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Introduction

(This introduction is not part of IEEE Std 1460-1996, |IEEE Guide for the Measurement of Quasi-Static Magnetic and Electric
Fields)

As an aid for groups and individuals interested in developing magnetic and/or electric field measurement protocols,
this guide describes different magnetic and electric field measurement methods that can accomplish specific
measurement goals. A single measurement approach is not given because the measurement strategies and
instrumentation requirements will differ depending on the measurement environment of interest and the goals of a
measurement program. For example, the measurement protocols and instrumentation for characterizing electric and
magnetic fields from power lines will differ significantly from those for characterizing fields from video display
terminals.

Frequent reference is made to a companion document for this guide: |IEEE Std 1308-1994, IEEE Recommended
Practice for Instrumentation: Specifications for Magnetic Flux Density and Electric Field Strength Meters—10 Hz to
3 kHz. |IEEE Std 1308-1994 describes the types of available instrumentation used for measuring quasi-static magnetic
and electric fields, their principles of operation, definitions of terminology, calibration procedures, and sources of
measurement uncertainty.

At the time this guide was completed, the EL F Field Measurements Working Group had the following membership:

Edward Aslan
Quirino Balzano
Howard Bassen
David Dini

Other individuals who have contributed review and comment are as follows:

Fred M. Dietrich

Martin Misakian, Chair
James B. Hatfield

Stewart Maurer
Robert G. Olsen

Wilham T. Kaune

The following persons were on the balloting committee:

Eleanor R. Adair
J. Robert Ashley
Quirino Balzano
Howard Bassen
John P. Bavin
John A. Bergeron
Tony E. Branan
William Brenner
Edwin Bronaugh
Charles R. Buffler
Jerrold Bushberg
Stephen V. Chiusano
C. K. Chou

Jules Cohen
William T. Croker
Robert A. Curtis
James M. Daly
John A. D' Andrea
John J. DeFrank
John Del orge

Louis D. Dornetto
Edward C. Elson
David Erwin
Stewart M. Fastman
William E. Feero
Om P. Gandhi
David L. George
Martino Grandolfo
Arthur W. Guy
Dennis E. Hadlock
Donald Haes
Norbert Hankin
Paul Héroux
Donald Heirman
Kent C. Jaffa
David Janes
Donald Jordan
Gary Johnson
Ralph Justus
Harrison F. Kerschner

Ron C. Petersen
Richard A. Tdll
Don Umbdenstock
lan Walker

B. Jon Klauenberg
G.A. Koban

Joseph L. Koepfinger
Anthony LaMastra
John A. Leonowich
Robert P. Liburdy
James Lin

Donald Lottaes, Jr.
Costas Maletskos
George M. Marmaro
Stewart J. Maurer
Matthew Mingoia
Matthew C. Minlerlif
Michael R. Moore
Michael R. Murphy
John L. Orr

John M. Osepchuk
Ron C. Petersen

J. Patrick Reilly
Michael Repacholi



When the |EEE Standards Board approved this guide on 10 December 1996, it had the following membership:

Brad J. Roberts
Terence Rybak
Herman Schwan
Asher Sheppard
Norman Spaulding
F. Kristian Storm

GillesA. Baril

Clyde R. Camp

Joseph A. Cannatelli
Stephen L. Diamond
Harold E. Epstein
Donald C. Fleckenstein
Jay Forster*

Donald N. Heirman
Ben C. Johnson

*Member Emeritus

Carl H. Sutton
Mays L. Swicord
Richard A. Tell
Thomas S. Tenforde
Arthur Varanelli

Donald C. Loughry, Chair
Richard J. Holleman, Vice Chair
Andrew G. Salem, Secretary

E.G. "Al" Kiener
Joseph L. Koepfinger*
Stephen R. Lambert
Lawrence V. McCall
L. Bruce McClung
Marco W. Migliaro
Mary Lou Padgett
John W. Pope

Also included are the following nonvoting | EEE Standards Board liaisons:

Satish K. Aggarwal

Alan H. Cookson

LisaS. Young
|EEE Sandards Project Editor

Robert Watkins
J.T. Weizeorick
Rick Woolnough
Robert Y acovissi
Donald W. Zipse
Marvin C. Ziskin

Jose R. Ramos
Arthur K. Reilly
Ronald H. Reimer
Gary S. Robinson
Ingo Risch

John S. Ryan

Chee Kiow Tan
Leonard L. Tripp
Howard L. Wolfman

Chester C. Taylor



CLAUSE PAGE

1 OVEIVIBIN ... ettt ettt e ettt b e ae s e e e e £e e et e aeeheeReSheebeeEe£E e e e me e e e meeReehe Rt eaeeEeeEesee s enseeaenbesbeseensensenseneaneas 1
2. S = 1< 10 =SOSR 2
3. General characteristics of quasi-static magnetic and electriC fields ........covvivevcecccce e 2
4. TYPES Of INSTUMENTALION ...ttt ettt et e e e e et e aeebeebesae et e beseeseensenee e eneeneeneeneeeeens 5
o RV =T o 1< (Lol = Fo I 4 (= TP 5
A 1w (g o { = o I 4= (= =P 6
5. MagnetiC field MEASUNEIMENES ........ccvieeeeeeee ettt te s besee st e et e e e e eseeseeneerenrenaeseens 7
5.1 GOoAS AN MELNOUS. .....ceirireiiirirrereiris ettt p et 7
5.2 Reporting magnetic field measurement rESUILS.........ccocevverueieeereeese et snees 13
6. EleCtric field MEASUrEIMENES ..ottt st e b et e b e e et et e e e e e neeneeaeereeeas 14
6.1 Electric field measurement goals and MEthOAS..........cccovveieieieececesce s 14
6.2 Reporting electric field MeasuremMent rESUILS............cvvviererercceee e 16
Annex A (informative) Bibliography ........cccieieieeeeee s nenae e nenrennn 17



This page is intentionally blank.



|IEEE Guide for the Measurement
of Quasi-Static Magnetic
and Electric Fields

1. Overview

Thisguideisdivided into six clauses. Clause 1 provides the overview, Clause 2 lists other standards that are useful in
applying this guide, and Clause 3 describes the characteristics of quasi-static magnetic and electric fields that are
candidates for measurements. Thetext for Clause 3 istaken from | EEE Std 1308-1994.1 Clause 4 briefly describes the
types of available quasi-static magnetic and electric field measuring instrumentation. Clauses 5 and 6 describe specific
measurement goals related to characterizing quasi-static magnetic and electric fields, respectively, and possible
measurement methods for their accomplishment. Throughout this guide, the terms "magnetic field" and "magnetic
flux density" will be considered synonymous. Annex A provides alisting of bibliographical references cited.

Thisguide provides alisting of possible measurement goalsrelated to characterizing quasi-static magnetic and el ectric
fields and possible methods for their accomplishment. The fields of interest are typically produced by devices that
operate at power frequency and that produce power frequency and power frequency harmonic fields, aswell asdevices
that produce fields that are independent of the power frequency. The listings of possible goals and methods should not
he considered as compl ete because there are many possible goals and methods for their accomplishment. The approach
taken in this guide parallels a method described in [B3] 2

Descriptions of instrumentation, their principles of operation, definitions of terminology, calibration procedures, and
a listing of sources of measurement error are given in IEEE Std 1308-1994 and should be used with this guide.
Protocols for measuring magnetic and electric fields near power lines and video display terminals are given in
|EEE Std 644-1994 and | EEE Std 1140-1994.

LInformation on references can be found in clause 2.
2The numbersin brackets preceded by the letter B correspond to those of the bibliography in Annex A.

Copyright © 1997 IEEE All Rights Reserved 1



IEEE Std 1460-1996 IEEE GUIDE FOR THE MEASUREMENT OF

2. References

This guide shall be used in conjunction with the following publications:

IEEE Std 539-1990, |EEE Standard Definitions of Terms Relating to Corona and Field Effects of Overhead Power
Lines (ANSI).2

|EEE Std 644-1994, |EEE Standard Procedure for Measurements of Power Frequency Electric and Magnetic Fields
from AC Power Lines (ANS]).

IEEE Std 1140-1994, |EEE Standard Procedures for the Measurement of Electric and Magnetic Fields from Video
Display Terminals (VDTs) from 5 Hz to 400 kHz (ANSI).

| EEE Std 1308-1994, |EEE Recommended Practice for I nstrumentation: Specificationsfor Magnetic Flux Density and
Electric Field Strength Meters—10 Hz to 3 kHz (ANS!).

3. General characteristics of quasi-static magnetic and electric fields

Magnetic and electric fields produced by power lines, appliances, and other electrical equipment may be characterized
according to magnitude, frequency, waveform (harmonic content), degree of polarization, spatial variation, and
temporal variation.* These characteristics are described briefly because one or more of them may be selected for
measurement, and because of their importance in specifying requirements for instrumentation used to measure the
fields.

Several of thefield parameters may be introduced by considering magnetic fields produced by currents in three-phase
power lines. Some of the same parameters are al so used to characterize electric fields. In general, the magnetic field at
a point in space may be represented as a rotating vector that traces an ellipse for every cycle of the currents in the
conductors, as shown schematically in Figure 1 (a) [B10]. The root-mean-square (rms) magnitude and direction of the
semi-major axis, given by M in Figure 1 (a), indicates the magnitude and direction of the maximum magnetic field.
Similarly, the rms magnitude and direction of the semiminor axis, given by min Figure 1 (a), describes the minimum
magnetic field. Such fields are said to be dlliptically polarized.

3IEEE publications are available from the I nstitute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.

“This guide does not consider transient temporal variations, i.e., events that are fast compared to the periods of quasi-static magnetic and electric
fields under consideration.

2 Copyright © 1997 IEEE All Rights Reserved
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m<M

(a)

Figure 1— Oscillating and rotating magnetic field quantities for the cases of
(a) elliptical m<M, (b) linear m=0, and (c) circular polarization m =M.

NOTE — The resultant, B, and the maximum magnetic field, M, are equal only for the case of linear polarization. The largest
difference between the resultant and maximum magnetic field occurs for circular polarization, i.e., Bg exceeds M by
41%.

An often-measured field quantity is the resultant magnetic field. Bg, given by

Bg = J/BZ+BZ+B2 (1)

where By, By, and B, are the rms values of the three orthogonal field components. The differences between Bg and the
maximum magnetic field, M, for different field polarizations are discussed in IEEE Std 1308-1994 and [B20]
(see dso Figure 1 of thisguide).

Because magnetic fieldsin environments away from power lines also can be produced by multiple current sources that
are not necessarily in phase, eliptically polarized magnetic fields can occur in many settings (e.g., homes and work
places). Depending on the geometry and currentsin the conductors, the degree of magnetic field polarization at apoint
can vary from linear (m = 0) to circular (m= M), as shown in Figure 1 (b) and (c). Linearly polarized fields are also
referred to as single-phase alternating fields. This discussion of polyphase fields assumes that there are no harmonics
inthefield. The polarization state of fields with significant harmonic content is more complicated [B24, B32].

Near ground level, the magnitude of the magnetic field from a three-phase transmission line changes slowly as a
function of the height of the measurement point above ground. For example, for atypical 500 kV line, the changein
the magnetic field magnitude at a height of 1 m above ground level is less than 2% for a 10% change in the
measurement height for locations underneath the line. The uniformity increases at more distant points. For locations
far from the line, the magnitude of the magnetic field from a single circuit three-phase line, with balanced or nearly
balanced currents, decreases approximately as 1/r2, wherer is the lateral distance from the line (r is assumed to be
much greater than the conductor spacing) [B29]. Asthe net current increases, the decrease in magnetic field magnitude
changes from a 1/r2 to a 1/r dependence [B29, B38].°> The magnetic field from balanced double-circuit, three-phase
lines with low reactance phasing (i.e., for identical or nearly identical load currents for both circuits) decreases nearly
as 1/r3 wherer isagain much larger than conductor spacing. The temporal variations of the magnetic field isafunction

5Thenet current is given by the summation over N conductors, Si,, where i, isthe current in the nth conductor and is characterized by its phase with
respect to current in the other conductors, and its magnitude.

Copyright © 1997 IEEE All Rights Reserved 3
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of load current variations, e.g., during heavy usage of electrical energy, the load currentsincrease and produce greater
magnetic fields (the concurrent sagging of the conductors also can contribute to greater field levels at ground level).

Other commonly encountered sources of magnetic fields are straight conductors (e.g., connections to grounding
systemg/electrodes) and approximately circular turns of wire (e.g., found in transformers, motors, video display
terminals, etc.) with single-phase currents. The magnetic field lines and vectors at representative points from such
sources are shown schematically in (a) and (b) of Figure 2. The magnetic fields are typically linearly polarized and the
time-dependence of the oscillating vectors depends on the waveform of the currents. Sinusoidal currents produce
sinusoidal magnetic fields free of harmonics; nonsinusoidal currents (e.g., the sawtooth waveforms from television
deflection coils) produce non-sinusoidal magnetic fields that can be rich in harmonics [B19]. The magnitudes of
magnetic fields produced by currentsin an infinitely long straight wire and acircular loop of wire decrease as 1/r [B16]
and 1/r3 [B34], respectively, wherer isthe distance from the field source (in the latter caseit is assumed that r is much
greater than the radius of the circular loop of wire).

As noted above, some of the field parameters for magnetic fields also are used to describe quasi-static electric fields.
For example, electric fields from three-phase transmission lines are, in general, elliptically polarized at pointsin space
as shown in Figure 3. Because normally the sum of the charges on the conductorsis zero, the electric field decreases
as 1r? a distances that are large compared to the conductor spacing. As for the magnetic field from a straight
conductor, the electric field from an energized straight conductor also decreases as 1/r.

Wy

Lt

(b)

Figure 2— Magnetic field from current in (a) straight and (b) circular conductors
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Figure 3— Electric field ellipses at representative points in vicinity of 3-phase transmission
line (after [B9]) with conductors oriented perpendicular to page

4. Types of instrumentation

A range of instrumentation exists for characterizing quasi-static magnetic and electric fields. Only a brief listing is
presented here. IEEE Std 1308-1994 should be consulted for further details regarding their use and principles of
operation.

4.1 Magnetic field meters

The rms values of magnetic fields may be characterized with survey meters with different pass bands and dynamic
range. Magnetic field meters are available with single- and three-axis coil probes or sensors. Single- and three-axis
fluxgate magnetometers are also available and are able to measure aternating and static fields. Miniature three-axis
field meterswith on-board memory for periodically recording field levels have been devel oped for determining human
exposure and also have been used as survey meters. Similarly, miniature three-axis meters have been developed to
record the time integral of the magnetic field for human exposure purposes [B22]. Three-axis wave capturing systems
are available that simultaneously record the field waveform in three orthogonal directions and provide rms (or peak,
average, etc.) field values, polarization information, and frequency content [B32]. The probes of magnetic field meters
may be held by hand without proximity effects of the observer under normal conditions. A simple example of asingle-
axis survey meter consisting of an electrically shielded coil probe and voltmeter detector is shown in Figure 4.
Historically, single-axis magnetic field meters have been used to measure the maximum magnetic field at a point by
rotating the probe until amaximum reading is observed. For temporally-stable magnetic fields (i.e., stable rmsvalues),
the single-axis magnetic field meter can also be used to measure the resultant magnetic field.

Copyright © 1997 IEEE All Rights Reserved 5
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I 5
COAXIAL CABLE

-

Figure 4— Schematic view of simple magnetic field meter with coil-type probe

4.2 Electric field meters

Electric field meters are of three types: free-body meters, ground reference meters, and electro-optic meters. Electric
field meters used to measure quasi-static fields are typically single-axis devices, although three-axis meters are
becoming available. Free-body meters are normally battery-operated, electrically isolated from ground potential,
supported in the field at the end of an insulating rod, and may be used to measure fields at most locations above the
ground plane. Geometries of commercia single-axis, free-body electric field meters are shown in Figure 5.

e 1 g

S s

(b)

Figure 5— (a) Spherical free-body electric field meter;
(b) geometries of commercial U.S. electric field meters

Ground-referenced electric field meters are normally used to measure the electric field strength on grounded
conducting surfaces (including the surface of the earth). One notable exception isthe use of ground-referenced electric
field meters to measure perturbed electric fields near video display terminals (VDTSs), as described in |EEE Std 1140-
1994 and [B28].

Although the principle of operation of electro-optic field meters differs from free-body meters, it is used in asimilar
fashion to measure the field at most locations above the ground plane. All of the noted electric field meters are
susceptible to proximity effects. The observer is a major source of proximity error as discussed in |IEEE Std 1308-
1994. The proximity of other objects can also affect the field meter reading.

6 Copyright © 1997 IEEE All Rights Reserved
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5. Magnetic field measurements

5.1 Goals and methods

As noted in Clause 3, magnetic (and electric) fields can be characterized according to a number of parameters, i.e.,
magnitude, frequency, polarization, etc. Characterization of one or more of these parameters and how they might relate
to human exposure may serve as possible goals of a measurement program. This clause provides a listing of such
possible measurement goals and possible methods for their accomplishment. The listing should not be considered as
complete since there can be a wide variety of goals and methods. While outside the scope of field parameters
considered in this guide, characterization of static magnetic fields may also be of interest.

It is extremely important that the goals of a measurement program such as those considered below be clearly defined
at the outset. A clear definition of goalsis required for determination of instrumentation and calibration requirements,
e.g., instrumentation pass band, dynamic range, frequency calibration points, etc. Once the goals have been identified
and appropriate instrumentation has been acquired, a pilot study in the measurement environment of interest is often
desirable before decisions on final measurement methods and associated protocols are made. The protocol will
describe the step-by-step procedure that should be followed, using the possible methods indicated, to accomplish the
measurement goals. The protocol may explicitly indicate such things as instrument requirements, (e.g., pass band,
probe size, magnitude range), location of measurements and duration of measurements. It should be possible, using the
same protocol, to compare with confidence measurement results obtained in similar electrical environments, for
example, two substations.

Thisguideisnot detailed in its descriptions of measurement methods and protocol s because of their dependence on the
goals and because of significant differences that will be encountered in various measurement environments. When
developing a protocol, the following sources of magnetic fields and items should be considered, when applicable:

¥  Electrical sources serving the facility

¥  Typesand locations of transformers

¥  Locations of main cables and breakers

¥ Magnitude of supply voltages, periods of peak power use

¥  Frequencies (including dc) of power supplies and electrical devices
¥  Location of people relative to known field sources

¥  Presence of any motors and generators

¥  Presence of small heaters

¥  Any electrical device with coils of wire

¥  Grounding systems and connections

Decisions should be made regarding permissible uncertainty during calibration of the instrumentation, and total
uncertainty during measurements. |EEE Std 1308-1994 describes uncertainties associated with the calibration process
and uncertainties during measurements. Sketches of areas and locations where measurements will be made are often
very useful. Electrical diagrams of buildings may be helpful in identifying sources of fields in office and similar
buildings, although excessive reliance on such documentation should be avoided because of unrecorded changesin the
building electrical system. While many sources of magnetic fields are visible, e.g., overhead lighting or electrical
appliances, others are not, e.g., electrical equipment in adjacent rooms or on upper or lower floors. During pilot
studies, decisions may be made regarding spacing between measurements, measurement locations, sample size,
formats of data sheets, questionnaires for job/task classification, etc. If determining human exposure isthe goal of the
measurements, examination of measurement procedures as described in the epidemiological studies cited below, is
strongly recommended as part of the process for developing a final measurement protocol.

While providing guidance for determining human exposure or estimates of human exposure to one or more magnetic

field parametersis amajor goal of this guide, other measurements goals with related applications exist. For example,
"before” and "after" spatia distribution measurements of magnetic fields to check the effectiveness of power linefield

Copyright © 1997 IEEE All Rights Reserved 7
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mitigation techniques, and spatial distributions of fields from electrical appliances are possible applications. For each
goal, the frequency pass band of the instrumentation is chosen for the frequency or frequencies of interest [see 5.1, g)].

Possible goals and methods are as follows:

a)

b)

Goal: characterization of magnetic field levels. Limits on permissible magnetic field levels as a function of
frequency have been indicated in a number of documents [B1, B5, B21] necessitating the determination of
field levels with the greatest magnitude in specified areas.

Method: Single-axis and three-axis meters may be used to make spot measurements of the maximum and
resultant magnetic fields, respectively. The difference between the resultant and maximum magnetic field
values is discussed in |EEE Std 1308-1994 and can be as much as 41% (see Figure 1). Guidance exists for
measurements near power lines (IEEE Std 644-1994) and VDTs (IEEE Std 1140-1994, [B28]). Spot
measurements near power lines may be correlated with load currents and estimates of magnetic fields for
different load currents may be made. L oad currentsfor appliances are constant, or else typically cycle through
a fixed range in a relatively short time, permitting the determination of the largest maximum or resultant
magnetic field with relatively few spot measurements.

In environments away from power lines and appliances where correlations with magnetic field source
currents are not readily made, spot measurements represent only a coarse characterization of field levels
because they fail to capture the temporal variations of the field [B19, B20]. If more definitive measurements
of the magnetic field are required, magnetic field meters with recording capability may be used at locations
of interest for times thought to be representative for producing the full range of field values. For example, in
residences this might involve several 24-hour records repeated during each season of the year [see 5.1, ¢)].

Goal: Characterization of spatial variations. The spatial distribution of magnetic fields away from power
lines or single identifiable sourcesis typically unknown. For example, Figure 6 shows scatter plots of center-
of-room measurements (vertical magnetic field, chest high) versus measurements at other locationsin living
rooms and kitchens during a survey of 77 residences [B33]. Whilethefield levels at different locations were
not determined at the same instant, the data are indicative of possible variations in the same room of
residences. Alternating magnetic fields in most environments will be nonuniform because of the spatial
dependence of the fields from the source currents. It is noteworthy that static magnetic fields also show
considerable spatial variability in residences [B35].

Method: Spatial variation measurements require the recording of the magnetic field components asafunction
of coordinate position. Standards exist for carrying out such measurements near power lines (IEEE Std 644-
1994) and VDTs [IEEE Std 1140-1994, B28]. While such measurement may be made with survey meters,
instrumentation incorporating measurement wheels is available for characterizing spatial distributions of
magnetic fields in environments where physical obstructions do not hinder movement of the wheel. As the
wheel rotates, it periodically triggers a three-axis magnetic field meter to record the resultant magnetic field
at a fixed height above the ground or floor. Software provided with such instrumentation permits the
generation of plots of magnetic field profiles, equifield contours, statistical analyses of thefield levels, etc. As
is the case for @), such data will not capture the temporal variations of the field profiles without repeated
measurements.

Copyright © 1997 IEEE All Rights Reserved
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Figure 6— Scatter plots showing magnetic field at center of room versus other points in

0)

same room for living rooms and kitchens during survey of 77 homes [B32].

NOTE — One measurement is performed at the center of the room (abscissa) and the other measurement is performed
elsewhere (ordinate) with the location unspecified.

Goal: Characterization of temporal variation. Because magnetic fields are produced by load currents and
ground return currents that can vary greatly with time, the temporal variations of magnetic fields can easily
exceed 100%. For example, Figure 7 shows 24-h histories of the background resultant magnetic field at the
center of a living room in a metropolitan area on two days during which load currents varied significantly
because of weather conditions and the associated use of air conditioning in residences and places of business
[B20]. The data were recorded with an exposure meter every 15 s at a height of 1 m above the floor and the
pass band was adequate to characterize the fundamental and power frequency harmonics. Figure 7 (a) shows
measurements during a hot, humid day when air conditioners were presumably in heavy use. Field
measurements at the same location during acool, less humid day, shown in Figure 7 (b), reveal asignificantly
different distribution of field valueswith an average field about one-half that observed on the hot, humid day.
The data, while anecdotal in the sense that measurements were performed in only one residence, isindicative
of what can occur when there are significant changesin load currents. A mechanism that can produce short
term temporal variations of the magnetic field is the movement of ferromagnetic objects (e.g., automobiles
and trucks), past the measurement location.

Copyright © 1997 IEEE All Rights Reserved 9
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10

d)

Method: Three-axis and single-axis magnetic field meters are available with output connections that may be
used in combination with commercially available data loggers to record magnetic fields at one or more
locations as a function of time. Three-axis exposure meters and magnetic field waveform capturing
instrumentation also may be used to periodically record field levels. Because of the dependence of magnetic
field levels on load currents (which can vary by day, week, or season), the challenge is to determine a time
interval for recording measurementsthat will capture enough variations of thefield to obtain avalid statistical
description. Conducting an initial pilot study in the measurement environment of interest can be useful for
addressing the question of measurement sampling time.

An additional consideration should be taken into account when measurements are performed in electric mass
transportation systems, or in other areas where there are variable speed motors. For example in subways, the
magnetic field can be a function of the speed of the subway car [B13].
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Figure 7— Twenty-four hour measurements of magnetic field at center of living room
(a) during hot, humid weather and (b) during cool, dry weather

Goal: Characterization of time-weighted-average (TWA) magnetic field. A number of occupational and
childhood cancer epidemiological studies that have examined the possibility of health effects from exposure
to power frequency magnetic fields have considered the estimated TWA magnetic field as the candidate
exposure "dose" or "metric" [B14, B23, B30, B37]. These and other studies have made determination of the
TWA magnetic field arelevant measurement goal.

Method: Small three-axis exposure meters that are worn on the body and measure the time integral of the
magnetic field may be used to measure the TWA magnetic field directly [B22]. Other three-axis exposure
meters that record the magnetic field periodically may be used to determine the TWA magnetic field via
analyses of the recorded field values. Less portable instrumentation combinations with recording capability
can also be used to measure the TWA at locations of interest. Estimates of the annual TWA magnetic field
have been calculated for residences from records of transmission line load currents and locations of the
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f)

0)

residences along the transmission line corridor [B14]. However, this approach does not include contributions
to the field from local sources.

Goal: Characterization of magnetic field intermittency. Reports in the literature indicate that intermittent
exposure to power frequency magnetic fields may be more effective in evoking certain biological responses
than steady state fields [B7]. Such reports suggest that some index of the peaks and troughs (see Figure 7) of
magnetic field levels may be a characteristic of the field that should be quantified.

Method: Field meters that can periodically measure and record the magnetic field should be used for
accomplishing this goal. What is unclear is how frequently the field values should be recorded or over what
timeintervals should the field values be averaged. For example, measurements recorded every 15 s(Figure 7)
will, in general, show more fluctuations than if hourly averages are used to characterize the fluctuations
[B25].Bioeffects researchers may be consulted for guidance on how to define an index of fluctuations.
Because of the availability of the recorded data, different indices of fluctuations may be calculated and
reported, e.g., the number of field increases and decreases (exceeding some percentage value) using 1 min,
2 min, etc. average field values.

Goal: Characterization of the incidence and duration of field levels exceeding a specified value. Model s that
predict biological effects often assume that there is some threshold value of an agent below which, if applied,
there is no effect. This model has its analogue for possible effects from exposures to magnetic fields.

Method: Field meters that periodically record the magnetic field may be used to accomplish this goal. The
choice of what field level to use asathreshold value may require consultations with bioeffects researchers. As
in €), the availability of recorded data allows the calculation and reporting of the frequency of occurrence of
measured values that exceed more than one candidate threshold. Also, asfor €), the results may depend on the
frequency of recording the magnetic field levels.

Goal: Characterization of frequency content in magnetic field. Since magnetic fields from electrical
equipment often contain power frequency harmonics or frequencies unrelated to the power frequency, and
magnetic field limits have been set as a function of frequency [B1], [B5], characterization of frequency
content may be an important goal. An example of a magnetic field that is rich in harmonics and that is
produced by a common electrical appliance is shown in Figure 8 (a). Figure 8 (a) illustrates a spot
measurement of the extremely low-frequency (i.e., near 60 Hz) magnetic field waveform 60 cm from the
front-center of an operating 26-in color television screen [B15]. The harmonic components in the field are
shown in Figure 8 (b), which is a spectrum analyzer display for the waveform in Figure 8 (a). Harmonic
components from the second (120 Hz), which amounts to 45% of the fundamental, to the nineteenth can be
discerned. It is noteworthy that measurement of the rms value of thisfield with afield meter that only detects
the fundamental component will be too low by more than 20%.

Method: Commercially available single-axis and three-axis magnetic field meters are sometimes provided
with output connections that give the integrated signal from the probe. Such instrumentation, in combination
with commercially available spectrum analyzers, may be used to characterize the frequency componentsin
the magnetic field. Alternatively, wave-capturing instrumentation has software that allows the determination
of the frequency content from the recorded data.® Three-axis instrumentation is also available that can be
tuned to several harmonics of the power frequency. It should be noted that the frequency content of magnetic
fields produced by variable speed electrical equipment, e.g., €lectric mass transportation systems, can change
as afunction of speed [B13].

61t is assumed that during such measurements, the frequency of sampling the waveform is adequate to avoid such problems as aliasing.
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(a)

()

Figure 8— (a) Oscilloscope display of magnetic field waveform 60 cm from operating
26-in television screen; (b) normalized spectrum analyzer display for waveform in (a).

NOTE — In (a), the rms value of the field is 0.17 nT, vertical scale = 0.2 nT/div. horizontal scale = 5 mg/div. In (b),
horizontal scale = 200 Hz/div.

h) Goal: Characterization of magneticfield polarization (see Figure 1). A full characterization of the magnetic
field requires a determination of its polarization for a given frequency. The magnetic field polarization may
be of interest within the context of human exposure because, for example, magnetic fields with different
polarizations but the same resultant value can inducein biological systemselectric fieldsand currentsthat are
significantly different in terms of their temporal and geometric properties [B27].

Method: Single-axis field meters, three-axis field meters (that provide readings of an individual axis), and
three-axis wave capturing systems all may be used to measure the rms values of the semi-major and semi-
minor axes of the magnetic field ellipse to determine its polarization at a point in space. As previously noted,
this procedure assumes that only a single frequency component of the magnetic field is being measured. With
the presence of other frequencies, the rotating magnetic field vector no longer traces a simple ellipse
[B24, B32]. Variations of the polarization as a function of time and location should be anticipated.
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Goal: Characterizing human magnetic field exposure. This important goal has been placed at the end of the
listing of goals in order to first describe the magnetic field parameters that may be of interest from the
viewpoint of human exposure.

Method: A clear distinction should be made between characterizing one or more magnetic field parameters
and exposure to those parameters. The latter is best determined by wearing a miniature field meter that
periodically recordsthe field parameter(s) of interest at alocation of interest on the body. Estimates of human
exposure to a given field parameter in a specified area may be made from a combination of spatial and
temporal variation measurements of the parameter and information that describes patterns of human activity
in the area (see [B12] for discussion of the electric field case). This approach fails to address exposures that
occur outside the areas of field characterization.

Commercialy available three-axis exposure meters that are worn on the body may be used to measure
contemporary exposures to the field parameters identified in 5.1, a) through f), for several pass bands. Such
instrumentation periodically records the resultant magnetic field value for times extending to several days,
depending on the frequency of sampling the magnetic field, memory storage capacity, and battery life.
The collected data may be down-loaded to a computer and software provided with the instrumentation, or
specially developed, is used to determine exposure to the parameters described in 5.1, a) through f).

Past human exposures in specified areas may be estimated by having surrogates wearing exposure meters
perform activities that were conducted in the past in the specified areas [B30, B31, B37]. This approach
assumes that the magnetic field sources have not changed significantly over time.

5.2 Reporting magnetic field measurement results

The information that may be provided when reporting the results of measurements can vary, depending on the goal s of
the measurements. A clear indication of the measurement goals should be provided at the outset. The following
information pertaining to the instrumentation also isdesirable in all cases:

3
3
3
3
3
3
3

3

Manufacturer

Model/serial number

Date

Time

Total measurement uncertainty

Date of last calibration/calibration check

Probe size/lgeometry (some exposure standards [B21] present limits in terms of a spatially-averaged field
through the specification of aloop surface area)

A clear indication of what field quantity is being reported, e.g., the maximum magnetic field, the resultant
magnetic field, the vertical field component, TWA, etc. The recommended units are SI, with common units
expressed in parentheses.

Other information that may be provided when appropriate includes:

3

3
3

3

Magnetic field sampling frequency and descriptions of human activity when human exposure data is
presented

Drawings that describe the area and locations where measurements are performed

Statistical information, e.g., the largest and smallest field values, median, geometric mean, standard
deviation, etc.

Measurement height; source identification; weather conditions
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6. Electric field measurements

6.1 Electric field measurement goals and methods

The reader is referred to 5.1, as many of the points made for developing a magnetic field measurement plan are
applicablefor electric field measurements. For example, the requirement that measurement goals be defined early and
the advisability of conducting a pilot study again applies for the reasons stated previously.

Direct measurement of human exposure to electric fields is more difficult than determining magnetic field exposure
because miniature single-axis exposure meters that measure the electric field at the surface of the body [B6, B8, B17]
are not readily availabl e.” However, because of perturbations of the electric field by the body, the recorded field values
are very sensitive to field meter location on the body and body orientation [B6, B26] 8 such instrumentation has been
used to determine electric field "enhancement factors,” i.e., the ratio of perturbed electric field at the surface of the
body to unperturbed electric field, for different locations and orientations of the body in avertical electric field [B6].
Enhancement factors for humans and animals in vertical electric fields also have been reported by other investigators
[B11, B36]. The enhancement factors have been used for scaling the electric field across different animal specieswhen
planning exposures for in vivo biological studies. Characterization of the unperturbed electric field (e.g., using afree-
body meter) followed by appropriately scaled fieldsfor in vivo (and in vitro) biological studies has been the pattern for
investigating the possible effects of exposure to power frequency fields. Also, it is noteworthy that limits for human
exposure to electric fields are given in terms of the unperturbed electric field [B1, B5, B21]. Thus, characterization of
the unperturbed electric field is the focus of this guide. 9

It should be noted that the electric fields of past interest have been mainly vertical electric fields produced by power
lines and related high voltage equipment. The electric fields from such sources can be in excess of 10 kV/m [B2] and
are much larger than electric fields typically found in residences. In residences, the electric fields can range in value
from afew hundred V/m (e.g., near an electric blanket) to less than afew V/m away from electrical appliances [B4].

Below isalisting of possible measurement goals and possible methods for their accomplishment. Asfor characterizing
magnetic fields (refer to 5.1), thelisting should not be considered as complete since there can be awide variety of goals
and methods. In each case, the frequency pass band of the instrumentation is chosen for the frequency or frequencies
of interest [see 6.1, g)].

Possible goals and methods are as follows:

a) Goal: Characterization of electric field levels. Limits on permissible electric field levels as a function of
frequency and direction have been indicated in a number of documents [B1, B5] necessitating the
determination of field levelswith the greatest magnitude as well as possibly their direction in specified areas.

Method: Free-body and electro-optic meters may be used to make spot measurements of the maximum or
resultant el ectric field. Ground-referenced meters should be used for measurements on the ground plane or on
surfaces at ground potential. Guidance exists for measuring the predominantly vertica power frequency
electricfield near ground level inthe vicinity of power lines (IEEE Std 644-1994, [B18]). Thevertical electric
field is measured because this quantity is often used to calculate induction effects in objects close to ground
level [B9]. Unlike spot measurements of magnetic fields from power lines, the measured values will not
change greatly because the voltages remain nearly constant (sagging of the conductors because of large
current loads and thermal expansion can lead to greater field levels).

“Exposure meters that simultaneously measure the electric field and resultant magnetic field at the surface of the body have also been devel oped
B17].

LAn exposure measurement system that employs an electrically conducting vest as the probe to sense an average field for the upper body region is
also described in the literature [B11].

A notable exception is described in |EEE Std 1140-1994 and [B28], which require the measurement of perturbed electric fields from VDTs using
ground-references electric field meters above the ground plane. The rationale for this approach is that the grounded probe, a flat circular plate,
approximates the surface of agrounded VDT operator. The relationship between the perturbed electric field value that is measured and the electric
field values at the surface of the operator is unknown.
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b)

d)
€)

f)

9)

h)

Some guidance for measuring power frequency electric fields away from power lines where the field
geometry islesswell-defined isgiven in [B18]. Estimates of the range of electric field levels may be obtained
by performing spot measurements with all electrical appliances and equipment turned on and off in the area
of interest [B4].

Goal: Characterization of spatial variations. The spatial distribution of electric fields away from power lines
istypically unknown. Alternating electric fields will be nonuniform in most environments because the spatial
dependencies from the field sources (energized conductors) are the same in some cases to that for magnetic
fields.

Method: Spatial variation measurements require the recording of the electric field components as a function
of coordinate position. Standards exist for carrying out such measurements near power lines [|EEE Std 644-
1994, B18] and VDTs [IEEE Std 1140-1994, B28]. While such measurements may be made with survey
meters, instrumentation used in conjunction with "measurement wheels' is available for characterizing
spatial distributions of electric fieldsin environments where physical obstructions do not hinder movement of
the wheel. As the whedl rotates, it periodically triggers a single-axis free-body electric field meter that
captures and transmits the waveform of the electric field (component) viaafiber optic cableto aportion of the
detector circuit for storage. Software provided with such instrumentation permits the generation of plots of
electric field strength profiles, equifield contours, statistical analyses of the field levels, etc., at afixed height
above the ground or floor. Such data will not capture the long-term temporal variations of the field profiles
without repeated measurements. Variations of the field may occur if the probe is moved past electrically-
charged surfaces, e.g., plastics and synthetic clothing. It should be noted that during measurements of the
electric field with asingle-axis field meter and measurement wheel, the direction of the field can change.

Goal: Characterization of temporal variations. The temporal variations of electric fields, in general, should
not be as great as for magnetic fields. Electric fields are produced by conductors that are electrically
energized. The electric field at a point will be the vector sum of contributions from all energized conductors
in the vicinity of the measurements. Shielding effects by building materials, which can depend on weather
conditions, e.g., wet structures during rainy weather, can contribute to the variability. Short-term variations
will occur if there is movement of conducting objects (e.g., automobiles and trucks) past the measurement
location.

Method: Free body instrumentation is available that periodically recordsthe electric field waveform at apoint
in space for later analyses to determine the temporal variations [see Goal b)]. Ground reference meters may
be used with commercialy available data loggers to record the electric field on grounded surfaces for later
analyses. Similarly, optically isolated free-body electric field meters may be used with dataloggers for above
ground-plane measurements.

Goal: Characterization of TWA electric field.
Goal: Characterization of electric field intermittency.
Goal: Characterization of field levels exceeding a specified value.

Method: These parameters may be determined for time intervals of interest by analyses of data collected with
electric field meters with recording capabilities [see b) and c)]. The reader is referred to 5.1 for analogous
measurements of the magnetic field.

Goal: Characterization of frequency content in electric field. Because limits for exposure to electric fields
have been set as afunction of frequency [B1, B5], characterization of frequency content can be an important
goal.

Method: Commercially available free-body instrumentation that can periodically record the waveform of the
electric field have software that allows the determination of the frequency content from the recorded data.
Signals from ground referenced electric field meters may be used with spectrum analyzers to determine the
frequency content of fields characterized on grounded surfaces.

Goal: Characterization of electric field polarization. A full characterization of the electric field requires a
determination of its polarization for a given frequency.
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Method: Free-body and electro-optic field meters may be used to measure the rms values of the semi-major
and semi-minor axes of the electric field ellipse to determine its polarization at a point in space. As noted
earlier, this procedure assumes that only a single frequency component of the field is being measured. With
the presence of other frequencies in the field, the rotating electric vector no longer traces a ssimple ellipse.
Guidance for determining polarization near power linesis given in IEEE Std 644-1994 and [B18].

Goal: Characteriziing human electric field exposure. It is recalled that there will be differences between
perturbed el ectric field measurements obtai ned with exposure meters worn on the body, and unperturbed field
measurements obtained with, for example, free-body-meters. The results obtained using the two approaches
will yield significantly different results, e.g., different maximum, minimum, mean values, etc. While the
focus of this guide has been the characterization of the unperturbed electric field, a recent epidemiological
study has characterized human exposure by measuring the field at the surface of the body using exposure
meters [B26].

Method: A distinction should be made between characterizing one or more field parameters, eg.,
Goals a) through h), and exposure to those parameters. As aready noted, because electric field exposure
meters are not readily available and interpretation of the recorded data can be complicated, a direct
determination of exposure may not be possible. An alternative approach, as noted for the magnetic field case,
is to estimate exposure to one or more parameters in a specified area from a combination of spatial and
temporal variation measurements of the parameter(s) and information that describes patterns of human
activity in the area. This approach hasled to, in one study, the determination of "activity factors" that may be
used as part of a process to estimate long-term electric field exposure in an agricultural setting [B12].

6.2 Reporting electric field measurement results

The information that may be provided when reporting the results of measurements can vary, depending on the goal s of
the measurements. Asfor reporting the results of magnetic field measurements, a clear indication of the measurement
goals should be provided at the outset. The following information pertaining to theinstrumentation is also desirablein
all cases:

3
3
3
3
3
3
3
3

Manufacturer

Model/serial number

Date

Time

Total measurement uncertainty

Date of last calibration/calibration verification

Probe size/geometry

A clear indication of what field quantity is being reported, e.g., the maximum electric field, the resultant
electric field, the vertical field component, TWA, unperturbed field (e.g., free-body-meter measurement),
perturbed field (exposure meter measurement), etc. The recommended units are S| units.

Other information that may be provided when appropriate includes:

3
3
3
3

16

Descriptions of human activity when human exposure data is presented.

Drawings that describe the area and locations where measurements are performed.

Statistical information, e.g., the largest and smallest field values, median, geometric mean, etc.
Measurement height; source identification; weather conditions
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