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Abstract: Voltage conditions that may arise at publicly and privately accessible locations as a
result of the delivery and use of electrical energy are addressed in this guide. This guide is not
intended for use as a statement of cause and effect. It focuses primarily on the presence of power
frequency related voltage conditions and discusses definitions, sources, testing techniques, and
strategies that may be available to help reduce those conditions.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These notices
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading “Im-
portant Notice” or “Important Notices and Disclaimers Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the
Use of IEEE Standards Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Asso-
ciation (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus de-
velopment process, approved by the American National Standards Institute (“ANSI”), which brings together
volunteers representing varied viewpoints and interests to achieve the final product. Volunteers are not neces-
sarily members of the Institute and participate without compensation from IEEE. While IEEE administers the
process and establishes rules to promote fairness in the consensus development process, IEEE does not inde-
pendently evaluate, test, or verify the accuracy of any of the information or the soundness of any judgments
contained in its standards.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropri-
ate, seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: PROCURE-
MENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CON-
TRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN
ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE UPON ANY STANDARD, EVEN
IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND REGARDLESS OF WHETHER SUCH
DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE should be considered the approved
IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, or
educational courses, an individual presenting information on IEEE standards shall make it clear that his or her
views should be considered the personal views of that individual rather than the formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice pertain-
ing to IEEE Standards documents. Suggestions for changes in documents should be in the form of a proposed
change of text, together with appropriate supporting comments. Since IEEE standards represent a consensus
of concerned interests, it is important that any responses to comments and questions also receive the concur-
rence of a balance of interests. For this reason, IEEE and the members of its societies and Standards Coordi-
nating Committees are not able to provide an instant response to comments or questions except in those cases
where the matter has previously been addressed. For the same reason, IEEE does not respond to interpretation
requests. Any person who would like to participate in revisions to an IEEE standard is welcome to join the
relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with the
provisions of any IEEE Standards document does not imply compliance to any applicable regulatory require-
ments. Implementers of the standard are responsible for observing or referring to the applicable regulatory
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in compliance
with applicable laws, and these documents may not be construed as doing so.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the pro-
motion of engineering practices and methods. By making these documents available for use and adoption by
public authorities and private users, IEEE does not waive any rights in copyright to the documents.

Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy
portions of any individual standard for company or organizational internal use or individual, non-commercial
use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, Customer Ser-
vice, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of
any individual standard for educational classroom use can also be obtained through the Copyright Clearance
Center.
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Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time by
the issuance of new editions or may be amended from time to time through the issuance of amendments, corri-
genda, or errata. An official IEEE document at any point in time consists of the current edition of the document
together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit the [IEEE-SA Website at http://www.ieee.org/publica-
tions_standards/index.html or contact IEEE at the address listed previously. For more information about the
IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: http://
standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation or
under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair discrim-
ination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not re-
sponsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the valid-
ity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further
information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std 1695-2016™, IEEE Guide to Understanding, Diagnosing, and Mitigating Stray
and Contact Voltage.

For many years the term stray voltage had been primarily used to discuss the power frequency voltages present
atanimal contact locations in and around animal confinement facilities. With the widespread availability of in-
expensive and user friendly voltage measurement and recording devices, there has been a growing awareness
that the general public and their pets are also regularly exposed to these voltages at many publicly and private-
ly accessible locations. Until recently there has been little recognition of the important difference between the
presence of small voltages related to normal electrical system operation (customer and utility) and the pres-
ence of potentially harmful and even lethal voltages related to un-cleared electrical faults. This guide has been
created because there are few easy to understand public documents that describe the phenomena, their causes
and effects, and actions that may help identify and reduce potentially dangerous voltage conditions.

This guide does not reflect the views of any one contributor or source and is not intended for use to advance a
specific scientific, public health, security, environmental, or legal position attributed to, or propounded by, any
user or third party. While it is impossible to give recognition to all those who have contributed to the content of
this guide, the assistance of past and present members of the IEEE PES T&D Stray and Contact Voltage Work-
ing Group should certainly be acknowledged. The efforts of the Electric Power Research Institute (EPRI) and
the National Electric Energy Testing Research and Applications Center (NEETRAC) should also be acknowl-
edged. Much of the work these organizations have performed on this important topic is reflected in this guide.
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IEEE Guide to Understanding,
Diagnosing, and Mitigating
Stray and Contact Voltage

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health, or
environmental protection, or ensure against interference with or from other devices or networks. Imple-
menters of IEEE Standards documents are responsible for determining and complying with all appropriate
safety, security, environmental, health, and interference protection practices and all applicable laws and
regulations.

This IEEE document is made available for use subject to important notices and legal disclaimers. These
notices and disclaimers appear in all publications containing this document and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Documents.” They
can also be obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

This guide addresses voltages that exist at publicly and privately accessible locations as a result of the delivery
and use of electrical energy. This guide is not intended for use as a statement of cause and effect. It focuses
primarily on the presence of power frequency related voltages and discusses definitions, sources, testing tech-
niques, and mitigation strategies.

1.2 Purpose

While some jurisdictions have implemented local rules concerning stray and contact voltage, there is presently
no industry-wide guide or standard that describes the variety of publicly and privately accessible voltages
resulting from the delivery and use of electrical energy. The purpose of this guide is to provide information re-
garding the potential for risk and recommend actions taken in respect to the presence of either stray or contact
voltage. This guide is also intended to help dispel misinformation surrounding this topic and enhance public
safety.
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2. Definitions, abbreviations, and acronyms
2.1 Definitions

For the purposes of this document, the following terms and definitions apply. The /EEE Standards Dictionary
Online can be consulted for terms not defined in this clause. !

contact impedance: The impedance between any two conductive objects making contact (e.g., test probe and
lamp post, cow muzzle and water bowl). Because contact impedance is primarily resistance at extremely low
frequency (i.e., | Hz to 300 Hz), this term is often referred to as Contact Resistance in stray voltage literature.

contact resistance: Contact impedance with resistive component and no reactive component (see: Contact
Impedance).

contact voltage: A voltage resulting from electrical faults that may be present between two conductive sur-
faces that can be simultaneously contacted by members of the general public or animals. Contact voltage can
exist at levels that may be hazardous.

earth current: Once electrical current leaves the structure of a grounded object or made electrode to flow
within the three dimensional soil structure of the earth itself, it becomes an earth current. (see also: Ground
Current, Return Current and Neutral Current)

equipotential plane: A grid, sheet, mass, or masses of conducting material that, when bonded together, offer a
negligible impedance to current flow and significantly reduce step and touch potentials within the plane.

fault: A partial or total local failure in the insulation or continuity of a conductor.

ground current: Electrical system current that is on a grounding conductor, a grounding electrode, or some
other conductive pathway between the neutral (grounded) conductor and the earth. (see also: Earth Current,
Neutral Current and Return Current).

neutral current: Electrical system current that flows in the neutral conductor. (see also: Return Current, Earth
Current and Ground Current).

neutral-to-earth voltage (NEV): A voltage measured between the neutral conductor or an extension of the
neutral conductor (e.g., primary or secondary grounding conductor, bonded metallic water pipe, or bonded
swimming pool water) and remote earth.

qualified reference: A measurement reference point that has been verified to be at zero potential relative to
remote earth and have a low impedance pathway to the earth.

reference rod: A metal rod driven into the earth at a remote earth location that is verified to be a low imped-
ance connection to the earth. The reference rod can be used as a common reference point for the measurement
of voltages (e.g., neutral-to-earth voltage) on earth-referenced electrical systems.

remote earth: The distant point on the earth's surface where an increase in the distance from a ground elec-
trode will not measurably increase the impedance between that ground electrode and the new distant point.

return current: Electrical system current that returns to its source by way of grounded and grounding conduc-
tors, the earth, and any other parallel conductive pathway (e.g., cable messenger) between the location of the
load or fault and the current source. (see also. Neutral Current, Earth Current and Ground Current).

'IEEE Standards Dictionary Online is available at: http://iecexplore.iece.org/xpls/dictionary.jsp.
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stray voltage: A voltage resulting from the normal delivery or use of electricity that may be present between
two conductive surfaces that can be simultaneously contacted by members of the general public or animals.
Stray voltage is not related to electrical faults.

2.2 Abbreviations and acronyms

CVD contact voltage detection
DMM digital multimeter

DVM digital voltmeter

ESR electric-shock report

GFCI ground-fault circuit interrupter
NEV neutral-to-earth voltage

PPE personal protective equipment
THD total harmonic distortion
VOM volt-ohm meter

3. General discussion
3.1 The nature of publicly and privately accessible voltages

Every time electricity is used, electric current is present in the device being used. It is also present in the wires
of the building where the device is being used, and in the wires that belong to the utilities that deliver the
electrical energy to the building. Because the majority of electrical energy is delivered using alternating cur-
rent (ac), expanding and collapsing electric and magnetic fields surround nearly all of these current carrying
conductors. Physical laws dictate that these time varying fields will cause electrical current to be present in all
nearby conductive loops (i.e., induced current), and can result in the presence of a voltage on all nearby con-
ductive surfaces (i.e., induced voltage). Because most electrical systems are physically connected to earth for
reasons of safety, some amount of electrical current is also present in:

a)  The conductive pathways that exist between the electrical system and the earth (e.g., grounding con-
ductors, water lines).

b) Many of the parallel conductive pathways connected to the electrical system and/or the earth (e.g.,
phone and TV cable messengers and shields).

¢) The ecarth itself.

Wherever electric current flows, voltage exists. As a result, humans and their domesticated animals are often
exposed to these manmade voltages. These exposures occur when contact is made between any two conduc-
tive surfaces that have a difference of electric potential between them (e.g., metal water faucet and earth). We
are generally not aware of these ubiquitous voltage exposures. They are generally imperceptible and far below
levels known to cause harm.

This guide will discuss the presence of publicly and privately accessible voltages that can result in conducted
current exposures. It will limit discussion to exposures directly related to operation of customer and utility
electrical systems.
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3.2 Differences between stray voltage and contact voltage

The term “stray voltage” has been historically used to describe the voltages that exist at animal accessible lo-
cations in the vicinity of confined livestock. In recent years, however, the term stray voltage has also been used
to describe the presence of voltage from a wide variety of sources including unintentionally energized objects
in the public right-of-way (e.g., energized lamp posts and hand-hole covers).

This guide is intended for those who have a desire, or a need, for a more complete understanding of the topic. It
will provide a comprehensive, understandable, fact-based presentation of:

a)  The causes of publicly and privately accessible voltage.
b) Levels of voltage that may be of concern.

¢) Remedial actions that can or should be taken.

To better understand the issue of publicly accessible voltage exposures it is important to note that some amount
of measurable voltage will always be present between conductive surfaces that are near operating electrical
systems. This is true regardless of whether the system is operated by an individual property owner (i.e., elec-
tric customer) or an electric utility. It is also true regardless of the type of electrical system, its operating
voltage, or how it is grounded. Under normal operating conditions, with a code compliant electrical system,
publicly accessible voltages are usually imperceptible to both people and their animals. Special circumstances
(e.g., confined livestock) or special exposure conditions (e.g., barefoot in an outdoor shower) can however re-
sult in perceptible exposures even when the electrical systems, utility and customer, are operating as intended.
As defined in this guide this type of accessible voltage is termed “stray voltage”.

Publically accessible voltages that are the result of an existing fault condition (i.e., a short-circuit or an unin-
tended open-circuit), are referred to in this guide as “contact voltage”. Understanding the difference between
publicly accessible voltage exposures related to normal system operation (i.e., stray voltage), and potentially
harmful exposures related to contact voltage is important to an understanding of this topic. To aid in this under-
standing, stray and contact voltage are defined and discussed separately in Clause 5 and Clause 6, respectively.

The organization of this document treats stray and contact voltage scenarios separately and distinctly. When
a publicly accessible elevated voltage is found, it is either stray voltage, contact voltage, or both. A thorough
understanding of all material contained in this guide will help the investigator choose appropriate techniques
and procedures to safely and accurately identify the type of voltage present and its source(s).

Some jurisdictions have implemented local rules concerning stray and contact voltage. The investigator
should be aware of these rules and make certain the instrumentation and methodology used in the investigation
achieves the minimum requirement of the local rule.

3.3 The difficulty of stating a level of harm in terms of voltage

One of the difficulties of stray and contact voltage exposure assessment becomes apparent when you try to
answer the question, “What level of voltage is harmful?” The voltage that we may make contact with at a
publicly accessible location should not, in and of itself, be harmful. The voltage is merely the force that pushes
the electric current through our conductive bodies. We feel and react to the current flow once it has reached a
perceptible level. In general, once perception has been reached, increasing amounts of conducted current have
increasingly negative consequences for both people and animals.

The amount of current that will flow through the person or animal (i.e., the amount of current in the exposure
circuit) is dependent not only on the stray or contact voltage present at the point of contact (i.e., the exposure
voltage), but on all elements of the exposure circuit (e.g., source impedance, contact impedance, and body im-
pedance). In addition, the level of perception varies from one species to the next and even among individuals
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within a species. Because the impedances of the exposure circuit are different at every exposure location and
can vary with time, the amount of voltage required to create a perceptible current exposure may also be differ-
ent at each exposure location and for each exposure.

Because contact voltage is fault related and can easily go from an imperceptible level to a dangerous level in
a short period of time, a determination of the voltage source should be made. When the voltage present is de-
termined to be due to a system defect (i.e., contact voltage), the existing or potential hazard should be isolated
from the public and/or mitigated as soon as practical.

The science behind human and animal exposure to electricity is well established. It has been ongoing for more
than a hundred years. What we now know about human and animal exposure to conducted current, including
levels of perception and levels of harm, is discussed in detail in Clause 4 of this guide. How to make meaning-
ful exposure and diagnostic measurements, how to interpret findings, and how to mitigate stray and contact
voltage sources are topics discussed in Clause 5 and Clause 6.

3.4 Safety

The annexes of this guide discuss procedures and methods for field investigations to locate and, if necessary,
mitigate stray and contact voltages. Since many of these investigations will involve electrical systems with
existing faults, strict adherence to current electrical industry working methods and safety procedures is par-
amount. Lethal voltages may be present on normally safe surfaces and equipment. Only qualified personnel
with adequate personal protective equipment (PPE) should investigate locations with abnormal voltages. Pos-
sible contact voltages present can be considered and planned for so that the correct PPE is available on-site.

4. Human and animal electrical sensitivity

In this clause, results from previous research on human and animal electrical sensitivity to 50/60 Hz ac current
and voltage are reviewed. Current flow through the human or animal body can cause a number of effects rang-
ing from a slight tingling sensation at low current to muscle contraction at high current. These effects are only
experienced if the current exceeds a perception threshold so that sensory neurons (producing sensations) and
muscle neurons (producing muscle contractions) are activated (Reinemann [B39] ?). The level of current flow-
ing through the human or animal depends on the voltage applied and the impedance of the current path through
the body. For stray voltage exposure scenarios where a long-term or repeated low voltage exposure may be of
concern, an understanding of the body impedance of humans and animals is necessary for determining wheth-
er or not a perceptible exposure exists. In comparison, for fault related contact voltage scenarios knowing a
person or animal’s body impedance is not necessary because the objective is to identify and then mitigate the
electrical fault that is the source of the contact voltage.

4.1 Impedance of the human body

Research shows that the shock severity is proportional to current flow through the body rather than the voltage
imposed on the body when the shock occurs. As a result, threshold values are generally depicted in terms of
current and not in terms of voltage.

IEEE Std 80-2013 [B27] gives recommended values for body impedance, which are based on research con-
ducted by Dalziel, 1946 [B5], Dalziel, 1972 [B7], Dalziel and Lee, 1969 [B8], Geddes and Baker [B17],
Geiges [B18], Kiselev [B30], and Osypka [B37]. According to these studies, the internal body impedance is
approximately 300 Q and the total body impedance, including the impedance of the skin, ranges from 500-
Q to 3000 Q. For example, Dalziel and Massogilia [B10] determined experimentally that the hand-to-hand
body impedance for saltwater wet conditions is 2330 Q and the hand-to-feet body impedance for saltwater
wet conditions is 1130 Q. Based on Dalziel’s and Massogilia’s research, IEEE Std 80-2013 uses 1000 Q for

*The numbers in brackets correspond to those of the bibliography in Annex G.
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hand-to-hand and hand-to-feet body impedances, which is stated to be a conservatively low value that neglects
hand and foot contact impedances and the impedance of gloves/shoes. Dalziel states that often a comparably
low impedance of 500 € is used as a conservative value for the body impedance between major extremities to
estimate shock currents during industrial accidents, but does not mention the research this impedance value is
based on.

It should be noted that due to the physiological variability in humans, however, it is difficult to establish a firm
value for the body resistance to alternating current, particularly at higher exposure voltage levels. As men-
tioned above, 1000 Q is a widely accepted resistance value in the United States. Initially, this resistance value
became an acceptable standard due to its recommendation by IEEE Std 80-2013 for substation ground grid
designs where typical exposure voltage levels are expected to be much higher. As the need in other areas of
electrical exposure evolved, the 1000 Q value started being accepted for those areas also.

4.2 Current thresholds for humans

Many studies use current thresholds based on the research of Charles Dalziel. The current thresholds listed
in Table 1 were published by Dalziel in 1956 [B10] and are widely used in the industry today for quantifying
shock hazards. Dalziel based the non-lethal thresholds on shock experiments conducted on humans. Let-go
thresholds are determined from experiments with 134 male and 28 female adults (Dalziel, 1968 [B9]). Per-
ception thresholds are determined from experiments with 167 adult men (Dalziel, 1972 [B5]) and Thompson’s
experiments on 40 adult men and women (Thompson [B43]). The lethal thresholds (ventricular fibrillation
possible/certain) are based on experiments conducted on sheep, calves, pigs, and dogs, whose chest dimen-
sions, body weights, heart weights, and heart rates are comparable to humans. None of Dalziel’s experiments
were conducted on children. Instead, it was assumed that the thresholds for children are half of the thresholds
for an adult male.

Dalziel and Lee [B8] derived the so-called “electrocution equation” from electrocution data documented by
Lee [B31]. The electrocutions occurred in England and Wales during the years 1962—1963. Of the electro-
cutions, 166 occurred on voltages less than 250 V (50 Hz), 30% of the victims were female, and 26% were
persons under 20 years of age. This equation specifies the current threshold I, at which ventricular fibrillation
can occur. The actual average weight of the electrocution victims was estimated to be less than 70 kg, but, for
conservatism, Dalziel and Lee chose to use this equation for adults of 50 kg of weight. The empirically derived
electrocution equation is given below and is applicable for shock durations ranging from 8.3 msto 5 s.

0.116 to 0.185 A
1y =t (M

where

t is83mstoSs
1, s the current threshold in amperes at which ventricular fibrillation is possible

t  isthe shock duration in seconds

IEEE Std 80-2013 adopts this equation with a value of 0.157 in the numerator and for adults with 70 kg body
weight. Dalziel and Lee extrapolated the data, which was only obtained from adults, to derive the following
electrocution equation that is applicable to children.

0.052 to 0.069 A
1 fib, children — T 2

where

t 1s83mstoSs
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Table 1—Effects of 60 Hz electric current on the human body

Effect Current threshold Current threshold for
for men (mA, rms) women (mA, rms)
Perception threshold (slight tingling) 1.1 0.7
Painful shock 9.0 6.0
Let-go threshold 16.0 10.5
Painful and severe shock, muscle contract, breathing difficult 23.0 15.0
Ventricular fibrillation possible, short exposure (0.03 s) 1000 1000
Ventricular fibrillation possible, long exposure (3 s) 100 100
Certain death from ventricular fibrillation, short exposure (0.03 s) 2750 2750
Certain death from ventricular fibrillation, long exposure (3 s) 275 275

Relying on the research of Dalziel and others, Whitaker of Underwriters’ Laboratories (UL) established a
maximum uninterrupted 60 Hz ac current of 5 mA as the safe let-go current for a two-year-old child. He did
this by extrapolating the ventricular fibrillation data of an animal having a body and heart weight proportional
to that of a two-year-old child (Hammam and Baishiki [B23]). This value is still used by UL as the maximum
continuous safe current for the general population.

4.3 Animal electrical sensitivity

The following sub-clauses document previous research on the electrical sensitivity of animals.

4.3.1 Dairy cows

Table 2 documents the electrical sensitivities of dairy cows (ASAE EP473.2 2001 [B3]).

Table 2—Electrical sensitivities of dairy cows

Cattle Current Voltage
Effect group threshold threshold Comment
Most sensi- 2 mA 12V
tive cows
0 1 1m-
Mild behavioral modification 50% of SmA 2.5-5V Documented for dairy cows. Sim
all cows ilar levels for beef cattle expected.
Le.ast sensi- 8 mA 4.8V
tive cows
Viostsensi- 3mA 153V _ . '
Short term avoidance behav- - Depression of mllk production
. . 50% of only expected if the water source
ior (may result in depres- 7.5mA 3.8-75V L . .
. . . all cows with high electrical potential
sion of milk production) .
Least sensi- is the only water source.
: 12mA 6-12V
tive cows

The voltage threshold levels are based on contact resistance of 500 Q at poorly drained, wet locations sur-
rounding watering devices and on contact resistance of 1000 Q in well designed, constructed, and managed
facilities. While these levels have been well documented for dairy cows, they may also apply to beef cattle

(Reinemann [B39]).

4.3.2 Swine

Table 3 documents the electrical sensitivities of swine (Godcharles, Matte, and Marineau [B19], Gustafson,
1986 [B21], Kennedy [B29], Reinemann [B39], Robert, Matte, and Martineau, 1996 [B41], Robert, Matte,

19
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and Bertin-Mahieux, 1992 [B42]). Research suggests that swine adapt to voltage exposure in a similar way as
cattle (Matte et al. [B32] and Reinenmann [B39]).

Table 3—Electrical sensitivities of swine

Current Voltage
threshold threshold

Effect Comment

Continuous exposure to
5V with intermittent ex-
Drinking behavior changes 3mA 5V posure to 8 V produced
behavioral changes, but did
not change water intake.

Exposure up to 8 V did not
impair welfare, reproductive
performance, or health of
sows and suckling pigs.

Short term reduction in water intake 4 mA 8V

4.3.3 Sheep

Ewes avoided electrified feed bowls when exposure levels exceeded 5.5 V. Lambs showed the same behavior
if exposure levels exceeded 5 V. Research suggests that current sensitivity for sheep is lower and body resis-
tance is higher compared to cows (Duvaux-Ponter, Roussel, and Deschamps, 2005 [B12] and Duvaux-Ponter,
etal., 2006 [B13]).

4.3.4 Poultry

Exposures to voltages as high as 18 V had no effect on the production and behavior of hens. This is likely due
to the very high electrical resistance of poultry (between 350 kQ and 544 kQ) (Reinemann [B39]).

5. Contact voltage

Contact voltage is a voltage resulting from electrical faults which may be present between two conductive sur-
faces that can be simultaneously contacted by members of the general public or animals. Contact voltage can
exist at levels that may be hazardous.

5.1 Background

Contact voltages can arise from two distinct types of faults on electrical systems; phase conductor faults and
neutral conductor faults. Contact voltage often results from damaged insulation on phase conductors or dam-
aged or faulted neutral conductors. Improperly connected customer or utility equipment can also cause contact
voltage. Since contact voltage often involves phase conductors, it should be treated carefully because a low
voltage level can rise to full line voltage as the impedance of the conductive fault pathway changes.

Contact voltage is not a traditional step and touch potential problem. Step and touch potentials are usually
discussed in terms of the accessible voltages present during a short duration electrical system fault event. The
risk of contact voltage is not just from the momentary voltage associated with a short duration fault, but rather
the presence of an electrical fault in customer or utility wiring that has not cleared (i.e., the protection device,
if present, has not operated). As such, the fault can result in a long term publicly accessible voltage that may,
under specific exposure conditions, reach harmful levels. Based on utility experience, in the majority of cases
the voltage measured at the time of investigation is in excess of 5 V, but many cases are reported below 5 V
(New York State Public Service Commission [B35]). Multiple voltage measurements recorded at different
times of day or on different days often yield different results due to the variations in the fault conditions such as
changes in temperature, fault impedances, and moisture levels in the soil.
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In bodies of water contact voltage cases often result from un-cleared faults in vessel wiring or dock electrical
systems. Voltage values near metal objects proximate to the source of the fault may be near line voltage, while
the conductivity of the water may result in low voltages at nearby grounded objects.

When considering contact voltage it is important to understand voltage levels sourced by a fault and appearing
on an accessible surface are rarely constant. For example a measurement of as little as 1 V,, at one point in time
could rise to full line voltage as environmental conditions change or as the insulation continues to degrade.
While this complicates the detection and mitigation process, effective contact voltage detection (CVD) and
mitigation can be accomplished with proper understanding and techniques.

5.2 Identification of contact voltage

When voltage is found on a surface or structure, it is important to determine whether or not it is contact volt-
age. Specifically, the characterization and troubleshooting process can be aided, and the investigation can
be performed more safely, by first determining if the source of the voltage is a fault in either a nearby phase
conductor or a neutral conductor. In addition to measuring voltage magnitude during the test process, a mea-
surement of total harmonic distortion (THD) may be beneficial.

Determining whether or not the exposure voltage is contact voltage is often possible by measuring the THD
of the voltage waveform. In cases where the THD is low, the voltage could be sourced by either a fault on the
phase conductor or a fault on a neutral that is connected to a linear load or a load with harmonic suppression. If
it is, the voltage is likely contact voltage. In cases where there is a higher level of harmonic distortion the volt-
age is likely being sourced from the neutral (or return side of the circuit) and is therefore stray voltage. It can be
noted that harmonic measurements alone do not provide adequate information to differentiate between stray
voltage and contact voltage. The final determination of stray voltage requires confirmation that no defects are
present in the system, and thus the voltage is the result of a “normally operating electric system.”

5.2.1 Contact voltages from line-side sources

To distinguish between contact voltage caused by phase conductor faults and faults in the neutral conductor,
the harmonic content of the measured voltage can be utilized to suggest the source. The power quality standard
IEEE Std 519-2014, IEEE Recommended Practices and Requirements for Harmonic Control in Electrical
Power Systems, recommends that utilities deliver voltages that are < 1 kV with < 5% THD. Since the earth,
metallic objects, and other conductive surfaces of concern behave like resistive (linear) loads, voltage result-
ing from phase conductor faults has the same THD as the source (phase) voltage. A contact voltage caused by a
phase conductor fault will almost always have a relatively low harmonic 60 Hz sinusoidal waveform, just like
the voltage of its phase conductor source.

The important concept here is that the harmonic content of the source and the harmonic content of an inad-
vertently energized object will have exactly the same THD percentages, but may not have exactly the same
voltage levels. The reason for the voltage difference between the source and the inadvertently energized object
stems from the fact that the voltage measured on the energized object is a function of the series resistance of the
connection between the phase conductor and the energized surface. This series resistance is typically referred
to as the fault impedance, see Equation (3). Figure 1 shows a simplified version of the measurement schematic.

Veowee (Zeans)
Vvﬂ et — source eart) (3)
’ (Z Sault + Zearrh )

where:

Vobject is the voltage measure on the energized surface

Veource is the source voltage (typically 120 V in the US)

Z fuie is the impedance between the source conductor and the energized object
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Figure 1—Phase conductor contact voltage source

is the impedance of the earth return path

Zearth
The previous equation suggests that the voltage level on the conductive surface may change as fault imped-

ance (i.e., the series resistance components) changes due to environmental factors such as moisture, humidity,
soil, or concrete resistivity. Since contact voltage is often the result of damaged insulation, the voltage can

vary from low levels (less than a few volts) to full line voltage levels

Figure 2 depicts a typical contact voltage waveform resulting from damaged insulation on a phase conductor.
Figure 3 is a histogram representation from the waveform example shown in Figure 2.

N 1 843""“‘ 'I]I][lﬂ."n'&i

H(]L[] ____________________

s ofe o 00 aa {"-é....é\ ..........
s

.y { I
-........,:,,..:....:...};:E ...... ’.:.:...A:&;...:..
A= 50 U 'il']hié.}d ' - 'i'r'-l's';' Al Bz SmU/
B TRIGGERS| CURSOR

MOVE * SLOPE <«| OH

Figure 2—Contact voltage waveform resulting from
damaged insulation on a phase conductor
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Figure 3—Contact voltage histogram resulting from
damaged insulation on a phase conductor

Contact voltage from phase conductor sources will almost always show the fundamental frequency (i.e., 50/60
Hz) sinusoidal waveform with low distortion. It has been found that contact voltages from phase conductor
sources have a THD typically less than 5% and rarely exceeding 10% by contact measurement with probes.
These contact voltages result from a variety of conditions including; deterioration of conductors, faulted
equipment, aged equipment, exposure to the elements, and various secondary wiring related issues. These
fault related voltages should not exist on normally operating electric facilities and need to be mitigated to help
prevent harm to the public and maintain system reliability. Some contact voltages associated with neutral con-
ductor faults may also exhibit less than 10% THD. This can occur when the load is predominately a linear load.

5.2.2 Contact voltages from neutral conductor sources

The higher level of harmonics in faults associated with neutral conductors is a result of the characteristic of
the current on the neutral conductor. Static power converters utilize power semiconductor devices for power
conversion. These devices constitute the largest category of nonlinear loads connected to the electric power
system. Static power converters are used in a variety of applications including: computers, television sets,
compact fluorescent lighting, motor speed controllers, pump flow controllers, and other electronic equipment.
Unless equipped with harmonic suppression devices, static power converters often draw non-linear currents
and return them onto the neutral. If the load is purely linear then the resultant voltage will have a harmonic
content that matches the harmonic content of the power system.

Contact voltages caused by neutral conductor sources are a simple extension of Ohm’s Law where the re-
turn currents from the loads create a voltage drop as they pass through the impedance of the return path, see
Equation (4).

V=22 + 1,0+ 1+ ) 4
where

V' isthe voltage
Z is the impedance of the conductive path
1, isthe current at fundamental frequency

1,, is the current at second harmonic frequency
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1,5 is the current at third harmonic frequency
1, is the current at # ™ harmonic frequency

n

If return-path impedance is high (e.g., a high impedance neutral connection), the voltage drop can be large.
Because the voltage drop is directly proportional to the total current (fundamental and the harmonics), we can
expect the resulting contact voltage will have the same harmonic components. The THD is dependent on the
amount of non-linear load on the circuit of interest. It follows from this discussion that when the measured
voltage on an inadvertently energized object has a high harmonic content it is almost always going to be
caused by system return current on a neutral return path. There are always exceptions such as when a circuit
has only motor or heater load, but the majority of the circuits feeding residential, commercial, or industrial
facilities have neutral return current with at least a 10% or greater harmonic current content.

Figure 4 depicts an example of a contact voltage waveform from a neutral conductor source. Figure 5 is a his-
togram representation from the example shown in Figure 4.
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Figure 4—Contact voltage waveform from a neutral conductor source

In cases where the THD of the measured voltage is greater than 10%, it is often not clear whether the source of
the voltage is normal return current or a faulted neutral conductor (open or nearly open neutral). In these cases,
investigators can examine the circuit to determine whether the voltage is the result of normal power system
operations or defective equipment. If the voltage is the result of normally operating equipment, the voltage
would be considered a stray voltage (see Clause 6). Harmonic level measurements alone cannot determine
the voltage source, a visual inspection is needed to determine if the source is stray or contact voltage. If the
cause is defective equipment, it would be classified as contact voltage and the area should be safeguarded until
repairs can be made.

5.3 Causes of contact voltage

A fault can occur where the electric system breaks down from mechanical, thermal, chemical, or electrical
stress. The fault (i.e., a shorted-phase conductor or an open neutral conductor) can be a high-impedance fault

Documents

24 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UniveRRYSENR-2848 JrFEnARNIES sesefveshs: 28 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1695-2016


http://www.avadocuments.com/doc/ieee-1695-2016
http://www.avadocuments.com/doc/ieee-1695-2016

IEEE Std 1695-2016
IEEE Guide to Understanding, Diagnosing, and Mitigating Stray and Contact Voltage

*0336.. *1800:

3 1,5%; HOLD 92°

100/
%F

01 5 9 13 17 21 25 29 133
A= 2 Ak 2lllnsla P Trig A B=500mA /%

Figure 5—Contact voltage harmonics histogram from a neutral conductor source

which can go unnoticed by the customer or utility responsible for maintaining the asset until reported by a
member of the public or identified through some kind of testing process. Experience has shown that any con-
ductive structure in the vicinity of an electrical fault may become energized and pose a hazard to the public.
The high impedance faults that cause contact voltage can be attributed to one or more of a list of causes, in-
cluding, but not limited to:

a)  Environment: Environmental factors (e.g., moisture, freeze thaw cycles, corrosive atmosphere, vibra-
tion, and lightning) can cause electrical insulation to fail on cables, connectors and other energized
system components. Corrosion can also reduce the mechanical strength of conductors, conduits, sup-
ports, cable jackets, and mechanical connections, all of which can initiate damage to insulation and
compromise neutral return paths.

b)  Design: Issues related to system design can lead to insulation failure and result in an electrical fault.
Damaged wires can occur due to improper rating, insufficient protection (both physical and electri-
cal), inadequate mechanical support, improper weatherproofing, and other design related issues.

c) Installation: Incorrect installation can result in an electrical system fault that may become a hazard to
the public. Specific examples include insulation damage from pinched wires, improper installation of
hand taped insulation, accidently reversing polarity, failure to properly tighten connections, and insuf-
ficient mechanical protection of energized conductors. On an operating electrical system, customer
or utility, all components should be installed in accordance with the manufacturer’s instructions, and
appropriate codes (NEC, NESC, etc.). Such components are tested and qualified by the manufacturer
based on the assumption that they will be installed in accordance with the instructions provided. If
they are not, the product cannot be expected to perform as intended.

d)  Accidents: Accidental damage to an operating electrical system can occur in a variety of ways (e.g.,
vehicular accidents, dig-ins, and fires). The damage may result in an immediate or future electrical
fault condition resulting in conductive surfaces near the fault becoming energized.

e)  Animal damage: Animals such as insects, birds, squirrels, mice, gophers, moles, rabbits, and raccoons
have been known to damage insulation and connections.
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f)  Vandalism/theft: Vandals can damage or remove access covers, resulting in exposed wires and the
introduction of debris into electrical structures or streetlight bases. Thieves can create hazards that
prevent the proper operation of protective devices by removing neutral and ground conductors. Unau-
thorized connections to supply circuits may be made using unapproved components or work practices
prone to failure.

g) Life-cycle events: Workers may pierce or remove insulation to test for voltage on an underground sup-
ply cable. If not properly re-insulated, this can leave a path for current leakage to cable supports, duct
work, and other normally non-energized surfaces.

h)  Temporary connections: Temporary power connected for emergency restoration or seasonal lighting
can create electrical hazards. This can occur if not properly installed or adequately safeguarded from
the elements and from unauthorized access.

5.4 Contact voltage detection (CVD)

Identifying a need to repair a defect or fault begins with detection of voltage on a surface or structure not inten-
tionally energized. The discovery process comes about through some form of detection.

Contact voltage can be detected in four ways: a) Direct detection—a managed program of testing specific
assets or geographical areas for contact voltage, b) Incidental detection—discovery of energized structures
during routine maintenance work or through abnormalities noticed during visual inspections, c¢) Publicly re-
ported shock—a member of the public or a pet receives and reports an electrical shock, and d) Public report of
concern—reports from the public who have not been shocked, but have noticed a cause for concern. All public
reports should be investigated.

a)  Direct detection: An electrical system asset owner or an electric utility may periodically test for con-
tact voltage. The goal of such a program is to locate un-cleared electrical faults by detecting voltage on
nearby conductive surfaces within reach of the public. Once detected a series of tests can be performed
to determine whether the voltage is related to a fault condition and/or whether a potential hazard ex-
ists. Test results can also be used to make informed decisions about repairs, if they are necessary. In a
managed direct detection program it is advisable to use the most sensitive means available to detect
energized surfaces. Using the most sensitive means available will help identify the potentially hazard-
ous locations. Once identified, a more rigorous diagnostic process can be used to rule out conditions
which do not come from a fault and therefore are not likely to become hazardous. A sensitive detection
process can accomplish the goals of proactively finding faults, minimizing the number of contact volt-
age incidents, and improving the safety and reliability of the system. Insensitive detection processes
may allow possible hazards to be filtered out before any diagnostics can be performed.

b)  Incidental detection: Detection of contact voltage can also occur during regularly scheduled repair
and maintenance work. The addition of pre and post-work tests for contact voltage can enhance the
incidental detection process, and improve both public and worker safety.

c)  Public report of shock: Reports of shock should be investigated as soon as practical. First responders
investigating a reported shock site should assume a fault condition exists and treat surfaces as ener-
gized until proven otherwise. Structures determined to be energized as a result of an existing fault
should be barricaded until the fault (customer or utility owned) can be de-energized and repaired.

d)  Public report of concern: These are reports from the public by those who have not been shocked, but
have noticed a cause for concern. Some examples include missing streetlight access covers, broken
equipment, and code violations. These deficiencies might result in a voltage finding in the area or lead
to one in the future.
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5.4.1 Equipment for detecting contact voltage

This section describes existing test equipment that may be useful for detecting inadvertently energized objects
and surfaces. There are a number of methods and hardware options available for this task. The two most com-
monly used methods are mobile detection and handheld detection.

There is no single technology or test method that works for all scenarios; therefore, it is important to under-
stand the capabilities and limitations of the equipment being used and the test being performed. The investi-
gator can conduct individual field trials and review test reports and manufacturers specifications to ensure that
the selected devices perform as required for the objectives of the given test program and as expected in the
given application.

5.4.1.1 Mobile electric field detection

Mobile electric field detection relies on a capacitive sensor which measures the ambient electric field and
detects small changes in the field as the sensor passes by energized objects and surfaces. An example of such
a system is shown in Figure 6. A mobile electric field detection vehicle can scan an area quickly providing a
positive indication of objects or surfaces that are energized at the time of testing. A mobile detection vehicle
can simultaneously detect the presence of voltage on all surfaces within range of the sensor. These surfaces in-
clude, but are not limited to: streetlights, manholes, fences, hand-hole covers, roadways, and sidewalks. Since
mobile electric field detection identifies all energized objects and surfaces within the range of the detector
rather than specific assets, it is the most inclusive detection method currently available.

Mobile electric field detection systems work well for underground distribution and some mixed overhead/
underground systems. However, electric field levels from overhead medium and high voltage lines (distribu-
tion and transmission) typically mask contact voltage signals in their immediate proximity. Therefore mobile
detection is not generally suitable in areas under or very near these overhead conductors.

5.4.1.2 Handheld detection

There are three types of handheld detectors currently in use for detecting inadvertently energized objects and
surfaces. These include:

a)  Probe-based (test lead) voltmeters
b) Physical contact based handheld capacitive or “pen” testers (as shown in Figure 7)

c¢) Non-contact based electric field strength indicators

For surveys of contact voltage in areas influenced by overhead primary distribution and transmission lines,
one or more of the direct contact handheld measurement devices may be considered.

5.4.1.2.1 Probe-based voltmeters

Probe-based voltmeters and their uses are additionally described elsewhere in this document (5.5, 6.5, An-
nex C, and Annex D). These meters provide not only an accurate indication of an energized object, but they
can additionally discern the precise voltage level on the object with decimal place accuracy. Getting a positive
indication and obtaining the voltage parameters with a single measurement is convenient, but the trade-offs in
efficiencies are the amount of time it takes to test individual assets and the need to identify a qualified reference
(See 5.5.1.3).

5.4.1.2.2 Physical contact pen testers

Contact based pen testers are capacitively coupled detectors that provide visible or audio indication the object
under test is energized at a voltage above the detector’s specified voltage threshold. The pen testers operate
assuming the user is capacitively coupled to the earth and at zero potential, and therefore do not require a test
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Figure 6—Example of a mobile detection system

Figure 7—CVD using a pen tester
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Figure 8—Physical contact is not electrical contact. Test each part of a lamp
separately (e.g., pole, base, access door, bolt covers, mounting flange)

lead connected to a qualified reference in order to make the measurement. Physical contact pen testers may
provide erroneous results when the user is unknowingly standing on energized earth and the pen tester is no
longer provided with a ground reference at or near zero potential. Independent laboratory tests have docu-
mented the most commonly used pen testers can detect voltage as small as 5 V in the laboratory environment.

Pen testers are often used for asset list-based test programs. Typically these test programs target a specific list
of assets such as traffic signals, street lights and other targeted metal apparatuses. The asset list-based detec-
tion process works well for inventory items, but is not intended to test for underground faults, which may ener-
gize sidewalks or other surfaces that do not appear on an asset list. Handheld pen testers are far more practical
for testing a large number of assets than a traditional voltmeter because pass/fail criteria is indicated by a light,
an audible alarm or both. These devices are not as sensitive as the voltmeter and may not identify a potential
hazard that is energized below the minimum voltage threshold of the device.

Variations from user to user can affect the reliability of detection with a pen tester. Therefore standard practic-
es are to be encouraged to ensure repeatable measurements are obtained:

a) Keep all body parts as far away from the object being tested as possible. Since the tester’s body is the
“ground reference” for the test, wearing thick gloves or boots may prevent a voltage indication from
occurring.

b)  Make solid metal-to-metal contact with each surface tested. Paint can insulate energized surfaces from
detection with a contact device.

c) Test all metal parts of an object separately. Metal surfaces in physical contact are not necessarily in
electrical contact, especially if painted or corroded (see Figure 8).

d) The investigator should follow all written test procedures and manufactures instructions (e.g., hold the
detector at arms’ length).

e) Verify if gloved hands are recommended by the manufacturer, some detectors require bare hand use.
Grip these detectors firmly with a full hand.

f)  The investigator should conduct multiple measurements from alternate locations to reduce the chance
of standing on energized ground.
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g)  Verify the detector to a known reference often as battery performance may change due to environmen-
tal conditions (cold weather) and the batteries age.

5.4.1.2.3 Non-contact electric-field detectors (see also 5.5.1.5)

Handheld electric-field detectors are also capacitively coupled sensors that measure electric fields. They
are similar to mobile electric-field detectors, without a mobile platform and with less sophisticated comput-
er-based processing. These handheld detectors can be used to locate a specific energized object or surface
following a positive indication from a mobile scan, or when investigating an incidental detection (e.g., an ESR
from the public). They may also be used in areas where a mobile platform is difficult to deploy (e.g., foot traffic
only areas), and can be useful when identifying a qualified reference (see 5.5.1.5).

The sensitivity of handheld electric-field detectors can vary greatly based on their intended application. For
example, some handheld electric-field detectors are designed for measuring human exposures to electric
fields. In these devices the field strengths may be several orders of magnitude larger than those associated with
contact voltages. Care is needed in selecting a detector that has the requisite sensitivity. Some of these testers
may also have directional sensitivity to help the investigator find and validate the energized object among
multiple objects that may be energized. As a result of the high sensitivity needed to detect small amounts of
contact voltage, handheld electric-field detectors are also subject to false readings that may be caused by a va-
riety of electrical noise sources. Similar to mobile electric-field detectors, handheld detectors may be affected
by electric fields from nearby overhead distribution and transmission lines (Consolidated Edison Co. of NY,
Inc. [B40]).

5.5 Verification and measurement of contact voltage
5.5.1 Contact voltage measurement equipment
5.5.1.1 True rms digital voltmeter (DVM)

A true rms digital voltmeter (DVM) can be used as a means of quantifying the voltage once it has been de-
tected. Voltage measurements require several steps, often including the use of a shunt resistor (see 5.5.1.4).
Measurement of voltage on objects should commence anytime a detection by any of the previously described
methods occurs. The meter can be outfitted with test leads which are long enough to access the object under
investigation and qualified reference points.

5.5.1.2 True rms ammeter

A true rms ammeter or clamp-on ammeter can be used to determine the presence of ground faults by quantify-
ing the net current in a circuit. DVMs with a built-in clamp-on ammeter are available and provide the user with
the same functionality as using a separate current clamp. Care can be taken to ensure the proper measurement
range of the meter is selected to provide accurate current measurement.

5.5.1.3 Qualified reference

Accurate measurements of contact voltage levels require the use of a qualified reference. A qualified reference
is a measurement reference location that has been verified to be at zero potential relative to remote earth and
have a low impedance connection to the earth. A qualified reference is selected from available nearby candi-
dates that include fire hydrants, fence and sign posts, and other conductive metal objects in intimate contact
with earth. A temporary ground rod may be used, but the investigator should ensure that it is of adequate length
to provide a low impedance pathway to the earth. A confirmation process, detailed in Annex A, describes the
process for qualifying a candidate reference for use in the contact voltage measurement process. All voltage
measurements should be made via the qualified reference.
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5.5.1.4 Shuntresistor

After measuring voltage on an energized structure or surface with a high impedance voltmeter, it is often help-
ful to perform measurements with the addition of a shunt resistor to the measurement circuit. Measurements
with a properly sized shunt resistor can help eliminate false readings. The application of proper measurement
procedures will result in more accurate measurements that are repeatable from user to user. This reduces con-
fusion at all levels of the process and aids the investigator in discerning the difference between hazardous
energizations that are caused by faults and energizations that are caused by other sources

Measureable voltage can be present on ungrounded, isolated metal objects due to the influence of nearby high
voltage sources such as power lines, lighting ballasts, or unshielded power cords. This phenomenon is known
as capacitive coupling, although other terms have been used to describe it, including “phantom voltage.” In
these cases, the object under test has a measurable voltage present, but no physical connection to a current
source exists. Elimination of capacitively coupled voltages is the primary purpose of a shunt resistor when
making contact voltage measurements.

An example of a shunt resistor is shown in Figure 9. The momentary push button allows the resistor to be in-
serted into the circuit without the need to reposition the test probes. By maintaining constant contact with the
probes the introduction of additional measurement error into the circuit can be avoided. The push button also
allows the investigator performing the test to compare the open circuit and shunt voltages quickly to determine
if the voltage at the selected reference point has a low impedance source.

Test Lead

Connection
Connect

to Meter

_I

Momentary
Push Button

Ground Lead
Connection

Shunt Resistor

Figure 9—Push button shunt resistor schematic

When a high input impedance voltmeter is used to make contact voltage measurements from an energized
surface to a qualified reference, placing a small known load, or shunt resistor, in parallel with the input of the
voltmeter is an effective methodology to eliminate capacitively coupled voltages. If current flows from the
object under test through the shunt resistor to earth, the voltage collapses to nearly zero, eliminating false pos-
itive voltages due to capacitive coupling. The voltage on objects energized by an actual low impedance current
source will not collapse to zero, but may be reduced from the un-shunted open circuit voltage value (V- ) ac-

cording to Ohm’s Law [see Equation (5)].

V4
Vstunr =Voc SHLAT Q)
Zsource T Zsuunt
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where
Vegunr 18 the voltage measured with the shunt resistor in parallel with voltmeter
Voc is the voltage measured without the shunt resistor
Zgyunr  1s the impedance of the shunt resistor
Zsource 18 the source Impedance

Vegunr collapses to nearly zero in cases where voltage is sourced via capacitive coupling, as
Zsource = Zsyunt - This equation assumes zero contact impedance and ground impedance. The schematic

shown in Figure 10 captures the circuit elements in the measurement circuit. Analysis of this circuit allows
selection of an appropriate value of shunt resistance for the task at hand.

VOLTMETER + SHUNT RESISTOR
== PUSHBUTTON
z Lc1
———AM— . SOURCE
g Zs s IMPEDANCE
7- CONTACT
Z o 1 IMPEDANCE #1
- Energized 7 CONTACT
Streetlight £2  IMPEDANCE #2
7 GROUND
@ & IMPEDANCE
7 SHUNT
NN o7 S IMPEDANCE
( -\‘ . \\ . o | -‘/_f // A
L =1 - , ! Neutl Faut In
> S~ S S| (. S . ., Suppy Circun
- [ ]

Voltage Gradient Exists in Sidewalk

Figure 10—Measurement circuit including various circuit impedances

Errors due to contact and ground impedance can complicate the troubleshooting process. By observing and
minimizing the change in voltage that occurs when a shunt resistor is introduced into the circuit, the investiga-
tor can minimize contact and ground impedances and get accurate readings that are repeatable from person to
person. This positive feedback activity calls for a shunt resistor that can be quickly engaged and disengaged,
without disconnecting or moving the test leads. It also calls for a shunt with resistance low enough to collapse
the voltage from a capacitively coupled source, but high enough to minimize measurement error.

Historically, in farm investigations of stray voltage, a shunt resistance of 500 € was chosen as it represents a
conservative estimate of a cow’s body and contact resistance in real world conditions (Patel [B38]). By using
this value for field measurements, it is possible to assess the amount of current that could flow through a cow
making contact with the energized surface being investigated.

Contact voltage measurements bring their own unique set of measurement requirements. The measurements
are performed to guide the investigator to a fault or defect so it can be repaired. The shunt resistor value selec-
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tion is not guided by human or animal impedances as the measurement is not intended to be a measurement
of exposure. Selection of a shunt resistor value for contact voltage measurements is guided by the need for
accurate repeatable measurements. Shunt resistor values of 500 Q, 3000 €, and 10000 Q have been used in
contact voltage investigations, but a higher resistance shunt is more likely to result in accurate and repeatable
measurements.

Measurement error is a function of the impedances in the measurement circuit (see Equation (6), Equation (7)
and Equation (8)). Ideally, the variability in measurements as a result of typical error values in the field is less
than 10%. Table 4 shows shunt voltage variability for a 20 Q source impedance, low total (ground and contact)
impedances (50 ), and a more realistic value (250 Q), using 500 Q, 3000 €, and 10000 € shunt resistors. It
is easy to see how a lower value of shunt impedance results in large measurement variability which can cause
confusion and miscommunication between multiple diagnostic or repair crews that may make connection to
different qualified references. The equations below show that the measurement error of the shunt voltage is a
function of the ground and contact impedances in the measurement circuit.

e= Zsuunr + Zsource 6)
Zsuunr T Zsource + Zcovracr T Larounp
where:
€ isthe measurement accuracy
Zsyunr 18 the impedance of the shunt resistor
Zsource 1S the source impedance
Zcontacr 18 the contact impedance
Zsrounp 18 the ground impedance
Vaonr = Ve X Lyt X € 7
SHUNT — Foc 7| L7 ™
SOURCE SHUNT
where:
Venunt is the voltage measured with the shunt resistor in parallel with the voltmeter
Voc is the voltage measured without the shunt resistor
Zsyunr 18 the impedance of the shunt resistor
Zsource 1S the source impedance
€ isthe measurement accuracy
Measurement Error(%) = (1—¢€)x100 ®)

From Table 4, we see that error in measurements utilizing a 500-€ shunt is only low when ground and contact
impedances are very low. When typical values of ground and contact impedance are considered, measurement
error increases rapidly. The importance of measurement accuracy and appropriately large shunt resistances
was noted as early as 1984 (Gustafson, 1984 [B22]).
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Table 4—Examples of measurement error for various shunt resistor values

IEEE Std 1695-2016
IEEE Guide to Understanding, Diagnosing, and Mitigating Stray and Contact Voltage

Ideal measurement conditions Typical measurement conditions
Zgyunr (Q) 500 3000 500 3000 10000
Zs(Q) 20 20 20 20 20
Zs+Z-(Q) 50 50 250 250 250
Vnonr 0.88xV ¢ 0.98xV 0.65%Voe 0.92xV ¢ 0.98xV
Error (%) 9% 2% 32% 8% 2%
& 0.91 0.98 0.68 0.92 0.98

The importance of shunt resistor value selection is illustrated in this example. Using lower shunt resistor val-
ues, for example 500 Q, will result in higher measurement errors. As illustrated in the table even under ideal
conditions a 500-€ shunt resistor will yield a measurement error of 9%, and that error increases to over 30%
in typical conditions. The investigator should carefully consider the measurement conditions when selecting
a shunt resistor.

Figure 11 provides an example of how low value shunt resistors can impact the measurement process when
high contact impedances are present. In this example a sidewalk is energized due to failed insulation on a
service conductor located beneath the sidewalk and the investigator is using a pointed test probe to make mea-
surements. The pointed test probe is a high resistance connection to the sidewalk. When a 500-€ shunt resistor
is placed in parallel with the multi-meter the resultant measured voltage is 0.95 V. This is below the mitigation
threshold set by a number of utilities and regulatory authorities and the investigator would likely take no action
to mitigate the existing fault. When a higher resistance shunt is used, the measured voltage rises above the
mitigation threshold and the potential hazard would likely be identified and addressed. Using a high imped-
ance voltmeter in this example, either without the use of a shunt resistor or with the use of a higher value shunt
resistor can help the investigator recognize the presence of the fault so that appropriate action can be taken.

Example: Sidewalk Measurement

Voltage (V) Shunt Value (Q )
0.95 500
54 3,000
16.0 10,000
976 None

Figure 11—Sidewalk energized by underground fault

5.5.1.5 Handheld electric-field detectors

During a contact voltage investigation a handheld electric field detector as shown in Figure 12 and Figure 13
helps an investigator to determine that candidate references are not energized, thereby completing the first step
for ensuring a qualified reference. They often have displays that give a relative indication of field strength.
Any voltage on a surface gives rise to an electric field. If the electric field is at or near zero, the voltage is also
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at or near zero. The detector should be capable or indicating electric field strengths that are indicative of an
energized object. Handheld voltmeters are capable of indicating the presence of voltage to some reference
location, but they are not suitable for validating a qualified reference.

Figure 12—Using a handheld electric field detector to check for
the presence of electricity on a candidate reference

Handheld electric field meters are also valuable for detecting contact voltage on a nearby surface or structure.
They can be more sensitive than pen type testers but their application as a primary detection tool in an asset list
based testing program is subject to limitations imposed by the use of the asset list itself.

5.5.2 Investigation protocol

Once a voltage is detected, it can be verified and measured. The measurement scenario is unconventional
compared with typical forms of electrical measurement. Voltages may be variable and far below line voltage.
Suitable qualified reference points may not be close by. Significant contact and ground impedances may be
present. Active faults should also be assumed, which could place nearby objects or the earth itself at an elevat-
ed voltage as shown below.

Figure 14 illustrates a measurement scenario where the neutral conductor of the supply circuit is open or high-
ly resistive. Most of the return current for the street light flows through the earth via the driven ground and
the street light standard mounting bolts. In doing so it creates a voltage gradient in the sidewalk. See Annex A
and Annex B for a complete description of how to make a contact voltage measurement and how to perform a
contact voltage investigation.
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