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Characteristicsof ELF Fields

The frequency of the power system is snall enough that the dedric and magnetic fieldsin air can
be considered as if they were independent [1]. Further, the distribution d ead field can be
cdculated under the assumption that static theory applies. Given this, bah the dedric and
magnetic fields can be cadculated from ascdar potential. With aknowledge of the conductors
that make up the geometry and the distribution o surfacepotential and eledric aurrents, the
investigator can then cdculate the dedric and magnetic fields.

Consider next the differencesin charaderistics of the dedric- and magnetic-field cdculation
problems.

Electric Fied

Usually, the potential on all power system conductor surfacesis reasonably well known. Given
this, the dedric field can be cdculated in a straightforward manner, using either one of two
methods:

a) by dired solution d Laplacés equation for the potential and applying the gradient to
obtain the dedricfied, o

b) by finding the dedric charge and then cdculating the dedric field by superpasition d the
known eledric fields from elementary distributions of charge.

The dedric field at any point nea the power system varies periodicaly at the power frequency.
The rmsvalue of thisfield is approximately constant in time because the voltages associated with
the power system are goproximately constant intime. Thus, it is possbleto define aspedfic
eledric-field value assciated with apoint nea the power system at al times.
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The introduction d any dieledric or condicting material such as an animal or human subjed
generaly will cause large perturbationsin the dedric field within and rea the

material. These perturbations depend uponthe shape, orientation, and conductivity distribution
of the material. [2]

This has sriousimplicaions for the exposure assesanent problem, because the objed of
exposure aesanent is often to caculate the fields and/or induced currents (J = o E) within the
subed.

Magnetic Field

The distribution of current on power-system conductorsis generally not well known. Rather, the
currents are very dependent upon paver-system configuration and operating condtions. For
example, onagiven line the arrrent can vary over agiven day by afador of more than four.
Significant seasonal variationis aso olserved. These variations occur because of more or less
predictable shiftsin the demand for eledric power, due to daily lifestyle patterns and seasonal
wedaher changes. Ancther sourceof power-line aurrent and magnetic- field variationis current
unbalancethat resultsin net currents.

For spedfied currents, howvever, the cdculation d magnetic field can be dore using
superposition and a straightforward application d the Biot-Savart law. Thislaw relates
elementary distributions of currents to simple magnetic-field dstributions. The difficulty of
magnetic-field caculationisin relating the fields from spedfied currents to the red-time varying
currents.

Theintroduction d any dieledric or conducting material such as an animal or human subjed
generaly will not cause large perturbations in the magnetic field within and rea the material.
Thisdramaticdly simplifies the exposure assessment problem, because the objed of exposure
asesanent is often to caculate the fields within the subjed.

Magnetic materials, onthe other hand, can cause perturbations in the magnetic fields.
Fortunately, most subjeds of expaosure asessnent are nonmagnetic. Note, however, that the
eledric fields and/or induced currents generated by the time- varying magnetic fields depend
uponthe shape, arientation, and condctivity distribution d the subjed.

Power -system Field Calculations

To ill ustrate how cdculations can be dore, consider one simple example for eledric- and
magnetic-field cdculations. The example will be for an infinitely long single-condtctor line.

Consider the geometry shown in Figure 6-1. Here, asingle, infinitely long condctor at a

potential V =V, and carrying a aurrent |, islocaed at (x,y) = (0,h) above aneath (y <0). The
(asyet) unknavn line charge per unit lengthis p,.
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X

Figure6-1. Cross-section of an Overhead Power Line Geometry
Electric Fields

The dedric field will be cdculated here using method b from page 6A-1. For eledric-field
cdculations, the eath can be assumed to be aperfed conductor and simple image theory used.
Given this, the scdar potential and eledric field for y > 0 can be written in terms of the (as yet)
unknown charge per unit length as:

Vixy) =5 é::Jr: e E volts (1)
By =P Eﬁ(y+ h)u, +2xa,
AT (yrh) e %)
2(y h)u + 24, E volts/ m

(y-h)"+
where U, and U, are unit vedorsin the x andy diredions respedively.
Tofindp, set V(0,hra) =V;. Theresultis

21E, )V,
In(2h/a)

Thisvaluefor p; can beused in (1) and (2) to find the dedric field for y > 0.

p O €)

A similar procedure can be used to cdculate the dedric fields nea threedimensional structures
with knavn pdentials. The mgjor differenceisthat finding the charge distributionis not as essy
as the method shown abowe; it requires lution d adifferential or integral equation. Recent
work in this areais reviewed by Takuma and Kawamoto [3].

There ae many situations (e.g., in substations, nea eledricd equipment and in residences) for

which cdculations are too complex to be pradicd. Inthese caes, systematic measurements may
be preferred.

6-3



FIELD COMPUTATION MODELS

Magnetic Fields

Using the Biot-Savart law, the transverse magnetic fields of the single cnductor at (x,y) = (0,h)
carying current I; can be written as

_ O
B, (x,y) = -2I, D&D mG (4

E(y- h) +x*(
O
B, (x,y) = +2I, E-I—D c
y(x y) = ﬁy— ) o’ E m

Here, the eath has been assumed to be transparent to magnetic fields. Thisisreasonable &
power-system frequencies, becaise the eath is generally non-magnetic.

A similar procedure can be used to cdculate the magnetic fields nea threedimensional
structures with known currents. In this case, the procedure is not complicaed by the need to
cdculate an intermediate unknavn such as charge. Determination d the arrents, hovever, may
be difficult, espeadly if currents on unintentional condwctors such as water pipes are important,
asinthe cae of residences. A review of the problems of cd culating magnetic fields nea power
systemsisgivenin[4,5].

As mentioned under Characteristics of ELF Fields, the magnetic fields of a power system may
vary considerably during the day and yea; as a mnsequence, this field must be defined
statisticaly. One reason why one must be caeful with the definition o magnetic-field levelsis
that attempts to regulate magnetic fields are complicated by the question d how to define the
magnetic field, at apoint nea apower line, by asingle number [6].

Shielding

Electric Fields

Eledric-field shielding isrelatively easy to acaomplish. Most condicting materials ad as good
eledric-field shields at low frequencies. For example, awood howse will provide significant
shielding from an external eledric field. A goodsurvey of work in thisareaisgivenin [5].

Magnetic Fields

Low-frequency magnetic fields are usually much more difficult to shield than eledric fields.
Rather than consider spedfic shields, ashort discusson d several important parameters used to
charaderize the degreeof shielding will be given. Goodreviews can befoundin [6,7]. The
purpcse hereisto gain insight into the shielding process The parameters of interest are
discussed below.
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Topology (Open vs. Closed Shields)

Shield topdogy is animportant issue to be onsidered. "Closed" topdogies are defined as sield
geometries that completely divide spaceinto "source' and "shielded" regions. "Open" topdogies
are defined as hield geometries that do nd.

For closed topdogies, the only mechanism by which magnetic fields appea in the shielded
regionis “penetration” through the shield. For open topdogies “le&kage” may also occur
through seams or hales, or aroundthe edges of the shield.

Material Type

It is posgble to identify diff erent shielding medhanisms with dff erent material types. For
example, when the magnetic properties (i.e., permeability) of amaterial dominate, shielding is by
amedhanism cdled “flux shurting.” In this case, the magnetic flux from a sourceis diverted into
the magnetic material and away from the region to be shielded. When the mnducting properties
(i.e., conductivity) of amaterial dominate, shielding is by a medanism known as “eddy current
cancdlation.” Inthiscase, currents areinduced in the cnduwctor by the magnetic fields of the
source These aurrentsin turn cause magnetic fields that partially cancd those of the source

Extent and Thickness of Shield

It isobvious that the extent of ashield can be an important fador when considering “open”
shields. Generally, the more the shield geometry islike a ¢tosed topdogy, the better the
shielding. However, if penetration exceedls leskage, increasing the extent of the shield may have
littl e efed on the shielding.

The extent of ashield isaso an important fador for “closed” shields. For example, it has been
foundthat eddy-current cancdl ation works better for larger-diameter cylindrica or sphericd
shields, whil e flux-shunting works better for small er-diameter cylindricd or sphericd shields

If penetration is the dominant medanism, athicker shield will usually result in greaer shielding.
Evenin this case, however, there will eventualy be diminishing returns. Thisis due to the skin
effed.

Frequency

No eddy currents areinduced in ashield at zero frequency. Thus for frequencies low enough to
ignore aldy currents, the flux-shurting medianism dominates. Only shields with norrunity
relative permeability will be dfedivein this case.

As the frequency increases, eddy-current induction becomes more important. Thus, “eddy
current” shielding will generaly be greaer at higher frequencies.

Location and Orientation of Sources
The dfedivenessof shieldsis known to be very dependent uponsourcelocaionand aientation.
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Gaps and Apertures

A shield is often constructed of severa pieces. It can be shown that the dedricd and/or
magnetic continuity of the shield at junctions may have asignificant impad onthe dfediveness
of the overall shield. The size of the gap need na belarge for thisto bethe cae. Further, wire
conredions at periodic locaions aong the shield may not be sufficient. Apertures cut in ashield
may also influenceshield performance. Thiswill definitely be trueif the gerturein the shield is
oriented to cut the natural path of either magnetic flux or eledric current in the shield.

Implicationsfor Risk Assessment
Electric Field

The unperturbed eledric-field cdculations are quite acarate if the geometry and vdtages of the
sources are known.

In complex geometries, cdculations are difficult and measurements may be preferable.

The rms value of the unperturbed eledric field varies from point to pant in spacebut nat much
with time.

The dedric field inside asubjed due to the unperturbed eledric field is dependent uponthe
subjeds shape, orientation, condtctivity distribution, and proximity to other objeds.

Magnetic Field

For a given current and source geometry, cdculations of unperturbed magnetic fields are quite
acairate.

Determination d currents can be difficult, espedally if currents on unntentional conductors such
as water pipes are important.

The unperturbed magnetic field varies from point to pant in spaceand with time because source
currents generally vary with time. Thus, statisticd caculations of magnetic fields are
recommended.

The magnetic field within asubjed is usually approximately equal to the unperturbed magnetic
field.

The dedric field inside asubjed due to the time-varying unperturbed magnetic field is
dependent uponthe subjed’s sape, orientation, and condtctivity distribution.

Remaining Questions

1. Whichfiedisimportant? Isit the dedric field, the magnetic field, a the aurrent density?
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2. Which aspect of the field is most important? Isit the pe&k value, the time-weighted average,
the frequency content, the pdarization, a something else?

3. For éedric-field expaosure cdculations, can the dfed of the subjed’s changing orientation
and locd environment be quantified?

4. Thereisnot enough experiencewith the cdculation d currents on complex systems of
conduwtors. Isit redistic to dothese cdculations, or shoud measurements berelied orf?

5. Itisknown that net currents can be an important parameter for cdculation d magnetic fields.
Can situations for which these ae important be identified?

6. How can the statistics used to describe time variation d currents be used in cdculations of
magnetic-field statistics?

7. Magnetic-field shielding is known to be highly dependent uponsource daraderistics. In
many cases, it isnot easy to determine the sources. For these caes, can an easier way be
foundso that acairate shielding cdculations can be dore? If nat, are there shielding schemes
that are lessdependent uponsource geometry?
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