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CHAPTER 1

INTRODUCTION AND LITERATURE
SURVEY

Since the mid 60’s, concerns have arisen that the electric and magnetic fields from the
power system equipment might affect the exposed individual especially utilities
wotking crews and laborers. With the publicaion of results of different
epidemiological studies and the following world-wide research effort on effects of
power frequency electric fields, the concemns have shifted from electric field to the
magnetic field. The health issue of electromagnetic fields (EMF), more especially,
power frequency and low-level magnetic field, has received dramatic attention from
the public, utilittes, and research institutes in the last decade. Research studies in
epidemiology, biology, physics and engineering have been conducted extensively, in
order to identify the correlation, physical mechanism and technology of magnetic field
reduction. Up to date, no final conclusion has been reached. However, some of the
studies did indicate a possible health association [1]-[8]. A two-fold increase in risk of
childhood leukemia, breast cancer, as well as brain tumor under long term exposure of
milli Gauss (mG) level magnetic field These findings have stirred concerns of the

public.



2

Utilities are aware that the public’s concerns about this issue are widespread
and sincere. They recognized and took seriously their responsibilities to help resolve
these concerns. Utilities believe that their responsibilities are :

() To provide safe and reliable electricity for their customers.

() To provide balanced and accurate information, derived from all sources, to their
employees, customers and regulators. This will include providing EMF
measurements and consultation to their customers upon request.

(iif) To support all the necessary research to resolve unanswered scientific questions.

(iv) To conduct the required research to develop and evaluate the engineering designs
and find ways to reduce the fields generated by electric facilities.

(v) To take reasonable low-cost steps to reduce field exposures from new facilities and
continue to consult and advise their customers regarding existing facilities.

(vi) To research and evaluate occupational health implications and provide employees
who work near energized equipment with detailed and accurate information
regarding field exposures in their work environment

(vii) To encourage agencies such as the Ministry of Health and other appropriate
government agencies to provide reasonable and uniform regulatory guidance.

In response to the public concerns, many utilities are being actively involved in
EMF-related work. Utilities have been carrying out extensive projects to characterize
and manage the magnetic fields around their substations and other power facilities in
an effort to answer public concerns over the possible health hazard caused by
magnetic fields generated from power system equipment.

Monitoring equipment for magnetic fields has improved considerably in recent

years. Use of these equipment for detection and measurement of magnetic flux density
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has helped utlities characterize exposure to magnetic fields, whether may be caused by
utilities installed equipment or customer end-use appliances.

1.1 Magnetic Field Characterization & Management
Studies -

While the health studies were in progress, it appeared desirable to conduct parallel
technical studies related to the electromagnetic fields that can be found in
occupational areas. In response to the public concern, many utilities are being actively
involved in EMF-related work. Many research-type studies are being or have been
funded or supported by utilities. In those studies, both magnetic field characterization
and its management in power systems are or were focused [9]-[17].

In the domain of field characterization, magnetic field in the vicinity of power
facilities has been surveyed extensively in the past few years. Major sources generating
substantial magnetic field have been identified. These major field sources were
overhead transmission and distribution lines, underground cables, underground
structures, substations and other individual power equipment. The typical value of
magnetc field was found in the range of few mG up to a few hundreds of mG in the
living and working place. The field levels measured were generally higher than the level
identified in epidemiological studies.

As the magnetic field sources in power systems have been identified, the
interest of utlities is being shifted to magnetic field management on these sources.
Currently, there are many techniques available to manage magnetic fields created by
substation’s equipment’s. All these techniques can be roughly grouped into the
following three categories :



(1) increasing the distance between the source and the point of interest,
(2) manipulating source geometry and current (small spacing and low current), and
(3) magnetc field shielding techniques.

The first approach  straightforward, but is limited by physical constraints,
such as, space or land availability in the vicinity of the sources. The second category
covers source relocating, compacting, re-phasing, return-current control, etc., and the
last category includes passive and active shielding.

The theorem of active shielding is not mature yet, and it is still in the phase of
development and testing. The passive shielding technique was developed long time
ago. It has been considered as an applicable field reduction technique in the phase of
both modifying existing power faclities or constructing new power facilities. This
approach i1s expected to reach significant magnetic field reduction. Recently the
technique of passive shielding has been practically applied to the magnetic field
generated by substations, generators and other power equipment [9],{12]. However,
because there were few shielding theories regarding applications in power systems,

current shielding designs or implementations are just a practice of experience.

1.2 Objectives of the Study

‘The main objectives of this study are to:

® Carmry out detailed measurements of magnetic fields in and around different
substations using magnetic field meters with special attention given to field
measurements near major magnetic field sources such as transformers and LV
cables.

e Plot line profiles, contour and 3D maps of measured magnetc field at different



locations in the substations.

® Develop magnetic field model of substation’s energized buses and equipment
from given electrical and geometrical data to compute the magnetic fields in
substations and its vicinity.

® Analyze and compare the measured and simulated field values using comparative
profile plots along different lines.

* Based on the analysis and comparison of measured and simulated magnetic field,
try to overcome any discrepancies by better measurement, modeling and
simulation methodology.

¢ Identify and verify important sources of magnetic field in substations.

* Simulate and analyze the magnetic fields produced by various substation designs
and develop alternative substation designs aimed at minimizing magnetic fields
(magnetic field management).

¢ Study the effect of shielding of major magnetic field sources.

In this study, two typical Substations, an indoor type ( 69 / 13.8 kV ) and an
outdoor type ( 115 / 13.8 kV ) are studied in terms of their measured and simulated
magnetic fields. In addition, application of magnetic field management techniques is
also highlighted. Simulations are performed, using SUBCALC, to determine the
magnetic field distnbution i and around the power facilities in the substation.
SUBCALC is relatively simple to use and provide magnetic field distribution if
physical dimensions of substation and amplitude and phase angle of all the currents
are known.

On-site measurement of magnetic fields in and around substations are done

using EMDEX II and Field Star 1000 magnetic field meters. These measurements are
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usually performed at one meter above ground levels (sometimes at the ground level
also). The contours and 3D profile of the magnetic field are plotted using available
mteractive graphics packages such as DeltaGraph and GraphTool.

A typical residential area substation is used to verify the magnetic field
shielding techniques. The substation is located within the vicinity of KFUPM.



CHAPTER 2

CHARACTERISTICS OF MAGNETIC
FIELDS IN SUBSTATIONS

2.1 Magnetic Field Fundamentals

Electric and magnetic fields are generated by the combination of electrical charges and
movements of electric charges (electric currents). When the rate of change (frequency)
of these fields is sufficiently low, as is the case for power system fields, electric and
magnetic fields (EMF) can be separated into electric (related to voltage) and magnetic
(related to current) fields and the word EMF should be defined as “Electric and
Magnetic fields”, as opposed to “Electromagnetic” which implies that electric and
magnetic fields are coupled together as in high frequency radiating fields.

The magnetic field is defined by the magnitude and direction of the force
exerted on a moving charge. If an electrical charge is moving into a magnetic field, or
if a field moves past the charge, the charge will be subjected to a force. If the unit
electrical charge, one Coulomb, moves at a unit velocity, one m/s, perpendicular to a
magnetic field of a unit flux density, one tesla, it will be subjected to a unit force, one

Newton, in a direction orthogonal to both the direction of the charge motion and the
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direction of the magnetic field. The quantity described is the magnetic flux density,
which, in a region with magnetic flux, is the magnetic flux in the unit area
perpendicularly traversed by the flux.

Consider a single wire carrying a current (I), as shown in Figure 2-1. The
magnetic flux density in the surrounding air at a distance (R) from the wire is equal
2x10-7 I/R. The magnetic flux density is a vector quantity. In this example, the
direction of magnetic flux density is tangential to the unit circle with radius (R).
Magnetic flux density is usually denoted by letter B, which is the magnetic flux per unit
area.

$=B.4 Equation 2-1
The unit of B is weber/meter? or tesla. There is another quantity called “magnetic field
strength”, usually indicated by letter (H) and measured in ampere per meter (A/m). B
and H are related through the permeability of the medium () as,

B=uH (weber/m? Equation 2-2

Where for free space/air, u = yo = 4x x 107 H/m.

2 x 107 I/R (Tesla)
2 /R (mGauss)

Figure 2-1: Relation between current and Magnetic flux density (B).
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The magnitude and direction of AC magnetic fields constantly change and is
typically represented at a point in space by a vector whose direction represents the
direction of the field and whose length represents its magnitude. A vector
representing the changing magnitude and direction of a magnetic field would appear
to rotate around the point in space and follow an outline of an ellipse with major axis
a and minor axis 4. Such a field is said to be eliptically polarized, is typically produced by
3-phase distribution and transmission lines. There are two special cases of elliptical
polarization:
o  Linear polarization, occurs when the minor axis of the magnetic field ellipse is zero.
o Circular polarization, occurs when the minor axis is equal in magnitude to the major

axis of the field ellipse.

2.2 Purpose of the Substation

Purpose of substations can be summarized as follows:

¢ Terminate transmission and/or distribution lines,

® Receive bulk power,

® Transform voltage,

¢ Control power flow in the event of a system disturbance,

® Regulate voltage through regulators and capacitor banks,

¢ Point of indication (Measurement of data), and control,

¢ Provide redundancy for maintenance and/or equipment failure,

e Serve the customer.

Substation can be divided into four groups based on services it provide:

a) Switching Station,
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b) Receiving Station,
c) Distributing Station, and

d) Customer/Industrial Station.

2.3 Sources of Magnetic Fields in Substations

There are three areas of concern relative to the magnetic field exposure generated by
substations : The public, employees, and equipment. Usually the public is less exposed
to EMF from substations than they are to fields from transmission and distribution
lines except for urban areas and in high-rise commercial and residential buildings.
Because of their nature of work, employees of utilities are more subjected to exposure
to EMF fields in substations. The concemn for equipment exposed to EMF felds is
more easily quantified. By field measurements on the equipment, the substation
facilities can be designed to limit the fields to a level that the equipment can tolerate.

Magnetic field related measurements are more complicated and demanding
than electmc field related tests because the magnetic field varies with current
fluctuations (I.e. load variations). Furthermore, the magnetic fields generated from
substations are more complex and more difficult to measure than the fields near
power lines or homes. The line currents passing through substation buses and
equipment produce magnetic fields within the substation which have much the same
attributes as magnetic fields beneath the lines themselves. The dose proximity of
substation equipment and the grounding mat complicate the field attributes especially
the spatial variability to some measure but do not inherently change the nature of
magnetic field.

The most prevalent sources of magnetic fields in substations are:



IL.

III.
V.

V.

VL
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High and low voltage buses and lines
A. Low voltage side transformer network,

B. Bus work segments within the racks which due to loading, are forced to

carry high cuerents.
C. Pot-heads (underground cable termination), and
D. Underground cables entering or leaving the station.

E. Circuit breakers (CB’s) and Disconnecting switches (D/S).

Currents in connections to the ground mat from structural steel, fences,
transformers and other metallic structures in the substation.

Aur core Reactors.

Capacitor Banks.

Battery Chargers.

Wave Traps.

2.4 Factors affecting the Magnetic Field

Magnetic fields from substation’s electrical equipment are generally affected by a

number of variables including :

L

Magnitude of phase current - at power frequency, the magnetic field is proportional to
the phase current magnitude. Line currents on substation buswork, vary widely in
both their magnitudes and phase angles, so utilities normally calculate magnetic
field levels using estimated current magnitudes. Differences in the current
magnitudes between each phase (current unbalancing) also effect magnetic field
strength and slows the rate at which the magnetic field decreases at distances far

from the conductor,
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I1. Nentral/ shield wire currents- In an unbalanced power system, the return current flows
through the neutral, shield and / or through the ground path. If all of the return
current flows back through the neutral, this will tend to decrease the overall
magnetic field, -

I11. Hesght of conductors above/ below ground - increasing the height of the current-carrying
conductors will reduce the magnetic fields at or near ground level. The opposite is
true in high-rise buildings where substations are underground,

IV. Conductor configuration - the magnetic field level in substation is the sum of the fields
produced by the currents in all conductors and is dependent upon the distance
between the observer and each current-carrying conductor. Placing the three
conductor as close together as possible creates greater field cancellation and the
magnetic field at or near ground level is reduced,

V. Lateral distance from substation or above substation - magnetic field strength decreases
with the lateral distance from the source of the magnetic field, which is the
current in each conductor in the substation. The magnetic field can have 7/r, 1/
or a 7/r decay rate, where r is the distance from the magnetic field source,
depending on the line or substation design and the degree of current unbalance.
Most three phase power lines and substation buswork produce magnetic fields
that decay as 7/72. The 7/r rate occurs when the currents on a power line are not
balanced. The 7/7 decay rate occurs when using an optimal phase configuration
on a double circuit line with phase currents of equal magnitude. Magnetic fields
from major substation equipment, such as three phase transformers and reactors
decayas 1/7,

V1. Proxdmity of magnetic materials and conducting objects - Magnetic fields are not generally
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affected by building walls and sections. This also leads to the conclusion that
magnetic field shielding is difficult to achieve. To do this, it is necessary to use
materials which either have high conductivity or are magnetic (iron or steel). In
general, the application of magnetic shielding through use of high conductivity or
magnetic materials is limited in an electric power system due to the complexity of

obtaming a practical design and associated costs.

2.5 Magnetic Field Modeling of Substation

In the range of low frequency, magnetic field is mainly generated by electric currents
according to Maxwell’s equations. Since the current in power systems are usually
confined to straight conductors (e.g. lines or buses), magnetic field can be calculated

by the Biot-Savart equation:

af Iidl xa, Equation 2-3

B =
4x

2

r

Where, / represents the current flowing through conductors, r represents the distance
between an observation point and an integration point on the conductors, and 4
represents a unit vector directed towards the observation point. Given current
information as well as geometric information of current carrying conductors, magnetic
field is uniquely determined by Equation 2-3. Basically, there are two significant
models of sources in the analysis of magnetic fields. These models are a point source
and a long-conductor source.
® The Point Source: Current-carrying conductors can be modeled as a point source if
length / of conductors is much less than distance 7, as well as conductor spacing 4

is much less than ras shown in Figure 2-2(a). Since r does not change much over



1+
the whole conductor, a simplified formula of magnetic can be derived from
Equation 2-3. Assuming currents in conductors are balanced and have an equal
magnitude [, its magnitude is given by

u.1,
B=—"-%
4nr- !

I
B=teey

2“; Equation 2-4
B=te Ay
2nr

for a single conductor, double and triple conductors respectively.

o The Long-Conductor Source. Current-carrying conductors can be modeled as a long-
conductor source if conductors are much larger than distance r, as well as
conductor spacing 4 is much less than r as shown in Figure 2-2(b). By evaluating
Equation 2-3, the magnitude for a single conductor, double and triple conductors
respectively, is given by

Bod,
2ar
%;—;d Equation 2-5

p=lo my
2nr

B=

B =
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Decreasing function =1/r2 Decreasing function =1/r3

(a) Point Source(s)

d
r 1
B l‘B
La Ly L

Decreasing function =1/r Decreasing function =1/r2

(b) Long Straight Conductor(s)

Figure 2-2: Source arrangement and their decreasing functions.
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In power systems, substations are one of major power facilities creating
substantial magnetic field. They serve to distribute electric power either from a low
voltage systems or vice versa. The basic elements in substations are buses, cables,
transformers, circuit breakess, capacitor banks, etc. From the perspective of magnetic
field, these elements can be grouped into two distinct categories: conductor-type
element (e.g. buses) and equipment-type elements (e.g. transformers). The major
difference is that equipment-type elements have additional metallic parts besides

conductors, which might affect magnetic fields around these elements.

2.5.1 Conductor-type Elements

®  Bus bars serve to assemble mncoming currents and distribute outgoing currents, and
usually carry very high currents. They are made of long conductors with either
arrcular or rectangular cross-section. Current is not uniformly distributed over the
cross-section area, due to skin effect. However, since radius or side length of
conductors is much less than distance r, bus bars can be modeled by equivalent
filaments carrying the same amount of current and located at the geometric center
of the conductors.

® Cables serve to transmit electric power from one location to another location. It
could be single underground cable with -three cores inside (3 phases) or three
cables each with single core inside. Each core is a current-carrying conductors
surrounded by insulation layers. In some cases, cable has its own metallic sheath.
The sheath is mainly designed for the mechanical protection, however, it might
serve magnetic field shielding in some circumstances. The magnetic field generated
by cables are effected by three factors: (1) skin effect, (2) proximity effect and (3)
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shielding effect. However, these effects might be neglected, since geometry of a

cable is usually much less than distance r, and cables can be modeled by equivalent
filaments centered on their corresponding conductors.

® Disconnectors in a substation serve for separation of two circuits, and operate only

when the two circuits are deenergized. In the on-switching status, current might

flow through this piece of conductor, and it can be replaced by a piece of filament

centered at the conductor for the calculation of magnetic field generated by the

disconnector.

2.5.2 Equipment-type Elements

® DPower Transformers and Voltage Regulators has three main parts affecting magnetic
field: (1) windings, (2) high-permeability core and (3) metallic enclosure. Due to
complex geometry of these parts, as well as nonlinear performance of core and
enclosure, the exact modeling of 3-D magnetic field evaluation is much difficult.
However, if distance r is much larger than geometry of a transformer or a
regulator, one approximate model can be used in the magnetic field calculation. In
this model, leads of the equipment is replaced with filaments and everything within
the enclosure is neglected.

®  Circuit Breakers and Fuses are devices which are capable of disconnecting energized
arcuits when it is triggered. They have a pair of outgoing and incoming
conductors, as well as other auxiliary mechanical parts. The pair of connectors are
connected together at one end, and a current flows through it when it works
normally. The conductors and metallic enclosure are two major parts affecting

magnetic field. In an approximate model the current-carrying conductors are
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simply replaced with filaments by neglecting the enclosure. This model will lead to
overestimation of magnetic field by ignoring shielding effect of the enclosure.
However, the error will be small if distance r is much greater than geometry of a

circuit breaker or fuse. -



CHAPTER 3

MAGNETIC FIELD MANAGEMENT

Magnetic field management can be defined as the “ implementation of programs to minimize
the impact of possible health effects of power system magnetic fields while maintaining power system
reliability, safety, and effectiveness”. These programs may include :

¢ Communication programs,

¢ Management programs,

e Research programs,

¢ Assessment of different design options,

e Application of field reduction techniques.

Magnetic field management results from the commitment of the udlity
mdustry to find a solution to any potential problem which is of most benefit to the
public. Therefore, magnetic field management also includes programs aimed at
reduaing unjustified public fears generated by the debate on the issue. For each
magnetic field source within the power system, there may be a number of design
options that would reduce magnetic field exposure without altering the function for
which the system was intended.

The magnetic field strength from the substation alone can be reduced if the
physical geometry and/or electrical characteristics, as well as the layout, of the

19



20

substation are designed to take advantage of various field reduction properties. A

classification of the different approaches to substation magnetic field exposure

reduction techniques are discussed in following sections.

3.1 Modification of People Activity Patterns

Magnetic field strength levels decrease as the distance from the source increases. One

method of reducing the magnetic field strength level at a particular substation would

be to increase the distance from the sources at the point of interest. The rate of

decrease is dependent on several factors, including substation layout and the current

unbalance in the circuit. This approach consists of finding ways to avoid the presence

of people at times or at locations of high magnetic fields. It may include:

Modification of work rules based on limitation of magnetic field exposure,
Access hmitation of high magnetic field areas,
Installation of facilities and equipment so that magnetic fields are minimized in
areas frequently occupied by people.

This can be accomplished in a variety of ways, including:
Equipment / conductor relocation - locate sources as far away from the public
areas and areas of interest as possible,
Increased/decreased height of substation bus work - increase (decrease for
underground substations) the height of overhead sources, within the acceptable
limats,
Increased property boundary lines - increase the amount of site property in order
to increase the distance from the substation’s electrical facilities and property

boundary line.



® Selection of site for the substation - selection of the optimal site for the proposed

substations taking into account all the important factors.

3.1.1 Equipment/conductor relocation

The sources should be located within the facility as far from the property line
as feasible. In addition, the higher current sources should be located closer to the
center of the facility if possible. Any incoming lines to the substation, whether
transmission or distnibution, should be routed within the property line and as close to
the facility as feasible.

The magnetc fields from transformers, reactors and capacitors decay as 1/7 to
1/P. Magnetic fields from most three phase lines and substations buswork decay as
1/~ If placed near the substation fence, high current devices (ie. transformers,
reactors, and capacitors) may significantly contribute to magnetic fields outside the
substation property boundary. Magnetic fields resulting from these devices may be
neglected when evaluating field levels beyond the property line if these devices are

located closer to the center of the substation property and away from the fence.

3.1.2 Increased/decreased Height of Substation Buswork

One way to reduce the magnetic field strength at ground level is to increase
(decrease for underground substations as in high-rise buildings) the distances between
the current-carrying conductors from the ground or the public. There are two primary
methods in which this may be accomplished:
® Raise the height of the substation structure used, height of overhead lines and

associated buswork,
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® Suspend sources from the existing taller structures. This may increase the cost and
aesthetic impact of the substation. This is particularly important for sources
located near the fence such as bus conductors, disconnect switches or wave traps.
Any resulting impacts to-the visual aesthetics of the substation must be considered

along with the magnetic field reduction issue.

3.1.3 Increased Property Boundary Lines

Another method of reducing magnetic fields from the substation is to increase
the property boundary of the substation to limit the distance of approach. Increasing
the amount of site property would increase the distance from the sources to the
property line, thereby reducing the magnetic field level at the property line. Land
availability for acquisition and the costs associated with the additional property must
be taken into consideration when examining this option. In addition, this action will
only provide the desired result if the public uses/access within the property line are

also controlled.

3.1.4 Optimal Site Selection

The selection of an optimal substation site requires consideration of numerous
technical, economical and environmental factors. A study of the existing and
projected magnetic field strengths should be performed to investigate how siting
considerations may affect magnetic field levels. An analysis of present magnetic fields,
computer-generated fields for the proposed alternatives and a discussion of how land
uses may be impacted should be included in the study. This may result in siting the

substation farther from the load or causing longer line routes. Any resulting impacts
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to line magnetic fields, environmental concerns or costs must be balanced against the
substation magnetic field issue. Environmental issues, safety, maintenance, cost and
the magnetic field levels must be considered along with all other siting criteria. Briefly
speaking, substations should be located away from the normally occupied areas, to the
extent practical.

3.2 Design of Electrical Facilities and Equipment for
Low Magnetic Field

This approach consists of modifying circuit currents, or conductor arrangements, or
characteristics of magnetic materials of facilities and equipment. This approach offers
a large number of engineering solution opportunities, some of which are explained in

the following sections.

3.2.1 Bus work compaction (reduce conductor spacing)

The resultant magnetic field strength level is the vector sum of the individual
phase vectors at any particular location of the various current-carrying conductors.
The closer the conductors of the phases are to each other, the more effective the
magnetic field is canceled by the other phases. However, the concern of potential
flash-over and other reliability considerations set practical limits to the reduction in
conductor spacing. Close phase conductors spacing in substations increases the
chances of birds, rodents and other animals coming in contact with live parts. This
can cause phase-to-phase bus faults which would result in extended loss of service to
customers.

In substation, reducing magnetic field strength levels by reduced conductor
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spacing techniques achieves less field reduction results when compared with increasing
the distance to the source. For overhead buses, horizontal or vertical configurations
typically has a larger phase spacing and hence, produce higher fields under the bus
than triangular or delta eonfigurations. For underground buses, self contained
systems, where each phase is placed in a separate duct, generally produce greater fields
than pipe-type systems, where all three phases are contained in a single duct. Feeder
outlets for distribution can typically be installed underground in a single duct, thereby
reducing the overall magnetic field strength. For metal-enclosed bus, as in switchgear
and gas-insulated substation (GIS), the phase spacing can be greatly reduced, thereby
minimizing the overall magnetic field strength. Switchgear devices and buses that
utilize vacuum or gas insulation will significantly reduce the phase spacing compared

to oil or air insulation.

3.2.2 Balanced Phase Current

Balanced phase currents produce weaker magnetic field strength level when
compared to unbalanced currents. The magnetic field from lines or buses with
unbalanced currents decreases less rapidly than the fields from those with balanced
currents. In many cases, the ground level component of the magnetic field strength
due to unbalance is greater than the component due to the phase currents.
Maintaining balanced phase currents will result in magnetic field strength reduction.
Balancing phase currents on distribution circuits will result in more balanced phase

currents within the substation.



3.2.3 Optimized Phasing

Phase configuration techniques use the phase difference between magnetic
fields generated by the individual conductors to reduce or cancel the overall field. The
typical substation conductot configuration is horizontal. Other configurations include
vertical and delta or a combination/variation of these configurations.

There is a number of different bus configurations available for substation
construction. However, the type of bus configuration that should be used in a
particular substation is dependent on a number of factors inclﬁding: reliability,
operation flexibility, complexity, land availability, safety, cost effectiveness, and future
expansion.

Phasing relationships produced by different bus configurations can be
evaluated to determine which one results in the lowest combined magnetic field
strength level. However, this type of evaluation is dependent on current loading and
direction of current flow through each section of bus which may vary with time.
Therefore, there may not be a single optimum low magnetic field phase configuration.
for substations. Some utilities do not currently construct conductors in delta
configuration in substations and some has no immediate plans to do so in the near
future. Some of the de-merits of delta configuration are:

o It makes tapping of the bus extremely difficult,

® Increases safety risks to the maintenance personnel.

3.2.4 Minimizing Current (Higher Line Voltage)

The magnetic field strength level is directly proportional to the magnitude of

current flowing in the conductor. This is true for the phase conductor current or the
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unbalanced neutral currents. It is possible to reduce the current component and still
provide the same amount of power by increasing the operating voltage. Utilities has
been doing this over the years as technology advances in the area of power
distribution. The oldest systems are operating at 2.4 kV and 4 kV. Utlities has
adapted 12.5, 13.8, and 20.8 kV distribution systems as the technology became
available. This significantly reduces the current levels required to transport the same
amount of power when compared with 2.4 and 4 kV circuits. As a result, a line
operating at the higher voltage will produce a lower magnetic field strength for the
same power transfer than a line operating at a lower voltage. The distribution system
dictates the operating voltage required at distribution substations. Voltage conversions
to higher levels must first take place in the distribution system. Converting system
voltage to higher levels is not always practical or even possible. Existing system
configuration, reliability, operability and cost factor must be taken into account prior
to higher operating voltage conversion.

It 1s also possible to achieve some reduction in current through Customer
Energy Efficency Programs. Adequate reactive load compensations (capacitors) can
be provided to bring the power factor closer to unity at distribution level, thereby
minimizing the reactive power flow (and hence the total current) on transmission

lines.
3.3 Shielding
Magnetc field exposure is reduced if the areas occupied by people are shielded, either

by shielding the subjects or by shielding the source. Basically, shielding methods can
be divided mnto :



® shielding caused by induced currents,

* shielding obtained by modification of magnetic field flux patterns using high
permeability and /or high conductivity materials,

® acuve shielding obtained by actively adding a second magnetic field that tends to
reduce the ornginal field.

The various shielding schemes that exist can be separated into two broad
categories : shielding subject and shielding source. Shielding a subject means to
implement a shielding of some sort to reduce the field in some relatively small, well
defined volume, due to sources of field outside the volume. Shielding the source
involves placing a shield to reduce the magnetic field in the “outside” world due to
some localized source.

In order to evaluate the effectiveness of shielding scheme, it is necessary to
define terms which quantify the degree of shielding. The term shielding factor (SF) is
defined as

SF=B/Bs Equation 3-1
Where, B is the rms. value of the magnetic field with shielding,

By is the rms. value of the magnetic field without shield.

Obwiously, SF is a function of position. However, in general it can also be function
of frequency, field strength, temperature, shielding material, etc.

Another term which is usually used to quantify shielding effectiveness is the
shielding efficiency (SE) and is defined as :

SE = (1 - SFx100 % Equation 3-2

Recently the technique of passive shielding has been practically applied to the
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magnetic field generated by substations, generators and other power equipment
[9],[12]. However, because there were few shielding theories regarding applications in
power systems, current shielding designs or implementations are just a practice of
experience. There are many-magnetic field shielding problems that are being currently
studied and need further investigations:
® What is the shielding mechanism in power applications ?
® Which one is better, eddy-current shielding or high-permeability shielding ?
® Does high-permeability shielding material create another problem by enhancing

magnetic field somewhere ?

¢ How are design parameters (material, thickness etc.) selected ?

Magnetic field shielding problem in power system has its own distinct
characteristics:
¢ Low frequency (60 or 50 Hz),
® Near field or closeness to magnetic field sources (non-uniform field),
e Large size shields,
¢ Low-level magnetic field, and others.

Theories developed in areas other than power systems might not be applicable
in power applications. Thus shielding theorem, principles and guidelines for

applications in power systems need to be studied and developed deeply.

3.3.1 Shielding Models

In substations, bus bars are the major source of magnetic field. The common
feature of bus bars in the substation is that they are much longer, and parallel with the
floor. In other words, the bus bars can be modeled as 2-D geometry filaments in the
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shielding problems. Magnetic field shielding in the substation can be viewed to shield
magnetic field created by long filaments with conducting shield.

Planar and cylindrical structures are two common shield structures frequently
used in shielding magnetic field created by filaments. The planar shield is placed at the
location between sources and a shielded subject, and the cylindrical shield is used to
separate shielded subjects from sources. The first shielding scheme is called region
shielding, and usually applied when geometry of sources is complex and the source-
shielding structure is difficult to apply. The second shielding scheme is called source
shielding, and usually applied when magnetic field sources are geometrically simple. It
is expected that magnetic field in the shielded region will be reduced, and the magnetic
field in the source region will be rédistnbuted (might be enhanced i some
circumstances) due to the induced current within the conducting shield. Fortunately,
the source region (e.g. inside the cylindrical shell) is usually inaccessible to people, will

not cause other problems.



CHAPTER 4

MAGNETIC FIELD MEASUREMENT
AND SIMULATION PROTOCOL

Monitoring equipment for electric and magnetic fields has improved considerably in
recent years. Use of these equipment for detection and measurement of magnetic flux
density has helped utilities characterize exposure to these fields, whether may be
caused by utilities installed equipment or customer end-use appliances.

On-site measurement of magnetic fields in and around substations are done
using EMDEX and Field Star magnetic field meters. These measurements are usually
performed on a 1 ft x1 ft grid near a source and 1 m x 1m (or more) far away from
the source; at two different heights, Le. on ground and on one meter above ground
levels. The contours and 3D plots of the magnetic field can be plotted using available
interactive graphics packages such as DeltaGraph, GraphTool, etc.

Simulation studies can be used to determine the electromagnetic field
distribution in and around the power facllities in the substation. Advantages of
simulation and modeling of substations, where feasible, are as follows:

e Jtallows an environmental effect related evaluation of substation design,

® It is good complement to full scale studies for both measurement and analysis

30
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techniques,
® It can be used as a design tool that can save money in the development stages of
substations,
* Simulation and modeling can be used to accumulate large amounts of data in a
short time,
® Ground level magnetic field strength or magnetic flux density mapping can be
done, |
® Easy change of operating and geometric conditions,
® Development of mitigation techniques, and
 Systematic study of parameters that influence the magnetic field distribution.
Packages are available, which are relatively simple to use and provide magnetic
field distribution if physical dimensions of substation and amplitude and phase angle

of all the currents are known.

4.1 Substation Magnetic Field Program Protocol

The purpose of the program protocol of investigation is to determine if a three-
dimensional modeling program can accurately predict the magnetic fields in and
around substations prior to and after construction. This will model the magnetic fields

which employees are working in and also the magnetic field levels on adjacent
property.
4.1.1 Technique

® Select typical substations and conduct detailed survey of each substation using

measuring devices such as EMDEX IIC meter, Field Star 1000, and Wave Capture



Systems,

 Construct 2 model of the substation using magnetic field programs such as 3D-
Fields, MF3D, and SUBCALC, and verify model results against the survey and fine
tune the model, -

* Perform an additional survey of the same substations, using available records.
Observe the results of the model's magnetic fields and compare the results of
those recorded on the wave capture systems or other meters, and

* Improve the substation model, taking into account all pervious information
gathered during measurement and simulation, and conduct another comparison

agamnst measured field.
4.1.2 Anticipated Results

® Determine the error which is probable in modeling a substation using the three
dimensional modeling programs,

® Establish areas with sensitivities that impact the reported fields,

® Determine areas where reported results are not consistent with measured values
and suggest reasons for deviation,

® Conduct survey using other meters (EMDEX IIC and Field Star 1000), and
compare the results of the data collected with the other wave capture system. This
will include X, Y and Z axis and the resultant field, and

® Establish a degree of certainty and probable error when using the survey

instruments for evaluating substation magnetic fields.
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4.2 Information Required for Magnetic Field Evaluation

The following information is necessary for the evaluation and presentation of

substation magnetic field calculations, simulations and measurements:

4.2.1 Geometrical Information

® Substation layout plan, description of components,

® Conductor, tower and substation geometry, including configuration, phasing, sag
and clearance data,

e Test traverse location, level and direction, and

® Location of test traverse points.

4.2.2 Electrical Parameters

Limne and bus voltages,

e Real and reactive line and transformer loads,

¢ Individual bus and line currents (magnitudes and preferably phase angles),
e Wave shape, harmonic content (if available),

® Location of electrical measurements, and

¢ Grounding conditions.
4.2.3 Magnetic Field Measuring Devices
® Types of meters and probes, single-axis or multiple-axis principle,

® Characteristics, and response,

Calibration information, and correction factors, and

Height of meter during measurements, positioning and orientation of the meter.
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4.2.4 Miscellaneous

e Description of environment,

e Time and duration of measurements,

e Coordinate system,

® Correlation of magnetic field and load variation,

e Vernfication of Simulation Studies,

¢ Conducting field measurement on full scale station,

¢ Develop components in the simulation packages,

® Develop a generic computer program and apply it to the full scale station, and

® Compare results of the full scale model measurements and calculations.

4.3 Magnetic Field Meters

EMDEX IIC and Field Star 1000 meters are used for measuring magnetic field in
substations. They are portable magnetic field measurement and analysis system with
computer interface [19].

The EMDEXII is a programmable data-acquisition meter which measures the
orthogonal vector components of power-frequency magnetic fields through its
internal sensors. Measurements are stored in the meter’s memory and can be later
transferred through a seral communications- port to PC for storage, display and
analysts. AC magnetic field strength (flux density) is determined by measuring the
current induced in three sensor coils mounted orthogonally along the x, y and z axes.
The EMDEX II hardware consist of two main operating sections: the on-board

digital computer and the signal processing circuitry.
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4.4 Magnetic Field Computation using Fields Software

Three-dimensional (3D) computer programs have been developed to model
substations. These programs create a 3D replica of all the conductors in the
substation, which have be;n reduced to straight segments and represented by the
three coordinates of the beginning and ending points. In addition, the magnitude and
phase angle of the current circulating on each conductor is entered into the program.
These programs have the capability of showing a graphical representation of the
entered data. Once the data are entered, the program calculates the values of magnetic
field at any selected point or along any given line or grid. For reasons of simplicity,
when modeling a substation, only the high voltage conductors (which are carrying
power) are entered. No consideration is given to control cables and low voltage light
and power circuits.

When modeling a substation, it is important to keep in mind that all the
resultant magnetic fields are being calculated based on one given loading condition.
Therefore, it is important to make some logical assumptions as to what these loads
and consequent currents will be and to keep these assumptions constant when
comparing two or more different cases. The following assumptions are commonly
used in the modeling of substations:
® Unless a different loading condition is specified, the substation will be considered

loaded as it's nameplate capacity with the load equally balanced among the
available transformer banks and distribution circuits.
e All transmission and sub-transmission lines as well as distribution circuits are

assumed to have balanced loads. Neutral or ground currents are usually not
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considered.
® The substation is considered working under normal operating conditions. No
emergency conditions are analyzed. On all switch-racks with operating and transfer
bus schemes, the bus tie and the bus parallel breaker (if applicable) are considered
open.
¢ When incoming transmission and sub-transmission lines are located on a double
circuit tower or pole, they will be assumed to be phased for maximum field
cancellation.
o All distnbution circuits located in underground duct banks are assumed to be

phased 1in a fixed pattern which is kept constant throughout the calculations.

4.4.1 SUBCALC

SUBCALC is a computer program for modeling 60Hz magnetic fields from
substation conductors. It computes magnetic flux density using the Biot-Savart Law
with 3D conductor models. The program assumes the system to be a perfect air
model [18].

Currently the types of source objects which can be placed in the drawing area
are transmission lines, primary distrbution Lines, underground cables, buswork,
crcuit- breakers, and custom conductors. The user can define objects such as
transmission lines and distribution lines and place them in the area of concern simply
by drawing them with the mouse.

Magnetic fields will be calculated for the three orthogonal axes, the maximum
field and the resultant field. The calculated magnetic fields can be displayed i the

form of 3-D graphs, contour plots, and multi-segmented profile plots.
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SUBCALC was developed by Enertech Consultants beginning in 1992 under
the sponsorship of the Electrical Systems Division of EPRI. This first version of
SUBCALC is designed to allow the input of transmission lines, primary distribution
lines, underground cables, buswork, circuit-breakers, wave-traps, and custom
conductors. The magnetic field from these sources can be calculated and displayed in
the form of 3-D graphs and contour plots. The unique feature of SUBCALC is that
the user can draw in where the sou;'ces g0 using CAD-like data entry with 2 mouse.
Though primary distribution lines can be drawn, no pole-mounted transformers are
modeled in this release. Similarly, no secondary distribution system can be modeled
with this version of SUBCALC. However, there is nothing preventing user from using
the custom conductors to approximate secondary distribution lines.

Future versions of SUBCALC will contain many additional features for
modeling more complex substation systems. Wave-traps, transformers, capacitor
banks, a grounding grid, and pipe-type cables will be added as objects to be drawn in
using the CAD-like data entry. The ability to read and write .DXF files will provide a
link to other CAD modeling software. Human exposure modeling will be added to a
future version of SUBCALC. Also some simulation capabilities will be added. For
instance, the ability to specify the line load over a period of time from which
SUBCALC will produce a series of output at user-defined time increments.

SUBCALC produces following outputs:
® The 3-D magnetic freld map plots the magnetic field points in an X and Y plane with

the field intensity as the third dimension on the Z axis. It looks similar to 3-D
topographical maps, but instead of the Z axis representing elevation, it represents

the magnetic flux density. The 3-D map can be rotated and viewed from several
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different angles determined by the user. User can choose to display any of the
three individual components of the magnetic field vector X, Y, or Z), the
Resultant field, the maximum field (major axis), or the minimum field (minor axis).
The magnetic field conteur map looks similar to topographical contour maps, but
instead of the contour lines representing elevation, they represent the magnetic
flux density instead. User can choose to display any of the three individual
components of the magnetic field vector (X, Y, or Z), the Resultant field, the
maximum field (major axis), or the minimum field (minor axis).

SUBCALC generates a set of descriptive and order statistics based on the field
calculated at each grid point on reference grid. The descriptive statistics include the
minimum, maximum, mean, median and standard deviation for each of the three
individual components (X, Y, Z), the Resultant field, and the major and minor
axes. The order statistics show the field levels in the calculations below which a
certain percentage fall. For example, order statistics show that 90% of the
calculations are below 8.3 mG.

The profile plor presents a two dimensional view of the magnetic field strength in
one dimension. That is, the strength of the magnetic field is given with respect to
the profile line segments. User can choose to display any of the three individual
components of the magnetic field vector (X, Y, Z), the Resultant field, the

maximum field (major axis), or the minimum field (minor axis).



CHAPTER 5

EXPERIMENTAL AND SIMULATION
STUDIES

Magnetic field measurements and simulations are performed on two typical
substations: an indoor type 69/13.8 kV substation and an outdoor type 115/13.8 kV'
substations. Some magnetic field management (reduction) techniques were also
simulated. A small substation used to supply power to a mosque, is also analyzed for

shielding effects.

5.1 Measurement Methodology

In order to measure the magnetic field, substations were divided into small sub-areas
by means of horizontal and vertical profiles to form a uniquely-spaced grid. A spacing
of 2 meters was used throughout. The magnetic field was measured on the points of
intersection of the grid at a height of 1 meter above the ground level.

Essentially all measurements were made within four hours window from 9:00
AM to 1:00 PM. The aim was to increase the likelihood of obtaining a set of
measurements with little fluctuation in the distribution load.

All the measurements were taken while the instrument is pointing to the same

39
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direction as of that we started with at the reference. Secondly, the magnetic fields were
measured along similar set of profiles spaced 2 meters apart and running East-West
inside the substations. Some difficulties were experienced while taking these measured
values. In some cases, an object such as a transformer, breaker, regulator, or structure
may block the path of the mapping wheel. In other cases, an access to some locations
like the high tension circuit breaker compartment in indoor type substation is
impossible for safety reasons. Moreover, a uniform height from the ground level
could not be maintained due to level differences between inside building and outside
substation in indoor type stations.

These measurements were used to generate contour maps and three
dimensional plots of the magnetic fields. An interactive package DELTAGRAPH was
used to produce these maps and plots. In the places where magnetic fields can’t be
measured, a value equal to the highest measured value in a particular location (or zero)
was assumed to give an indication of such places. DELTAGRAPH assumed uniform
spacing all the time. However, this assumption is ignored in specific areas due to the
difficulties mentioned previously.

To have a good understanding of characteristics of magnetic felds,
measurement were taken around different substation’s equipment like power
transformers, auxiliary transformers, circuit breakers, cable trenches, and high voltage
buses. For power and auxiliary transformers measurements were conducted just on
their borders and 1 meter away from the borders at various height levels. These
measurements were fed into DELTAGRAPH to produce the plots.

Another difficulty associated with measurements is related to the three phase

bus and feeder currents. Current indicators which were available in the low tension
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switchgear room were not of great preciseness. Low-value incoming or feeder
currents are almost zero as indicated by their corresponding meters. If transformer
loading is used to calculate these currents, a fair estimate can be obtained for
incoming currents but actual distribution of this current to feeders still represents a
difficulty. Moreover, currents were assumed to be balanced just to simplify things
although this may not be the real practical situation.

Substation geometry related measurements were highly dependent on the

drawings drawn for planned construction which might differ from actual design.

5.2 Simulation Methodology

To calculate the magnetic flux density in the substation, an interactive software
SUBCALC is used which is based on closed form solution of the Biot-Savart Law.
The program has provision to model major sources of magnetic fields in any
substation, namely buses, overhead transmission and distribution lines, underground
cables and live tank circuit breakers. It is assumed that the substation current carrying
elements can be represented by straight line segment with the current constant for the
entire length of each segment. The beginning and ending three dimensional
coordinates for each segment have to be specified. In addition, the magnitude and
phase angle of the currents passing through all of the segments should be entered.
The program has the capability of plotting graphics representations of the following
information:

1. Side view of entered data along selected profile lines.

2. Top view of entered data.

3. Contour plot of calculated magnetic fields.



4. 3-D Plot of calculated magnetic fields.

.Lll

Profile plot of calculated fields along selected profile lines.

6. 3-D View of entered data (substation).

The profile lines are drawn either parallel to x-axis or y-axis with point
increment of 7 ft. and separated by 7 ft. to make it comparable with the measurement
grid. The height of the lines are selected to be one meter (3.28 ft.) above the ground.

Due to the limitations in the software, some common assumptions are used to
simplify the modeling process. These assumptions are :
¢ Balanced loads and normal operating conditions.
® Neutral and ground currents are ignored.

e Transformers, reactor devices and circuit breakers are represented by continuous
line segments.

¢ Underground distribution circuits are phased in a fixed pattern.

¢ Control cables and low voltage lights are not modeled.

® Tie breakers are considered to be open.

¢ Incoming transmission lines supplying the substation and outgoing feeders are
part of the model.

¢ Field distortion due to metallic structures and substation equipment is ignored.

® Induced currents in ground wires and ground conductors are not taken into
account.

® The effect of finite conductivity of the soil is ignored.

® Cables are considered as buses, therefore cable insulation and phase clearances
have not been considered.

Because of all these assumptions, some discrepancies are expected. However,
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the model still gives, as will be seen shortly, acceptable results.

5.3 Case I: Indoor Substation

5.3.1 Substation Description

The single line diagram of the substation is Shown in Figure 53-1. This
substation has two main 69/13.8 kV, 30/40 MV A transformers operating in parallel.
The buses are arranged in inverted n-configuration. There are two in-coming and
seven outgoing feeders in this substation. The incoming 69 kV lines are installed on
double-crrcuit lattice steel structures. The 13.8 kV outgoing feeders are all three core

cables. Two of these feeders supply the station service transformers.

A 502 é/ A 501
D/S : D/S
D/S A 503

D/S
T/F #2 T/F #1
_ B ——
I =1 ]
c cc C C ...C
| ] | |1
| |
I 4
Feeders

Figure 5-1: Single line diagram (Case I).
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HVAC 0T 301
room —
0T 302
3 - L
Road Side

Figure 5-2: Substation Layout (Case I).

5.3.2 Measurement Results

To take the readings of the magnetic field in the whole substation, a grid is
drawn in the substation yard. Then the readings are taken at each intersection point of
the grid. The substation layout is shown in Figure 5-2.

The magnetic field readings were carefully measured with a particular emphasis



45

on the sources of magnetic field such as main power transformers, station service

transformers and the 69 kV and 13.8 kV buses. The magnetic field values in the

different rooms of the substation have been measured also. These include the 69 kV°

and 13.8 kV switchgear rooms, the battery room, the control room in addition to the

basement. The contours and 3-D maps of the measured magnetic fields have been

plotted using DELTAGRAPH. These are shown in Appendix A in a self explanatory

manner. Some comments on the measurement results are given below.

Usually, the magnetic fields outside the substation building were very small (from
0.1 to 4+ mG ) as compared to those which are recorded inside.

In 13.8 kV switchgear room, the highest measured value was near the wall
between this room and the control room (i.e. 38 mG ) where the DC panels, relay
panels, and other control panels are located.

The magnetic fields in the 69 kV switchgear room were very low ( in the range of
3.9 mG to 5 mG ), because of the low current in the equipment inside.

No significant values were measured in the battery room (ie. max. of 12 mG).

The highest measured value in the whole substation ground floor was found in the
control room (re. 88 mG ) due to the existence of the control panels.

For the power (T501, T501) and auxiliary (T301, T302) transformers, high
magnetic values (1e. 1000 mG or more ) were recorded in the LV side because of
the high current in the secondary side cables.

In the basement, high magnetic field values (max. 288 mG ) were measured due to
the presence of LV underground cables. Particularly, these fields are intensified
where the cable has bent. This is because of the applied mechanical force on the

cable mmsulation.
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5.3.3 Simulation with actual currents

On the day of measurement, the currents in the different conductors were
noted. Using these readings of current (40/200 A), entire substation is modeled and
the contours, 3-D and profile plots are produced using SUBCALC. Substation layouts
and magnetic field plots are shown in Appendix B. The magnetic field descriptive

statistics are shown in Table 3-1.

B (mG) Min. Max. Mean | Std. Dev. | Median

X Component | 0.01 | 774.48 9.24 47.80 77448
Y Component | 0.01 | 174.07 4.36 15.46 158.54
Z Component | 0.00 | 318.52 6.69 27.87 81.94
Resultant 0.07 [ 790.71 | 14.33 56.95 790.71
Major Axis 0.07 | 77848 | 14.25 56.26 778.48
Minor Axis 0.00 | 138.50 1.26 7.50 138.50

Table 5-1: Case I-Magnetic Field Descriptive Statistics.

To test the validity and the accuracy of the model, profile lines are drawn as
shown on the top view of substation model in Figure 5-3. Both measured and
simulated magnetic field values were obtained along these profiles as shown in Figure
3-4 to Figure 5-9. It is clear that the model gives a fair estimate of the actual magnetic
field values along most of the profiles.



Figure 5-3: Case I-Top view of substation model with profile lines.
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5.3.4 Simulation with rated currents

Using the rated current (250/1250 A), the substation is modeled using

SUBCALC. The magnetic field descriptive statistics are shown in Table 5-2.

B (mG) Min. Max. Mean | Std. Dev. | Median

X Component | 0.04 | 3872.03 | 50.50 261.12 3872.03
Y Component | 0.02 [ 82231 | 23.93 80.44 791.80
Z Component | 0.02 | 2511.08 | 43.27 198.64 416.48

Resultant 0.22 | 3953.02 | 85.82 334.27 3953.02
Major Axis 0.22 | 3891.95 | 85.41 331.26 3891.95
Minor Axis 0.01 | 692.17 6.95 18.20 692.17

Table 5-2: Case [-Magnetic Field Descriptive Statistics (rated current).

5.3.5 Simulation with rated currents and elevated buswork

The substation is modeled in SUBCALC using the rated current with buswork
elevated by 2 ft.,. The magnetic field descriptive statistics are shown in Table 3-3. The
magnetic field profiles are shown in Figure 5-10 to Figure 5-15.

B (mG) Min. Max. Mean | Std. Dev. | Median

X Component | 0.09 | 2777.37 | 65.75 268.31 2777.37
Y Component | 0.16 | 955.39 | 30.40 85.59 792.95

Z Component | 0.18 | 2767.74 | 67.61 250.90 1153.00

Resultant 1.29 | 2941.16 | 115.63 | 37243 2941.16

Major Axis 1.18 | 2900.78 | 111.93 | 364.99 2900.78
Minor Axis 0.26 | 683.15 | 25.87 19.10 683.15

Table 5-3: Case I-Magnetic Field Descriptive Statistics (rated current with elevated bus).
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5.3.6 Comments on Simulation Results

Following are the analysis results of the comparison between measurement and

simulation:

As can be seen, the contour maps show a high field concentration on the
secondary side of the power transformers and the 13.8 kV bus. This is quite
justifiable, because magnetic fields are proportional to current flowing in a
conductor. Some discrepancies were noticed because of the previous assumptions
such as modeling of power cables as bared buses, ignorance of transformer
shielding, and neglecting field distortion due to existence of steel structures.

The simulated max. resultant magnetic field is 790.7 mG.

Along most of the profiles, the simulated field is following the measured field
values. Discrepancies are due to the measurement and modeling assumptions.

At some locations, measurements cannot be taken due to the presence of

buildings or equipment. These regions are marked by patterned box.

Following are the comparative results of simulated magnetic field for rated currents

and for rated currents with buswork elevated by 2 ft.

® The max. resultant magnetic field is 3953 mG as compared to 2941.16 mG when

buswork is elevated. The overall reduction is more than 25%.

Magnetic field profiles show significant reduction in field because it is simulated
for full rated currents.

The reduction effect is more dominant near the magnetic field sources.

At some locations (under incoming transmission lines), field reduction is around 5

to 7 times.



5.4 Case II: Outdoor Substation

5.4.1 Substation Description

The single line diagram of the substation is shown in Figure 3-16. This
substation has two (115 / 13.8 kV), 30 / 40 MV A transformers connected to operate
in parallel. The circuit breakers are arranged in n-configuration. The substation under
consideration has two incoming and sixteen outgoing feeders. The incoming 115 k\°
over head lines are installed on double circuit wooden pole structure. However, the
outgoing feeders are all 13.8 kV , 3-C underground feeders are two of which feed the

station service transformers.

D/S D/S
D/S :’ D/S
A 603
A 602 A 601
T/F#2 T/F# 1
A 302 A 303 A 301
. — )
1] ]
Cl C| C| C| C|. CI
I |
»w
Feeders

Figure 5-16: One-line diagram (Case II).
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Control room
T 602 T 601
A 602 A 601
A 603
D/S D/S
Tower Side

Figure 5-17: Substation Layout (Case II).

5.4.2 Measurement Results

The layout of this substation is shown in Figure 5-17. Following the
measurement methodology described earlier, the measurement results are shown in
both contour and 3-D maps in Appendix C. A title on each figure helps in

understanding these graphs.

It is clear from the substation data that the maximum measured magnetic field
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is 288 mG. This occurs only at areas close to the power transformers. At other places
of the substation yard, the magnetic field is generally of a small value (0.36 to 18.4 mG
)- This is also very clear from the substation yard contour and 3-D plots.

The cable trench measurements show some high values of magnetic fields
(36.8 mG to 272 mG). This is natural because the low voltage ( LV ) cables carry high
currents as compared to some other equipment. The higher values of magnetic fields
occur at the side of the cable trench that is adjacent to the transformer LV side,

For the power transformers, the measurements show that the maximum
magnetic field values are measured beside the LV cables. Values of 2000 mG and

more are measured very close to the L'V cables.

5.4.3 Simulation with Buswork Phasing ABC-ABC

The substation is modeled with the aid of SUBCALC. Simulation results are
shown in Appendix D with directive headings. The magnetic field descriptive statistics

are shown in Table 5-4.

B (mG) Min. | Max. | Mean | Std. Dev. | Median
X Component | 0.03 | 611.69 | 7.64 43.18 455.21
Y Component | 0.03 | 928.33 | 9.80 59.21 928.33
Z Component | 0.66 | 597.83 120.72 67.42 576.54
Resultant 0.87 ] 1052.01] 27.80 98.62 1052.01
Major Axis 0.76 | 1049.83 | 27.30 97.47 1049.83
Minor Axis 0.03 | 193.89 | 4.28 9.87 89.03

Table 5-4: Case II-Magnetic Field Descriptive Statistics(phasing ABC-ABC).




5.4.4 Simulation with Buswork Phasing ABC-CBA

The substation is modeled again with buswork phasing ABC-CBA. The

magnetic field descriptive statistics are shown in Table 5-5.

B (mG) Mm. | Max. | Mean | Std. Dev. | Median

X Component | 0.00 | 611.00 | 7.27 +1.81 +455.38

Y Component | 0.00 | 928.29 | 9.15 59.05 928.29

Z Component | 0.36 | 598.60 | 20.09 67.60 577.27

Resultant 0.75 | 1052.24 | 26.55 98.18 1052.24

Major Axis 0.69 | 1050.08 | 26.05 97.05 1050.08
Minor Axis 0.04 | 193.75 | 422 9.85 88.81

Table 5-5: Case I1-Magnetic Field Descriptive Statistics (phasing ABC-CBA).

To test the validity and the accuracy of the model, profile lines selected as
shown in Figure 5-18. Measured and simulated (ABC-ABC and ABC-CBA phasing)

magnetic field values were plotted along these profiles as shown in Figure 5-19 to

Figure 5-24.
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Figure 5-19: Case II-Magnetic Field profiles.
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Figure 5-20: Case II-Magnetic Field profiles.
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5.4.5 Simulation with Increased Elevation of Conductors

As a first design option, conductors are raised by one and half feet for case II.
The magnetic field statistics are shown in Table 5-6. The layout diagrams and
magnetic field plots are shown in Appendix-E.

B (mG) Min. | Max. | Mean | Std. Dev. Median
X Component | 0.03 | 645.72 | 9.12 45.43 341.53
Y Component | 0.02 | 897.82 | 9.37 56.60 897.82
Z Component | 0.33 | 444.01 | 17.27 51.88 424.54
Resultant 0.75 | 994.48 | 24.90 88.36 994.48
Major Axis | 0.69 | 989.05 | 24.36 86.98 989.05
Mmor Axis | 0.07 | 19743 | 4.26 9.33 103.75

Table 5-6: Case II-Magnetic Field Descriptive Statistics (conductors raised by 1Yz ft.).

5.4.6 Simulation with Buswork Compaction by 1 feet

Case II is simulated with compacted buswork to study the effect on magnetic
field reduction. The magnetic field statistics are shown in Table 3-7. The layout
diagrams and magnetic field plots are shown in Appendix-E.

B (mG) Mmn. | Max. | Mean | Std. Dev. Median

X Component | 0.00 | 826.69 | 7.88 56.38 826.69
Y Component | 0.02 | 78237 | 6.55 39.04 782.37
Z Component | 0.24 | 597.56 | 18.94 | 64.86 576.32
Resultant 0.62 | 964.99 | 25.08 93.51 964.99
Major Axis | 0.53 | 961.70 | 24.70 92.63 961.70
Minor Axis | 0.04 | 150.06 | 3.39 9.62 79.67

Table 5-7: Case [I-Magnetic Field Descriptive Statistics (compaction by 1 ft.).
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5.4.7 Simulation with Buswork Compaction by 2 feet

Conductors are compacted by two feet for case II. The magnetic field statistics

are shown in Table 5-8. The magnetic field plots are shown in Appendix-E.

B (mG) Min. Max. Mean | Sid. Dev. Median

X Component | 0.03 | 776.95 6.53 45.27 456.6+4
Y Component | 0.02 | 503.98 591 29.72 503.98
Z Component | 035 | 5397.57 | 18.11 63.62 575.29
Resultant 0.59 | 892.00 | 23.08 82.78 683.22
Major Axis 046 | 876.03 | 2271 81.73 679.11
Minor Axis 0.01 | 168.05 349 9.04 74.78

Table 5-8: Case II-Magnetic Field Descriptive Statistics (compaction by 2 ft.).

5.4.8 Simulation with Buswork in Delta configuration (original
spacing)
Conductors are reconfigured to Delta with original phase spacing (10 ft.) for
case II. The magnetic field statistics are shown in Table 5-9. The layout diagrams and
magnetic field plots are shown in Appendix-E.

B (mG) Min. | Max. | Mean | Std. Dev. | Median

X Component | 0.00 | 664.58 | 7.11 40.50 432.14
Y Component | 0.06 | 818.61 | 7.47 41.47 818.61
Z Component | 0.45 | 598.74 | 18.62 63.95 577.68
Resultant 0.92 | 961.09 | 24.17 85.55 961.09
Major Axis | 0.87 | 957.11 | 23.48 84.07 957.11
Mmor Axis | 0.03 | 195.33 | 4.66 9.17 87.33

Table 5-9: Case II-Magnetic Field Descriptive Statistics (Delta configuration).




5.4.9 Simulation with Buswork in Delta configuration

(compaction by 2 ft.)

Conductors are reconfigured to Delta with compacted phase spacing (8 ft.) for

case II. The magnetic field gtatistics are shown in Table 5-10. The magnetic field plots

are shown in Appendix-E.

B (mG) Min. | Max. | Mean | Std. Dev. | Median

X Component | 0.01 | 736.23 | 6.85 41.21 308.88
Y Component | 0.07 | 429.11 | 6.55 28.07 429.11
Z Component | 042 | 598.84 | 18.15 | 63.27 577.95
Resultant 0.91 | 810.81 | 23.16 | 79.82 588.37
Major Axis | 0.87 | 789.18 | 22.52 | 78.23 583.03
Minor Axis | 0.03 | 195.23 | 4.47 8.85 79.14

Table 5-10: Case II-Magnetic Field Descriptive Statistics (compacted Delta
configuration).

5.4.10 Discussion and Comparison

® It is clear that the concentration of magnetic fields is basically around the power
transformers and the 13.8 kV bus in the control room. Relatively, low magnetic
field values were computed else where. This was expected as magnetic field is
heavily dependent on the value of the current in the conductors.

® The maximum resultant magnetic field is 1052 mG for both phasing schemes.

® The overall field is less for ABC-CBA phasing in comparison with ABC-ABC.

® The field values obtained from the ABC-ABC phasing is more close to measured

field along all of the profiles.
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The comparative results of different management techniques are summarized
in Table 5-11 and the magnetic field profiles of different techniques are shown in
Figure 5-25 to Figure 5-30.
® The simulation didn’t show significant field reduction because all techniques were
applied only on high voltage side buswork and conductors which, off course,
carrying lesser current than low voltage side cables and the magnetc field
produced by these LV cables dominate the overall field.
® The field reduction is not significant also due to the reason that the substation is
lightly loaded and magnetic field values are not very high.
® Delta configuration results in lowest field along almost all of the profiles.
® The overall field is also reduced for other configuration. However, there are some
locations where the field levels are higher than the original field. This is because of
the complex nature of the magnetic fields generated in the substations and field

cancellation effects.

Max. Field | Original | Elevated | Compacted | Compacted Delta Delta
by 1%z | by one feet. | by two feet.| Configure | Configure
(mGauss) feet. (oniginal [ (compacted
spacing) by 2 feet)
X- 611.7 645.7 826.7 776.95 664.58 736.23
component
Y- 0283 | 8978 | 7824 504 818.6 129.11
component
Z- 597.8 444 597.56 597.57 598.74 598.84
component
esulant | 7 g 249 25.08 23.08 24.17 23.16
Mean
Resultant | 965 | 884 93.51 82.78 85.55 79.82
Stand. Dev.

Table 5-11: Comparison of different reduction techniques.
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Figure 5-26: Comparison of profiles of different management techniques.
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5.5 Case III: Small Substation with Shielding

Magnetic field measurements are done at a small substation supplying power to a

mosque, with and without shielding. The shielding used was a magnetic material sheet

of one by one meter. The material used was 3% silicon steel, primarily used for

transformer core. This sheet was placed just adjacent to transformer and readings are

taken. The comparative values at each location are shown in Table 5-12. The contour

and 3D profile of magnetic field levels are shown in Figure 5-31 to Figure 5-34, while

the comparative profiles are shown in Figure 5-35 to Figure 3-39.

The maximum field level without shielding was 40.8 mG and with shielding was
21.2 mG.

Closer to transformer (source), the shielding effect is more dominant because of
the finite size of the shielding sheet.

On the average, field reduction is about 50%.

At some locations, the shielded magnetic field values are greater than without
shielding. This is due to presence of another source which is not shielded.

At some locations, the measurements cannot be taken due to presence of
equipment (transformer, control panel or switchgear). These locations are marked
by patterned box n the plots while in Table 5-12, these locations are represented

by an asterisk (*).
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CHAPTER 6

CONTRIBUTION, CONCLUSION AND
RECOMMENDATIONS

6.1 Contribution

¢ Identification and verification of major magnetic field sources in substations.

¢ Implementation and analysis of magnetic field measurement in substation using
latest magnetic field meters.

* Application of modern state-of-the-art magnetic field simulation packages for
modeling and magnetic field calculation in substation.

¢ Simulation, analysis and comparison of different magnetic field management
techniques.

¢ Application of shielding techniques in substation.

® This work will help Engineers, Scientists and utility people of this region to better
understand magnetic field characteristics in substation and try to utlize feasible

field reduction methods in existing and future electrical facilities.
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6.2 Conclusion

This study describes and compares various engineering techniques and practices
available for managing magnetic field strength levels in and around substations
implementing the no-cost and low-cost field management measures.

Two typical cases are analyzed: ome indoor type and other outdoor type
substation. In order to investigate the effects of magnetic fields in and around
substations efficiently, measurements of magnetic field are done - using standard
magnetic field meters. These measurements are plotted (contours, 3D and profile
plots) using available graphical packages.

These substations are modeled in SUBCALC from given geometrical and
electrical data of the conductors in the substation. The software produces contour
maps, 3D maps and profile plots of magnetic field levels. Case I is simulated for actual
(on the day of measurements) and rated currents, while case II is simulated for actual
currents with ABC-ABC and ABC-CBA phasing for HV buswork.

The comparative results of measurement and simulation are acceptable.
However, there are some discrepancies, as expected. The reasons for these
discrepancies can be summarized as below:
® Assumptions made during modeling.

e Current may not be fixed during measurement.

® There may be some hidden sources that are not modeled.

¢ In simulation, buildings and metallic structures can not be modeled which change
the field pattems.

® Substation as built design differ from the paper (planned) design, which is used for
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modeling of substation.

These measurements and simulations help in identifying the major magnetic
field sources in substations. These sources are transformer, LV and HV side
conductors/cables entering or leaving the substation, transformer buswork, circuit
breakers and pot heads.

Magnetic field management (reduction) techniques were simulated. The
comparison of different techniques is also discussed. For case I, management
techniques are applied at rated values of current. It is important to note that the field
reduction is not significant for lightly loaded systems as compared to the fully loaded
(rated) systems. The reduction is dominant near the magnetic field sources when
compared with the reduction away from the sources (near substation's fence). The
field reduction 1s within 20% for case II because it can be simulated only for high
voltage side as low voltage side cables are placed so closed that they cannot be
reconfigured.

A shielding sheet is designed to compare magnetic field levels with and without
shielding around a small substation. The result shows, on the average, reduction up to

50%.

6.3 Recommendations

Although there is no definite answer about how magnetic fields are dangerous to
humans, it is in the interest of the public, utilities and government agendies to
consider 1t as a possible health hazard.

e For substation’s accurate magnetic field measurement, complete information
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about the substation should be available. This include layout/electrical drawings,
rating of each equipment, any modification during construction, etc.

Preferably, one engineer of the utility (who know every aspect of the substation
very well) should accompany the measuring team.

Better measurement and simulation methodology should be developed for more
accurate results, including continuous load current measurements.

Improved software should be used for modeling and simulation. User friendly
software could be developed, if possible.

Different shielding materials should be applied and analyzed for field
minimization. Multi-sheets shielding with different inter-sheet space should also be
considered.

Universities, research institutes and utilities should encourage research for better

understanding of low frequency magnetic field characteristics and its management.
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Appendix-A: Measurement Results of Case I
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Figure A-4: Magnetic field contour plot in 13.8 kV switchgear room.
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Figure A-5: 3D magnetic field map in 69 kV switchgear room.
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Figure A-7: 3D magnetic field map in battery room.
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Figure A-11: 3D magnetic field map around main transformer T-501.



Opposite of Road side

113

Opposite of Tower side

Transformer T-501
Magnetic Field level : 0-10 m

Figure A-12: Contour plot around main transformer T-501 (0-10 mG).
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Figure A-13: Contour plot around main transformer T-501 (0-140 mG)
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Figure A-14: 3D magnetic field map around main transformer T-502.
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Figure A-15: Contour plot around main transformer T-502 (0-10 mG).
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Figure A-16: Contour plot around main transformer T-502 (0-280 mG).
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Figure A-21: Magnetic field contour plot around transformer T-301 (1-m level).
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A-22: 3D magnetic field map around transformer T-301 (ground level).
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Figure A-23: Magnetic field contour plot around transformer T-301 (ground level).



Appendix-B: Simulation Results of Case I
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Figure B-1: 3D view of conductors in substation (Case I).
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Figure B-2: Top view of conductors in substation (Case I).
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Figure B-3: Front view of conductors in substation (Case I).



Figure B4: Side view of conductors in substation (Case I).
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Figure B-5: 3D map of resultant magnetic field (Case I).
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Figure B-6: 3D map of x-axis magnetic field (Case I).
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Figure B-9: Resultant contour from 0-100 mG(Case I).
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Appendix-C: Measurement results of Case II



( Magnetic field Profile )

Figure C-1: 3D magnetic field map of complete substation.
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Figure C-2: Magnetic field contour map of complete substation.
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Figure C-3: 3D magnetic field map of substation yard.
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Figure C-7: Magnetic field contour map around transformer T-601 (0-2500 mG).
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Figure C-8: 3D magnetic field map around transformer T-602.
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Appendix-D: Simulation Results of Case II
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Figure D-1: 3D View of conductors in Substation (Case-II).
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Figure D-2: Top View of conductors in Substation (Case-II).



Figure D-3: Front view of conductors in substation (Case II).
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Figure D-4: Side view of conductors in substation (Case II).
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Figure D-5: 3D map of resultant magnetic field (Case II).



154

‘/‘ e
TR,

’ ’
. " 4
. R N T k
. . "
. « . . N— s
.
. . O
. . . -
. . .
“ .
. . “
.. . . *
. * . .

XX
SRRIRIIHKKIKS
SRR
R RRRRIARIEEK
QRRRRIAKLKIKKK
QSRR
eeeleletorntetetotetoted
AR
LRIKLLKIKLX
XA
XAEBKK
RRARLL
LEIXKR

<

Figure D-6: 3D map of x-axis magnetic field (Case II).
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Figure D-7: 3D map of y-axis magnetic field (Case II).
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Figure D-8: 3D map of z-axis magnetic field (Case II).
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Figure D-9: Resultant contour from 0-50 mG (Case II).
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Figure D-10: Resultant contour from 50-250 mG (Case II).
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Figure D-11: Resultant contour from 250 mG or higher (Case II).
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Figure E-1: 3D view of conductors in substation (elevated by 1 ft.).
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Figure E-2: Top view of conductors in substation (elevated by 1V ft.).
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Figure E-3: 3D map of resultant magnetic field (elevated by 1% ft.).
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Figure E-4: Resultant contour of magnetic field (elevated by 1'% ft.).
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Figure E-5: 3D view of conductors in substation (compaction by 1 ft.).
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Figure E-6: Top view of conductors in substation (compaction by 1 ft.).
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Figure E-7: 3D map of resultant magnetic field (compaction by 1 ft.).
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Figure E-8: Resultant contour of magnetic field ( compaction by 1 ft.).
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Figure E-9: 3D map of resultant magnetic field (compaction by 2 ft.).
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Figure E-10: Resultant contour of magnetic field (compaction by 2 ft.).
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Figure E-11: 3D view of conductors in substation (Delta configuration).
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Figure E-12: Top view of conductors in substation (Delta configuration).
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Figure E-13: 3D map of resultant magnetic field (Delta configuration).
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Figure E-15: 3D map of resultant field (Delta configure compacted by 2 ft.).
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Figure E-16: Resultant contour (Delta configure compacted by 2 ft.).
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