subclassifications Back-up, general pur-
pose, full range (apply to
current-limiting only)

Continuous operating loss | Low Higher for standard CLF;
Lower for commutating
current-limiters and
triggered fuses

Continuous current rating | Higher Lower for standard CLF;
Higher for commutating
current-limiters and
triggered fuses

cross section elements (such as wire elements), common in lower continuous-current designs, melt and form
a multiplicity of bead-like segments. The melted portions of the element are vaporized and diffused into the
surrounding sand. At each segment an arc will form. The voltage drop of the anode, cathode, and positive
column voltage of the arc are referred to as the arc voltage. The arc voltage of a current-limiting fuse is the
sum of the arc voltages of the individual arcs. By comparison, expulsion and other types of non-current-lim-
iting fuses generally employ one arc gap.

In the case of a current-limiting fuse, the arcs are highly confined, constricted and cooled by the surrounding
sand. This constriction and effective cooling leads to a high arc voltage, and a high ratio of arc resistance to
arc length, which, together with substantial element lengths leads to a high arc resistance. This greatly
impedes the continuing flow of fault current. The surrounding sand is melted by the intense heat of the arc,
thus absorbing large amounts of energy. If the arc voltage from one melted point is multiplied by the number
of segments formed in the fuse, we find that a very substantial arc voltage can be produced. Immediately
after melting, the arc voltage is primarily a function of the number of melted segments and associated arcs.
The peak arc voltage occurs shortly thereafter and is also a function of arc length, as well as the number of
arcs.
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If we refer back to Figure 6, we can see how the magnitude and the area under the arc voltage curve deter-
mines how quickly the total current can be reduced and the current zero moved. The fuse design should
maintain the high arc voltage during the interrupting process to maximize the current reduction and limit the
fault damage. This is made possible by continued burn back of the element between the segments and con-
tinued heat transfer from the molten and vaporized fuse element into the sand. Because of the high resistance
imposed by the current-limiting fuse, the current is brought nearly back into phase with the system voltage.
In time, the remainder of the fuse element may melt to form a single arc. Increasing arc length only partly
compensates for the reduced heat transfer to the now heated surroundings, so that the arc voltage tends to
decrease with time until the arc ceases to exist. At this point, resistance increases rapidly, and the fuse must
withstand a recovery voltage equal to system voltage.

3.7.1.2 Overvoltages

The insulation requirements of any electrical system and apparatus impose a limitation on the permissible
magnitude of arc voltage. Table 3 gives arc voltage limits specified in ANSI C37.47-1981.

Table 3—Maximum permissible overvoltages for distribution-class and power-class
current-limiting fuses

Maximum Peak Overvoltage (kV Crest)
Rated maximum From ANSI C37.47-1981 From ANSI C37.46-1981
voltage
(¥, RMS) Fuse rated current Fuse rated Fuse rated current Fuse rated
through 12 A urrent, through 12 A Surmen

2.8 13 9 13 9

55 25 18 25 18

8.3 38 26 38 26

150 — — 68 47

155 70 49 70 49

22 117 70 — —

258 — — 117 81

27 123 84 — —

38.0 — — 173 119

Control of the arc voltage is accomplished by limiting the number of arc initiating restrictions and
subsequent arcing segments in ribbon element fuses. For a wire element fuse the arc voltage is controlled
essentially by its length. As seen in Table 3, higher arc voltage limitations are permitted for the lower contin-
uous current fuses where wire designs are prevalent.

Accordingly, the permissible peak arc voltages are approximately three times the system rms voltage for
fuses with rated currents over 12 A and approximately five times rated rms voltage for fuses with lower rated

14
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currents. Experience has shown this is an acceptable number complying with insulation requirements while
resulting in rapid current limitation and relatively low energy let-through during the interruption process.

3.7.1.3 Heat dissipation

To obtain high arc voltage during interruption, current-limiting fuses use relatively long fuse elements with
comparatively high resistance, as contrasted with the shorter element used in expulsion and other types of
non-current-limiting fuses. The continuous losses of the former are, therefore, also higher. This may limit
their use in environments where heat dissipation is a problem. This is covered in greater detail in Clause 5.

3.7.1.4 Fuse vs. system voltage

Successful interruption by a current-limiting fuse requires that the arcing resistance of the fuse be sufficient
to modify the fault circuit and create a timely current zero. This means that the fuse element and fuse arc
voltage must be configured for a particular circuit voltage. A current-limiting fuse must never be applied
such that it is required to interrupt a voltage higher than its rated maximum voltage. If it is applied at a higher
voltage, the result is likely to be a failure to interrupt, usually accompanied by physical destruction of the
fuse. Conversely, caution should also be used when applying current-limiting fuses at voltages substantially
below their rating in order to avoid overvoltage damage to power system components. This is because
certain fuse designs (particularly those employing wire type elements) produce arc voltages substantially
independent of the applied voltages. Other designs, while producing a lower arc voltage at a reduced applied
voltage, may still produce significantly higher arc voltage than fuses designed specifically for the lower volt-
ages. Before applying fuses at voltages substantially below their rating, consult the manufacturer.

3.7.1.5 Energy absorption during interruption

A current-limiting fuse does not necessarily absorb maximum energy at the rated-maximum interrupting
current, but often at a substantially lower value of fault current. Under maximum fault conditions, the fuse
element melts quickly and produces a sharp reduction of the available fault current-limiting the arc energy.
Under lower fault conditions, particularly those at voltage zero initiation (high asymmetry), melting and
burn back are slower while the system voltage remains high. Although the available current is lower in this
case, it remains relatively high for a longer period of time. The fuse must, therefore, absorb more energy.
Proper design requires that the fuse be tested under these conditions. Current-limiting fuses are often subject
to maximum arc energy absorption, at a given current level, sometimes called critical current. IEEE Std
C37.41-1994 requires testing at this level of current.

3.7.1.6 Low-current interrupting limitations

When a fuse element, designed to successfully interrupt high currents, is melted by a relatively low current,
the fuse may experience difficulty interrupting. This is because at high currents, all the series restrictions in a
notched element, or the whole length of a wire element tends to melt nearly simultaneously. At a much lower
current, the element may melt in only one location, producing a low arc voltage. Although a single arc will
elongate with subsequent cycles of arcing, and its resistance and arc voltage will increase, it has been found
that with most practical designs of fuses, a single plain element in quartz sand will be unable to successfully
interrupt against a system voltage higher than a few thousand volts, under these conditions. As a result, a
higher element current density, which produces multiple arcs, is necessary for successful interruption with
such a fuse. For this reason, many fuse designs exhibit a minimum interrupting rating, as has been men-
tioned previously. However, numerous techniques have been developed to enable current-limiting fuses to
interrupt currents lower than those which cause current-limiting to occur. For further details regarding the
three subclasses of current-limiting fuses and their different lower interrupting limits, see 4.3.

A general description for a back-up fuse is defined as being a fuse capable of interrupting all continuous cur-
rents from the rated-maximum interrupting current down to the minimum-rated interrupting current. (It
should normally be applied in conjunction with a second, series interrupting device). A general-purpose fuse
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