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Introduction 
 

This introduction is not part of IEEE Std C62.42-2005, IEEE Guide for the Application of Component Surge-Protective 
Devices for Use in Low-Voltage [Equal to or Less than 1000 V (ac) or 1200 V (dc)] Circuits. 
 

 
This guide is a revision of IEEE Std C62.42-1992 and has been rewritten to include metal oxide varistor 
(MOV) and avalanche junction semiconductor component surge-protective devices in addition to gas tube 
and air gap arresters, which were the subjects of the previous document. 
 
This guide supplements IEEE Std C62.31™-1987a,b, IEEE Std C62.32™-1981, IEEE Std C62.33™-1982, 
and IEEE Std C62.35™-1987. The purpose of this guide is to assist in selecting the most appropriate type 
of device for a particular application, and in evaluating the characteristics of devices to meet specific 
service requirements. 
 
IEEE Std C62.42-2005 includes an explanation of the electrical environment in which component surge-
protective devices shall operate, a comparison of the major difference among the four types of devices 
considered. It also includes a description and the theory of operation of gas tube, air gap, MOV and 
avalanche junction semiconductor devices, as well as guidance in applying and interpreting the respective 
test specifications for the arrester characteristics. 

Notice to users 

Errata 

Errata, if any, for this and all other standards can be accessed at the following URL: http:// 
standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for 
errata periodically. 

Interpretations 

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/ 
index.html. 

Patents  
Attention is called to the possibility that implementation of this guide may require use of subject matter 
covered by patent rights. By publication of this guide, 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 or patent applications for which a license may be required to implement an IEEE standard or for 
conducting inquiries into the legal validity or scope of those patents that are brought to its attention. 

 

 
 

                                                 
a The IEEE standards or products referred to in this introduction are trademarks of the Institute of Electrical and Electronics 
Engineers, Inc. 
b IEEE publications are available from the Institute of Electrical and Electronics Engineers, Inc., 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
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1. 

a) 

b) 

c) 

d) 

Overview 

This guide is intended to provide assistance in selecting the most appropriate type of component surge-
protective device, or combination of devices, for use in a surge protector, equipment, or system application. 
The following are examples of those who can benefit from this guide: 
 

One who designs low-voltage surge protectors and desires an overview of the application of 
component surge-protective devices, or combination of component surge-protective devices used 
within surge protectors.  

One who designs low-voltage power, data, communications, or signaling products or systems and 
desires guidance on selecting appropriate component surge-protective devices to be used directly 
within the product or system as part of the initial product/system design (i.e., protection designed 
as an integral part of the product or system). 

One who needs to solve a surge protection problem in the field and seeks guidance on selecting 
and installing appropriate component surge-protective devices to solve the problem (e.g., 
consultants or field service personnel who need to provide ad hoc surge protection for a product or 
system in order to resolve a problem). 

One who desires to ensure appropriate surge protection of a system in the early stages of design 
and needs to gain an overall appreciation of the technology.  

 

This guide is divided into nine clauses. Clause 1 provides an overview and scope for this guide. Clause 2 lists 
references. Clause 3 lists definitions. Clause 4 describes the electrical environment. Clause 5 compares some 
of the major characteristics of component surge-protective devices. Clause 6, Clause 7, Clause 8, and    
Clause 9 give a description and theory of operation and guidance in applying and interpreting the respective 
test specifications for component gas tube (Clause 6), air gap (Clause 7), metal-oxide varistor (Clause 8), and 
avalanche junction semiconductor (Clause 9) surge-protective devices.   
 
This guide also contains five informative annexes, which provide examples of applications of component 
surge-protective devices in surge protectors, equipment, and/or systems, and a bibliography. These 
informative annexes provide additional information for understanding and using this guide, but they are not 
part of the guide.  
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Annex A, Annex B, Annex C, and Annex D illustrate examples of component gas tube, air gap, metal oxide 
varistor (MOV), and avalanche junction semiconductor surge-protective devices, respectively, used either as 
single component surge protectors, or as individual components integral to the protected equipment or 
system.  Annex E contains a bibliography of the sources used in developing this guide. 

1.1

2. 

2.1

2.2

                                                

 Scope 

This guide covers the application of component air gaps, gas tubes, MOVs, and avalanche junction 
semiconductor surge-protective devices for use within surge protectors, equipment, or systems involving low-
voltage power, data, communication, and/or signaling circuits. This guide is intended to be used with, or to 
complement, the related documents referred to in 2.1. 

Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document (including any amendments or corrigenda) applies. 
 
This guide shall be used in conjunction with the publications listed in 2.1, 2.2, and 2.3. 

 IEEE standard test specifications for component surge-protective devices 

The following test standards are used to characterize the surge-protective devices covered by this guide, either 
as component surge-protective devices, or as single technology, packaged low-voltage surge protectors. 
 
NOTE—The definitions used in the following four standards and in this guide are the same with respect to terms that are 
common to both. 
 
IEEE Std C62.31™-1987, IEEE Standard Test Specifications for Gas-Tube Surge-Protective Devices.1,2

 
IEEE Std C62.32™-1981, IEEE Standard Test Specifications for Low-Voltage Air Gap Surge-Protective 
Devices. 
 
IEEE Std C62.33™-1982 (Reaff 1994), IEEE Standard Test Specifications for Varistor Surge-Protective 
Devices. 
 
IEEE Std C62.35™-1987, IEEE Standard Test Specifications for Avalanche Junction Semiconductor Surge-
Protective Devices. 

 IEEE standard test specifications for multiple component surge-protective 
devices 

The following test standards are used to characterize multiple component "black box" surge protectors for use 
in low-voltage circuits, which constitute applications of the component surge-protective devices covered by 
this guide. 
 
IEEE Std C62.36™-2000, IEEE Standard Test Methods for Surge Protectors Used in Low-Voltage Data, 
Communications, and Signaling Circuits. 
 

 
1 The IEEE standards or products referred to in this document are trademarks of the Institute of Electrical and Electronics Engineers, Inc. 
2 IEEE 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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IEEE Std C62.62™-2000, IEEE Standard Test Specifications for Surge-Protective Devices for Low Voltage 
AC Power Circuits. 

2.3

                                                

 General references 

Accredited Standards Committee C2-2002, National Electrical Safety Code® (NESC®).3

 
ANSI C62.61-1993, Gas Tube Surge Arresters on Wire Line Telephone Circuits.4

 
ANSI C101.1-1992, Standard for Leakage Current for Appliances. 
 
NFPA 70, 2005 Edition, National Electrical Code® (NEC®).5

 
IEC 61000-4-4 (1995), Electromagnetic compatibility for industrial process measurement and control 
equipment, Part 4: Electrical fast transient/burst requirements.6

 
IEEE Std 80™-2000, IEEE Guide for Safety in AC Substation Grounding. 
 
IEEE Std 81™-1983, IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface 
Potentials of a Ground System. 
 
IEEE Std 367™-1996, IEEE Recommended Practice for Determining the Electric Power Station Ground 
Potential Rise and Induced Voltage from a Power Fault. 
 
IEEE Std 487™-1992, IEEE Recommended Practice for the Protection of Wire Line Communications 
Facilities Serving Electric Power Stations. 
 
IEEE Std C37.90.1™-1989, IEEE Standard Surge Withstand Capability (SWC) Tests for Protective Relays 
and Relay Systems. 
 
IEEE Std C62.1™-1989, IEEE Standard for Gapped Silicon-Carbide Surge Arresters for AC Power Circuits. 
 
IEEE Std C62.34™-2001, IEEE Standard for Performance of Low-Voltage Surge-Protective Devices 
(Secondary Arresters). 
 
IEEE Std C62.41™-1991, IEEE Recommended Practice on Surge Voltages in Low-Voltage AC Power 
Circuits. 
 
IEEE Std C62.92.1™-1987, IEEE Guide for the Application of Neutral Grounding in Electrical Utility 
Systems, Part 1—Introduction. 
 
UL 943, Ground Fault Circuit Interrupters.7

 
UL 1449, 2nd Ed, Transient Voltage Surge Suppressors. 

 
3 The NESC is available from the Institute of Electrical and Electronics Engineers Inc, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 
08855-1331, USA (http://standards.ieee.org/). 
4 ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, 
New York, NY 10036, USA (http://www.ansi.org/). 
5 The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA (http:// 
www.nfpa.org/). Copies are also available from the Institute of Electrical and Electronics Engineers Inc, 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
6 IEC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue de 
Varembé, CH-1211, Genève 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. 
7 UL standards are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA 
(http://global.ihs.com/). 
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3.

4.

4.1

                                                

 Definitions 

The terms and definition used in this document are found in The Authoritative Dictionary of IEEE Standards 
Terms [B14]8. In some instances, the definition in the current edition of The Authoritative Dictionary of IEEE 
Standards Terms [B14] may be either too broad or too restrictive; in such a case, an additional definition or 
note is included in this clause. 
 
3.1 component surge-protective device (component SPD): A discrete surge-protective device involving a 
single specific technology and intended to be installed as a component within a surge protector or as a 
component housed within the equipment to be protected. 

NOTE—Examples are “component air gap surge-protective device,” “component gas tube surge-protective device,” 
“component varistor surge-protective device,” and “component avalanche junction semiconductor surge-protective 
device”. The term surge arrester is also used to describe a single component. 
 
3.2 component surge-protective device—voltage limiting type: A component surge-protective device that 
has a high impedance when no surge is present, but that can limit voltage by progressively and smoothly 
reducing its impedance when responding to a surge. Examples are component varistor and avalanche junction 
semiconductor surge-protective devices. 

NOTE—Also commonly referred to as a “voltage clamping” device. 
 
3.3 component surge-protective device—voltage switching type: A component surge-protective device 
that has a high impedance when no surge is present, but that can have a sudden voltage collapse to a low 
impedance state when responding to a surge. Examples are component air gap and gas tube surge-protective 
devices. 

NOTE—Also commonly referred to as a “crowbar” device. 
 
3.4 surge protector: A specific complete surge-protective device, as opposed to a component of a surge 
protector or a generic surge-protective device. 

 Electrical environment 

Electrical and electronic systems and networks (facilities) are subject to disturbances from external sources of 
electrical energy. These sources include electric power circuits and natural phenomena, such as lightning and 
low-energy static influences. The effects of such disturbances may be confined to interference with normal 
use or operation, as in the case of noise or interference with signaling; or may be capable of creating hazards 
to users, maintenance personnel, and equipment. 

 Lightning and its effects 

Lightning is a transient high-current electrical discharge. It occurs when some region of the atmosphere 
attains an electrical charge of sufficient potential to cause dielectric breakdown of the air. 
 
The most common source of lightning is the thundercloud. Charged regions of the thundercloud emerge as 
shown in Figure 1. This concentration of charge induces a similar, but opposite, concentration of charge in the 
earth beneath the cloud, in another portion of the same cloud, or in another cloud. When the electric field 
gradient exceeds the dielectric strength of the air, lightning discharges (cloud-to-cloud, within a cloud, or 
cloud-to-ground) take place as shown in Figure 1. 
 

 
8 The numbers in brackets correspond to those in the bibliography in Annex E. 
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Figure 1 —Source of lightning  

 
 
A complete lightning flash may last as long as 0.25 s, and may consist of several strokes of high-current 
discharge separated by periods of up to 0.1 s when current flow is significantly reduced. Figure 2-1 and 
Figure 2-2 illustrate the typical time history of a lightning flash (see Anderson and Ericksson 1980 [B1] and 
Cianos and Pierce 1972 [B3]). Some studies have shown that typical times to peak current for most 
subsequent strokes is less than 1.5 µs, with most values between 0.1 µs and 0.7 µs (see Sandia Laboratories 
[B30]). IEC 61312-1 [B13] specifies a front time of 0.25 µs as a lightning current parameter for a stroke 
subsequent to the first stroke. 
 
 
 
 

  
 

Figure 2 -1—Time history of typical (basic) lightning models—flash without any continuing 
current surges 
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Figure 2-2—Time history of typical (basic) lightning models—flash with final stage 
continuing current 

 
 
The crest current magnitude of an actual lightning stroke varies widely. Figure 3 illustrates the distribution of 
a lightning stroke’s crest currents to structures (see Anderson and Ericksson 1980 [B1], Sunde 1968 [B33], 
and Cianos and Pierce 1972 [B3]). Typical surges conducted or induced into wire line facilities would be 
considerably smaller because of the availability of alternate paths. As a result, protectors at the terminations 
of these facilities are not designed to withstand the full crest current of direct strokes. 
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Figure 3

a) 

b) 

c) 

4.1.1

a) 

 —Distribution of lightning stroke crest currents 

 
 
Facilities may be subjected to lightning-caused potentials in the following manners: 
 

Induction from nearby strokes to earth. 

Arcing to facilities from the earth, a tree, or a structure incurring a direct stroke. 

Lightning currents also may be conducted to wire line facilities when strokes take place near 
grounded points. For example, a stroke to ground near a protected terminal will raise the earth 
potential at the protector so that surge currents will flow from the protector ground, through the 
protector, to other ground points outside the direct influence of the stroke. 

 Factors affecting the exposure to lightning damage 

When estimating the exposure to lightning damage, several variables shall be considered. Briefly, they 
include: 

Lightning flash density. Lightning flash density, or ground flash density (GFD), can be used as a 
measure of potential exposure to lightning damage. GFD is the number of ground flashes per 
square kilometer per year in a specified region. Maps showing the average U.S. lightning flash 
density are available (see Global Atmospherics [B12]). 

In cases where only thunderstorm days or thunderstorm hours are known, GFD can be estimated as 
follows: 
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Converting thunderstorm days to GFD 

Ng = 0.04 TD 1.25

where 
  

TD is Keraunic level in thunderstorm days/year 
Ng is GFD (flashes per square kilometer each year) 

Converting thunderstorm-hours to GFD 

Ng = 0.05 TH 1.1

where 
 

TH is thunderstorm-hours/year 
Ng is GFD (flashes per square kilometer each year) 
 

Earth resistivity. Earth resistivity is also important in determining the exposure to lightning 
damage. The unit of earth resistivity, the ohm-meter, is defined as the resistance, in ohms, between 
opposite faces of a cube of earth one cubic meter in volume (see U.S. Department of Agriculture 
1982 [B7] and IEEE Std 81-1983). If earth resistivity is high, the distance through the earth over 
which a given stroke would arc to a buried conductor or structure, and the distance that lightning 
currents would have to travel along a conductor before attenuating to harmless values are greater 
than if the earth resistivity is low. The result is that the exposure to lightning damage may be 
greater in some areas of the country with high earth resistivity and only moderate incidence of 
storms, than it is in other locations with low resistivity and greater incidence. Earth resistivity 
varies from a few ohm-meters to more than 10 000 ohm-meters. 

b) 

c) 

4.2

4.3

Other considerations. Engineering judgment, based on the best available experience and 
information, needs to be exercised to obtain optimum protection for the system under 
consideration. For example, a microwave tower in a low-lightning incidence area, but on a hilltop, 
may require special protection while facilities in a city of tall buildings located in an area of high-
lightning incidence, but served by cable in duct runs, may require only minimal protection. 

 Low-energy static source 

In some areas, open wire lines are subjected to excessive static potentials through wind-blown sand or snow. 
Such potentials are low in energy, the latter being proportional to the capacitance between line and earth and 
therefore, proportional to the length of the lines involved. The resulting interference effects are in the 
category of circuit noise, mainly due to intermittent breakdown of protective devices. 

 Power interference 

The power network is an important environmental factor that can adversely affect low-voltage wire line 
facilities in a number of ways. Capacitive or inductive coupling, ground faults, or direct contacts can produce 
hazardous voltages. They can also cause damage to facilities as a result of overstressed or overheated 
elements. Permissible induced ac interference voltages should be considered when determining the minimum 
dc breakdown voltage of a gas tube surge arrester. See IEEE Std 367-1996 and IEEE Std 487-1992. 
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4.3.1

4.3.1.1

a) 

b) 

4.3.1.2

a) 

b) 

1) 

2) 

 Characteristics of ac power systems and their effects on wire line facilities 

An electrical power network consists of many kinds of systems that generally fall into two types of circuit 
configurations (see Klewe [B17], Bodle et al 1976 [B2], IEEE Std 487-1992, and IEEE Std C62.92.1-1987). 

 Types of circuits 

Ungrounded circuits. In an ungrounded circuit, single line-to-ground faults produce low-ground 
return currents, since the only return path to the source is the distributed capacitance-to-ground of 
the ungrounded line. These low currents are unlikely to induce disturbing currents and voltages 
into nearby wire line facilities. However, the low currents are unlikely to de-energize the power 
circuit and a second line-to-ground fault on another phase conductor of the same line may produce 
disturbing currents or voltages. 

Grounded circuits. Grounded circuits permit high currents during single line-to-ground faults 
because of the low-impedance return path. These currents may be high enough to induce 
disturbing voltages into nearby wire line facilities. However, rapid de-energization of faults is 
easier to achieve on these systems and the disturbance is likely to be of short duration. 

 Forms of coupling 

There is usually more than one form of coupling between power systems and low-voltage wire line facilities. 
A combination of capacitive, resistive, and inductive coupling is usually present. 

Capacitive coupling. A steady state voltage can appear on a low-voltage wire line facility located 
in the electric field of a power system. The voltage level of an insulated wire line is determined by 
the relative position of the two facilities and by the voltage of the power line facility. The current 
that can flow to ground from a wire line is dependent upon the capacitance between the two 
facilities, and is therefore a function of the length of exposure. Electric influence through 
capacitive coupling is rarely a problem on properly terminated low-voltage wire lines. 

Resistive coupling. Resistive coupling can be divided into two categories: 

Power contact. Damage to wire line facilities due to accidental contacts between electric 
power supply lines and low-voltage wire line facilities (aerial or underground) is a possible 
hazard requiring protection measures. In extreme cases, the potential on the low-voltage wire 
line facility may approach that of the power conductor and currents may cause fusing of the 
low-voltage plant. Fault current duration may range from a fraction of a second to 5 s if the 
fault is interrupted automatically, or otherwise to indefinitely large time intervals (see Klewe 
[B17]). 

Ground potential rise. When a fault to ground occurs on a transmission or distribution line 
terminating in a grounded-neutral transformer bank at a power station or substation, fault 
current will flow from ground to the system neutral by way of the station grounding system. 
Since the grounding system has finite impedance to ground, it will experience a rise in 
potential with respect to remote earth, because of this ground-return fault current. Grounded 
facilities near the power station or substation can experience a portion of this voltage with 
respect to wire line facilities that are remotely terminated. These same effects can be 
experienced in the vicinity of the power fault. 
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Inductive coupling. Low-voltage wire line facilities are subject to inductive coupling from power 
lines. The resulting induced voltages may be present continuously at permissible levels, in which 
case they should be accommodated in the system design, or they may be present at high levels 
during power faults, and require protective measures. The magnitude of the induced voltage is 
determined by the power line currents and the mutual impedance of the two systems (see Bodle et 
al 1976 [B2] and Klewe [B17]). A survey conducted on communications lines (see Bell 
Communications Research 1987 [B19]) indicates that the continuous levels experienced are 
normally very low, although on long exposures it is possible for the rms potential to exceed 50 V. 
During power line ground faults or periods of abnormal operation (for example, two-phase 
operation of a three-phase line and unbalanced phase currents, which may occur at different times 
of day), inductive coupling to the wire line may result in voltages up to several thousand volts. 
Fault current duration may range from a fraction of a second to 5 s if the fault is interrupted 
automatically, or otherwise to indefinitely long time intervals (see Bell Communications Research 
1987 [B19]). 

c) 

4.4

a) 

b) 

4.5

 Switching transients 

Switching transients can be divided into two general categories—internal switching transients and external 
switching transients. 

Internal switching transients. Internal switching transients occur in wire line facilities when 
inductances (relay coils, transformers, etc.) are switched off. Parameters such as the amplitude of 
the switching current and the stored energy are usually known. Therefore, the surge voltage 
magnitude can be calculated. See IEEE Std C37.90.1-1989, IEEE Std C62.41-1991, and           
IEC 61000-4-4 (1995). 

External switching transients. Transients may be induced in wire line facilities by means of 
capacitive or inductive coupling when switching occurs in nearby power systems [see item a) and 
item c) of 4.3.1.2]. 

Capacitively coupled transients are possible if high rates of change of voltage are generated in power lines. 
For example, voltage transients can occur during switching operations in power systems. See                   
IEEE Std C37.90.1-1989, IEEE Std C62.1-1989, IEEE Std C62.41-1991, and IEC 61000-4-4 (1995). 
 
Inductively coupled transients are possible if high current rates of change are generated in power lines. For 
example, current transients can occur during fault conditions or when switching power factor correction 
capacitors. 

 Electrostatic discharge 

Electrostatic discharge (ESD) is one of the most common types of pulsed electromagnetic interference (EMI) 
that plagues electronic equipment. Although the energy contained in an ESD pulse is low compared to other 
threats, such as electromagnetic pulse (EMP) (see 4.6), the extremely high frequencies associated with ESD 
result in radiated coupling of the ESD to even short connections in electronic circuits. This coupling is 
frequently at a sufficient level to upset electronic circuits. 
 
The sources of ESD are virtually limitless. The only requirement is that two dissimilar materials be brought 
into contact in order to develop a charge. This can occur through activities such as paper moving through a 
printer, a chair being moved across the floor, or the familiar case of a person walking across a carpet. 
 
The two most common sources of ESD, for many electronic products, are personnel and mobile furnishings, 
such as chairs on casters or equipment carts. These two broad categories are identified as personnel ESD and 
furniture ESD. 
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ESD can be further subdivided into direct and indirect ESD events. In a direct ESD event, the arc from the 
intruder terminates directly on the equipment victim. However, in an indirect ESD event, the ESD arc 
terminates on an object other than the equipment victim. In the case of indirect ESD, it is the electromagnetic 
field from a nearby ESD event that threatens the equipment victim. 
 
Floor-standing electronic equipment is commonly subjected to direct ESD from both personnel and furniture 
sources. However, tabletop equipment is usually only subjected to direct ESD from personnel because 
furniture typically cannot touch tabletop products directly. Of course, both floor-standing and tabletop 
equipment are subjected to indirect ESD from both personnel and furniture. 

4.5.1

4.5.2

4.5.3

4.5.4

 Charge voltages 

Personnel can achieve charge voltages as high as 15 kV, with levels as high as 20 kV in extreme cases. In the 
case of furniture ESD, charge voltages seldom reach such high levels. Typically, furnishings have sharp 
corners or radii that encourage corona discharge. As a result, furnishings usually do not achieve charge 
voltages in excess of 6 kV, or 8 kV in extreme situations (see IEC 801-2 [B15] and CISPR-22 [B16]). 

 ESD current 

Although ESD threat levels are often specified in terms of charge voltage, it is in fact the discharge current 
that is more indicative of the threat level. 
 
For personnel ESD, peak discharge currents can attain levels of up to tens of amps. However, this peak 
current may only exist for a few nanoseconds or less. For furniture ESD, peak current levels may be much 
higher than for personnel ESD, even though the maximum charge voltages are lower. Peak currents of greater 
than 100 A may be achieved from furniture ESD. In addition, this high current level may last for several 
nanoseconds. As a result, even though the charge voltages associated with furniture ESD are less than those 
for personnel ESD, furniture ESD is typically a much more severe threat to electronic equipment. 

 ESD frequency spectrum 

An ESD pulse contains a broad spectrum of frequency components. The spectrum ranges from tens of MHz 
to as high as 5 GHz, or more. The upper boundary of the frequency spectrum is related to many factors 
including the charge voltage. For personnel ESD, the fastest pulse rise times (and thus highest frequencies) 
typically occur at charge voltages of less than 4 kV. These fast rise times are usually faster than 350 ps. At 
higher charge voltage levels, such as 10 kV or more, ESD pulse rise times are typically much slower. Rise 
times as slow as 20 ns are possible. 
 
With furniture ESD, the initial rise time of the pulse may also be faster for lower charge voltages. In fact the 
initial rise time of furniture ESD may also be less than 350 ps, just as for personnel ESD. However, the rise 
time of furniture ESD at higher charge voltages is typically not slowed to the same degree as for personnel 
ESD. Thus, the maximum frequency would show less variation for furniture ESD than for personnel ESD. 

 Energy levels 

Because the energy stored in an ESD is related to the square of the charge voltage, and since personnel ESD 
can involve higher charge voltages, it is typically possible for personnel ESD to have a higher energy level 
than for furniture ESD. In the case of personnel ESD, the energy stored would typically not exceed 15 mJ, 
although levels as high as 80 mJ could be achieved in extreme cases. With furniture ESD, the energy stored 
would typically not exceed 5 mJ, although levels as high as 15 mJ could be achieved in extreme cases. 
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4.5.5

4.5.6

4.6

5.

5.1

 Field strengths 

Field strengths for indirect personnel ESD 10 cm from an arc were calculated to reach 4 kV/m for the E-field 
and 15 A/m for the H-field. Because furniture ESD is typically more likely to cause failure than fields from 
personnel ESD, it is believed that fields from furniture ESD are even higher than those for personnel ESD. 

 Rate of occurrence 

The rate at which ESD occurs is dependent on the degree to which static charging is controlled. For example, 
if charging is controlled by the use of such items as antistatic carpets and controlled humidity, ESD at peak 
current levels of 5 A or higher, may be expected every 2 h to 3 h. However, if no special ESD preventive 
measures are taken, ESD peak currents of more than 5 A may be expected to occur once per hour. Higher 
ESD currents, of course, occur less frequently. In a controlled environment, peak ESD current levels of more 
than 20 A would occur only about once every 70 h. In an uncontrolled environment, peak currents of 20 A or 
more would only occur about every 10 h. In any case, however, the frequency of occurrence is too great to be 
ignored. 

 Electromagnetic pulse 

When a nuclear device explodes at high altitudes, gamma rays are generated, traveling away from the 
explosion at the speed of light. When these gamma rays collide with molecules, electrons are knocked off 
(Compton effect). This results in a band of high speed Compton electrons, moving generally towards earth. 
The interaction between these electrons and the earth’s magnetic field creates a very fast rising, single 
radiated pulse. The effects of this pulse will be felt on all the earth’s surface visible from the point of the 
explosion. The extended geographical coverage, high-peak field strength, and fast rise time may result in 
high-amplitude transients on wire lines and may threaten terminal equipment (see NATO 1977 [B8]; Dept. of 
Defense 1972, [B9] and [B10]; Lerner 1981[B18]; and Vance [B36]). 

 Comparison and selection of component surge-protective devices 

This clause provides a general discussion of the similarities and differences between the component SPDs 
covered by this guide. It is intended to assist the reader in selecting the appropriate component, or 
combination of components, in order to achieve the characteristics desired of a surge protector, or to achieve 
the desired level of protection for a specific product or system within which the component SPD is installed 
as an integral part.  
 
Component SPDs generally fall into one of two types: 1) voltage switching (“crowbar”) or 2) voltage limiting 
(“clamping”) (see Clause 3). 5.1 provides a general comparison between these two types of SPDs. 5.1.1 
provides a general comparison between voltage switching SPDs. 5.1.2 provides a general comparison 
between voltage limiting SPDs. 5.1.3 and Table 1 provides a broad comparison between related device 
parameters of component SPDs. 

 Comparison between voltage switching and voltage limiting component SPDs 

Component air gaps and gas tubes are voltage switching SPDs that effectively behave as short circuits when 
operating in response to voltage surges. In so doing, these devices may be used to divert substantial surge 
current resulting in voltages significantly lower than the normal operating voltage. When this occurs, the 
energy of the surge needs to be dissipated elsewhere in the circuit. 
 
Component varistors and avalanche junction semiconductors are voltage limiting component SPDs that 
effectively behave like low non-linear impedances, but not short circuits, when operating in response to 
voltage and current surges. Therefore, for the same level of surge current, these devices need to be capable of 
dissipating greater power than air gaps and gas tubes. 
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Component air gaps and gas tubes exhibit very high resistance and low capacitance under normal (i.e., non-
surge) operating conditions. Consequently, under non-surge conditions these devices conduct little or no 
current in the circuit. 
 
Component varistors and avalanche junction semiconductors exhibit lower resistance and higher capacitance 
under normal (i.e., non-surge) operating conditions than air gaps or gas tubes. Consequently, under non-surge 
conditions attention needs to be paid to the current conducted by these devices in the circuit. 
 
In the case of air gaps and gas tubes, the voltage across the terminals of these devices when responding to a 
surge can be lower than the voltage that is normally present across the terminal under non-surge conditions. If 
the circuit impedance between these devices and normal operating voltage source is low at normal operating 
frequencies of the circuit, these devices might effectively short-circuit or ground the circuit conductors during 
surges resulting in follow (power) current. Consequently, the operation of these devices when connected 
directly across a low impedance line does not normally provide interruption-free service unless they are used 
in conjunction with other components to avoid a short-circuit being applied to the line. This may be 
particularly important to maintain critical services (see, for example, IEEE Std 487-1992). In many 
communication and signaling circuits, the gas tube component device can be designed to self-reset (see 
Annex A). 
 
In contrast to air gaps and tubes, the voltage appearing across the terminals of MOVs and avalanche junction 
semiconductor devices during a surge is greater than the normal voltage. Consequently, power follow current 
is not normally a concern for these devices as it is with air gaps and gas tubes, and their operation does not 
normally interfere with the circuit.  
 
Finally, the published impulse breakdown voltages of gas tube and air gap surge arrester devices are defined 
for specific voltage rates of rise. Higher voltage rates of rise may result in measured limiting voltages greater 
than the published impulse breakdown voltage. In contrast, the published clamping voltage of a varistor or 
avalanche junction semiconductor is determined for specific current amplitudes and current waveforms. 
Higher current amplitudes or faster rising current waveshapes may result in measured voltages greater than 
the published voltage clamping levels. 
 
The differences in characteristics between voltage limiting and voltage switching component SPDs are such 
that they can be made to complement each other when used in combinations that take advantage of the 
strengths of each. 

5.1.1 Comparison between voltage switching SPDs (air gaps and gas tubes) 

Air gap SPDs typically have a wider statistical variation of dc (or ac) and impulse breakdown voltage than 
gas tube surge SPDs of similar nominal dc breakdown voltage rating. Thus, in cases where the difference 
between normal operating voltage levels and the required protection voltage level is small, it is possible that 
some percentage of air gap SPDs at both ends of the statistical performance distribution would both interfere 
with normal operation and allow damage to the protected equipment. Consequently, in applying air gap SPDs 
the user should apply an appropriate margin between normal operating voltage and the published dc (or ac) 
breakdown voltage. With gas tube SPDs this adverse characteristic is much reduced (see 6.2). 
 
For applications on typical communications and signaling lines, the difference in sensitivity to voltage rate of 
rise between air gap and gas tube surge SPDs is not significant enough to be of importance. For gas tube 
applications where surges with high rates of rise (greater than 1000 V/µs) are present, the use of specialized 
gas tubes should be considered. SPDs having three or more electrodes in a common sealed chamber are 
available in gas tubes but not air gap SPDs. The common chamber design in multi-electrode gas tube SPDs 
provides an improved balance between the line terminals by reducing the impulse or AC transverse voltage.  
 
Generally, gas tube devices exhibit a glow-mode characteristic that is not found with air gap devices. A 
device in the glow mode will operate at a higher temperature than a device not in the glow mode conducting 
the same current. As a result, gas tube SPDs may have shorter ac life at certain current levels than air gap 
surge arresters. 
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Hermetically sealed gas tube SPDs with long surface leakage paths between electrodes are less susceptible 
than air gap SPDs to dust, insect contamination, and temperature and humidity variations. These conditions 
may cause failure of an air gap SPD due to low-insulation resistance or low-breakdown voltage. Some gas 
tube SPDs contain minute amounts of radioactive material; air gap SPDs do not. 
 
The most significant difference between air gap and gas tube SPDs is their useful impulse life in actual 
service and in impulse life tests, and their sensitivity to dust, insect contamination, temperature, and humidity. 
For a given set of impulse life test criteria, gas tube SPDs typically survive from 4 to 40 times more life test 
surges than air gap SPDs. Consideration should be given to short-term versus long-term cost benefits for one 
type of device over the other. 

5.1.2

5.1.3

                                                

 Comparison between voltage limiting type SPDs 

MOVs and avalanche junction semiconductors are available in a variety of rated parameter values (see IEEE 
Std C62.33-1982 and IEEE Std C62.35-1987). Avalanche junction semiconductors can limit voltages to very 
precise levels and are available in low-voltage ranges. MOVs have symmetrical volt ampere characteristics, 
while avalanche junction semiconductor devices are available with both symmetrical and asymmetrical volt-
ampere characteristics. For avalanche junction semiconductor devices reference should be made to the 
manufacturer’s data for clamping level for both polarities. The capacitance for both types of devices is 
relatively high and varies with the applied bias. Generally, the capacitance for both these devices varies 
inversely with rated voltage, with the capacitance being greatest at the lower voltage ratings. The capacitance 
associated with these devices should be taken into account when connecting the devices between ungrounded 
ac circuit conductors and the equipment ground, since objectionable capacitively coupled leakage currents to 
ground may be introduced.  
 
Generally, the failure mode in avalanche junction semiconductors and varistors is the short-circuit mode. It is 
suggested that the need for overcurrent protection be determined for both devices. 

 Comparison between related device parameters 

Table 1 is intended to provide an overview of some of the parameters of gas tubes, air gaps, MOVs, and 
avalanche junction semiconductor devices. The ranges shown in the table are for typical, commercially 
available single component devices. Values outside these ranges are also possible for individual devices, or 
packages incorporating multiple devices connected in parallel. Although the descriptions of the related device 
parameters in Table 1 are grouped based on their similarities, the clauses and subclauses referenced in the 
table, which are contained in this guide and which provide a general description of the meaning of the related 
device parameters, must be reviewed before attempting to compare different devices. The reader is cautioned 
that for a particular component the parameters in this table may be higher or lower, may not be independent 
of one another, and that some combinations of parameters may not be available. The reader is cautioned that 
the test surges used to obtain performance values for different types of SPDs are in some cases different 
though they may appear at first to be the same, thus making a direct comparison of values possibly 
inappropriate. An example is an 8/209 test current wave that actually flows through a component SPD under 
test versus a current wave supplied by a combination wave generator to a hybrid SPD in which case the 
current wave is an 8/20 generator short-circuit current wave, and may not be the actual test current that passes 
through the device. 
 
Reference should be made to the complete specifications for a given device and a detailed analysis of the 
specific application should be conducted. 
 
 

 
9 "The impulse waveshape designation indicates the time in microseconds for a surge waveform to rise to its peak value followed by the 
time in microseconds for that surge waveform to decay to 50% of its peak value. This nomenclature is more thoroughly defined in IEEE 
Std C62.1-1989, Clause 2, Definitions [wave shape designation (of an impulse)]; in IEEE Std C62.37-1996, Annex A, Definition 
A.2.12(1); and in IEEE Std C62.37.1-2000, Clause 7.2.1." 
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Table 1 —Comparison of different device parameters (higher or lower values are possible 

Related device parameters Gas tubes/ 
air gaps 

MOVs Avalanche junction 
semiconductors 

DC breakdown voltage 75 V to >1200 V – – 
Nominal varistor voltage, Vn – 3.5 V to >1200 V – 
Breakdown Voltage, V(br) – – 3 V to >850 V 

Clauses and subclauses 6.3.1/7.3.2 8.3.6 9.3.7 
Capacitance 0.5 pF to 5 pF 3 pF to 30 000 pF 5 pF to 10 000 pF 

Clauses and subclauses 6.3.2/7.3.5 8.3.8 9.3.12 
Maximum single impulse 
discharge current 

5000 A to 100 000 A 
(8/20) 

10 A to 2000 A (10/1000) 

– – 

Rated single pulse transient 
current Itm

– 8 A to 80 000 A (8/20) – 

Rated peak impulse current 
Ippm

– – 2.5 A to 40 A (10/1000) 

Clauses and subclauses 6.3.5/7.3.5 8.3.2 9.3.2 
Impulse breakdown voltage 250 V to >1500 V 

(100V/µs) 
– – 

Clamping voltage Vc – 17 V to 4000 V (8/20) 7 V to 540 V (10/1000) 

Clauses and subclauses 6.3.4/7.3.4 8.3.1 9.3.1 
Rated RMS voltage, Vm – 3 V to 1500 V – 
Rated stand-off voltage, Vwm – – 3 V to 700 V 

Clauses and subclauses  8.3.4 9.3.3 
DC stand-by current, Id – 0.5 μA to 200 μA 0.01 μA to 1000 μA 
Insulation resistance 1 GΩ to 10 GΩ – – 

Clauses and subclauses 6.3.3/7.3.3 8.3.5 9.3.4 

NOTE—The purpose of this table is to show similarities among established parameter terminology of the different 
component technologies. This application guide uses existing terms; it does not create new terms or change existing ones. 
Table 1 groups different parameter terms for easy comparison. 
 

6. 

6.1

Gas tubes 

This clause presents a description, theory of operation, test characteristics, and an application guide for 
component gas tube arrester surge-protective devices. 

 Description 

Gas tube arresters consist of two or more metallic electrodes that are separated by gap(s) in a hermetically 
sealed envelope containing an inert gas or mixture of gases, usually at less than atmospheric pressure. Some 
of the gases used are argon, helium, hydrogen, and nitrogen. Electrode spacing is maintained by means of 
ceramic, glass, or other insulating materials, that may form a part of the sealed envelope. The electrodes are 
fitted with a variety of terminations suitable for mounting on circuit boards, clip terminals, sockets, or for 
incorporation in a protector. Figure 4 illustrates in a simplified manner the functional components of a typical 
two-electrode gas tube arrester and its circuit symbol. Other types of gas tube geometries, including those that 
employ more than two electrodes, are also in common use. 
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Figure 4

6.2

 —Cross-sectional view of the functional components of a two-electrode gas tube 
arrester (simplified) 

 Theory of operation 

Gas tube arresters operate as cold cathode discharge tubes. An electrode may serve as either an anode or a 
cathode, depending on the polarity of the applied voltage. When the gap of a gas tube arrester is subjected to 
an increasing field intensity due to a voltage surge, it will break down at some voltage that is determined by 
the design of the gas tube arrester, and the rate of rise of the voltage surge. The faster the rate of rise of the 
surge wavefront, the higher the impulse breakdown voltage. Design factors include spacing between 
electrodes, type of gas used, gas pressure, electrode configuration, and surface coating. 
 
Because the inter-electrode distance in a gas tube is finite and the flight time of an electron across this gap is 
also finite, time is needed to begin and to form the electron avalanche required for breakdown. This time is 
dependent on the amount of overvoltage above the DC breakdown voltage of the tube. If the applied voltage 
wave is increasing rapidly, of the order of volts per microsecond, the small amount of time required to begin 
and form the avalanche may allow the rapidly rising voltage to exceed the DC breakdown voltage by an 
amount sufficient to harm the equipment intended to be protected. Generally, the faster the rate of rise, the 
higher the overvoltage required for operation of the tube. In order to minimize this effect, gas tube 
manufacturers may place graphite lines on the interior walls of the insulator. These act to provide free 
electrons from partial gas discharge at their ends. 
 
For a particular electrode material and configuration, the dc breakdown potential for a certain gas or gas 
mixture follows Paschen’ s law, which states that the breakdown voltage is a function only of the product of 
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the gas pressure multiplied by the distance between the plane electrodes. See Cobine 1958 [B4] and 
Druyvesteyn and Penning [B6]. 
 
Small amounts of radioactive material may be placed inside the gas tube during manufacture. These 
radioisotopes may be introduced as a solid or in gaseous form. Their purpose is to provide a constant low 
level source of free electrons. A gas tube operating in the light will have free electrons present in its gas 
chamber due to photoionization. In the dark this source of free electrons is absent and the DC breakdown of 
the tube can be considerably higher. With the addition of a radio isotope a constant source of electrons is 
available to stabilize breakdown.  
 
In the nonconducting state, the gas tube arrester has a very high resistance, in the order of several thousand 
megohms. Once breakdown occurs, various operating states are possible, depending upon the external 
circuitry. These states are exhibited in the voltampere characteristic, typical of a gas tube arrester (see    
Figure 5). At currents less than the glow-to-arc transition current, a glow region exists. At low currents in the 
glow region, the voltage is nearly constant; at high glow currents, some arrester types may enter an abnormal 
glow region in which the voltage increases. Beyond this abnormal glow region the tube impedance decreases 
in the transition region into the low-voltage arc condition. The arc-to-glow transition current may be lower 
than the glow-to-arc transition. The voltampere characteristic, in conjunction with the external circuitry, 
determines the ability of the gas tube arrester to extinguish after passage of a surge, and also determines the 
energy dissipated in the arrester during the surge. Specific examples of circuit behavior of gas tube arresters 
can be found in Annex A. The voltampere characteristic is controlled by the design of the gas tube arrester. 
 
When breakdown of a gas tube arrester occurs, a low-impedance condition is produced. The energy 
remaining in the disturbing transient is shunted and reflected away from the components to be protected. 
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Figure 5 —Typical voltampere characteristic for gas tube arresters 
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6.3

6.3.1

6.3.2

6.3.3

 Gas tube arrester test characteristics 

This subclause applies to all gas tube surge-protective devices. For further information about the following 
tests, see IEEE Std C62.31-1987. 

 DC breakdown voltage test 

DC breakdown is a breakdown caused by a slowly rising voltage. Unless otherwise specified, a rate of rise 
not exceeding 2 kV/s is used for this test. Breakdown voltages of many gas tube arresters will only vary 
slightly, when the rate of rise is less than 2 kV/s. 
 
Low dc breakdown voltage is of concern where the crest value of the sum of the system operating voltages 
and any permissible low-frequency extraneous voltages (for example, induction from power lines) approach 
the lower-limit dc breakdown value of the gas tube arrester. Should the crest value exceed the dc breakdown 
voltage of the gas tube arrester, causing it to sparkover, interruption of the transmission or signaling on the 
circuit will occur. 
 
During the life of gas tube arresters, after being exposed to a number of transients and disturbances, the gas 
tube arrester usually deteriorates in a manner whereby the dc breakdown voltage changes (typically the 
breakdown voltage is reduced). This may be accompanied by a degradation of other parameters, such as 
insulation resistance and impulse breakdown voltage. 
 
If the dc breakdown voltage is too high, the gas tube arrester will fail to break down and will not conduct a 
disturbing low-frequency current to ground, thus failing to protect the circuit. 
 
In general, dc breakdown should be high enough so as not to interfere with the normal operation of equipment 
to be protected. It should be low enough so that the gas tube arrester breakdown will occur before a low-
frequency voltage can rise to destructive magnitudes. 
 
The dc breakdown voltage for gas tubes covered by the scope of this guide can range from 75 V ±20% to 
1200 V ±20%. The low end of the range of voltage breakdown is limited by the ionization potentials of gases 
used in the manufacturing of the tube. The high end is more flexible, capable of up to tens of thousands of 
volts depending on the application requirement.    

 Capacitance test 

Capacitance of gas tube arresters installed on low-frequency lines is usually of small concern due to the 
inherent low-capacitance of the gas tube arresters. The capacitance of a two-electrode gas tube arrester is 
usually in the range of 0.5 pF to 5 pF. Considering the upper value of 5 pF and a line frequency of 1.0 MHz, 
the impedance between terminals is approximately 31.8 kΩ. Capacitance of gas tube arresters is usually 
constant over a wide range of frequencies. The unit-to-unit capacitance variation between gas tube arresters of 
the same type is usually quite small. Capacitance of gas tube arresters is normally so low that signal loss and 
unbalance are insignificant in most applications. 

 Insulation resistance test 

The initial insulation resistance of gas tube arresters is in the order of thousands of megohms. During the field 
life of a gas tube arrester, the insulation resistance decreases due to the formation of internal and external 
leakage paths. A substantial decrease in insulation resistance could result in noisy conditions and ultimately 
in a loss of transmission or signaling. Unbalance caused by a substantial difference in insulation resistance to 
ground of gas tube arresters on each side of line could be a contributing factor in causing noise. The lowest 
tolerable insulation resistance depends on the system application. 
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6.3.4

6.3.5

6.3.6

6.3.7

 Impulse breakdown voltage test 

The impulse breakdown voltage characterizes the ability of a gas tube arrester to limit fast rising voltage 
transients. The breakdown voltage should be less, by a suitable margin, than the withstand ability of the 
component or circuit that is to be protected. The impulse breakdown voltage should not be set so low that the 
dc breakdown voltage, which would normally be lower, interferes with system operation. 
 
Due to a time lag between the presence of voltage that is high enough to cause breakdown and actual 
ionization process, faster rates of rise cause higher breakdown voltages. Curves plotting breakdown voltages 
versus rates of rise are published by gas tube manufacturers. In the absence of special test requirements, the 
rates of rise should be one or more of the following: 100 V/µs, 500 V/µs, 1 kV/µs, 5 kV/µs, and 10 kV/µs. 
See Figure 3 of IEEE Std C62.31-1987 for typical test waveforms. 
 
Impulse breakdown voltage for devices covered under the scope of this guide range from 250 V to greater 
than 1200 V. Impulse breakdown voltage is typically 500 V at the rate of rise of 100 V/µs and 900 V at the 
rate of rise of 10 kV/µs. 

 Maximum single impulse discharge current test 

The maximum single impulse discharge current test is a measure of the capability of a gas tube arrester to 
withstand a single large surge. Nearby lightning strikes can produce such surges. IEEE Std C62.31-1987 
specifies waveforms of 10/1000 µs and 8/20 µs as well as failure modes. This magnitude is determined by the 
possibility of exposure to a severe impulse. The test is of greatest importance in applications involving 
exposed facilities located in areas of high thunderstorm activity or high soil resistivity. The maximum single 
impulse current is mainly determined by factors such as the electrode area, the electrode material, the heat 
dissipation path, etc. Values for 8/20 current range from 5 kA to 100 kA. Typical values for this current are 
20 kA for 8/20 current waves and 2 kA for 10/1000 current waves. 

 Impulse life test 

One of the most important measures of the capability of gas tube arresters is the impulse life test. Table 1 of 
IEEE Std C62.31-1987 suggests waveforms and currents to be used. The individual application will 
determine the extent of life test requirements needed. 
 
Applications in areas of high lightning incidence or severe exposure may justify the use of gas tube arresters 
with high-impulse life characteristics.  
 
Lightning flash density maps (see Global Atmospherics [B12]) are published showing ground flashes per 
kilometer squared per year. From the severity and incidence of lightning, the type of facilities, the desired 
reliability of service, and the exposure to lightning, a determination can be made of the gas tube arrester’s life 
requirements. 
 
Although lightning occurs in multiple flashes, usually averaging two to six flashes within a few tenths of a 
second, a standardized life test method has been accepted. Test results can be used for comparing 
cost/performance trade-offs and to indicate the durability of gas tube arresters. Failure criteria for this test are 
defined in IEEE Std C62.31-1987. 
 
The useful life of the gas tube arrester is ended when degradation results in interference with transmission or 
signaling, or when the breakdown voltage reaches a point where the gas tube arrester fails to protect. 

 AC discharge current test 

The ability of a gas tube arrester used on communications lines to withstand an ac current is significant in 
applications where power contacts and power induction are factors. Experience has shown that induced 
currents are usually less than 5 A, but may be of very long duration. Power contact currents of hundreds of 
amperes are possible, but the high currents are usually interrupted in less than 5 s by disconnect devices. 
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6.3.8 

6.3.9

6.3.10

6.3.11

Alternating follow current test 

The alternating follow current test measures the ability of a gas tube arrester to extinguish under specified 
conditions. IEEE Std C62.31-1987 suggests voltages and frequency to be used. This ability is of particular 
interest for gas tube arresters used on circuits intended to carry ac power because it characterizes their ability 
to extinguish, thus restoring normal service, after the passage of a surge. During the time that conduction 
occurs, service is interrupted. 

 Holdover test 

In applications where a dc voltage exists on a line, the holdover test is a measure of the ability of a gas tube 
arrester to extinguish after it is subjected to an impulse large enough to cause it to conduct. During the time 
that the gas tube arrester is in a holdover condition (that is, conducting), transmission and signaling are 
interrupted. Further, a potentially destructive condition is introduced, possibly causing overheating of the gas 
tube arrester. Holdover becomes increasingly probable as dc line voltages and available line current increases. 
The holdover of a gas tube arrester is strongly influenced by the external circuit in which it is operating. 
Significant circuit parameters, which may influence holdover, are open circuit voltage, short circuit current, 
source regulation characteristics and values of the reactive components. 

 Transition time test 

Transition time is the time required for the voltage across a conducting gap to drop into the arc region after 
the gap initially begins to conduct. Indirectly, it is a measure of the energy dissipation of a gas tube arrester 
during breakdown. The faster the transition time, the less energy the tube is required to dissipate during the 
breakdown interval. 

 Impulse transverse voltage test 

The impulse transverse voltage is the metallic voltage that appears across the line terminals of the gas tube 
arrester when a longitudinal voltage is impressed on each of the lines. 
 
The impulse transverse voltage test is primarily intended to test gas tube arresters with three or more 
electrodes. In balanced communications or signaling circuits, two-electrode gas tube arresters can be used to 
protect each conductor of a pair. If one gas tube arrester breaks down and the other does not or is delayed, a 
metallic voltage results. This metallic (transverse, normal mode) voltage can cause equipment damage (see 
Figure 6-1, Figure 6-2, and Figure 6-3.). Gas tube arresters with three or more electrodes can be designed to 
reduce the metallic voltage. However, transverse voltages are unlikely to be eliminated completely, and the 
application should accommodate such circumstances. 
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Figure 6-1—Simplified illustration of line-to-line voltage unbalance—line-to ground voltage 
A-G, B-G  

 

 

Figure 6-2—Simplified illustration of line-to-line voltage unbalance—line-to-line voltage A-B  

 
Figure 6 -3—Simplified illustration of line-to-line voltage unbalance—schematic of arresters 

connected A-G, B-G 
NOTE: Surges of equal rates of rise are simultaneously applied to line A and line B. After the first arrester breakdown 

occurs there is a time delay until the second arrester breakdown occurs, resulting in a metallic voltage. 
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6.3.12

6.3.13

6.3.14

6.4

 AC transverse voltage test 

The ac transverse voltage test is similar to the impulse transverse voltage test except that a 50 Hz or 60 Hz 
source is used. This test is primarily intended for gas tube arresters with three or more electrodes. It is a 
measure of the energy that is transferred to the circuit or component being protected under specific load and 
line conditions, where a balanced longitudinal 50 Hz or 60 Hz voltage is impressed on the line. 

 Voltampere characteristic test 

The voltampere characteristic is portrayed as a graph and usually shown as a plot of current versus voltage. It 
includes dc breakdown, glow voltage, glow-to-arc transition current, arc voltage, and arc current (see     
Figure 5). 

 Crosstalk test 

IEEE Std C62.31-1987 describes a method to measure crosstalk loss between vertically and horizontally 
adjacent pairs on multipair protector assemblies. Since crosstalk is a function of the wires, leads, and cable 
stubs rather than the gas tube arrester itself, the test is generally unnecessary in selecting a gas tube arrester 
for a specific application. 

 Application of gas tube surge arresters (telecommunications) 

The application of gas tube surge arresters to limit voltages at the terminals of electrical apparatus requires 
the selection of a gas tube arrester with suitable characteristics, and then the proper physical arrangement of 
the gas tube arrester in the electrical circuit. It also requires the selection or design of equipment that will 
withstand the energy that bypasses the selected arresters in their circuit configuration. An overall economic 
choice of both equipment and arresters should be made. 
 
The electrical configurations of the most common applications are illustrated in the matrix in Figure 7. The 
configurations have one or more signaling terminals and usually include a ground terminal. The one-port 
configuration may represent a communication line or terminating equipment for communication facilities. 
The two-port configuration may represent a communication line repeater. Figure 7a)’s arrangement in each 
configuration limits longitudinal (common mode) surge voltages. Figure 7b)’s arrangement uses multigap 
surge arresters to limit longitudinal voltages while also minimizing metallic (transverse mode) voltages. The 
multi-gap arresters may also afford a size reduction as compared to the single-gap arrangement.              
Figure 7-3c)’s arrangement limits transverse mode surge voltages, but does not provide protection against 
common mode surge voltages. An additional arrester (see Demircioglu et al 1978 [B5]) may be added to this 
last arrangement, connected between one of the terminals and ground, to provide longitudinal mode 
protection. 
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Figure 7 —Typical arrangements of gas tube surge arresters 
 
 
The application principles will be discussed in detail for the configuration consisting of two signaling 
terminals and a ground terminal (see Figure 8), the objective being to limit the magnitude of surge potentials 
that may occur between the two signaling terminals and between either terminal and ground. 
 

 
 

Figure 8 —Protection of circuit composed of two signaling leads and a ground terminal 
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6.4.1

6.4.2

6.4.3

 Operational compatibility 

In the quiescent state, an unoperated gas tube surge arrester should not interfere with transmission of 
information, control, or test signals. Leakage resistance of the gas tube surge arrester, measured at the 
voltages applied by the system, should be sufficiently high to avoid significant insertion loss. The low-
capacitance of gas tube surge arresters generally causes insignificant insertion loss as compared to the 
transmission line at the protected terminals. However, if capacitance is of concern (such as in high-frequency 
applications), its maximum permissible value should be specified at the frequency of the applied transmission 
signal. 
 
Unwanted clipping of signals is avoided by specifying the minimum dc breakdown voltage to be greater than 
the largest signal level, including any superimposed dc bias or any acceptable induced ac interference voltage, 
at the protected terminals. Gas tube surge arresters do not incorporate a current-limiting element to extinguish 
follow currents after a surge has been conducted. Conduction is interrupted if the load line of the source 
intersects the voltampere characteristic of the off state after the surge has decayed (see Annex A). 
Extinguishing capability is established by testing for holdover with a test source having the equivalent load 
line of the actual source at the protected terminals. Since reactive components (that is, transmission line, 
connected apparatus) may effect extinguishing, they should be included in the holdover test circuit. 

 Voltage limiting 

The gas tube surge arrester is intended to limit the magnitude of unwanted voltage transients to levels that are 
below the withstand threshold of apparatus being protected (with suitable margin for aging of the apparatus). 
Protection of the circuit shown in Figure 8 requires that the voltages between terminals A-G, B-G, and A-B 
all be limited. In many applications, surges are of like polarity with respect to ground, and the maximum 
voltage between terminals A-B does not exceed the gas tube arrester surge limiting voltage between A-G or 
B-G. Accordingly, two gas tube surge arresters, placed between A-G and B-G, are normally sufficient to 
protect all three terminals. If the application is such that metallic transients can occur without a longitudinal 
component, then the two-gas tube arrester arrangement will permit metallic voltages as high as the sum of the 
two limiting voltages. In this situation, a third gas tube arrester placed between terminals A-B may be 
necessary to limit metallic transients to lower values. 
 
If protection against fast-rising transients is desired, the voltage rate-of-rise of the transients should be 
specified. If the rate of rise is not known, suggested values are 100 V/µs for lightning transients on metallic 
shielded communication or signaling lines and 500 V/µs on unshielded lines, 100 kV/µs for EMP, 1 kV/µs 
and 5 kV/µs for ac power switching transients. Protection against 50 Hz or 60 Hz overvoltages is usually 
provided by selecting the maximum dc breakdown voltage to equal the peak value of the tolerable ac 
overvoltage. 

 Failure mode 

Since the failure mode of the gas tube surge arrester affects protection of terminal equipment, the preferred 
failure mode of the gas tube arrester should be specified. Gas tube arrester failure modes are of two types: 
those that may interfere with system operation, and those that do not. In the first category are the short-circuit 
failure mode, the low-breakdown voltage failure mode, and the low-insulation resistance failure mode. These 
failure modes are often detectable by the user of the protected system and are usually preferred where 
protection of people, property, or terminal equipment is paramount. In the second category is the high-
breakdown voltage failure mode. This failure mode is not normally noticeable to the user (without special 
testing), and may be preferred where uninterrupted system operation is paramount. 
 
Failure of a gas tube arrester may be caused by several mechanisms. Among them are mechanical shock, 
corrosion, hermetic seal failure, and repeatedly or excessively large surge operation. Each of these 
mechanisms may produce different failure modes in a given gas tube arrester, so that both the type of stress 
and the preferred failure mode should be considered. 
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6.4.4

6.4.5

 Operations to failure 

Repeated discharges of impulse and alternating currents eventually cause a gas tube surge arrester to degrade. 
This degradation causes disruption of transmission or loss of protection if one or more of the device 
characteristics (for example, insulation resistance, breakdown voltage) do not satisfy desired values. The 
number of impulse or ac discharge current operations that cause a device characteristic to fail specifications is 
a measure of gas tube arrester lifetime. Since in-service discharges are likely to be of widely different 
amplitudes and durations, discharge tests made in accordance with IEEE Std C62.31-1987, are a convenient 
approximation of actual service life conditions. 
 
The required number of operations before failure depends upon the severity of the environment and the 
desired length of service. Since the lifetime of a gas tube arrester may depend on its mounting, and since 
many protectors contain mechanisms (internal, external, or both to the gas tube arrester) that conduct when 
the conducting capacity of the gas tube arrester has been exceeded, the gas tube arrester should be tested in its 
protector mounting. 
 
Protectors that are applied to exterior transmission lines may be subjected to surges from lightning or from 
nearby power lines. Because of the many conductive paths that are present, lightning-caused surges are 
normally lower than the currents delivered by the flash from the thundercloud. Lines in areas of high 
thunderstorm activity and lines without a grounded metallic shield experience the greatest number of high-
current lightning surges. Only a limited amount of surge current data for in-service facilities is available (see 
Klewe [B17] and Bell Communications Research 1987 [B19]). Peak values of these currents typically are less 
than 100 A, but may be higher on unshielded facilities (see Sunde 1968 [B33]). Discharge currents resulting 
from faults on 50 Hz or 60 Hz power lines are normally of short duration (less than 5 s) because of automatic 
disconnect devices on the power system. 
 
However, high-impedance power faults may last indefinitely, actuating the heat-sensing mechanism in the 
protector, and permanently short-circuiting the gas tube arrester. Gas tube arresters on ac power service lines 
may be subjected to repeated short duration surges caused by lightning, operation of nearby electrical 
equipment, or power system switching transients (see Martzloff and Hahn 1970 [B28]). 

 Grounding and bonding 

In Figure 8, the connection between the protector ground terminal and the local grounding electrode, known 
as the grounding conductor, shall be capable of conducting the sum of the currents of the two arresters, as 
well as from other paths. The grounding electrode is likely to be the ground for the neutral of a power system, 
a buried metallic water pipe, building steel, a ground-rod or mat, or a combination of these. In any case, the 
electrode establishes a local ground reference that is different in potential from a remote location in the earth. 
Nearby metallic systems should be connected to the same grounding electrode so that the potential difference 
to the electrode, rather than to remote earth, determines the difference in potential between nearby systems.  
 
The impedance of the grounding conductor multiplied by the current conducted during a surge will determine 
the voltage difference between point G of Figure 8 and other systems connected to the same electrode. If the 
arresters operate, the difference in potential between terminals A-B-G will be the conducting voltage of the 
arresters, but all three terminals will be at an elevated potential with respect to the ground electrode as 
determined by the voltage drop in the grounding conductor. For example, if the grounding conductor is 9 m 
(30 ft) of 14 AWG copper wire the total resistance will be about 0.08 Ω and the inductance about 12 µH. If 
the total surge current in the two arresters is 200 A, with a rise time of 100 A per microsecond, the resistive 
component of voltage will be 16 V and the inductive, 1200 V. 
 
The voltage appearing in the grounding conductor is minimized with short conductors. In the case of circuits 
that are bonded together, only that portion of the grounding conductor, which is not common to the protected 
circuits, contributes to the potential difference between circuits. 
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6.4.6 Location of arresters 

Protectors equipped with two-electrode or three-electrode gas tube arresters are connected to the terminals to 
be protected, as in the configurations in Figure 7a) and Figure 7b). The physical location should minimize the 
effect of grounding conductor impedance. 
 

CAUTION 

Care should be exercised to avoid an inadvertent hazard to the building in which the protected equipment is 
located. Section 800-30 (b) of NFPA 70, 2005 Edition (NEC), requires that, where the protector is installed 
inside the building, it shall be located as close as practicable to the point at which the exposed conductors 
enter the building. Figure 9-1 illustrates the hazard that can result if this requirement in Section 800-30 (b) of 
NFPA 70, 2005 Edition (NEC) is violated. Sustained conduction of 50 Hz or 60 Hz current to the protector 
ground can overheat the interior wiring and cause a fire hazard. 

Even when the primary protector is located at the building entrance, a low-longitudinal impedance to ground 
of the protected circuit can result in a hazard. The sustained conduction of 50 Hz or 60 Hz current to the 
protected circuit ground, due to a voltage that is insufficient to operate the primary protector, can be large 
enough to overheat the interior wiring or the protected circuit and again cause a fire hazard. If a secondary 
protector is installed, as illustrated in Figure 9-2, either to eliminate voltages in the grounding circuit, to 
induce overvoltages directly into the interior wiring, or to reduce overvoltages to a level lower than that 
which will cause the primary protector to operate, a fire hazard may still exist. The hazard may be reduced if 
the installation complies with Section 800-32 of NFPA 70, 2005 Edition (NEC) Section 800-32 requires that 
when a secondary protector is installed in series with the interior wiring between the primary protector and 
the protected circuit, it shall be listed for the purpose and shall incorporate a means for limiting the current, 
and thereby the heating, in the interior wiring. In addition, the impedance of the interior wiring between 
primary and secondary protectors and the current limiting means of the secondary protector may be sufficient 
to assure operation of the primary protector. 
 

 
 

Figure 9 -1—Possible overheating of interior wiring when protector is located remotely from 
building entrance  
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Figure 9-2—Possible overheating of interior wiring when secondary protector without 
current limiting is used 

6.4.7

7. 

7.1

 Codes and standards 

Arresters used for the protection of communication circuits should be mounted in protectors that comply with 
the provision of NFPA 70, 2005 Edition (NEC), Article 800 and/or Accredited Standards Committee         
C2-2002, where these are applicable. Both of these standards address the requirement for the provision of 
protectors. In addition, NFPA 70, 2005 Edition (NEC) addresses the location and grounding requirements for 
protectors on communications circuits that are subject to contact by power conductors operating at voltages 
above 300 V to ground. Typical safety test requirements are described in UL 497 [B34] for communications 
circuit protectors and in UL 497A [B35] for secondary protectors. 

Air gaps 

This clause presents a description, theory of operation, test characteristics, and an application guide for 
component air gap arrester surge-protective devices. 
 
Air gap surge arresters may generally be divided into two types: carbon electrode, which have for decades 
provided the principal primary protection for telecommunications; and backup air gap, which are used to 
avoid loss of protection in the event of venting to the atmosphere by a primary gas tube device. 

 Description 

Carbon air gap arresters are used for the purpose of diverting damaging energy from equipment or cable and 
are usually connected between line conductors and ground. 
 
A carbon air gap arrester consists of two carbon electrodes separated by an air gap, the dimensions of which 
establish the normal breakdown voltage. Electrode spacing is maintained by means of ceramic, glass, or other 
insulating materials. The electrodes can be fitted with a variety of terminations suitable for mounting on 
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circuit boards, clip terminals, sockets, or for incorporation in a protector. Figure 10 illustrates, in a simplified 
manner, the functional components of a commonly used two-electrode air gap arrester with its circuit symbol. 
 

 
 

Figure 10

7.2

7.3

 —Cross-sectional view of the functional components of a two-electrode carbon arrester 
(simplified) 

 Theory of operation 

A carbon air gap arrester electrode may be either an anode or cathode, depending on the polarity of the 
applied surge voltage. When the gap of a carbon air gap arrester is subjected to an increasing field intensity, it 
will breakdown at a voltage that is determined by the gap spacing, material, surface preparation, electrical 
configuration, atmospheric pressure, and the rate of rise of the voltage surge. The faster the rate of rise of the 
surge wavefront, the higher the impulse breakdown voltage. 
 
In the unoperated state, the carbon air gap arrester has a very high resistance, in the order of several thousand 
megohms. In the operational state, that is, when breakdown of the carbon air gap arrester occurs, a high 
conductance state is produced, and the voltage across the air gap arrester is reduced to the arc mode voltage of 
about 30 V, regardless of the current flowing through the air gap arrester. The energy remaining in the 
disturbing transient is shunted and reflected away from the components to be protected. 
 
For all practical purposes, the glow-mode characteristic exhibited by gas tube arresters does not exist for 
carbon air gaps arresters and is, therefore, not discussed. 
 
The useful life of an air gap arrester is ended when degradation results in interference with transmission or 
signaling, such as from low-breakdown voltage or from excessive noise due to low-insulation resistance. The 
useful life is also ended when the breakdown voltage of the air gap arrester rises to a level where it fails to 
protect. Degradation may be caused by conduction of ac or impulse currents, by mechanical disturbances, or 
by climatic conditions. 

 Air gap arrester test characteristics 

This subclause applies to all air-gap devices, except back-up air gaps, which are discussed in 7.5 of this guide. 
For further information about the following tests, see IEEE Std C62.32-1981. 
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7.3.1

7.3.2

7.3.3

7.3.4

 DC breakdown voltage test 

DC breakdown is a breakdown caused by a slowly rising voltage. Unless otherwise specified, a rate of rise 
not exceeding 1000 V/s is used for this test. Breakdown voltages of many air gap arresters will only vary 
slightly, when the rate of rise is less than 2 kV/s. To speed up life testing, a ramp speed of 2 kV/s is often 
used. 
 
Low dc breakdown voltage is of concern where the crest value of the sum of the system operating voltages 
and any permissible low-frequency extraneous voltages (for example, induction from power lines) approach 
the lower limit dc breakdown value of the air gap arrester. Should this crest value exceed the dc breakdown 
voltage of the air gap arrester, causing it to spark over, interruption of the transmission or signaling on the 
circuit will occur. 
 
During the life of air gap arresters, after being exposed to a number of transients and disturbances, the air gap 
arrester usually deteriorates in a manner whereby the dc breakdown voltage changes (typically the breakdown 
voltage is reduced). This may be accompanied by a degradation of other parameters, such as insulation 
resistance and impulse breakdown voltage. 
 
If the dc breakdown voltage is too high, the air gap arrester will fail to break down and will not conduct a 
disturbing low-frequency current to ground, thus failing to protect the circuit. In general, dc breakdown 
should be high enough so as not to interfere with the normal operation of equipment that is to be protected. 
Moreover, it should be low enough so that the air gap arrester breakdown will occur before a low-frequency 
voltage can rise to destructive magnitudes. 
 
The dc breakdown voltage for air gaps covered under the scope of this guide can range from 300 V ± 20% to 
1200 V ± 20%. The low end of voltage breakdown of an air gap is limited by the nature of Paschen’s 
breakdown law. The high end is more flexible, capable of up to tens of thousands of volts depending on the 
application requirement.   

 Capacitance test 

Capacitance of air gap arresters installed on low-frequency lines is usually of small concern due to the 
inherent low-capacitance of the air gap arresters. The capacitance of a two-electrode air gap arrester is usually 
in the range of 0.5 pF to 5 pF. Considering the upper value of 5 pF and a line frequency of 1.0 MHz, the 
impedance between terminals is approximately 31.8 kΩ. Capacitance of air gap arresters is usually constant 
over a wide range of frequencies. The unit-to-unit capacitance variation between air gap arresters of the same 
type is usually quite small. Capacitance of air gap arresters is normally so low that signal loss and unbalance 
are insignificant in most applications. 

 Insulation resistance test 

The initial insulation resistance of air gap arresters is in the order of thousands of megohms. During the field 
life of an air gap arrester, the insulation resistance decreases due to the formation of internal and external 
leakage paths. A substantial decrease in insulation resistance could result in noisy conditions and ultimately 
in a loss of transmission or signaling. Unbalance, caused by a substantial difference in insulation resistance to 
ground of air gap arresters on each side of the line, could be a contributing factor in causing noise. The lowest 
tolerable insulation resistance depends on the system application. 

 Impulse breakdown voltage test 

The impulse breakdown voltage characterizes the ability of an air gap arrester to limit fast-rising voltage 
transients. The breakdown voltage should be less, by a suitable margin, than the withstand ability of the 
component or circuit that is to be protected. The selected impulse breakdown voltage should not be so low 
that the dc breakdown voltage, which would normally be lower, interferes with system operation. 
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Due to a time lag between the presence of voltage high enough to cause breakdown and the actual ionization 
process, faster rates of rise cause higher breakdown voltages. Curves plotting breakdown voltages versus rates 
of rise are published by air gap arrester manufacturers. In the absence of special test requirements, the rates of 
rise should be one or more of the following: 100 V/µs, 500 V/µs, 1 kV/µs, 5 kV/µs, and 10 kV/µs. See   
Figure 4 of IEEE Std C62.32-1981 for typical test waveforms. 
 
The impulse breakdown voltage for devices covered under the scope of this guide range from 250 V to 
greater than 1200 V. Impulse breakdown voltage is typically 500 V at the rate of rise of 100 V/µs and 900 V 
at the rate of rise of 10 kV/µs. 

7.3.5

7.3.6

7.3.7

7.3.8

 Maximum single impulse discharge current test 

The maximum single impulse discharge current test is a measure of the capability of an air gap arrester to 
withstand a single large surge. Nearby lightning strikes can produce such surges. IEEE Std C62.32-1981 
specifies waveforms of 10/1000 and 8/20 as well as failure modes. The impulse magnitude is determined by 
the possibility of exposure to a severe impulse. The test is of greatest importance in applications involving 
exposed facilities located in areas of high thunderstorm activity or high soil resistivity. 
 
The maximum single impulse current is mainly determined by factors such as the electrode area, the electrode 
material, the heat dissipation path, etc. Values for 8/20 current range from 5 kA to 100 kA. Typical values for 
this current are 20 kA for 8/20 current waves and 2 kA for 10/1000 current waves. 

 Impulse life test 

The impulse life test measures the ability of an air gap arrester to survive repeated impulse current discharges. 
Although actual impulse currents on communication and signaling lines have complex waveshapes, 
standardized waveforms and test methods have been adopted as a reasonable laboratory simulation. The 
applications will determine the test parameters, including peak current and waveshape, number of applied 
impulses, and failure modes. 
 
4.12.5 of IEEE Std C62.32-1981 suggests peak currents and current waveshapes to be used. Suggested failure 
modes for impulse life tests are listed in 4.12.4 of IEEE Std C62.32-1981. 
 
In some cases, the life of an air gap arrester may be greater using higher test currents than when using lower 
currents. This may be due to a clearing action when using higher current values. Furthermore, the electrode 
surfaces of a carbon air gap may be affected by currents passed through the gap during measurement of 
insulation resistance. If a clearing source is to be used during impulse life testing, it should simulate a clearing 
source that is present in the application such as that described in 4.12.3 of IEEE Std C62.32-1981. 

 AC discharge current test 

The ability of an air gap arrester used on communication lines to withstand an ac current is significant in 
applications where power contacts and power induction are factors. Experience has shown that induced 
currents are usually less than 5 A, but may be of very long duration, such as during a load unbalance on a 
power system. Power contact currents of hundreds of amperes are possible, but the high currents are usually 
interrupted in less than 5 s by power system overcurrent protective devices (circuit breakers, fuses, etc.). 

 Pulsed ac life test 

This test, described in 4.14.1 of IEEE Std C62.32-1981, characterizes the ability of a device to conduct a 
series of 50 Hz or 60 Hz pulses that may occur on communication and signaling circuits exposed to power 
system induction. Experience shows that pulses of 1.0 A rms current for one second durations are reasonable. 
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7.3.9

7.3.10

7.3.11

7.4

7.4.1

 Pulsed ac gap erosion test 

Due to normal clearing action, considerable deterioration of device characteristics (such as leakage or low- 
breakdown voltage) may occur before a failed device is detected and replaced. Prior to replacement, arc 
erosion may cause widening of the gap to values allowing unacceptably high breakdown voltages. See 4.14.2 
of IEEE Std C62.32-1981. 

 Alternating follow current test 

The alternating follow current test measures the ability of an air gap arrester to extinguish under specified 
conditions. IEEE Std C62.32-1981 suggests voltages and frequency to be used. This ability is of particular 
interest when air gaps arresters are used on circuits intended to carry ac power; it characterizes their ability to 
extinguish, restoring normal service, after passage of a surge. During the time that conduction occurs, service 
is interrupted. 

 Holdover test 

In applications where a dc voltage exists on a line, the holdover test is a measure of the ability of an air gap 
arrester to extinguish after it is subjected to an impulse large enough to cause it to conduct. During the time 
that the air gap arrester is in a holdover condition (that is, conducting), transmission and signaling are 
interrupted. Further, a potentially destructive condition is introduced, possibly causing overheating of the air 
gap arrester. Holdover becomes increasingly probable as the dc line voltage and available line current 
increase. The holdover of an air gap arrester is strongly influenced by the external circuit in that it is 
operating. Significant circuit parameters that may influence holdover are open circuit voltage, short circuit 
current, source regulation characteristics and values of reactive components. 

 Application of air gap surge arresters 

The application of air gap surge arresters to limit voltages at the terminals of electrical apparatus requires the 
selection of an air gap arrester with suitable characteristics, and then the proper physical arrangement of the 
air gap arrester in the electrical circuit. It also requires the selection or design of equipment that will 
withstand the energy that bypasses the selected air gap arresters in their circuit configuration. An overall 
economic choice of both equipment and air gap arresters should be made. 
 
The electrical configurations of the most common applications are illustrated in the matrix of Figure 7 (when 
the gas tube components are replaced with air gap devices). The configurations have one or more signaling 
terminals and usually include a ground terminal. The one-port configuration may represent a communication 
line or terminating equipment for communication facilities. The two-port configuration may represent a 
communication line repeater. Figure 7a)’s arrangement in each configuration limits longitudinal (common 
mode) surge voltages. Air gap arresters are not normally packaged in multielement configurations. 
Arrangement b) of Figure 7 thus would not be relevant. Figure 7c)’s arrangement limits transverse mode 
surge voltages, but does not provide protection against common-mode surge voltages. An additional air gap 
arrester (see Demircioglu et al 1978 [B5]) may be added to this last arrangement, connected between one of 
the terminals and ground, to provide longitudinal mode protection. 
 
The application principles will be discussed in detail for the configuration consisting of two signaling 
terminals and a ground terminal as shown in Figure 8 (when the gas tube components are replaced with air 
gap devices), the objective being to limit the magnitude of surge potentials that may occur between the two 
signaling terminals and between either terminal or ground. 

 Operational compatibility 

In the quiescent state an unoperated air gap surge arrester should not interfere with transmission of 
information, control, or test signals. Leakage resistance of the air gap surge arrester, measured at the voltages 
applied by the system, should be sufficiently high to avoid significant insertion loss. The low-capacitance of 
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air gaps surge arresters generally causes insignificant insertion loss as compared to the transmission line at the 
protected terminals. However, if capacitance is of concern, such as in high-frequency applications, its 
maximum permissible value should be specified at the frequency of the applied transmission signal. 
 
Unwanted clipping of signals is avoided by specifying the minimum dc breakdown voltage to be greater than 
the largest signal level, including any superimposed dc bias or any acceptable induced ac interference voltage, 
at the protected terminals. Air gap surge arresters do not incorporate a current-limiting element to extinguish 
follow currents after a surge has been conducted. Conduction is interrupted if the load line of the source 
intersects the voltampere characteristic of the off state after the surge has decayed (see Annex B). 
Extinguishing capability is established by testing for holdover with a test source having the equivalent load 
line of the actual source at the protected terminals. Since reactive components (that is, transmission line, 
connected apparatus) may effect extinguishing, they should be included in the holdover test circuit. 

7.4.2

7.4.3

7.4.4

 Voltage limiting 

The air gap surge arrester is intended to limit the magnitude of unwanted voltage transients to levels that are 
below the withstand threshold of apparatus being protected (with suitable margin for aging of the apparatus). 
Protection of the circuit of Figure 8 requires that the voltages between terminals A-G, B-G, and A-B all be 
limited. In many applications, surges are of like polarity with respect to ground, and the maximum voltage 
between terminals A-B does not exceed the air gap arrester surge limiting voltage between A-G or B-G. 
Accordingly, two surge air gap arresters, placed between A-G and B-G, are normally sufficient to protect all 
three terminals. If the application is such that metallic transients can occur without a longitudinal component, 
then the two-air gap arrester arrangement will permit metallic voltages as high as the sum of the two limiting 
voltages. In this situation, a third air gap arrester placed between terminals A-B may be necessary to limit 
metallic transients to lower values. 
 
If protection against fast-rising transients is desired, the voltage rate of rise of the transients should be 
specified. If the rate-of-rise is not known, suggested values are 100 V/µs for lightning transients on metallic 
shielded communication or signaling lines, and 500 V/µs on unshielded lines; 100 kV/µs for EMP; 5 kV/µs 
for ac power switching transients. Protection against 50 Hz or 60 Hz overvoltages is usually provided by 
selecting the maximum dc breakdown voltage to equal the peak value of the tolerable ac overvoltage. 

 Failure mode 

Since the failure mode of the air gap surge arrester affects protection of terminal equipment, the preferred 
failure mode of the air gap arrester should be specified. Air gap arrester failure modes are of two types: those 
that may interfere with system operation, and those that do not. In the first category are the short-circuit 
failure mode, the low-breakdown voltage failure mode, and the low-insulation resistance failure mode. These 
failure modes are often detectable by the user of the protected system and are usually preferred where 
protection of people, property, or terminal equipment is paramount. In the second category is the high-
breakdown voltage failure mode. This failure mode is not normally noticeable to the user (without special 
testing), and may be preferred where uninterrupted system operation is paramount. 
 
Failure of an air gap arrester may be caused by several mechanisms. Among them are mechanical shock, 
corrosion, and repeated or excessively large surge operation. Each of these mechanisms may produce 
different failure modes in a given air gap arrester, so that both the type of stress and the preferred failure 
mode should be considered. Air gap surge arresters usually fail in the low breakdown voltage failure mode. 

 Operations to failure 

Repeated discharges of impulse and alternating currents eventually cause an air gap surge arrester to degrade. 
This degradation causes disruption of transmission or loss of protection if one or more of the device 
characteristics (for example, insulation resistance or breakdown voltage) do not satisfy desired values. The 
number of impulse or ac discharge current operations that cause a device characteristic to fail specifications is 
a measure of air gap arrester lifetime. Since in-service discharges are likely to be of widely different 
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amplitudes and durations, discharge tests made in accordance with IEEE Std C62.32-1981 are a convenient 
approximation of actual service life conditions. 
 
The required number of operations before failure depends upon the severity of the environment and the 
desired length of service. Since the lifetime of an air gap arrester may depend on its mounting, and since 
many protectors contain mechanisms (internal, external, or both to the air gap arrester) that conduct when the 
conducting capacity of the air gap arrester has been exceeded, the air gap arrester should be tested in its 
protector mounting with normal orientation. 
 
Protectors that are applied to exterior telecommunication lines may be subjected to surges from lightning or 
from exposure to nearby power lines. Because of the many conductive paths that are present, lightning-caused 
surges are normally lower than the currents delivered by the flash from a thundercloud. Lines in areas of 
high-thunderstorm activity and lines without a grounded metallic shield experience the greatest number of 
high-current lightning surges. Only a limited amount of surge current data for in-service facilities is available 
(see Klewe [B17] and Bell Communications Research 1987 [B19]). Peak values of these currents typically 
are less than 100 A, but may be higher on unshielded facilities (see Sunde 1968 [B33]). Discharge currents 
resulting from faults on 50 Hz or 60 Hz power lines are normally of short duration (less than 5 s) because of 
automatic disconnect devices on the power system. 
 
However, high-impedance power faults may last long enough to actuate the heat-sensing mechanism in the 
protector, and permanently short-circuit the air gap arrester. 
 
Air gap arresters on ac power service lines may be subjected to repeated short duration surges caused by 
either lightning, operation of nearby electrical equipment, or power system switching transients (see 
Martzloff and Hahn 1970 [B28]). 
 

7.4.5

7.4.6

 Grounding and bonding 

In Figure 8, the connection between the protector ground terminal and the local grounding electrode, the 
grounding conductor, has to be capable of conducting the sum of the currents of the two arresters, as well as 
from other paths. The grounding electrode is likely to be the ground for the neutral of a power system, a 
buried metallic water pipe, building steel, a ground-rod or mat, or a combination of these. In any case, the 
electrode establishes a local ground reference that is different in potential from a remote location in the earth. 
Nearby metallic systems should be connected to the same grounding electrode so that the potential difference 
to the electrode, rather than to remote earth, determines the difference in potential between nearby systems. If 
separate electrodes are employed or required, they should be bonded together. 
 
The impedance of the grounding conductor multiplied by the current conducted during a surge will determine 
the voltage difference between point G of Figure 8 and other systems connected to the same electrode. If the 
arresters operate, the difference in potential between terminals A-B-G will be the conducting voltage of the 
arresters, but all three terminals will be at an elevated potential with respect to the ground electrode as 
determined by the voltage drop in the grounding conductor. For example, if the grounding conductor is 9 m 
(30 ft) of 14 AWG copper wire the total resistance will be about 0.08 Ω and the inductance about 12 µH. If 
the total surge current in the two arresters is 200 A with a rise time of 100 A per microsecond, the resistive 
component of voltage will be 16 V and the inductive, 1200 V. 
 
The voltage appearing in the grounding conductor is minimized with short conductors. In the case of circuits 
that are bonded together, only that portion of the grounding conductor that is not common to the protected 
circuits contributes to the potential difference between circuits. 

 Location of arresters 

Protectors equipped with air gap arresters are connected to the terminals to be protected, as in the 
configurations in Figure 7a). The physical location should minimize the effect of grounding conductor 
impedance. 
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CAUTION 

Care should be exercised to avoid an inadvertent hazard to the building in which the protected equipment is 
located. Section 800-30 (b) of NFPA 70, 2005 Edition (NEC) requires that, where the protector is installed 
inside the building, it shall be located as close as practicable to the point at which the exposed conductors 
enter the building. Figure 9-1 illustrates the hazard that can result if this requirement in Section 800-30 (b) of  
NFPA 70, 2005 Edition (NEC) is violated. Sustained conduction of 50 Hz or 60 Hz current to the protector 
ground can overheat the interior wiring and cause a fire hazard. 

 
Even when the primary protector is located at the building entrance, a low-longitudinal impedance-to-ground 
of the protected circuit can result in a hazard. The sustained conduction of 50 Hz or 60 Hz current to the 
protected circuit ground, due to a voltage that is insufficient to operate the primary protector, can be large 
enough to overheat the interior wiring or the protected circuit and again cause a fire hazard. If a secondary 
protector is installed, as illustrated in Figure 9-2, either to eliminate voltages in the grounding circuit, to 
induce overvoltages directly into the interior wiring, or to reduce overvoltages to a level lower than that 
which will cause the primary protector to operate, a fire hazard may still exist. The hazard may be reduced if 
the installation complies with Section 800-32 of NFPA 70, 2005 Edition (NEC). Section 800-32 requires that 
when a secondary protector is installed in series with the interior wiring between the primary protector and 
the protected circuit, it shall be listed for the purpose and shall incorporate a means for limiting the current, 
and thereby the heating, in the interior wiring. In addition, the impedance of the interior wiring between 
primary and secondary protectors and the current limiting means of the secondary protector may be sufficient 
to assure operation of the primary protector. 

7.4.7

7.5

 Codes and standards 

Arresters used for protection of communications circuits should be mounted in protectors that comply with 
the provisions in Article 800 of NFPA 70, 2005 Edition (NEC) and/or Accredited Standards Committee     
C2-2002, where these are applicable. Both of these standards address the requirement for the provision of 
protectors. In addition, NFPA 70, 2005 Edition (NEC) addresses the location and grounding requirements for 
protectors on communications circuits, which are subject to contact by power conductors operating at 
voltages above 300 V to ground. Typical safety test requirements are described in UL 497 [B34] for 
communications circuit protectors and in UL 497A [B35] for secondary protectors. 

 Backup air gap surge arresters 

Because of their relatively narrow gaps (small spacing between electrodes), low-voltage air gaps arresters 
typically have the characteristic of not failing in a high-breakdown voltage mode. Instead, they usually fail in 
one of the following modes: shorted, low-insulation resistance, or low-breakdown voltage. This characteristic 
is especially true of carbon air gap arresters. 
 
It is possible for certain types of air gap surge arresters to fail in the high-breakdown voltage mode. This is 
because they incorporate relatively wide gaps and are sealed at sub-atmospheric pressure. If for some reason 
they lose this seal (that is, become “vented”), air will enter causing the internal pressure to rise to 1 atm, 
resulting in an increase in breakdown voltage. 
 
Although not required in all applications, a common method of protecting against a failure by high 
breakdown voltage due to gas tube venting is to use air gap arresters in parallel with backup air gaps. The 
backup air gap is designed to have a higher breakdown voltage than the sealed gas tube, but provide an 
acceptably low dc and impulse breakdown voltage if venting occurs. If the breakdown voltage levels of the 
two gaps are carefully controlled and are sufficiently separated, then the resulting arrester assembly will have 
gas tube performance with safety from high-breakdown failure mode due to venting. Since loss of the gas 
tube seal is a rare event, the only life test requirement on the backup air gap is that failure shall not occur in 
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the high-breakdown voltage failure mode. One example of the use of backup air gaps is found in protectors 
that incorporate them to meet the “vent test” requirements of UL 497 [B34]. 

8.

8.1

 Component MOV surge-protective devices 

This clause presents a description, theory of operation, test characteristics, and an application guide for 
MOVs. This clause specifically discusses the zinc-oxide type of MOVs. Another type of varistor, based on 
silicon carbide material that typically might be used in conjunction with a series gap in ac line protection 
applications, has somewhat different characteristics and terminology. A third type of device often called a 
varistor is actually a multi-pellet silicon diode. The latter two types are not in the scope of this clause, 
although the principles for their application might be similar.  For those other devices users should refer to 
their applicable standards. 

 Description 

Typically, MOVs consist of a round disc-shaped body of sintered zinc oxide with suitable additives. Other 
types in use include rectangular and tubular shapes and multilayer structures. Varistors have metal particle 
electrodes consisting of a silver alloy or other metal. The electrodes may have been applied to the body by 
screening and sintering or by other processes depending on the metal used. Varistors also often have wire 
leads or some other type of termination that may have been soldered to the electrode.   
 
The basic conduction mechanism of MOVs results from semiconductor junctions at the boundary of the zinc 
oxide grains formed during a sintering process. The varistor may be considered a multi-junction device with 
many grains acting in series-parallel combination between the terminals. A schematic cross-sectional view of 
a typical varistor is shown in Figure 11. 
 

 
Figure 11 —Schematic depiction of microstructure of MOV 

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 3 in [B21]) 
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8.2 Theory of operation 

The term “varistor,” a contraction of variable resistor, covers a class of two-terminal nonlinear devices 
exhibiting a monotonic increase in voltage with increasing current flow. These devices typically have 
symmetrical volt-ampere characteristics. 
 
Varistors have the property of maintaining a relatively small voltage change across their terminals while the 
surge current flowing through them varies over several decades. This nonlinear action allows them to divert 
the current of a surge when connected in shunt across the line, and hold the voltage across the line to values 
that protect the equipment connected to that line. Since the voltage across the varistor is held at some level 
higher than the normal circuit voltage (but still protecting) while surge current flows, there will be energy 
deposited in the varistor during its surge diversion function. 
 
As shown in Figure 11, the MOV material consists of zinc oxide grains separated by a thin intergranular 
material. Bismuth oxide and other metal oxides comprise the boundary between grains, and these form 
semiconducting junctions with the grains. A fundamental property of the material is that the voltage drop 
across a single interface between the grains is nearly constant, and is independent of the grain size. Figure 12 
shows a typical V-I characteristic of a MOV in one direction of conduction, and the opposite direction would 
be similar. 
 

 
Figure 12 —Typical varistor V-I curve plotted log-log scale 

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 10 in [B21]) 
 
When it is exposed to surges, the zinc oxide material exhibits a “bulk action” characteristic permitting it to 
conduct large amounts of current without damage. The bulk action can be explained by imagining this 
material to be made up of an array of semiconducting junctions arranged electrically in series-parallel so that 
the surge current is shared among them. Because the grains themselves have finite resistance, they act as 
current limiting resistors. Consequently, current flow tends to be distributed throughout the bulk of the 
material in a manner that reduces current concentration at a single junction. 
 
The electrical behavior of a varistor can be understood by reference to the V-I characteristic of Figure 12 and 
the equivalent circuit components of Figure 13. At low current levels, in the standby region, the parallel 
resistance Roff, is the prevailing component. In the protective operating region, the variable resistance Rx takes 
on continuously decreasing values, according to the power law relating current and voltage. At large currents, 
in the upturn region, the series resistance Ron becomes a significant part of the total device resistance, causing 
an upturn with the value of Ron as an asymptote. The parametric values given on Figure 12 and Figure 13 are 
shown for illustration purposes only. 
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Figure 13

8.3

8.3.1

 —Varistor equivalent circuit model 

NOTE—Reprinted with permission from Littelfuse Inc. (see Figure 11 in [B21]) 
 
Under ac or signal operating conditions as well as under surge conditions the reactive components of Figure 
13 may significantly affect the behavior of the varistor. The parallel capacitance C can pass a current that may 
be larger than the dc leakage current. The series inductance L, resulting from the leads can increase the 
voltage appearing across the device terminals when it passes surge currents with steep wave fronts. This 
inductive voltage drop may appear as an overshoot on the voltage waveform and appear to be a delay in 
varistor response. 
 
Ambient temperature, and/or the temperature rise caused in the device by operating conditions or by a surge, 
produces little effect on the clamping voltage.  However, the leakage or standby current will increase with 
increasing temperature. Therefore, if conditions result in temperatures that may exceed the device rating, 
consideration will have to be given to thermal design in the application. 

 Varistor test characteristics 

Refer to IEEE Std C62.33-1982 for varistor characteristics and ratings discussed in this guide.  8.2.1 through 
8.2.5 of IEEE Std C62.33-1982 are detailed explanations of the tested characteristics and ratings that are the 
minimum necessary to use the device in most applications. 8.2.6 through 8.2.9 of IEEE Std C62.33-1982 
explain some characteristics and ratings that might be useful in certain applications. 8.2.10 and above in IEEE 
Std C62.33-1982 discuss other characteristics and ratings that are sometimes used. 

 Clamping voltage test (Vc) 

Clamping voltage, by definition, is the measured peak voltage across the device terminals, under standardized 
test conditions, when a current impulse of specified amplitude and waveshape is conducted through the 
varistor. It is an indication of the ability of the varistor to protect the circuit against voltage surges. To avoid 
waveshape dependent variations of test results an 8/20 current waveshape has been defined as the standard 
test impulse. See Figure 14 for typical clamping voltage response to this impulse. 
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Figure 14 —Typical clamping voltage response to 8/20 test current impulse  

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 5A in [B22]) 
 
The I-V curve of Figure 15 illustrates the dependence of clamping voltage on surge current for the protective 
operating region. Also see Figure 12. Users should be cautioned that varistor specification tables typically 
show a clamping voltage (VC) at only one specific test current. 
 

 
   
                Vx = varistor voltage at current, Ix
                                                Vn(dc) = nominal varistor voltage at specified current, IN(dc)
                                                Vc = clamping voltage of varistor at peak current, Ip
                                                Vpm = maximum rating of peak applied voltage for a specified waveform 
                                                Vm(dc) = maximum rating of dc applied voltage 

Figure 15 —Illustration of I–V characteristics on linear scale 

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 20 in [B21]) 
 
Users should refer to the V-I characteristic curves that should be a part of a varistor’s complete specification. 
The V-I curves allow the user to determine the clamping voltage (Vc) to expect at various peak currents. See 
Figure 16 for examples. Values shown in Figure 12, Figure 13, Figure 14, Figure 15, and Figure 16 are for 
illustration only. 
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Figure 16

8.3.2

 —Examples of maximum clamping voltage V-I characteristics 8/20 µs test current wave 
shape  

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 2A in [B23]) 
 
 
Clamping voltages can range from 17 V to 4000 V depending on the varistor voltage rating and disc size. 
 
The user should be cautioned against selecting a varistor with a clamping voltage so low that it would begin 
to conduct excessively during high ac or dc power line conditions. This might then interfere with normal 
operation of the equipment being protected, overheat the varistor and shorten its life due to extended 
operation above rating. See 8.3.4 for further discussion about selecting a varistor with adequate rating. 
 
A factor that can affect the varistor’s measured peak voltage is lead and circuit inductance, due to L di/dt 
voltage. For further discussion, see 8.3.17, 8.3.18, and 8.3.1. 
 
Users should be aware that the clamping voltage can increase slightly, typically less than 0.01 %/°C, with 
increasing operating temperature. Also, clamping voltage can change after being exposed to a number of high 
current transients, and the amount of change could be significant depending on the application. See 8.3.3. 

 Rated peak single pulse transient current test (Itm) 

This is the maximum surge current, 8/20 waveshape, which a varistor is rated to withstand for a single surge. 
The rating provides a means of determining a varistor’s capability to withstand, without failure, a surge that 
might be expected in an application environment. See 8.3.3 for a discussion of failure modes. 
 
A varistor might withstand more than one surge at rated peak single pulse transient current. However, because 
of relatively high electrical stress, it would be expected to withstand only a limited number of these surges. 
 
The energy deposited in a varistor could instantaneously raise its internal temperature by 60 °C or more. This 
will tend to increase the standby current and power dissipated by the varistor, until the varistor has cooled 
down. However, if the V-I characteristic were sufficiently shifted downward at the low current end, due to 
heating by the surge or varistor damage or both, then standby power dissipation could increase progressively 
causing failure due to thermal runaway. To verify that the varistor can recover from the effects of the rated 
current surge, rated voltage Vm(ac) or Vm(dc) shall be applied continuously for a minimum of 2 s before impulse 
and minimum of 30 s after the impulse. 
 
The rated single pulse transient current can range from 8 A for small surface mount and leaded type varistors, 
to as high as 80 kA for large block type varistors. 
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8.3.3

8.3.4

 Lifetime rated pulse current tests 

These multiple pulse ratings are the maximum number of pulses that a given design of varistor is rated to 
withstand. These ratings include different numbers of pulses for different pulse current levels. The ratings are 
based upon both 8/20 and 10/1000 waveshapes. The rated values can be obtained from manufacturer’s 
specifications. The specifications typically contain pulse rating graphs which also include the rated current 
levels and number of pulses for a range of other impulse durations. Therefore, these ratings provide a means 
of comparing a varistor’s capability against a specific number of surge events which are expected to occur in 
an application.   
 
Because of the relatively high electrical stress, varistors should not be exposed to the rated current for routine 
acceptance test purposes. Rather, a statistically expressed sampling procedure should be used to test the 
acceptability of a given varistor design or lot. 
 
When subjected to impulses in a unipolar direction the V-I characteristics of a varistor could become slightly 
polarized; i.e., asymmetrical. Typically, after unipolar stresses the voltage measured at low currents in the 
same direction as the electrical stress tends to be greater than that measured in the opposite direction.  
Therefore, shifts in the reverse direction V-I characteristic should be ignored unless they specifically affect 
the application.   
 
Unless the application is known to consist of unipolar pulses, an alternating polarity test impulse is required 
by IEEE Std C62.33-1982 for three reasons. First, the random surges related to ac line applications are likely 
to occur in both positive and negative polarities. Second, an alternating polarity assures that degenerating 
stresses have been applied in both directions of conduction. Thirdly, device evaluation is simplified because 
the polarizing effects of non-uniformly applied stresses do not have to be considered. It should be apparent 
that a minimum of two surges, one in each direction, are needed to fulfill the conditions. 

 Rated RMS voltage test [V(ac)], rated DC voltage tests [Vm(dc)] 

These are the maximum designated values of power system voltage that may be applied continuously 
between the terminals of the device. These voltage ratings are based on the limitation of device life, as 
described in 8.3.3, for the maximum ambient temperature at which the devices are rated to operate. 
 
These ratings are established by an evaluation procedure taking into consideration the desired device life, 
anticipated ambient temperature, incidence of high energy pulses, and selection of the end-of-life (failure) 
criteria. These considerations are within the realm of the manufacturer’s and user’s reliability assurance 
function. Users also should be aware that device life tends to follow an Arrhenius model in which typical life 
expectancy reduces as ambient temperature increases. See Figure 17 for an example. 
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Figure 17

8.3.5

 —Example of Arrhenius Model of varistor mean life vs. temperature 

 
Users are cautioned against selecting devices with inadequate voltage ratings. For example, in seeking a low 
clamping voltage a user, at first glance, might look for the type rated closest to the nominal voltage of the 
power system. However, proper allowance should be made for the possibility of device degradation and 
higher system voltages due to voltage regulation tolerances or, worse, due to temporary fault conditions such 
as those related to equipment failure or the effects of severe weather. Because of the high degree of 
nonlinearity of these surge-protective devices, a relatively small percentage of steady-state over-voltage can 
result in a relatively high increase in standby current conducted through them in turn leading to overheating 
and premature failure. In the absence of specific requirements, it is recommended that device ratings 
preferably should have margins of 20% or more above nominal ac power system voltages. 
 
The rated continuous RMS voltage range for varistors covered under the scope of this guide starts at 3 V for 
small surface mount types to 1000 V for large leaded disc and block types. 

 DC standby current test (Id) 

The dc standby current is the current conducted by a varistor from the power source. The important 
consideration is that the self heating of the varistor should not be significant compared to its rated transient 
average power dissipation, Pt (see 8.3.11 for definition). Standby current by definition is measured with rated 
dc voltage Vm(dc) applied. Values of Vm(dc) can be obtained from manufacturer’s specifications, and should not 
be exceeded. Users should design with adequate derating margin to allow for power source voltage variations. 
 
Users can estimate typical standby current. For example, consider a varistor with V-I characteristics as 
illustrated in Figure 12. If the nominal power source voltage were 140 V dc, then the current drain would be 
about 20 µA. If the power source voltage increased to 154 V under high line conditions, then the typical 
standby current would increase to about 50 µA. The system power drains under these two conditions would 
be about 2.8 mW and 7.7 mW respectively, small values compared to a Pt rating of about 1 W, and not 
enough to elevate device temperature. Typical values for DC Standby current ranges from 0.5 µA to <100 µA 
for disc type varistors and 0.5 µA to <200 µA for large block type varistors. 
 
Users can estimate the effects of temperature on standby current. Figure 18 illustrates the typical temperature 
coefficient of voltage for varistors shown in Figure 12. For the example above, the varistor voltage 
characteristic would be expected to decrease at a rate of about 0.15 %/°C with increasing temperature.  If the 
ambient temperature were to increase to 60 °C above room value, the varistor voltage characteristic would 
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shift downward by about 9.4%. Therefore, the characteristic point, which was 154 V at 25 °C, would become 
about 140 V at  85 °C, and typical standby current would increase from about 20 µA to 50 µA. 
 

 
Figure 18 —Typical temperature coefficient of voltage versus current, 14 mm size, −55°C to 125°C 

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 14 in [B21]) 
 
 
The standby current of a varistor is subject to change over operating life. On typical specimens the measured 
value has been observed to be stable or even to decrease somewhat during the initial period of service. With 
an accumulation of stresses over time standby current may increase significantly, due to the V-I characteristic 
shifting in the leakage region similarly to the effects of increased ambient temperature.  This could eventually 
lead to failure in the degradation mode, or to even failure by thermal runaway (see 8.3.3 for failure modes). 
 
However, there is no single value that can determine the standby current limit appropriate for all applications; 
but rather an evaluation process taking into consideration the desired device life, anticipated ambient 
temperature, incidence of high energy pulses, and selection of the end-of-life (failure) criteria. These 
considerations are within the realm of the manufacturer’s and user’s component engineering functions.   
 
The relationship between standby current and nonlinear exponent (α) (see 8.3.14) can be described with the 
aid of Figure 12. In the clamping operation region where nonlinear exponent is high, and the V-I 
characteristic curve is relatively flat, relatively small changes in applied power source voltage would result in 
relatively large increases in standby current. Manufacturers’ specifications, however, are designed to keep 
continuous operation nearer to the leakage region where standby current is less sensitive to applied voltage 
changes. Therefore, those specifications should be adhered to. 
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8.3.6

8.3.7

8.3.8

 Nominal varistor voltage test [Vn(dc)] 

The nominal varistor voltage is a test characteristic that is commonly used to classify varistors by type. A test 
current of 1 mA is the value most frequently used, although values of 0.1 mA and 10 mA also are used in 
some manufacturers’ specifications for some types. These test currents are relatively low and are compatible 
with many models of commercially available automatic test equipment used by the electronics industry. 
Therefore, the nominal varistor voltage fulfills the role of a varistor characteristic convenient for both 
manufacturers and users to measure. 
 
As evident from Figure 12, the test current used for this characteristic lies in the highly nonlinear region.  
Hence, the nominal varistor voltage is predictive of the clamping voltage of varistors of given design.  Also, 
because the test current for this characteristic lies in the lower end of the nonlinear region, as shown in  
Figure 15, it is predictive of varistor standby current, power dissipation, and ability to stand off rated 
voltages. Therefore, if the quality control functions of the manufacturer and the user verify that a given 
varistor piece has been correctly classified by type according to its nominal varistor voltage, then there is 
confidence that it can perform as intended in service. 
 
For compatibility with automatic test equipment most manufacturers specify a dc current for nominal varistor 
voltage. Users should be aware that if an ac current source is used, such as on a curve tracer instrument, the 
voltage measured could be up to 5% higher. A similar difference can occur if automatic test equipment does 
not allow sufficient time for the measurement. About 5 ms may be needed for the voltage to stabilize within 
1%. To allow adequate range for normal variations in manufacturing, varistor are typically classified into type 
tolerance ranges of about ±10%.   
 
Nominal varistor voltage at 1 mA can range from 3.5 V for low operating voltage types to 1800 V or higher 
for high operating voltage types. 

 Rated recurrent peak voltage test (Vpm) 

This is the maximum designated value of a repetitive nonsinusoidal power source voltage of specified 
waveshape that may be applied continuously between the terminals of the device. This rating is established by 
an evaluation procedure as described in 8.3.4. Device ratings should have appropriate margin above the 
nominal level of the repetitive peak voltage. This rating does not include repetitive current pulses, such as 
produced by commutating of circuit loads, which might exceed lifetime rated pulse current values. See 8.3.3. 

 Capacitance test 

Since an MOV basically consists of a dielectric sandwiched between two electrodes, it has capacitance, the 
value of which is directly proportional to its area and inversely proportional to its thickness. 
 
When a varistor is applied to a dc circuit, the capacitance of the device is of little concern. When applied to ac 
circuits, however, especially higher frequency communications circuits, consideration must be given to the 
potentially unwanted effects that capacitance may have on the normal circuit operation. The leakage currents 
caused by the capacitive reactance XC = 1/ωc may result in undesirable circuit loading, signal degradation 
and phase shift. 
 
The capacitance of a given varistor is known to decrease with frequency. Therefore, it is advisable to measure 
the capacitance at or close to the actual frequency of application. 
 
When measured at a fixed frequency, the capacitance of a varistor shows little change with increasing bias 
voltage until the nominal varistor voltage (Vn) is approached, at which point the capacitance suddenly 
decreases. The capacitance of varistors is relatively stable with temperature and typically does not vary by 
more than ±20% from −40 °C to +125 °C. 
 
Typical capacitance values for varistors can range from 3 pF to 30 000 pF depending upon RMS operating 
voltage and varistor disc size. 

44 
Copyright © 2006 IEEE. All rights reserved. 



IEEE Std C62.42™-2005 
IEEE Guide for the Application of Component Surge-Protective Devices for Use in Low-Voltage 

[Equal to or Less than 100 V (ac) or 1200 V (dc)] Circuits   

8.3.9 AC standby power test (Pd) 

AC standby power is the power dissipated in a varistor when it is connected to an ac power source. The 
varistor current consists of both nonlinear resistive and capacitive components. The power dissipated is the 
sum of the two current phasors multiplied by the applied voltage and the cosine of the phase angle between 
the resultant current and the applied voltage. Measurements of ac standby power must be performed with a 
proper rms wattmeter because the resultant current is not sinusoidal. 
 
The magnitude of the power dissipated is affected by the applied voltage amplitude, the ambient temperature 
and the frequency of the ac voltage. Figure 19 illustrates the standby power characteristics of a typical 20 mm 
diameter varistor intended for service on 120 V nominal voltage ac mains. The effects are shown of 
increasing or decreasing the applied voltage by 10% from the rated value Vm(ac), by increasing the 
temperature from room ambient 25 °C to 50 °C and 85 °C, and by increasing the frequency from 60 Hz to 
400 Hz. The affects of voltage and temperature variations on the dc standby power are shown also for 
comparison. 
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Figure 19

8.3.10

 — Short term effect of temperature, frequency, and voltage on standby power of a 
typical 20 mm varistor 

 
 
Users are cautioned against selecting devices with inadequate voltage ratings. The V-I characteristics of 
varistors are highly nonlinear, and the standby power dissipation increases rapidly as voltage increases. The 
margin between device rating and the nominal power system voltage should not be compromised. In the 
absence of specific requirements, it is recommended that device ratings preferably should have margins of 
20% or more above nominal ac power system voltages. Also see 8.3.4. 

 Rated transient energy (Wt) 

Users should be aware that energy rating can be misleading as an indicator of the comparative merit of 
different varistor designs. The energy deposited in a varistor by a transient current source depends on the 
varistor clamping voltage. Therefore, a lower energy rating does not necessarily mean a lower capability of 
survival in the transient environment. Instead, the single and lifetime pulse current ratings are the appropriate 
tests of varistor surge withstand capability. In the absence of special requirements, energy ratings are 
recommended for use only as supplements to the predominant current ratings, and for application problems 
that are more conveniently treated in terms of energy. 
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A single pulse energy rating can be established, from the data collected in the rated peak current tests, using 
the same statistical methods for lot acceptance. For multiple pulses, where aging of the varistor is a parameter 
to be considered, a pulse lifetime factor can be derived. For practical purposes, the same factor used in current 
ratings, while not theoretically equivalent for the energy, can be applied to the single pulse energy rating for 
deriving the multiple pulse energy rating. 
 
Users should be cautioned that the source energy and the energy deposited in the surge-protective device 
generally are not the same. This is because the flow of surge current will deposit part of the surge energy in 
the series impedance of the surge source itself. As an extreme example consider the case of a protector that is 
effectively a short circuit. In that case the surge energy would be deposited entirely in the source impedance. 

8.3.11

a) 

b) 

c) 

8.3.12

8.3.13

 Rated transient average power dissipation [Pt(AV)] 

The rated transient average power dissipation of a varistor is specified by the manufacturer, in order to limit 
device temperatures for reliable long life, taking into consideration three parameters: 
 

Input average energy deposited in the material by repetitive transients. 

Input power dissipation associated with standby current at the operating temperature (normally a 
small factor of the total energy level). 

Output energy transferred to the environment by leads, or heat sink mounting, or both, as 
recommended by the manufacturer. 

 
 
For stable operation of the varistor, the two inputs, item a) and item b), will be lower than the output 
capability of  item c).. The latter may be influenced by the specific mounting applied by the user. 

 Varistor voltage (Vx) 

The symbol Vx is frequently used to define the varistor voltage measured at a specified current of value x; 
e.g., V1 would be the voltage measured at a current of 1 A. 

 Voltage clamping ratio [Vc/Vm(ac), Vc/Vm(dc)] 

This ratio is a value obtained by dividing clamping voltage by the maximum rated continuous voltage.  The 
value will depend on the test current at which clamping voltage is measured and upon the units in which 
maximum rated continuous voltage is measured. For example, Vm(dc) typically will be greater than Vm(ac) 
resulting in a lower ratio. If the peak voltage of the rated ac voltage were used as the divisor, then an even 
lower ratio could be obtained.  See Figure 15. 
 
Users are cautioned against being misinformed by elusively defined figure-of-merit ratios. In making 
comparisons between products, the user should take care to see that similar definitions and test conditions are 
used. The surest course is to compare the maximum clamping voltages, for a specified peak test current and 
waveform, between parts of similar maximum rated voltage, Vm(ac) or Vm(dc). 
 
Users are cautioned against selecting devices with inadequate voltage rating. Because clamping ratios are 
similar for closely related products, it is obvious that lower clamping voltages can be obtained at the expense 
of the margin between the maximum rated continuous voltage of the device and nominal power system 
voltage. However, injudicious compromises should be avoided. In the absence of specific requirements, it is 
recommended that these margins preferably should be 20% or more.  See also 8.3.4. 
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8.3.14

8.3.15

 Nonlinear exponent (α) 

The nonlinear exponent (α) is a measure of the degree of varistor nonlinearity in the power law model I = kVα  
where k is a device constant. The fit of this model can hold relatively well over a few decades of current 
range that includes the point I = 1 mA (see Figure 12). As currents approach or exceed about 100 A, the 
model tends to lose accuracy because of the effects of voltage developed across the internal bulk resistance. 
However, it serves to illustrate that relatively small increases in power system voltage can cause 
disproportionately larger increases in standby current and power dissipation. Devices should be selected with 
adequate margin of maximum rated continuous voltage (see 8.3.4). 
 
Because varistors are conventionally tested using current stimuli, and with maximum clamping voltage as the 
dependent variable of interest, a more useful form of the model might be V = kIβ + RonI where β = 1/α and Ron 
is the internal bulk resistance of the varistor. This applies to typical cases where reactive components are 
small and look resistive. For a representative varistor type of 14 mm nominal diameter intended for 
application across 120 V ac power systems, the parametric values would be on the order of k = 350 Ω,           
β = 0.033 and Ron < 0.1 Ω. 
 
Users should note that manufacturers graphical V-I curves are the definitive specifications of maximum 
clamping voltage. In most cases they also may be more convenient for protection design solutions than 
mathematical models. 

 Dynamic impedance (Zx) 

By the definition Zx = dVx/dIx, this is the dynamic impedance presented by the device to small changes of 
voltage about an operating point. This characteristic is commonly specified for zener diodes used in voltage 
reference or stabilization applications. For surge suppression applications, the maximum clamping voltage 
specifications of the surge-protective device are instead recommended to the user. 
 
The relationship of dynamic impedance to clamping voltage can be demonstrated by applying the definition 
above to the power law plus resistance equation model of clamping voltage. See paragraph 2 of 8.3.14. By 
performing the calculus operations it can be shown that Zx = βV/I + Ron = V/Iα + Ron.  If interpreted in terms 
of the equivalent circuit model of Figure 13, the exponents α or β  describe the nonlinearity of the element Rx 
where Rx = V/Iα = βV/I. As the peak surge current I increases the value of Rx diminishes toward zero, so that 
the value of Zx asymptotically approaches Ron. The dynamic impedance of typical varistors is illustrated in 
Figure 20. 

 
Figure 20 — Dynamic Impedance ZX of a typical varistor 

NOTE— Reprinted with permission from Littelfuse Inc. (See Figure 16B in [B21]) 
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8.3.16

8.3.17

 Resistance (Rx) 

By definition this characteristic is the instantaneous resistance to surge current presented by the varistor,      
Rx = Vx/Ix. It is of no value in determining the protective level provided by a varistor, because the clamping 
voltage characteristic is a more accurate and convenient means of finding that level. However, because a 
surge-protective device acts to discharge the source of a surge, the resistance can affect the time duration of 
the surge. In general, the open circuit voltage waveform at the output of a capacitance discharge surge 
generator will be longer in time duration than the short circuit impulse duration. Therefore, the effective 
resistance presented by a varistor may be useful to know in designing and predicting the decay characteristics 
of surge test circuits. 

 Voltage overshoot (Vos) 

Voltage overshoot is primarily attributable to the magnetic field established around the current-carrying leads 
of the device, which induces a voltage in the loop formed by the device leads and the protected circuit. See 
Figure 21. Under conditions of steep front current impulses at high amplitudes, measurement of the clamping 
voltage across a lead-mounted varistor can indicate values exceeding the levels observed with the standard 
8/20 waveform. This higher voltage is referred to as overshoot. 
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Vc = device clamping voltage for an 8/20 µs current wave form 

Vos = V1 - Vc = voltage overshoot 

t2 - tc = overshoot duration 

tc = time for the device voltage to reach its clamping voltage 

t2 = time for the device voltage to decay to 50% of its overshoot value 

t1 = time for the device voltage to reach its peak value 

t1 - tc = response time 

Figure 21 — Graph illustrating voltage overshoot, response time, and overshoot duration 
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In typical applications, lead length refers to the length of leads inherent to the device (i.e., device package), 
and any additional leads provided as part of the application circuitry. This can cause voltage overshoot when 
testing products in a circuit. From a practical standpoint, users should try to minimize the length and the 
enclosed loop areas of wires connecting surge-protective devices to the power bus lines and the data line I/O 
ports. It is also important to consider the board layout of the printed circuit board when designing surge-
protective devices in their circuits. 
 
Figure 22c) shows the effect that has been observed on a varistor test piece whose connections enclosed       
22 cm2 instead of 0.5 cm2. The L di/dt voltage drop in the inductance created by the lead loop added an 
overshoot of 50 V to the voltage across this varistor with current pulse of 2.7 kA, 8/20 waveshape conducted 
through the device. Under a steeper front current pulse of 2.5 kA, 0.5/1.5  waveshape, the L di/dt voltage drop 
of the excessive lead loop area, Figure 22d), added 560 V of overshoot to the voltage with minimal loop area. 

 

a) Minimal Loop Area b) Excessive Loop Area 

c) Current Rise of 8 µs d) Current Rise of 0.5 µs 

 

Figure 22

8.3.18

 — Effect of lead length on “overshoot” 

NOTE— Reprinted with permission from Littelfuse Inc. (see Figure 7 in [B22]) 

 Response time, overshoot duration 

For solid state devices with fast responding internal active elements voltage overshoot, response time and 
overshoot duration are phenomena primarily caused by the effect of lead inductance. See 8.3.17. 
Consequently, measurements of response time should recognize the dependency of voltage overshoot 
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behavior on lead length and loop coupling rather than treat response time as an intrinsic characteristic of solid 
state devices. 
 
Due to the high frequencies involved in steep wavefronts, response time and overshoot duration 
measurements require special techniques, fixtures and extremely fast-responding instrumentation. Response 
time and overshoot duration will be a function of the wave form used for the measurement, and may not 
resemble the idealized illustration in Figure 21. For these reasons, reference to response time in device 
specification is discouraged. 
 
To minimize these inductance related effects, users should follow the precautions cited in 8.3.17. 

8.4 Application of varistor surge-protective device components 

The application of varistors to limit voltages at the terminals of electronic and electrical equipment requires 
the selection of a varistor with suitable characteristics, and then the proper physical arrangement of the 
varistor in the electrical circuit. It also requires the selection or design of equipment that will withstand the 
overvoltage and surge energy that bypasses the selected varistors in their circuit configuration. An overall 
economic choice of both equipment and varistors should be made. 
 
The electrical configurations of the most common applications in low-voltage ac power systems are 
illustrated in Figure 23. If a single varistor is employed, the usual connection is line-to-neutral [see (1) in 
Figure 23] to limit overvoltage surges in that mode.  Surges also can occur between neutral-to-ground [see (3) 
in Figure 23] and line-to-ground [see (2) in Figure 23], together or independently. In some applications 
MOVs may be installed between all three lines, as illustrated. Overcurrent protection devices or thermal 
protection devices or both should be added as appropriate, see 8.4.4.2.  For other application circuit examples, 
see Annex C. 

 
Figure 23

NOTE 1—

NOTE 2—

8.4.1

 —Possible connection of MOVs (simplified) 

 Reprinted with permission from Littelfuse Inc. (see Figure 22 in [B21]) 

 User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

 Operational compatibility 

Surge-protective devices may be connected between the ac line ungrounded conductor and the equipment 
grounding conductor, grounding path or grounded metal parts. The purpose is to protect insulation against 
damage by surge voltages or to prevent flashover between clearances. However, safety concerns related to 
leakage paths through the varistor must be considered for the particular application. One of these concerns 
has to do with standby leakage current.   
 
ANSI C101.1-1992 defines leakage current as “All currents, including resistive and capacitive currents, 
between parts of an appliance accessible to the user and an earth ground or other accessible parts of the 
appliance.” 
 
As a result of the capacitance associated with the internal semiconducting junctions of a varistor, and also its 
internal resistance, a varistor will contribute to the leakage current described above. With dc circuits only the 
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resistive portion will contribute to leakage current. With ac power circuits, the internal capacitance and 
resistance both contribute. The leakage current will vary with temperature and also is related to the size and 
energy handling capability of the device. See 8.3.5. 
 
Leakage current through varistors along with other leakage currents in the system can increase the risk of 
electric shock, or risk personal injury related to reaction levels of electric current, depending on the leakage 
current levels and other conditions related to the specific varistor application. 
 
With regard to general cord and plug connected appliance applications, ANSI C101.1-1992 describes test 
procedures and acceptable leakage current limits, and is based on the assumption that the appliance might not 
be properly grounded by the user.  For two- and three-wire (including grounding wire) cord- and plug- 
connected portable appliances, the leakage current limit is 0.5 Measurement Indication Units (MIU) (the MIU 
is essentially the rms value of a 60 Hz sinusoidal leakage current in mA). For three-wire (including grounding 
wire) cord- and plug-connected stationary or fixed appliances, the limit is 0.75 MIU. There are exceptions 
given where higher limits are permitted (refer to ANSI C101.1-1992 for the specific conditions under which 
these exceptions apply).  
 
The test methods and leakage current limits of various editions of ANSI C101.1 have been adopted by many 
nationally and internationally recognized safety standards covering various products. However, some widely 
used safety standards apply different test methods. The leakage limits may differ from those specified in 
ANSI C101.1, as shown in the following examples: 
 

a) 

b) 

8.4.2

A standard for patient-connected medical care equipment specifies a maximum of 10 µA of 
leakage current due to concerns with lower body impedance. 

A standard for electronic data processing equipment permits leakage current up to 3.5 mA for 
other than household data processing equipment, recognizing the need for EMI filtering and the 
likelihood that the equipment will be properly grounded. 

 
The above illustrates the need for the end-product designer to consult with the applicable safety certification 
testing agency and its standards covering the particular varistor application. The designer should recognize 
that the leakage current specified in the application standard is the total leakage, and is therefore the sum of 
the product leakage without the varistor plus the varistor contribution. 
 
In addition to electric shock concerns, consideration should also be given to the possibility that varistor 
leakage current could interfere with the proper operation of personnel protection devices such as ground fault 
circuit interrupters (GFCIs). Excessive ground leakage could result in “nuisance operation” of such devices. 
For example, UL 943 requires a GFCI to trip at 4 mA after 20 ms. 

 Voltage limiting 

The expected clamping voltage of varistors can be found by constructing a V-I graph similar to Figure 16.  
Load lines can be drawn representing all possible output combinations of a test surge generator under the 
conditions of this example; i.e., 6 kV open-circuit voltage, and 0.5 kA and 3 kA short-circuit currents.  
Maximum clamping voltage curves for MOVs can be obtained from manufacturer’s specifications; Figure 16 
is for illustration only. The intersections of load lines and clamping curves represent peak operating point 
predictions for each combination of test condition and MOV size. Predicted values should be verified by 
testing. 
 
Note that larger diameter MOVs tend to clamp at lower voltages than smaller ones. The user should select the 
size that best fits the space, cost and performance goals of the application. 
 
The user should be cautioned against selecting a varistor with a clamping voltage so low that it would begin 
to conduct excessively during high ac or dc power line conditions. This might then interfere with normal 
operation of the equipment being protected, overheat the varistor and shorten its life due to extended 
operation above rating. See 8.3.4 for further discussion about selecting a varistor with adequate rating. 
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A factor that can affect the varistor’s measured peak voltage is lead and circuit inductance, due to L di/dt 
voltage. For further discussion, see 8.3.17, 8.3.18, and 8.3.1. 

8.4.3

8.4.3.1

8.4.3.2

 Failure modes 

The case must be considered in which power frequency overvoltages or extreme surge values could occur, 
exceeding the predictions of limited-base statistics, and in which excess energy might be deposited in the 
varistor. Like any other component over stressed in this manner, a varistor is subject to failure. The mode of 
failure will depend on the kind and degree of stress. The failure modes discussed below are short-circuit, 
degradation, and open-circuit and high clamping voltage.   
 
The use of “fail-safe” to describe a failure mode of a varistor is discouraged, since the consequences of 
failure, if not mitigated, may present a hazard to equipment or personnel (refer to 8.3.4). Some users may 
consider that the most desirable condition of a failed device is a low resistance, where the protective function 
is maintained. Others may prefer failure into a high resistance condition, so that the circuit does not see a 
fault. Because “fail-safe” can mean opposite things to different users, the recommended practice is to describe 
varistor failure only by the terms below. 
 
High current flowing in a failed varistor can melt soldered connections or shatter the device. Since these 
ultimate failure modes are not generally desirable, the common practice is to provide a thermal or overcurrent 
protective device, or both, in order to disconnect the varistor and clear the fault from the circuit. For a 
discussion of mitigating the consequences of varistor failure see 8.3.4. 

 Short-circuit failure mode 

In this failure mode a varistor may exhibit mechanical damage due to overheating by electrical current.  The 
varistor element may have a punch- through hole between the electrodes, and some of the zinc oxide material 
may have been reduced to metallic form. Outside of the damaged region, the varistor element may have 
normal V-I characteristics. Hence, in terms of the equivalent electrical circuit of Figure 13, the parallel 
resistance component Roff has a much lower value in failed varistors. When the failed device is measured out 
of its circuit and at room temperature, the resistance will be less than 100 Ω at 1 V by the definition of this 
mode. Typical values may be on the order of 10 Ω or more. The value could be lower at higher temperature at 
the time of failure. 
 
If a large region of undamaged varistor material exists outside of the point of punch-through, and if the 
electrodes and other circuit connections remain intact, the failed varistor will continue to suppress a surge 
voltage. 

 Degradation failure mode 

Overvoltage stresses that do not result in functional failure may nonetheless cause an observable change in  
V-I characteristics. In the degradation failure mode, a device has a nominal varistor voltage of less than 90% 
of the pretest value. See 8.3.6 for a description of nominal varistor voltage. 
 
A degradation of nominal varistor voltage is likely to be associated with an increase in the device’s dc 
standby current and ac standby power dissipation. Continuing degradation could lead to overheating and 
premature failure. Consequently, users are cautioned against selecting devices with inadequate voltage 
ratings. See 8.3.4, 8.3.5, and 8.3.9 for further discussion.   
 
Degradation may be explained as due to a reduction in the value of parallel resistance Roff in the equivalent 
circuit of Figure 13. It is important to note that such a change would affect only the low-current extremity of 
the V-I characteristics, and the varistor would continue to perform its surge-protective function. 
 
The outcome of evaluation for this failure mode is sensitive to the current density at which the test is 
conducted. Specifically, if the current selected is too low, serviceable devices could be unnecessarily rejected. 
Typical values recommended for the peak current density in this test are on the order of 1 mA/cm2. It should 
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be noted that nominal varistor voltage may shift upward without implication that clamping voltage has shifted 
upward in correlation. Instead, clamping voltage should be measured independently. Consequently, no limit 
can be recommended for upward change of nominal varistor voltage. 

8.4.3.3

8.4.4

 Open circuit and high clamping voltage failure modes 

The V-I characteristics of varistors used in ac mains applications typically are very stable in the region of 
protective operation. See Figure 12 for illustration of this region. However, if the electrodes, leads, solder or 
other connections become damaged, or the varistor element is shattered, the varistor may become open 
circuited because of an increase in the effective value of series resistance component Ron in the equivalent 
circuit of Figure 13. External mechanical damage is evident in this failure mode almost invariably, and an 
open circuit voltage condition can be identified in position by visual inspection. The recommended definition 
of failure is: 1) clamping voltage exceeding 120% of pretest value, or 2) open circuit voltage condition.            

 Mitigating the consequences of failure 

Like any other electronic component, a varistor can fail when subjected to electrical over stress, generally in a 
short-circuit mode. The consequences of varistor short-circuit failure can vary from violent rupturing of the 
package to sustained overheating, depending on a number of variables, including the packaging of the varistor 
in its application and the fault current that flows through it after failure. The latter can depend on the source 
impedance in the circuit. 
 
Generally, there are three approaches to mitigating the consequences of varistor short-circuit failure. One 
involves the use of overcurrent protective devices that respond directly to current. Examples are fuses and 
resettable circuit breakers. The second involves the use of thermal protection devices that respond to heat 
produced externally to the device itself. Examples are one-shot thermal cutoffs (fusible links), automatically 
or resettable thermostats, thermistors, etc. The third involves packaging the varistor so that the effect of 
overheating and/or rupturing of the varistor is contained.  
 
With respect to overcurrent and thermal protection devices, there are two options for electrically connecting 
such devices as shown in Figure 24. In option (a) of Figure 24, the device disconnects both the varistor and 
the load from the supply, so that the protected equipment is not exposed to further surges. Under option (b) of 
Figure 24, only the varistor is disconnected, and the equipment remains powered and able to function.  
Depending on the type of equipment and its use, one option may be preferable to the other.  For example, in 
the case of option a) of Figure 24, load current requirements can limit how low the rating of an overcurrent 
protection device can be, whereas load current is not a factor in the rating selected for the device in option (b). 
On the other hand, in the case of option (b) of Figure 24, the protective device (overcurrent or thermal) must 
be capable of withstanding (i.e. remaining intact) transient surges that the varistor is capable of diverting. If it 
is not, then the device can needlessly operate, leaving the equipment operating unprotected. In addition, it 
should be noted that the resistance and inductance of the device in circuit (b) will add to the circuit’s overall 
clamping voltage. 
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(b)

(a)

 
Figure 24

8.4.4.1

 — Options for varistor fuse connection 

 
 
From the foregoing it is clear that it is not appropriate to describe either option (a) or (b) as being necessarily 
better than the other. If an indicator is wanted of operation of the overcurrent or thermal protection device, 
then different approaches are possible. A summary of these considerations is available in the literature (see 
Standler 1989 [B32]). 
 
The choice of rated trip current of an overcurrent protection device will be limited to a lower bound by such 
factors as load requirements (if the overcurrent protection device is in series with the load), and the need for 
the device to withstand (i.e., not open) in the presence of expected transient currents. These factors, can limit 
the usefulness of overcurrent protection devices. Thermal protection devices might be needed as well.  
 
Further discussion of overcurrent protection devices, thermal protection devices, and varistor packaging 
follows in 8.4.4.1, 8.4.4.2, and 8.4.4.3. 
 

 Overcurrent protection devices 

Overcurrent protection devices are most effective in the case where the source impedance is relatively low, 
and therefore the current available to the varistor, if it fails in the short-circuit mode, is relatively high. In this 
scenario the overcurrent protection device has the advantage of speed of response as compared to a thermal 
protection device, because the latter requires time for heat transfer to take place in order to function. It should 
be noted that fuses generally respond more quickly than some types of circuit breakers, especially the thermal 
trip type. Regardless of type, an overcurrent device should be suitable for the fault current available in the 
circuit.   
 
The customary way to describe the response of overcurrent protection devices is in terms of an I2t rating.  
These ratings are usually based on time events longer than transient surge voltages, see Figure 25. For 
example, the melting curve of the 3-A fast fuse shows a melting current of 46 A at 0.01 s, which corresponds 
to an I2t of 21 A2s. 
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Figure 25

8.4.4.2

 — Time-current characteristic of fast acting and time delay fuse 

 
The applicability of overcurrent protection device ratings to surge currents needs to be established. For 
example, the standard impulse for characterizing varistors and other surge-protective devices is an 8/20  
current waveshape. The I2t integral for this impulse can be computed. For a 1000 A crest, the I2t value of the 
8/20 impulse waveshape has been found to be close to 20 A2s (see Martzloff 1985 [B25]). 
 
Empirical tests have shown that the observed I2t fuse melting current for 8/20 current waveshape can be 
similar to the I2t rated value for 0.01 s duration currents. This relationship held for both fast and time delay 
types. However, the statistical nature of fuse melting should be recognized, and at a given current some fuses 
from a group of the same type will survive more surge repetitions than others. Further, to avoid premature 
opening of a fuse after repeated surges, the surge current should not exceed 25% of the value corresponding 
to the fuse’s I2t rating. In other words, a fuse selected to withstand a few surges at 3 kA, for example, would 
be expected to withstand many times more surges at 750 A. 
 
The opening of a current-limiting fuse will take place when there is sufficient fault current to melt the fuse 
wire. Overvoltage swells have the potential to overheat surge-protective devices without causing short-circuit 
failure (users are cautioned against selecting devices with inadequate voltage ratings; in the absence of 
specific requirements, it is recommended that device ratings preferably should have margins of 20% or more 
above nominal ac power system voltages. See also 8.3.4.) 

 Thermal protection devices 

Thermal protection devices can be effective in cases where overcurrents through a varistor might be so low as 
to not result in the operation of an overcurrent protection device, and where currents yet could be high enough 
to cause a varistor to reach extremely high temperatures sufficient to result in extreme overheating. In this 
scenario the thermal protection device can have an advantage over an overcurrent protection device, provided 
that it is adequately thermally coupled to the varistor, so that it is able to limit the ultimate temperature of the 
varistor. Some situations are described below in which a thermal protection device could be applied.   
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One, if a power frequency overvoltage occurs, ac standby power dissipation will rise. This could result in 
heating of a varistor. Two, if a varistor is exposed to stresses beyond rating it could be subject to a 
degradation failure mode. With severe degradation of a varistor, standby power dissipation could rise enough 
to cause heating. Three, if the power source impedance is relatively high, and the fault current available is too 
low to operate an overcurrent device, even if a varistor failed in the short-circuit mode, the power dissipated 
could cause heating. Then, in these cases a thermal protection device could operate to disconnect the varistor. 
 
If thermal protection devices are to be used, further work also needs to be done to evaluate the effect of surge 
transients on their operating characteristics. 

8.4.4.3

8.4.5

8.4.5.1

 Packaging 

The consequences of varistor failure and heating may also be mitigated by the way the varistor is packaged in 
the application, such as by isolating the varistor from flammable materials, positioning the varistor away from 
openings in the enclosure, and/or enclosing the varistor in a substantial non-flammable or flame resistant 
housing. 
 
The choice of whether to use overcurrent protection, thermal protection, application packaging or some 
combination of the three, as a means of mitigating the consequences of varistor failure will depend on the 
specific application. Generally, it is desirable to conduct tests that simulate the failure modes of concern on 
the complete product in order to determine the effectiveness of the means used to mitigate the consequences 
of varistor failure. 

 Operations to Failure 

The varistor ratings described in this guide help the user to estimate the ability of a specific type to function 
reliably in a particular surge environment. Clearly, the estimate depends on assumptions made about the 
actual environment from generalized descriptions such as IEEE Std C62.41-1992.   

 Matching varistors to their surge environment 

A procedure for evaluating the cumulative effect of surges on varistors in their use environments has been 
devised (see Martzloff 1985 [B25]). The method constructs a model of the surge environment using         
IEEE Std C62.41-1991 as a basis and derives a set of surges of specific amplitude. This enables calculation of 
an annual rate of consumption of the rated pulse life of varistors of specified type and diameter. Varistors 
then can be selected such that rated life will not be consumed within some time chosen as a design goal. 
 
The procedure was used to calculate the time to consume rated life for devices installed at a Category B 
service entrance location and also for devices installed in short branch circuits. Devices at the service 
entrance were found subject to higher lightning currents than those downstream, because branch circuit 
wiring tends to limit surge voltage by flashover and to limit surge current through higher impedance.  
Consequently, varistors near the service entrance need greater surge current handling capacity than those in 
branch circuits. Users should see Martzloff 1985 ([B25]) for details of the procedure and the findings. 
 
Users of the procedure should note that the expected annual rate of surge occurrence versus voltage level as 
shown in IEEE Std C62.41-1991 includes all wave shapes. When constructing a model of annual surges it is 
necessary to assume a value for the fraction of surges that have the effect of 8/20 impulses. This assumption 
is very significant because the other surges, represented by 100 kHz wave shape, consume little of a typical 
varistor’s rated life. Also, it is necessary to assume an exposure level, such as medium exposure. By contrast, 
the exposure and actual rate of surge occurrence in service can vary over a very wide range. Clearly, although 
the procedure is valid, the accuracy of the estimates obtained is limited by possible inaccuracy in assumptions 
about the environment. 
 
 
 

56 
Copyright © 2006 IEEE. All rights reserved. 



IEEE Std C62.42™-2005 
IEEE Guide for the Application of Component Surge-Protective Devices for Use in Low-Voltage 

[Equal to or Less than 100 V (ac) or 1200 V (dc)] Circuits   

The procedure is not intended as a substitute for conformance to device performance standards where 
applicable, but can be a useful additional device selection criteria. In the absence of specific requirements the 
procedure represents a reasonable and conservative approach to selecting device ratings for reliable operation, 
and to comparing devices of different sizes. 

8.4.6

a) 

b) 

c) 

d) 

e) 

8.4.6.1

8.4.6.2

8.4.7

 Grounding and bonding 

Surge-protective devices may be connected between ac power circuit conductors and the equipment 
grounding conductor, or to accessible metal parts of the equipment that are connected to the grounding 
conductor. These devices serve to protect insulation from surge voltages; in turn, the insulation reduces the 
risk of electric shock to personnel under normal line voltage conditions. On the other hand, when surge- 
protective devices are so connected, an increased risk of electric shock might arise as a result of the injection 
of surge current into ground paths, under the following conditions: 
 

The magnitude, duration and source impedance of a surge are such that the surge itself poses a risk 
of electric shock, and either 

The accessible metal parts of the equipment are not reliably or positively grounded; or 

Surge-protective devices conduct high surge current into the ground return paths including the 
grounded power conductor and the equipment grounding conductor, 

The grounded power conductor, neutral, does not carry enough of the surge current, and a high 
surge current is injected into the grounding conductor, and 

The impedance of the combined ground return paths at the surge current frequency is sufficiently 
high to cause significant peak surge voltage to develop between accessible metal equipment 
surfaces and surrounding conductive surfaces possibly in contact with personnel. A discussion of 
the factors in this list follows in 8.4.6.1 and 8.4.6.2. 

 Reliability of grounding 

The reliability of grounding of accessible metal equipment surfaces can be affected by numerous factors.  In 
general, the grounding of permanently wired equipment is more reliable than the grounding of equipment that 
is connected to a branch circuit outlet receptacle by cord and plug means. The latter may be adversely 
affected by an improperly wired or ungrounded receptacle or a miswired attachment plug or cord. Users are 
cautioned to make sure that a properly grounded outlet has been provided when using cord connected 
equipment intended to be grounded, in which surge-protective devices may have been effectively connected 
between line and accessible metal surfaces. 

 Ground path impedance 

Although the impedance of a properly installed grounding system may be sufficiently low at ac power 
frequencies so as not to be of concern, the impedance may play an important role at surge pulse frequencies. 
The extent of its importance will be strongly influenced by the specific conditions at the installation site. 
Discussion of factors affecting those conditions is beyond the scope of this clause, and users should refer to 
appropriate sources. 

 Location of varistors 

Varistors are components intended to be installed within complete electrical or electronic equipment by the 
complete equipment manufacturer. Generally, varistors are not “stand alone” type devices suitable for direct 
installation in the field. At a minimum, a suitable housing and means for making electrical connections in the 
field are needed. 
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Consequently, the suitability of a varistor, from the standpoint of safety, in a specific application will entail 
an investigation of the varistor in combination with the actual end-use equipment. The safe operation of a 
varistor in the end-use equipment will depend upon a number of factors, including, but not limited to, the 
following: 

a) The intended use of the equipment 

b) The function of the varistor and its location in the equipment circuitry 

c) The equipment environment (surge environment, power frequency voltage, temperature, humidity,                                 
etc). 

d) The enclosure of the equipment (flammability characteristics; number, location and size of 
openings, etc.) 

e) The presence of overcurrent and/or thermal protective devices within the equipment 

f) Voltage regulation within the equipment 
 
These and other factors are the purview of standards that cover the specific end-use equipment. 

8.4.8

9.

 Codes and standards 

There are two broad categories of end-use equipment applications for varistors. 
 
One category is surge-protective devices for low-voltage ac power circuits. These devices may contain 
varistors packaged along with other components. Their intended function is to provide some measure of 
protection for electrical and electronic equipment against the adverse affects of transient surges. Examples of 
such devices are wall outlet receptacles, cord- and plug-connected power outlet strips, service panel-mounted 
devices, and outdoor mast-mounted secondary surge arresters. Examples of standards covering such devices 
are IEEE Std C62.34-2001 and UL 1449. 
 
The second category involves the direct installation of varistors into the circuitry of utilization equipment, 
such as TV receivers, computers, and appliances. When varistors are included in such equipment, the 
combination of the varistor and the equipment should be evaluated to an appropriate standard covering the 
specific equipment.  An example of a standard covering such devices is IEEE Std C62.33-2000. 

 Component avalanche junction semiconductor surge-protective devices 

This clause presents a description, a theory of operation, test characteristics, and an application guide for 
avalanche junction semiconductors, hereafter referred to as “avalanche diodes” (AD). Specifically, it covers 
two terminal devices that are specified as avalanche diodes having symmetrical or asymmetrical 
characteristics. Applications to ac or dc power and analog or digital communication transmission lines are 
referenced in this guide. 
 
The avalanche diode is designed to provide protection to voltage-sensitive components or circuits. With the 
guide, the reader will be able to compare the standard electrical characteristics of the avalanche diode and be 
able to select a protector to meet most applications. 
 
Although the avalanche diode is a two terminal protector, some applications may require these devices to be 
configured in series or parallel combination to increase the voltage or power handling capability. In other 
applications, the avalanche diode may require some additional components to limit or divert a specified level 
of transient threat or to lower the capacitance. 
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9.1 Description 

The avalanche diode, in its basic form, is a single P-N junction consisting of an anode (P) and a cathode (N). 
See Figure 26a). In DC circuit applications, the protector is reverse biased such that a positive potential is 
applied to the cathode (N) side of the device. See Figure 26b). 

PN PN

-+

VO

(a) (b)  
Figure 26

9.2

 — Basic form of avalanche diode 
 

 Theory of Operation 

The avalanche diode has two operating modes: 1) off (high impedance), or 2) on (relative low impedance). In 
the off condition, the protective device has a low current level called leakage current. This current will vary 
with junction temperature. The transition from an off state to the on state is called the avalanche region. 
Figure 27 shows a typical V-I characteristics curve of a single P-N junction device. This device has a high 
reverse voltage characteristic (positive potential to the N side) and a low forward voltage characteristic 
(positive potential to the P side). It can be used in either direction for limiting transient voltages. Refer to 
manufacture’s individual data sheet for transient electrical characteristics of a single junction device. 
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Figure 27 — Avalanche diode component V-I characteristics 

 
The electrical characteristics of an asymmetrical device are shown in Figure 27 for a single P-N junction 
diode. For symmetrical devices, the avalanche characteristics (positive potential to the N side) will apply in 
both directions of its V-I curve. 
 
There are some additional parameters, which are not shown in Figure 27, such as capacitance, and 
characteristics that vary with temperature, which may affect the application of the avalanche diode. These can 
be found in manufacturers’ data sheets and will be discussed here when they apply to specific applications for 
products selection. The avalanche diode performance characteristics are defined in IEEE Std C62.35-1987, 
which will be used as a source document for this guide. 
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9.3

9.3.1

 Avalanche diode test characteristics 

Basic parametric considerations of avalanche diodes (see 9.3.1, 9.3.2, and 9.3.3) are detailed explanations of 
the ratings and characteristics that are the minimum necessary to use the devices in most applications. 9.3.4 
through 9.3.18 of this guide define additional parameters, which might be useful in other applications. 
Current impulses for these tests use a 10/1000 waveform. 
 
To prevent confusion, a clear distinction must be made between the 10/1000 waveform specified in this 
portion of the guide and other 10/1000 waveforms that are specified in some other documents, such as     
IEEE Std C62.41-1991. In this part of this guide, the 10/1000 waveform is being used to characterize device 
parameters (as is explained in the following two paragraphs). On the other hand, documents such as         
IEEE Std C62.41-1991 are concerned with the withstand capability of a product in a given application. 
 
In order to be useful for characterization of device parameters, it is necessary that the 10/1000 waveform 
specified in this guide be independent of the device. This could mean the 10/1000 waveform specified here 
may be supplied by an active circuit. This active circuit will automatically vary its source impedance to 
maintain invariant current regardless of load impedance changes, including those resulting from the operation 
of the solid state protector under test. 
 
In an application test, it is expected that the protection device will modify the applied waveform. Application 
waveforms are supplied by circuits that have a fixed source impedance. As a result, application waveforms 
may only be specified for a specific load impedance (for example, an open circuit, or a short circuit). 
Typically, a 10/1000 application waveform is a short circuit current (SCI) waveform. When such a waveform 
is applied to an actual device, its amplitude and waveshape will differ from that of a SCI waveform. Clause 9 
of the guide does not discuss such application waveforms. 

 Clamping Voltage (Vc) 

Clamping voltage is the measured, peak (crest) voltage across the device assuming that the external lead 
terminations do not adversely add to this voltage. For this definition, a waveform of 10/1000 is used as the 
standard test current impulse to minimize the effects of the external lead lengths. The user is cautioned, 
however, that an impulse with a fast rising front will add overshoot voltage (VOS), due to lead inductance, to 
the clamping voltage. Overshoot voltage is discussed in 9.3.13. 
 
Clamping voltage will vary as a function of the magnitude of the applied peak impulse current for a specified 
waveform. This voltage is a result of the device series resistance and some thermal effect. The thermal rise in 
voltage is due to long duration pulses that can be identified by the gradual increase and decay in the voltage 
above the trailing edge of the voltage waveform, as seen in Figure 28. This thermal rise is a part of the actual 
(measured) clamping voltage. 
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Figure 28 — Impulse voltage waveform (10/1000µs) 
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Users are cautioned to review the individual manufacturer’s data sheet to confirm the level of peak pulse 
current applied to the device for each impulse waveform. For example, the minimum clamping voltage is at 
the point of junction avalanche, which is measured at peak current level of l mA to 10 mA for less than        
10 ms. Although this voltage is often expressed as a clamping voltage by some manufacturers, it is defined 
here as the breakdown voltage (see 9.3.6). 
 
Temperature will also cause the clamping voltage to vary due to the temperature coefficient of the device. 
Most devices have a positive temperature coefficient that will cause the voltage to increase in temperature as 
defined by a manufacturer’s data sheet under temperature coefficient of breakdown voltage expressed as 
mV/°C or %/°C (see  9.3.18). 
 
Typical values of clamping voltage range from 7 V to 540 V. 

9.3.2 Rated peak impulse current (IPPM) 

This is also referred to as rated multiple peak impulse current, reference 9.3.5 of IEEE Std C62.35-1987. 
Rated peak impulse current is the maximum value of a peak impulse current that is applied to a device for a 
minimum of 10 pulses using a 10/1000 waveform and maximum duty cycle of 0.01% without causing device 
failure. The clamping voltage measured during this test is considered the “maximum clamping voltage” for a 
given current and pulse waveform for any device. 
 
Due to the number of waveform combinations and the possible peak current ratings for a wide voltage range 
of devices, most manufacturers will include a peak pulse power vs. impulse time curve, similar to Figure 29, 
on their data sheets to define the operating characteristics of a device over time. Using this curve and the 
maximum clamping voltage indicated in the previous paragraph, it is possible to define the peak impulse 
current of a given device for any impulse duration. In Figure 29, the Pulse Time (td) is considered the time 
duration of an impulse waveform that is for 10/1000 the 1000 is the impulse duration or td. Divide the peak 
pulse power by the “maximum” clamping voltage to determine the peak impulse current for a specified 
impulse duration. 
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Figure 29 — Peak pulse power vs. pulse time 

 
It is this peak impulse current that is used to select a device for a specified transient waveform. The transient 
environment is usually defined in terms of its peak transient current over a specified impulse, duration. It is 
this transient current that the device is designed to divert away from the load. The user is advised to 
understand the manufacturer’s current ratings on a data sheet and apply them to the application. In some 
applications, it may be necessary to insert a series impedance in the line ahead of the protector to assure its 
performance to the designed specifications. 
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The peak pulse current specified by the manufacturer is considered repetitive with a specified duty cycle. 
Refer to the individual manufacturer’s data sheet for this specific information, which relates to the average 
power handling capability of the device. For duty cycles greater than specified amount, contact the 
manufacture for details on the alternatives. For impulse durations greater than 1.0 ms, or a duty cycle 
exceeding the manufacturer’s rating, an alternate device might be required. 
 
Although IPPM is determined by conducting multiple pulses, the purpose of conducting multiple pulses is to 
establish that the device can reliably handle a single pulse and is not intended to be a measure of the lifetime 
rated pulse current (see  9.3.5). 

9.3.3 Rated stand-off voltage (VWM) / Rated working RMS voltage (VWM(RMS)) 

Rated stand-off or working RMS voltage is that voltage whose peak value is the manufacturer’s 
recommended maximum continuous operating voltage of the avalanche diode that is determined by 
multiplying the minimum breakdown voltage by .9 or .95. These voltage ratings are to be considered the 
maximum circuit, system, or equipment operating line voltage when operating over the device’s full operating 
temperature range. Exceeding this value will cause clipping of the signal or an increase in the steady state 
power operating condition of the device. 

9.3.2.1

9.3.2.2

 Rated stand-off voltage (VWM) 

For dc applications, the rated stand-off voltage applies to the maximum working dc or peak voltage 
application. For avalanche diodes, this rating is determined by the minimum avalanche breakdown of the P-N 
junction. This voltage rating is typically 10% below the minimum breakdown voltage due to the temperature 
coefficient of the breakdown voltage. Refer to the individual manufacturer’s data sheet for actual values. 
Differences between stand-off and breakdown will also be determined by the maximum operating 
temperature of the system. For operating temperature ranges less than the maximum, the voltage difference 
can be reduced. All silicon avalanche junction diodes have a positive temperature coefficient of breakdown 
voltage. The stand-off voltage is based upon the minimum temperature value, which requires that the voltage 
to be specified at 10% below the minimum breakdown voltage. For a temperature value between minimum 
and 25 °C, the temperature coefficient parameter can be used to calculate a specified stand-off voltage below 
the minimum breakdown voltage. For example, if the low temperature operation is –10 °C, the difference 
from room temperature (25 °C) is 35 °C. Multiply the temperature coefficient by 35 to obtain the 
recommended voltage difference between the stand-off and breakdown voltage. 
 

Vdiff = α(t – t0)   
 
   where… 
 
   Vdiff = voltage difference between the Stand-off voltage and the Breakdown voltage 
   α = temperature coefficient 
   t = temperature at minimum breakdown voltage 
   t0 = room temperature 

 Rated working RMS voltage (VWM(RMS)) 

For ac applications, the peak (crest) voltage value must be used when determining the stand-off voltage. The 
rated working RMS voltage VWM(RMS) applies to bidirectional devices with symmetrical voltage 
characteristics, that is in both polarities. Due to the electrical characteristics being specified in dc or peak 
values, all RMS operating circuit values must be converted to their peak values. For example, a sinusoidal 
RMS voltage of 110 V (ac) must be multiplied by 1.414 to obtain the peak voltage. 
 
Voltage ratings are subject to the same cautions and instructions for temperature as the stand-off voltage 
considerations stated in 9.3.2.1. Users are to review the manufacturer’s data sheet in reference to this 
parameter. 
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9.3.3

9.3.4

9.3.5

9.3.6

9.3.7

 Stand-by current (ID) 

Stand-by current is the dc or steady state reverse leakage current through the avalanche diode under a reverse 
bias voltage condition. This parameter is always measured at room ambient temperature 25 °C. In general, 
the reverse leakage current will double with every 10 °C to 15 °C rise injunction temperature. The stand-by 
current is the level of current that is diverted by the presence of the diode being placed across the line. Its 
specific value is not always an indication of the device reliability, but must be considered for circuit operation 
in some applications. Stand-by current is measured at the rated stand-off voltage for dc or steady state 
applications and at the RMS voltage for ac applications.  
 
Typical values of stand-by current range from 0.01 µA to 1000 µA. 

 Rated peak single surge transient current (ISM) 

This is the maximum value of peak impulse current, 10/1000 waveform, which a device must withstand 
without causing failure. This rating is a means of establishing the fail short condition of a specific voltage 
type before failure that might be expected in an application environment.  
 
A specific device type may withstand a rated peak single impulse transient current. However, due to the 
variations in the cross sectional area of an active junction, not all manufacturers products are alike. This value 
might vary from one manufacturer to another. Each manufacturer must identify this parameter for each device 
type and voltage (VWM) rating. An avalanche diode might withstand several exposures at this surge value, but 
it should not be considered a peak rating nor a design limit for an application. For lack of an industry 
standard, it is suggested that this value be derated by 5% in any application. 

 Lifetime rated pulse current 

This is a multiple impulse current rating for a defined waveform that may be applied over the lifetime of the 
device without causing failure. The ratings are based upon both an 8/20 and 10/1000 waveform, refer to  
Table I in IEEE Std C62.35-1987. These ratings are not usually a part of a manufacturer’s specification for 
avalanche diodes. Generally, data of this kind must be performed on an individual product bases. This is due 
to the different methods of device construction, between the various product families. Individual 
manufacturer’s data is a meaningful measure of the life expectancy of an avalanche diode under actual in- 
service conditions. 

 Breakdown voltage (avalanche) V(BR) 

The breakdown voltage is a characteristic that is measured at l mA, which may be stated as a minimum or 
nominal value. This voltage measurement is characteristic of the avalanche point for a P-N junction device. 
 
This characteristic is usually tested with automatic test equipment using a pulse width of less than 10 ms. For 
dc current measurements, the user must take into consideration the temperature coefficient of the device and 
the increase in voltage due to self heating. This same consideration must be given to the room ambient 
temperature conditions. 
 
Typical values of breakdown voltage range from 3 V for single diodes to 850 V or higher for multi-stacked 
diodes (diodes in series) 

 Rated multiple peak pulse power dissipation (PPPM) 

The multiple peak pulse power is a rating that is derived from multiplying the maximum clamping voltage 
(VC) times the rated peak impulse current (IPPM). Due to self heating of a P/N junction device for long pulses 
(greater than 300 µs), the voltage is not coincident in time with the peak pulse current. For lack of an industry 
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standard, an impulse of 10/1000 is used to classify most manufacturers’ peak pulse power ratings, such as   
500 W, 1500 W, and 5000 W. This parameter is commonly used by a manufacturer as the product identifier 
for a series or family of device components. Contact the individual manufacturer for the derating factor for 
this parameter within a device family. 

9.3.8

9.3.9

9.3.10

9.3.11

 Clamping factor (CF) 

The clamping factor of a specific device is the ratio of its clamping voltage (VC) to its breakdown voltage 
(VBR), where the clamping voltage is measured at a pulse current of specified peak value and waveshape, and 
the breakdown voltage is measured at the specified value of direct current. 
 
A lower clamping factor indicates a lower clamping voltage, for a given device at specified current. Devices 
with higher power ratings, but of the same breakdown voltage value, usually have lower clamping factors 
than devices with lower power ratings. 

 Voltage clamping ratio (VC/VWM) 

This ratio is a value obtained by dividing clamping voltage by the maximum rated standoff voltage. The value 
will depend upon the test current at which clamping voltage is measured for a given device type. Both voltage 
measurements must use the same units of measurement, such as peak volts. 
 
In making comparisons between products the user should take care to see that similar definitions and test 
conditions are used. The surest course is to define the stand-off voltage relative to the minimum breakdown 
voltage and the clamping voltage conditions of the devices under question. Comparing the data in a 
manufacturer’s data sheet is important but may not be adequate for all products. 
 
If this parameter is important for a specific application it is best to contact the individual manufacturer of 
interest. They can provide the data or suggest a product that can meet the application needs. As with other 
parameters the voltage clamping ratio is dependent upon the manufacturing process and procedures as well as 
other device characteristics, such as junction area. 

 Incremental surge resistance (RS) 

An avalanche junction semiconductor, in its on-state, presents a resistance to the flow of surge current. When 
the applied surge pulse is of short duration, causing very little heating in the device, the value of RS is 
constant. Pulses of longer duration, which generate heating, will result in an increase of RS. 
 
The incremental surge resistance of an avalanche junction semiconductor is directly related to its clamping 
voltage (VC). Clamping voltage is a much more useful parameter than RS in determining the protection 
characteristics of a device. Knowledge of the Incremental surge resistance may be useful when a surge 
generator is designed to deliver a precise peak current of a precise waveshape through a specific device. 

 Capacitance (C) 

All avalanche junction semiconductor surge-protective devices have a value of capacitance that is directly 
proportional to their area and inversely proportional to their breakdown voltage. Capacitance will decrease 
with an increase in an applied dc bias voltage across the reverse direction of a P-N junction, as in Figure 30. 
Capacitance will also decrease with increasing frequency from 5% to 50% depending upon the breakdown 
voltage. 
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Figure 30

9.3.12

9.3.13

 — Typical capacitance vs. breakdown voltage (undirectional only) 

Due to the large cross sectional area of the avalanche junction device, the capacitance can range from a few 
hundred picofarads up to several thousand picofarads depending upon the device breakdown voltage. 
Whereas these values of capacitance may not be significant for dc applications, for high-frequency (fast data 
rates) data lines the capacitance may have to be compensated. A high-voltage rectifier diode may be 
connected in series combination with the avalanche diode of opposite polarity for capacitance compensation. 
The capacitance of a bidirectional device to a unidirectional device of the same breakdown voltage will be 
30% to 50% less. 

Typical values of capacitance range from 5 pF for single diodes to 10 000 pF for multiple diodes connected in 
parallel. 

 Voltage overshoot (VOS) 

Overshoot is the voltage that occurs above the P-N junction clamping voltage when subject to a fast rise time 
impulse. Lead inductance and the metallic interface will cause an incremental voltage increase due to the       
L di/dt effect. The value of overshoot will depend on the rate of change of the impulse front wave. In typical 
applications, lead length refers to the length of leads inherent to the device (i.e., device package), and any 
additional leads provided as part of the application circuitry. This can cause voltage overshoot when testing 
products in a circuit. From a practical standpoint, users should try to minimize the length of wires connecting 
surge-protective devices to the power bus lines and the data line I/O ports. It is also important to consider the 
board layout of the printed circuit board when designing surge-protective devices in their circuits. 

 Response time, overshoot duration 

As defined in IEEE Std C62.35-1987, response time is the time between the point at which VC is exceeded 
and the peak overshoot voltage is reached. Due to the high frequencies involved in fast rise time waveforms, 
response measurements require special fixtures and extremely fast-responding instrumentation. Reference to 
response time in device specification is discouraged. It is not characteristic of its clamping effectiveness and 
is dependent upon defined test methods and circuit configuration. Overshoot duration is the time between the 
same point when VC is exceeded and the 50% point on the overshoot wave tail. 
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9.3.14

9.3.15

9.3.16

 Rated forward surge current (IFSM) 

The forward surge current applies to unidirectional avalanche diodes. A positive voltage potential is applied 
to the anode of the P-N junction device (see Figure 27). Due to the method of testing, most manufacturers use 
an 8.3 ms half sine wave for this test. Although, due to the availability of standard test equipment, this 
characteristic is also being tested at the same waveform as for the reverse polarity such as 10/1000 and 8/20. 
The voltage measurement will always be less than the clamping voltage of the protection device which is the 
voltage measurement of a single forward diode, P-N junction. 

 Forward voltage (VFS) 

Forward voltage is the peak voltage measured across a forward biased unidirectional avalanche diode at a 
specified pulse current and waveform. This is usually provided for by the manufacturer to help the user 
determine the voltage that will be experienced on the back side of the circuit element being protected. It is 
determined by the manufacturer through a series of tests on a population of devices and is usually expressed 
as a maximum value. 

 Temperature derating 

Due to the dependency of some electrical characteristics to temperature, temperature derating is applied to 
both the peak pulse power and peak pulse current of a device, see Figure 31. Both power and current are 
usually rated from 100% at 25 °C to 0% at some elevated temperature defined by the individual 
manufacturer. Temperatures will range from l00 °C to 175 °C depending upon the method of manufacturing 
the product and the materials used in the device construction. The derating is normally given as a percentage 
of the peak pulse power or peak pulse current above the 25 °C temperature. 
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Figure 31

9.3.17

 — Derating curve 

 Thermal resistance (RθJA, RθJC,  or RθJL) 

Thermal resistance is the effective temperature rise per unit power dissipation of a designed junction, above 
the temperature of a stated external reference point under conditions of thermal equilibrium. The thermal 
resistance is an indication of the device’s ability to dissipate heat away from the junction of the 
semiconductor chip. Most manufacturers will show this parameter as a maximum rating under specific 
conditions such as may be defined at a lead, surface, or room ambient temperature. When the lead or surface 
temperature is given, it is defined at a distance from the package for plastic devices or the case for through-
hole, metal packages. 
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9.3.18

9.4

9.4.1

9.4.1.1

9.4.1.2

9.4.1.3

9.4.1.4

 Temperature coefficient of breakdown voltage (V(BR))/( α V(BR)) 

All silicon avalanche junction surge suppressors will have a temperature coefficient of breakdown voltage 
that is positive. This can be expressed as a percentage of the breakdown voltage or defined as a millivolt 
change with temperature (see IEEE Std C62.35-1987). The clamping voltage will also have the same voltage 
change with temperature independent of the value of peak pulse test current. The pulse duration of the peak 
current does not affect the temperature coefficient. There may be an increase in the voltage due to variations 
in the pulse duration. This will affect the junction heating of the diode, if not properly mounted to a heat 
dissipating surface, causing a slight increase in voltage. 

 Application of avalanche diodes 

This device can be used in a number of different types of applications ranging from ac power circuits to dc 
power circuits to both signal lines and digital data lines. The key for applying this device is its location in the 
circuit and the level of transient current and the duration of the pulse. These factors are the determining 
parameters that should be used in the application of this device. It is unrealistic to equate the energy level of 
the transient to the energy handling capability of the avalanche diode. These two values are not equatable due 
to the low clamping voltage of the device and the fact that some of the energy will be dissipated in the wire or 
cable connecting the surge suppressor to the point injection of the transient threat.  

 Failure modes 

 Degradation failure mode 

 
An avalanche diode will experience an increase in the stand-by current. This is usually a result of degradation 
in the junction surface area of the device. It can be caused by an imperfection in the junction coating or 
cracking of the coating material. This can be observed with a curve tracer, in which case the knee (the 
transition between off condition and the full on condition) will appear to be unstable. 

 Short circuit failure modes 

An avalanche diode will have two types of short circuit failure modes. The first is a shorted junction in which 
the surface or the bulk material will have failed. Evidence of this type of failure mode is a remelting of the 
silicon material. This is usually due to the device being subjected to a peak transient current value in excess of 
the device rating. The second failure mode is melting of internal materials that arc across the semiconductor 
junction as a result of a long duration transient. Both failure modes will cause the device to appear as a low 
value resistor, usually less than l Ω. In some applications an over current device may be required to prevent 
continuous current flow if this failure occurs. 

 Open circuit failure mode 

A device will be considered open circuit when the breakdown voltage exceeds l50% of pre-tested value at a 
current used to obtain V(BR) or at a lower current. This condition can exist when the unit has been exposed to a 
very high level of transient current of a short duration, usually less than l µs. Another condition may exist 
when the internal leads have fused open. This condition is a result of the device first shorting and then 
drawing enough continuous current to melt open the lead of the device. 

 High clamping voltage failure mode 

A device is considered a failure when the voltage exceeds 120% of the pre-tested clamping voltage. An 
avalanche junction surge suppressor that has been improperly processed through production may experience 
this phenomenon. 
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Annex A 

a) 

b) 

c) 

 

(informative) 

Circuit behavior of gas tube arresters 

The idealized circuit of Figure A.1 illustrates the behavior of a two-electrode gas tube arrester in a circuit 
consisting of terminal equipment to be protected, a 50 V (dc) source  and a source resistor (R). In Figure A.2, 
the introduced surge e(t) has a peak value (Vp) of 750 V and the resulting waveform. Figure A.3 contains a 
rectilinear approximation to the voltampere characteristic of a gas tube arrester along with several 
superimposed source load lines. The characteristic has two discontinuities that provide the following three 
branches: 
 

An off branch terminating in the breakdown point (Vb). 

A glow-mode branch characterized by a constant intermediate voltage at currents below the glow-
to-arc transition current. 

An arc-mode branch characterized by a low, nearly constant voltage for all currents above the 
glow-to-arc transition. 

As an aid to understanding the behavior of this idealized gas tube surge arrester, the following representative 
values for the critical parameters are assumed: 
 

400 V = breakdown voltage 
200 V = glow-mode voltage 
30 V = arc-mode voltage 
0.5 A = glow-to-arc transition current 

 
As a first example, assume that the dc source [V (dc)] is 50 V, the source resistance (R) is 320 Ω, and the 
terminal equipment has infinite input impedance. The load line for this source is labeled ‘I’ in Figure A.3a), 
and the stable operating point on the voltampere characteristic is in the off condition at point A. The protector 
remains in this condition until the transient voltage of Figure A.2 appears, at which time the operating point 
rises along the voltage axis until it reaches point B, and breakdown occurs. The operating point then transfers 
to point C, the intersection of the load line III with the arc-mode branch. As the transient continues to its peak 
value, the gas tube surge arrester discharge current moves from point C to point D determined by load line 
IV, which intersects the voltage axis at V (dc) + e(t) = 50 + 750 = 800 V, and has a slope of 320 Ω. As the 
transient subsides, the discharge current decreases to point E and then transfers to point F along load line II, 
and the gas tube surge arrester returns to the off condition. At toff the operating point returns to its original 
position at point A. The resulting surge arrester voltage VG and current IG waveforms during the surge 
appear in Figure A.4. Notice that, since the gas tube arrester voltage equals the terminal equipment voltage, 
the gas tube arrester has limited the voltage at the equipment terminals to 400 V, and the duration of the 
excursion above V (dc) is less than the duration of the incident surge. The load line selected for this example 
did not involve the glow region. In practice, reactive components or circuit parasitics may cause a brief glow 
period during the transitions between off and arc. 
 
A second example will involve the glow region and will also illustrate circuit conditions that inhibit the gas 
tube surge arrester from extinguishing (holdover). The dc source [V (dc)] is 250 V (see Figure A.1), the 
resistor (R) is 1000 Ω and the transient e(t) is 750 V peak. The off condition of the gas tube surge arrester of 
Figure A.3 b) is on load line I at point A. The transient causes the gas tube surge arrester to spark over at   
400 V at point B. Because of the high source resistance, the operating point transfers to point C in the glow 
mode on load line II, and then remains in the glow mode until the current increases to the glow-to-arc 
transition current at point D on load line III. A transfer to the arc region at point E follows, and the discharge 
current reaches a maximum, point F on load line IV, when the transient voltage is maximum at tmax. As the 
transient decays, the arc-mode discharge current decreases to point G on load line V, and the operating point 
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then transfers back to the glow mode at point H. The glow-mode current decreases until the transient decays 
to zero at toff. The operating point is J on load line I. This operating point is a stable portion of the glow mode 
sustained by the source V (dc). The gas tube surge arrester remains in this holdover condition indefinitely. 
The gas tube surge arrester discharge current and terminal voltage for this example appear in Figure A.5. The 
example has been idealized, and a gas tube surge arrester may extinguish under these circuit conditions if 
reactive components are present, if the voltampere characteristic changes due to heating, or if the transient 
decay is so rapid that a stable glow mode cannot be established. 

NOTE—In some gas tube arresters, the arc-to-glow transition current is significantly lower than the glow-to-arc transition 
current, causing hysteresis in the voltampere characteristic. This phenomenon is not considered in the examples, but may 
be important in practice. 
  

 
Figure A.1—Idealized surge-protection circuit 

 
Figure A.2—Simulated transient voltage surge 
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Figure A.3—Rectilinear voltampere characteristic of gas tube surge arresters 
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Figure A.4—Surge arrester voltage and current for Figure A.3a) 
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Figure A.5—Surge voltage and current for Figure A.3b) 
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Annex B 

a) 

b) 

a) 

b) 

 

(informative) 

Circuit behavior of air gap arresters 

The most common non-backup air gap surge arrester utilizes carbon electrodes. This annex addresses the 
behavior of such carbon air gap arresters. 
 
The idealized circuit of Figure B.1 illustrates the behavior of a two-electrode air gap arrester in a circuit 
consisting of terminal equipment to be protected, a 50 V (dc) source [V (dc)], and a source resistor (R). The 
introduced surge e(t) has a peak value (Vmax) of 750 V and the waveform of Figure B.2. Figure B.3 contains 
a rectilinear approximation to the voltampere (VA) characteristic of a carbon air gap arrester along with 
several superimposed source load lines. The characteristic has one discontinuity that provides two branches: 
 

An off branch terminating in the breakdown point (0, B). 

An arc-mode branch characterized by a low, nearly constant voltage for all currents. 

 
As an aid to understanding the behavior of this idealized air gap surge arrester, the following representative 
values for the critical parameters are assumed: 
 

700 V = breakdown voltage 

40 V = arc-mode voltage 

 
As an example that illustrates the undesirable holdover condition, assume that the dc source [V (dc)] is 50 V, 
the source resistance (R) is 320 Ω, and the terminal equipment has infinite input impedance. The load line for 
this source is labeled ‘I’ in Figure B.3, and the stable operating point on the VA characteristic is in the off 
condition at point A. The air gap surge arrester remains in this condition until the transient voltage of     
Figure B.3 appears, at which time the operating point rises along the voltage axis until it reaches point B, and 
breakdown occurs. The operating point then transfers to point C, the intersection of the load line II with the 
arc-mode branch. As the transient continues to its peak value, the air gap surge arrester discharge current 
moves from point C to point D determined by load line III that intersects the voltage axis at V (dc) + e(t) = 50 
+ 750 = 800 V, and has a slope of 320 Ω. As the transient subsides, the discharge current decreases until the 
transient decays to zero at time tF; the operating point is point E on load line I. This operating point is a stable 
portion of the arc mode sustained by the source V (dc). In this undesirable circumstance, the air gap surge 
arrester remains in this holdover condition indefinitely. 
 
The resulting air gap surge arrester voltage (VC) and current (IC) waveforms during the surge appear in 
Figure B.4. Notice that since the air gap surge arrester voltage equals the terminal equipment voltage, the air 
gap arrester has limited the voltage at the equipment terminals to 700 V, and the duration of the excursion 
above V (dc) is less than the duration of the incident surge. This example has been idealized, and a carbon air 
gap surge arrester may extinguish under these circuit conditions if reactive components are present, if the VA 
characteristic changes due to heating, or if the current at point E is so low as to result in an unstable arc 
condition. In any of these conditions the arc will extinguish and the operating condition will return to point A 
in the off state. A different choice of circuit parameters, such as an increased value of R or reduced value of V 
(dc), should be made to avoid this condition. 
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Figure B.1—Idealized surge-protection circuit 

 
Figure B.2—Simulated transient voltage surge 
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Figure B.3—Rectilinear voltampere characteristic of carbon surge arrester 
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Figure B.4—Surge arrester voltage and current for Figure B.3 
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Annex C  

(informative) 

Examples of applications of MOVs 

The following are examples of considerations in the selection and application of MOVs and generic examples 
of problems where MOVs can be used to provide surge protection. These examples are intended for 
illustrative purposes only. Since the purpose of each example is limited, each may be incomplete in many 
respects. Therefore, these examples are not intended to be used as design criteria in the selection and use of 
MOVs in actual applications, nor should they be interpreted as being recommendations on how to apply 
MOVs. 
 
Examples of selection considerations 

Example 1: Selection for AC power circuit applications 

The purpose of this example is to illustrate considerations in selecting MOVs used in low-voltage 
surge protector, also called transient voltage surge suppressor (TVSS), applications on the load side of 
the main overcurrent protection. These may include standard tests for clamping voltage performance 
and tests for capability to withstand operating duty-cycle impulses, high surge currents and power 
frequency overvoltage. This example will consider MOVs permanently connected in short branch 
circuits, IEEE Std C62.41-1991 Category B, and in service entrance locations. The scope does not 
include rf noise filtering, if any, due to the capacitance of MOVs. 

(A)  Voltage rating selection.   

The first step in selecting a MOV is to find a suitable voltage rating.  As described in 8.3.4 of 
this guide, the rated rms voltage Vm(ac) of the MOV preferably should exceed the nominal 
service voltage by at least 20%, or should satisfy an applicable standard for power frequency 
overvoltage withstand capability, if greater. For example, if the nominal service voltage is 120 
V, then the preferred MOV rating is at least 145 V; i.e., a standard component rating of 150 V 
should be selected. Approved safety practices for overcurrent protection, thermal protection and 
packaging of the circuit also should be followed. 

(B)  Clamping voltage prediction.   

The expected clamping voltage performance can be found by constructing a V-I graph similar to 
Figure 16. See 8.3.2 for a more detailed description of the considerations and procedure 
involved. Note that larger diameter MOVs tend to clamp at lower voltages than smaller ones.  
The user should select the size that best fits the space, cost and performance goals of the 
application. Predicted values of clamping voltage should be verified by testing. 

(C)  Selection for surge current withstand and operating duty-cycle capability. 

Physical size affects the rated ability of MOVs to withstand high current surges and operating 
duty-cycle tests. Users should select diameters with ratings adequate to withstand the sum of the 
surge exposure in the testing sequence. For example, suppose that 20 mm and 32 mm sizes are 
selected respectively for short branch circuit and service entrance locations, and that these 
components have pulse ratings shown in Figure C.1a) and Figure C.1b). Assume that the test 
sequence requires combination wave impulses from a 6 kV source: operating duty-cycle test 
short circuit currents of 0.75 kA and 3 kA respectively, short circuit surge test currents of 3 kA 
and 10 kA (20 kV source). Actual peak currents will be approximately 10% less due to the 
effect of the voltage drop across the varistor; see Figure 16. By reference to Figure C.1a) and 
Figure C.1b), the percentage of pulse rated life consumed by each test can be determined and 
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listed in a table like Table C.1. The table shows that the sizes selected have sufficient pulse 
rating. 

Table C.1—Consumption of MOV pulse ratings in duty-cycle and surge current withstand 
tests 

Test or rating  Short branch circuit 

20 mm Size 

Service entrance 

32 mm Size 

Operating duty-cycle 
current, 8/20 

(kA) 0.7 2.7 

Number of impulses (n) 24 24 

Rated number surges (n) 100 70 

Rated life consumed (%) 24 34 

Withstand test surge 
current, 8/20 

(kA) 2.7 9.7 

Number of impulses (n) 2 2 

Rated number surges (n) 4 3 

Rated life consumed (%) 50 67 

Total rated life consumed (%) 74 100 

NOTE—Test standards might not specify a time between test surges. To ensure that the rated transient average power 
dissipation Pt(AV) of MOVs is not exceeded, at least 30 s should be allowed between duty-cycle pulses and 2 min between 
surge withstand pulses in this example. 

 

                                       (a)                                      (b)  

Figure C.1—Typical MOV pulse rating: a) 20 mm, b) 32 mm 

NOTE—Reprinted with permission from Littelfuse, Inc. [B24]

Example 2:  Selection for telecommunications/dataline applications 

Varistors can be used in selective telecommunication applications. Figure C.2 shows the use in a 
typical single-line telephone. Varistor V1 is intended to provide line protection, and the rated varistor 
voltage must be sufficiently high to assure that the varistor does not operate (clamp) as a result of 
voltages that normally appear on the telecommunications network. In a different part of this circuit, 
varistors V2 and V3 are provided to reduce acoustical shock. 
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In the example shown, the varistors provided serve as other than primary protectors.  It should be noted 
that in certain applications NFPA 70, 2005 Edition (NEC) requires that a primary protector be placed 
electrically ahead (with regard to incoming wiring) of the product. Therefore, it is important that the 
correct varistors are selected, so that proper coordination exists between the surge protection included 
in the product and any primary protection provided. 

When choosing a varistor for telecommunications equipment used on the subscribers side of the 
network demarcation point, FCC Regulations [B11] should be considered for equipment used in the 
U.S.  In all cases the requirements of applicable safety standards should be considered. 
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C1 C2

S2 V1
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BALANCING NETWORK

V2 C3

C4

R3

S4 S5
V3

 
Figure C.2—Typical type single line telephone (excludes dial circuity) 

 NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

Example 3:  Selection for automotive application   

Varistors are frequently applied for surge protection of electronic equipment operating at voltage levels 
below that of low-voltage ac power distribution. Automotive vehicles are a unique case because they 
generate their own dc power rather than converting it from commercial ac sources. This leads to some 
special requirements. 

The concern for surge protection in vehicles is related to the growth of sophisticated microprocessor 
based electronic control systems on board. First applied to help reduce the emission of pollutants from 
engines these systems have now taken over many other tasks including spark timing, anti-skid braking 
and diagnostic testing. Upset or damage to semiconductor devices could occur without protection. 

The Society of Automotive Engineers (SAE) publishes a series of standards (see [B31]) relevant to the 
surge environment and testing. Additionally, motor vehicle makers and major electrical systems 
makers may apply special requirements of their own. Electronic systems and components must be 
capable of withstanding severe environmental conditions with respect to mechanical shock, vibration 
and temperature variation as well as surges. Users should refer to the particular specifications which 
may apply. 

Surges in automotive vehicles may be classified into three broad categories. First, most surge voltages 
originate in switching events which involve inductive loads such as relays, solenoids, the ignition coil 
or parasitic inductances. These surges directly impinge upon connected semiconductor devices such as 
a power transistor that might drive an electric clutch for the air conditioning compressor. Secondly, 
mutual coupling mechanisms can propagate surges onto other parts of the vehicle wiring harness, and 
the harness can also pick up radiated surges or noise emanating from sources external to the vehicle. 
Hence, unprotected sensitive devices can be affected even if seemingly remote from a surge source. 
Thirdly, the vehicle alternator can produce the surge called “load dump.” This surge has potential for 
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severe damage to vehicle electronics due to its long duration. It is the automotive surge most different 
from surges encountered elsewhere and therefore given benefit of further description here. 

As shown in Figure C.3, the basic elements of a vehicle electrical system include a three phase 
alternator with full wave bridge rectifier, voltage regulator, battery, starter, an ignition circuit, lights 
and other loads, and sensor based sensitive electronic systems. When loads are switched off the 
alternator and regulator require time to readjust. The temporary excess output normally is easily 
absorbed by the battery. However, if the battery connections fail the “load dump” surge could fall on 
the electronics. 

The load dump surge has a relatively slow rising, long duration waveform that is effectively 
unimpeded by wiring inductances. This means that electronic systems gain no protection from rf 
filters, but also that a single centrally located varistor can protect against this surge. 

Figure C.4 illustrates the instantaneous power output of a sample automobile alternator when its 
available output was disconnected.  The resulting load dump surge was diverted by a 20 mm size 
custom varistor with clamping voltage of 40 V maximum at 40 A. Note that the time for the surge 
through the varistor to decay to half value was about 38 ms. The surge energy dissipated in the varistor 
can be found by integrating the instantaneous power over time.  It also can be approximated by the 
calculation W = kVcIpt; where W is the energy, k is a waveform factor with value 1.4, Vc is clamping 
voltage of 40 V, Ip is peak current of 40 A and t is surge impulse duration of 0.038 s. The calculation 
yields a value of 85 J. 

An important consideration for varistors in this application is that they may be exposed to a dc 
overvoltage of 24 V for up to 5 min, when disabled vehicles are jump started from portable generators 
used by road service operators. Hence, the lowest suitable varistor voltage will be limited by this factor 
rather than the nominal vehicle voltage of 13.5 V. 

Automotive environments can experience a wide operating temperature range, from −40 °C up to   
+125 °C. Varistor clamping voltages are little affected by temperature, but dc standby current can vary 
significantly. See 8.3.5. 
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Figure C.3—Simplified automotive electrical system 
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Figure C.4—Alternator power output into a central suppressor 

NOTE— Reprinted with permission from Littelfuse, Inc. (see Figure 2a) in [B20]) 

Example 4: Selection for series or parallel combination   

(A)  Series combination.   

Manufacturers generally offer a line of varistor ratings such that a suitable voltage can be 
selected from stock items. Should a particular application require higher voltages than available, 
or some value between stock ratings, it is permissible to make a series combination. The devices 
should be of the same nominal diameter and same rated pulse current. The V-I characteristics of 
the combination will be the sum of those of individual parts. 

(B)  Parallel combination.   

The purpose of paralleling devices is to share surge current among them. In contrast to series 
combination, the parallel combination of varistors requires careful design consideration and 
possibly extensive testing. The degree of care and the extensiveness of the testing will depend 
on how critical it is that current be equally divided between the varistors. That, in turn, depends 
on the surge current handling capability of each varistor relative to the potential surge currents 
in the application. However, because of the high nonlinearity of the V-I characteristic there is a 
tendency for the device having the lowest clamping voltage to divert most of the current. It is 
important to match devices accurately, at the high end of the V-I characteristic, to obtain 
reasonable current sharing between devices. Voltage matching at one test current does not 
necessarily assure a match at other currents. The devices must be similar in nonlinear exponent, 
see 8.3.14, or the voltages will follow different V-I curves. Also, the series bulk resistance 
(RON), see Figure 13, plays a crucial role in the sharing of high currents. Devices should be 
matched in RON as well as other internal parameters. Unfortunately, RON is imbedded within the 
device and is not directly measurable. 

Voltage matching throughout a current range could be assured by testing and matching devices 
in dynamic impedance, see 8.3.15. However, at least two high current tests would be required. 
This expense would be acceptable only in some special applications. 

A simpler approach to current sharing is to define a narrower tolerance for nominal varistor 
voltage. At the same time manufacturing process controls must enhance uniformity of nonlinear 
exponent and RON parameter values within a single batch. A current sharing capability of about 
± 20% has been reported for this method (see Wolff 1989 [B37]). Regardless of the technique 
used for V-I matching, success might be achieved if a few simple rules are observed.  For the 
best inherent match the devices should be of the same type, size, manufacturer, shipment, date 
code, lot code and carton. Consult the manufacturer. 
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Generic examples of problems where MOVs are used to solve the problem. 

Example 1:  Elimination of showering arc surges and RF noise 

Summary of a problem:   

A showering arc commonly occurs when a mechanical switch opens in a circuit having an appreciable 
inductive load (see Standler 1989 [B32]). In the example below (see Littelfuse [B23]) the switching of 
a small timer motor on 120 V, 60 Hz mains causes serious malfunctions of an electronic device 
operating from the same power line. 

How varistors are used to solve the problem: 

The test circuit shown in Figure C.5 simulates motor impedance by R1, L1 and C1, and ac line 
impedance by L2 and C2. A dc power source allows repeatable observations. As switch S1 is opened 
the waveforms in Figure C.6 (without varistor) and Figure C.7 (with varistor) is recorded.   

Without a varistor surge voltages are up to 1020 V (upper trace) and rf noise up to 32 V (lower trace). A 
varistor eliminates the arc by holding the surge voltage below the gap breakdown voltage (about 300 V).  

Special considerations:   

A diode detector is used to observe the voltage developed across a 5 cm (2 in) length of wire (50 nH of 
inductance). 

 
Figure C.5— Test circuit (with varistor) 

NOTE—Reprinted with permission from Littelfuse, Inc. (see Figure 11 in [B23]) 

 

 

 

 

 

 

 

Figure C.6— V1 without varistor 

NOTE—Reprinted with permission from Littelfuse, Inc. (see Figure 12 in [B23]) 
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Figure C.7— V1 with varistor 

NOTE— Reprinted with permission from Littelfuse, Inc. (see Figure 13 in [B23]) 

   

Example 2:  Protection of relay contacts from switching surges 

Summary of a problem: 

The arcing of mechanical contacts switching inductive loads, as in Figure C.8—, is destructive to the 
contacts. In this example (see Littelfuse, Inc. [B23]), the initial breakdown voltage of the contacts is 
less than twice the supply voltage, as indicated in Figure C.9. Although a snubber network with a 220 
nF capacitor and 10 Ω resistor suppresses arcing completely, the capacitor is physically large. A 
smaller capacitor of 47 nF causes arcing to start at 70 V.   

How varistors are used to solve the problem: 

The breakdown level of the contacts increases with time as the contacts separate. A varistor with a 
Vm(dc) rating of 31 V is placed in parallel with the snubber network across the contacts, which clamps 
the voltage to 66 V and below the breakdown level of 70 V. 

Special considerations:   

With ac power relays the impedance of a single large R-C suppressor might be so low that it would 
allow too much current to flow when the contacts are open. The combination of a small R-C with a 
varistor is more cost effective and reliable than using a large capacitor.   
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Figure C.8—Relay circuit 

 
Figure C.9—Arc suppression 

NOTE 1—

NOTE 2—

 Reprinted with permission from Littelfuse, Inc. (see Figure 10b) in [B23]) 

 User applications may require overcurrent and/or thermal protection devices, not shown in s. 
 

Example 3:  Protection of transistors switching inductive loads 

Summary of a problem:   

Semiconductor devices switching off inductive loads can be damaged by the surge voltage and current 
thereby created (see Standler 1989 [B32]). In the example of Figure C.10 (see Littelfuse, Inc. [B23]), a 
transistor operates a solenoid as frequently as once per second. When the transistor is switched off the 
inductor causes collector voltage breakdown and forces current to flow. The energy stored in the 
inductive field is dissipated in the transistor junction under reverse bias condition and results in 
excessive heating. 

How varistors are used to solve the problem:   

Shunting the transistor with a varistor, Figure C.10b), reduces the demands upon the safe operating 
area (SOA) power dissipation of the transistor. Because the surge voltage is kept below the transistor's 
breakdown level, all energy is dissipated in the varistor. 
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Special considerations:   

A transistor also could be protected by a varistor connected collector-to-base (C-B) so that a surge 
turns the transistor into the on state where it can safely dissipate limited amounts of energy. By 
contrast, although a varistor connected C-E might be larger than one connected C-B, since it is 
required to absorb more energy, it in turn might allow the use of a transistor with a smaller SOA. 

 

 

 

(a) 

 

(b) 

Figure C.10—Transistor switching of an inductive load: (a) Basic solenoid circuit, (b) 
Solenoid circuit with varistor protection 

NOTE 1—

NOTE 2—

 Reprinted with permission from Littelfuse, Inc. (see Figure 14a) and 14b) in [B23]) 

 User applications may require overcurrent and/or thermal protection devices, not shown in figures. 
 

Example 4:  Protection against overvoltage produced by fuse opening 

Summary of a problem:   

Inductance in the conductors of the power distribution network can be a source of damaging surges 
(see Standler 1989 [B32]). Figure C.11 is a simplified schematic for illustrating this type of 
overvoltage. 
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How varistors are used to solve the problem:   

Varistors placed upstream of the fuse will clamp the surge voltage. They must be able to absorb the 
surge energy. 

Special considerations:   

It has been shown (see Meissen 1983 [B29]) that the duration of the surge (measured at the time the 
voltage was half the peak value) is often between about 150 µs and 1000 µs. Most of the surges have a 
peak value that is less than 3 times the amplitude of the normal mains voltage, but a few are as large as 
10 times the amplitude. See IEEE Std C62.41-1991 for a recommended optional test surge for 
equipment testing. 
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Figure C.11—Protection against fuse opening surge 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

Example 5:  Protection against equipment malfunction and damage caused by surges 

Summary of a problem: 

Components on a printed circuit board and associated thyristors (SCRs) controlling an ac power 
conditioner fail in service. The circuit's function is to electronically change power tap connections on a 
shielded isolation transformer, see Figure C.12 Surge voltages cause the signal comparator to toggle 
falsely and the microcomputer to send false gate signals to the SCRs. This causes a unit to fail due to 
SCR double tapping. 

How varistors are used to solve the problem:   

Varistors of 14 mm size and 130 V rating are installed between phase and neutral to suppress surge 
voltages. 

Special considerations:   

For export versions of a power conditioner varistors with a Vm(ac) rating of 275 V are used. 
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Figure C.12—AC power conditioner circuit 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

Example 6: Protection of sensitive electronics from switching surges generated by adjacent equipment 

Summary of a problem:   

At a point of sale cash register, an oscillating counter top display and an electronic cash register are 
plugged into different duplex outlet receptacles on the same branch circuit. As the rotor in the display 
cycled the display back and forth, surges are generated by the energy stored in circuit inductance and 
capacitance.  These surges cause the electronic cash register to lockup. 

How varistors are used to solve the problem:   

The addition of three varistors connected as shown in the equivalent circuit of Figure C.13 protects the 
electronic cash register from surges.  

Special considerations:   

Varistors of 20 mm size are packaged in a surge-protective duplex receptacle retrofitted into the 
existing wall outlet for the electronic cash register. The Vm(ac) ratings of the varistors are 150 V, which 
is more than 20% above the nominal mains voltage of 120 V. To reduce the possibility of surges on the 
ground line, the retrofit receptacle could be of the type using separate, isolated grounding wire. 
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Figure C.13—Circuit with display and cash register 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 
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Example 7:  Protection of telecom power supplies and equipment against lightning surges induced on 
the AC mains 

Summary of a problem:   

Lightning strikes to a radio tower cause damage to a digital switching system and transmission 
equipment within an adjacent telephone central office. See Figure C.14. The service entrance of the ac 
mains is surge protected by a MOV type secondary arrester. The ac branch enclosure serving the 
battery chargers is equipped with an older air gap type device. 

How varistors are to solve the problem:   

The auxiliary surge protection in the ac branch enclosure is updated from air gap to MOV technology. 
After this change, and other enhancements, lightning strikes to the tower again are observed, but no 
damage whatsoever occurs. 

Special considerations:   

Arresters installed in the ac branch enclosure are of a type designed for convenient mounting in a 
knockout hole of the enclosure. 

COUPLING OF
SURGE

BRANCH
CIRCUIT

BATTERY
CHARGER

DIGITAL
EQUIPMENT

ENTRANCE

AC
MAINS

TOWER

LIGHTNING

 
Figure C.14—AC power circuit to battery charger 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 
 

Example 8:  Protection of telecom pay phone power converter against long duration surges 

Summary of a problem:   

A problem occurs at the input power converter circuit of a pay telephone equipment when subjected to 
10/1000 surges. Damage to the voltage regulating diodes is observed in most of the cases. 

How varistors are to solve the problem:   

Varistors are used in combination with resistors, R; see Figure C.15. The varistor in shunt across the 
input telecom line pair diverts the peak of the incoming surge. The resistance R blocks excessive 
current of the residual fast incoming surge front, solving the problem. 
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Special considerations:   

The capacitance of the MOV is selected to a minimum value. The value of resistor R can be from 5 Ω 
to 25 Ω depending on the surge power capability of the regulator's diodes. 

RINGER

C1

C2

R2

R1

A

RECT.

+

-

 
Figure C.15—Pay phone power converter circuit 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

Example 9:  Protection of telephone line sealing circuit against lightning and other surges 

Summary of a problem:  

A current regulator circuit used on telephone line sealing current generators located in the central 
office of telephone companies is susceptible to electrical disturbances due to lightning and induced ac  
(a sealing current generator is used to pass a constant 20 mA through unused telephone lines in order to 
prevent or reduce corrosion). The surges could damage the transistors used in the current regulator 
circuit. 

How varistors are used to solve the problem:   

A MOV is placed across the incoming line (Ring) and ground to protect the circuit components; see 
Figure C.16.  (Standard procedure is to ground the Tip conductor at the central office.) 

Special considerations:   

The MOV is selected so that it will not conduct excessively under normal operating conditions. The 
central office battery ranges from 48 V (dc) to 56 V (dc). The MOV must be protected from 
overheating if sustained overvoltage or other kinds of overstress occur. 
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Figure C.16—Sealing current circuit schematic 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 

Example 10:  Protection of equipment from N-G and L-G surges 

Summary of a problem:   

The power supplies for microprocessor equipment operating from 120 V mains are subject to damage 
of the insulation of step-down transformers, even though MOVs are installed in line-to-neutral 
connection. Laboratory simulations show that surge currents diverted by a suppressor between line and 
neutral induce surge voltage in the neutral line (see Martzloff 1984 [B27]). Also, surges impinging on 
the ground line can induce ground-to-line and ground-to-neutral surges (see Martzloff 1987 [B26]). 
These can appear directly across insulation and cause breakdown. They can also be coupled 
capacitively into the sensitive electronics cause upset. See Figure C.17. Installing one more MOV in 
the circuit doesn’t fully eliminate the problem whether the MOV is line-to-ground or neutral-to-
ground. The breakdown voltage of some transformers is below 800 V. 

How varistors are used to solve the problem:   

The solution is to connect a MOV between each of the three line combinations: line and neutral, line 
and ground, neutral and ground (for simplicity, not shown in Figure C.17). 

Special considerations:   

Because power current voltage drops are absent on the grounding conductor, the L-G power frequency 
voltage could be higher than the L-N value.  The rated rms voltage Vm(ac) of the L-G MOV should be at 
least as high as the L-N device and preferably should exceed the nominal service voltage by at least 
20%. See 8.3.4. 
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Figure C.17—Surges impinging on line and ground 

NOTE—User applications may require overcurrent and/or thermal protection devices, not shown in figures. 
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Annex D  
 
(informative) 
                                                                                                                        
Generic examples of surge problems that are solved by the application of 
avalanche junction semiconductor SPDs 

The following are examples of problems that are solved by the application of avalanche junction 
semiconductor SPDs. These examples are generic and are intended for illustrative purposes only. Since the 
purpose of each example is limited, each may be incomplete in many respects. Therefore, these examples are 
not intended to be used as design criteria in the selection and use of devices in actual applications, nor should 
they be interpreted as being recommendations on how to apply avalanche junction semiconductor SPDs. 
 
 Example 1: Protection in an AC power circuit application (see Figure D.1). 
 
 Summary of a problem: 

Induced lightning transients, defined by IEEE Std C62.41-1991, Category A, on the 120 Vac line, 
causes damage to the switching transistor in a Switch Mode Power Supply. Depending on upon the 
magnitude of the threat, that is, the transient current, the transistor fails short, open, or degrades in its 
performance. 

How avalanche diodes are used to solve the problem: 

Several series connected bi-directional avalanche diodes (ADs) are placed between line and neutral. 
The ADs divert the current and clamp the voltage protecting the switching transistor in the switch 
mode power supply. 

Special Considerations: 

Select the individual ADs so that the combined stand-off voltage [V (dc)] is 20% than the maximum 
regulated peak voltage of the ac power line. A small inductor (L) can be placed in the line to provide 
line impedance to reduce or limit the transient current to the AD. Fuse (see F1 in Figure D.1) is 
recommended to disconnect the stack of diodes in case of a diode failure. 
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Power
Supply
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F1

D1

D2
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Figure D.1—120 Vac line protection 
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Example 2: Protection in a DC power circuit application (see Figure D.2) 

Summary of a problem: 

Transients on a 5.0 V (dc) line cause damage to an IC memory chip. Switching transients on the power 
line cause the input elements on the memory chip to fail short. 

How avalanche diodes are used to solve the problem: 

A unidirectional AD is placed between the two power supply (bus) pins of the memory providing 
protection against surges conducted or induced on the bus line. It is important to mount the AD as 
close as possible to the body of the IC component to reduce the effects of conducted radiation into the 
sensitive circuit.  

Special Considerations: 

Select the stand-off voltage of the AD such that it is 20% higher than the maximum regulated voltage 
of the dc power supply (bus) voltage. 

  

Unidirectional
Avalanche Diode

Memory
IC Chip

From 5 V dc Supply

 
Figure D.2—5.0 V (dc) line protection 

Example 3: Protection in a signal/data line application (see Figure D.3) 

Summary of a problem: 

Opto-couplers are damaged by high voltage ESD. The P–N junction of a light-emitting diode (LED) 
fails short or open if subjected to an ESD pulse of high voltage or current. 

How avalanche diodes are used to solve the problem: 

A unidirectional AD is selected such that the stand-off voltage is 10%–15% greater than the dc 
operating level of the unipolar opto-coupler, as in Figure D.3. This device limits the input voltage to 
the breakdown voltage of the AD in the reverse direction and limits the voltage to less than 1 or 2 volts 
in the forward direction providing protection for the LED against positive and negative transient 
threats. A bi-directional AD can also be used across a polar opto-coupler. The stand-off voltage is 
selected in a similar manner as for the unidirectional AD except in both polarities, positive and 
negative. The bi-directional AD limits the transient voltage in both polarities providing protection for 
the LED. 

Special Considerations: 

Select the ADs according to the peak pulse current handling capability equivalent to the transient threat 
conditions. 
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Unidirectional
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Bidirectional
AD

Unipolar Opto-coupler

AC Source

DC Source

Bipolar Opto-coupler  
Figure D.3—Signal/data line protection 

 

Example 4: Protection of Power bus lines (see Figure D.4). 

Summary of a problem: 

Transient induced on to a 200 V (dc) line cause damage to the output of the MOSFET in a switch 
mode power supply (SMPS). The transient causes a short circuit between the drain and source of the 
MOSFET when the dc supply is in the on condition. 

How avalanche diodes are used to solve the problem: 

A unidirectional AD is placed between the drain and source of the MOSFET to clamp the transient 
voltage and divert the peak pulse current to ground. The AD should be mounted as close as possible to 
the MOSFET to reduce surges from the power supply line. 

Special Considerations: 

Select the stand-off voltage of the AD 10% greater than the normal peak operating voltage of the 
power supply. 
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Figure D.4—200 V (dc) line protection 
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Example 5: Protection of Relay Coil Switch (see F) 

Summary of a problem:  

When a relay switch opens, the inductive kick back from the coil causes damage to the contacts. A 
high voltage surge in the form of an arc is observed between the contacts when switched open. The 
contacts of the switch are welded together after a number of operations. 

How avalanche diodes are used to solve the problem: 

An AD with a stand-off of 24 V is selected for a relay that is connected to an unregulated 18 V (dc) 
power supply. This device is capable of clamping the voltage below 25 V preserving the contacts for 
longer life 

Special Considerations: 

Select the stand-off of the AD to be 20% greater than the maximum voltage of the regulated dc voltage 
of the power supply. 
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Figure D.5—Relay coil switch protection 
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Annex E  

(informative) 
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