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Low-Frequency Magnetic Fields From Electrical
Appliances and Power Lines
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Abstract—The relationship between magnetic fields and the motivated various researchers to measure and elaborate models
health of people is increasingly being investigated. International for the determination of the magnetic fields generated by elec-
organizations have proposed bylaws that put limits on the value trical lines [5]-[11], and interest has particularly increased in

of the generated magnetic field. In this work, we measure the ) . . .
magnetic field created by electrical appliances and high voltage the study of the fields induced by transmission lines that cross

lines and we analyze the degree of compliance with recent appli- residential areas [12]-[14]. Taking into account that people can
cable European regulation. The simulation of the magnetic field be exposed to the electromagnetic fields both in the proximity of
generated by electrical lines through a simple model accurately electrical lines as well as in the home (due to the use of electrical
predicts the measured values. The model is used to simulate theequipment) some authors have considered it convenient to char-
behavior of the lines under given conditions. In both cases, an FFT . ’ g .. .

acterize the electromagnetic field inside residences [15]-[20].

analysis of the magnetic field waveform was performed to study .
the frequency and amplitude of the possible induced currents. Though much research has been focused on electromagnetic

Index Terms—Electrical appliances, EMF, exposure, magnetic fields, the mechanism by which electromagnetic fields might

fields, measurement protocol, power line fields, power system har- influence the health of people is still not known. What is
monics, transmission line measurements. more, so far the results found have been contradictory, and it

has still not been possible to establish an “exposure dose” of
low-frequency electromagnetic radiation under which it could
be concluded that their effects will be harmful. It seems clear
LECTRICAL energy can be considered indispensable ftiat if the electromagnetic field influences the health of people,
all areas of society, industrial, domestic, and social, in sushch influence will be affected by the value of the magnetic
a way that it is difficult to imagine a human activity that doe$§eld since the greater the field, the greater the induced currents.
not have some relationship with electricity. Electrical energy is Because of this, different international organizations (Inter-
transported from the power station to the substations througational Commission on Non-lonizing Radiation Protection:
overhead electric lines and from there to the final users throu®NIRP, European Committee for Electrotechnical Standard-
distribution networks of medium and low voltage. ization: CENELEC, National Radiological Protection Board:
In recent years, with the purpose of improving services, “coNRPB, European Commission: CE) have established levels of
ridors” have been proposed that include common services fecommended maximum exposure [21]-[26], for workers as
energy distribution, data transmission lines, gas conduits, eiell as for people that find themselves exposed occasionally to
Given that the energy is transported by the electromagnetic figkbctromagnetic fields. This leads to ever more in-depth study
that is propagated throughout the line, undesired effects aafithe fields to which people can be exposed.
be produced on the other services [1], since the high-intensityAn additional problem of magnetic fields at industrial fre-
electromagnetic fields can induce important voltages and cauency is produced by the currents’ appearance at higher fre-
rents in conducting elements located in their proximity (fenceguencies (harmonic) due to the nonlinearity of given types of
pipelines, telephone lines, other transmission lines, etc.).  loads. These currents give rise to the appearance of currents
Most objects and constructions do not present more tharmnduced at the same frequency but amplified, since the induced
weak, if any, shielding effect for magnetic fields. As a conseurrents are proportional to the frequency. The extent of the
guence, the field inside a dwelling is the result of the contribinduced currents is proportional to the intensity of the field,
tion of the internal and external field sources. In recent yeats, its variation in time (that is to say, its frequency) and to
much has been said about the effects that electromagnetic fidhiks surface area of the circuit considered.
produce in biological materials, especially humans. Epidemio-Taking the above into account, it seems necessary to study
logical studies that seek a connection between electromagnétie problem of electromagnetic fields from several viewpoints.
fields and the health of people have been carried out [2]-[4]. A$wus, it is necessary to know what the levels of the field are
mentioned, electrical lines are one of the main sources of elét-the proximity of equipment and electrical systems, to have
tromagnetic fields to which people may be exposed. This hisowledge of their levels over time and the type of current that
they can induce.
Manuscript received September 25, 2002. This work was supported in partThiS work is intended to study the level of magnetic fields
by the Galicia Government. generated by electrical appliances and by high voltage overhead
The authors are with the Departamento de Enxefieria Electrica, Universidgi¢fes in our immediate area (Northwest Spain) and to establish
de Vigo, Vigo 36280, Spain (e-mail: garridos@uvigo.es; afmero@uv'go'et?ie degree of compliance with the recent European regulation

jcidras@uvigo.es). | ) -
Digital Object Identifier 10.1109/TPWRD.2003.817744 [26]. At the same time, a mathematical model is developed for
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electrical lines that, once its validity has been contrasted, per+rom Parker, the mutual impedan€g between two parallel
mits us to study the behavior of the lines under different loadsbles located in position(s;, y;) and(z;,y;) and parallel to
and unbalanced situations. The study of the harmonics of tthe Z axis is

magnetic field is also done in this paper. , 4
j Tiq 1 2
Zyy=2E =2 1)
27r rij 12 ’yTij

Il. THEORETICAL MODEL FORLINES

The sources of the electrical and magnetic fields in the eWnere

vironment of overhead electric lines are the electrical currents Vion(o + jwe) \/ 2 2
.. . . = wpl(o +Jwe); 1 = ri —x;)c+ (y; +y;
and charges that exist in their conductors, as well as those wh|cfy Jonl jwe) J () ) (u; +9i)
are induced in the earth and/or in nearby objects. The startiagd
point for the calculation of these variable fields with time are 5
Maxwell’'s equations. , ) ( 2)
. L i = A (@ — )2+ | vi +yi+ =
Generally, the electrical and magnetic fields are coupled, / \/( i) Vit ol
and it is necessary to solve Maxwell's equations to obtain - L
, €, andy are the conductivity, the permittivity, and the perme-
them. Some authors [27]-[30] have proposed models that so 3 K ty P Y P

M " i t0 obtain th lue f th { lity of the earth, respectively, andthe angular frequency.
Viaxwell's equations to obfain the vajue from the magnetic Taking into account that the induced electric fidld= Z;;I;
field generated by electrical lines. In practical terms, the

hich has only theZ direction parallel to the lin then
models are not the most adequate for the calculation of tie ! y rectionp ine),
oF. oF, > 0B

g ==

magnetic field in the vicinity of electrical lines due to their w — u _
complex math, since their great precision is counteracted by dy ° Oz ot

inaccuracies in the knowledge of the current that circulatsvchereu andu, are the unit vectors along thé andY axes

>'d y !
;hr(?[ﬁgh thg (I:onE?uctors an ,:/r\:.e” as .othler nec:ar]ssar){t'palrame rI?)endicular to th& axis. Taking into account the relationship
or the modeis. Because ot this, a simpier mathematcal MoGgyeen the magnetic field and the magnetic field denBity,

but one that offers comparablg results to the real values, WI||.M , and the sinusoidal nature of these magnitudes, substituting
more useful, above all to designers and operators of electrlp ults in

energy systems, since they will be able to study, in one easy
way, the system behavior in a great variety of situations. Though H=— '1 (i?Ez u, — %uy> (3)
the electrical and magnetic fields generated by electrical lines —jwp \ 9y Ox

are coupled, in many cases and under certain conditions, SOM&fter some operations, we obtain the contribution from the

approximations can be assumed and electrical and magngligrent; of the conductor (coordinatess;, y;) at the pointj
fields calculated in an independent way. This is often the cagdordinates:;, y;) as

for fields created by power lines due to the fact that the field
varies so slowly in time that Maxwell's equations are converted I; I; 1 ( 92 ) *

VXEZ( 2)

into the electrostatic and magnetostatic equations. Hji = u; (4
Time varying currents can be represented as a superposition

of sinusoidally time varying components by using the Fourigjere

transform. In a linear medium, the total field is determined . o

by superimposing the individual fields. In the low frequencies u; = ——Huy - = uy

range (i.e., industrial frequency, 50/60 Hz), the quasistatic '

method can be used. This method uses the static or decougad

27r7“,;j

Maxwell’'s equations to derive the static electric and magnetic , )

X . X . . R Yi +y; + = €r; — T;
fields and then these fields simply oscillate in amplitude to the ugj = —Tu, — —u,.
frequency of the sinusoidal source current. Tij "ij

The magnetic field in the vicinity of three-phase lines can be The magnetic field intensity at point with coordinates
calculated by superimposing the individual contribution of th@xj,yj) is obtained by considering the contribution of all the

current of each one of the phase conductors and of the earth@mductor intensitieg; with coordinatesz;, y;) and assuming
bles taking into account, furthermore, the return currents by tpgrallel lines over a flat earth

earth. To take into account the return currents in the expression

of the magnetic field, it is necessary to resort to the equations H; = Z i Sy (5)
by Carson [31]. From these equations, Parker [32] presented a 27T

simpler expression for the calculation of the mutual impedanc.e-l-aking into account the relationship betweBrand H and

between conductors, since, for moderate frequencies, the s he current that circulates through the conductors are sinu-

placement currents can be considered negligible as compalgl,| functions, the magnetic field density can be represented
to the conducting current (hypothesis of good conductors). ,%§ phasors, in such a way that

a consequence, the quasistatic approximation is obtained, since
V.A = 0[33], beingA the magnetic vector potential. B(t) = B, (t)ux + By(t)uy + B,(t)u, (6)
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whereuy, uy, andu, are the unit vectors in the spatial direc-
tionsX, Y, andZ, andB,(t), B,(t), andB.(t) are phasors of
the form

B,(t) = Boy cos(wt + ¢,), By(t) = Boy cos(wt + ¢y)
and B,(t) = B, cos(wt + ¢.) )

beingB,., B,y, andB, ., the amplitudes in the spatial directions
andy,, ¢,, andy, the initial phase angles.
The resultant magnetic fiel8,. is given by the expression

Br: \/Bo2w+Bgy+Bo22' (8)

I1l. RESULTS FORELECTRICAL APPLIANCES

mixer
squeezer
microwave
cof. mill
extrator f.
hair-drier

The resultant magnetic field as a function of the distance
produced by each electrical appliances was measured. The
measurement direction is the usual one for normal equipment
use. Similarly, measurement was made of the resultant m&g- 1. Resultant magnetic fielduT) generated by different electrical
netic fields created by overhead and buried cables near housfiyiPment measured at the normal utilization distance.

The measurements have been made at different times with the

hair-remover

purpose of establishing a relationship between field magnitude 0,127
and electrical energy demand. To measure the rms magnetic

field, we have used a Teslatronics model 70 gaussimeter 0,17
(frequency response: 20 to 2000 Hz) that allows us to measure

the resulting total field or the field in each one of the axes. The 0,087
measurement range is from 0.1 to 1999 mG (0.01 to 199

The gaussimeter has an analog output in megavolts propor- 0,067
tional to the measured magnetic field. This output permits us to

visualize, through a scope, the waveform of the magnetic field, 0,047
and, once recorded, to determine the harmonic composition of

the field through Fourier analysis. An F.W.BELL model 4060 0,02
complementary gaussimeter was also used. (ranges 0-1999 mG

and 0.00-19.99 G). Given that highly nonuniform magnetic 0 UNVRLES "R R R

iron
hi-fi
video |

fields are produced by some electrical appliances, three probes

have been used, with sensing areas of 0.5, 7, and::80with

the purpose of reducing the measure errors due to the averaging

over the cross-sectional area of the gaussimeter probe. In each

case, the most adequate probe has been selected. Neverthglgss, Resultant magnetic fielduT) generated by different electrical

in spite of using small probes, these errors can be noticeabdgipment measured at the normal utilization distance.

when the magnetic field is measured in very nearby positions

to appliances whose field varies quickly with the position arldast while they stay in this environment) whereas the use of

the distance (case of electric shaver). The estimation of errodomestic electrical equipment tends to be rather sporadic. It is

these measures is difficult to evaluate [36]. necessary to advise that any user can be exposed to densities
Figs. 1 and 2 show the value of the rms resultant magnetitthe magnetic field higher than the shown values, since some

field (in ©'T) generated by different electrical equipment used mppliances (depending on its construction) can produce greater

households, at the normal utilization distance (from 3 cm. for thiields in directions and positions different from those generally

hair-remover, to 3 m for the television). The value that is showrsed.

corresponds to the average of the measurements made on thr&¥ith the purpose of establishing the possible influence of the

different manufacturers’ equipment. The background magnetiquipment on its more immediate environment, we proceeded to

field at the point of measurement was at all times inferior tmeasure the resultant magnetic field as a function of the distance

0.005uT. and in the usual utilization direction. Figs. 3 to 6 collect the
As can to be seen in these figures, the user of the tested equgsults found.

ment is subjected to magnetic fields that vary in more than twoThe shaver shows the highest values for the user, though

orders of magnitude. On the other hand, some of these valuesthee field reduces quickly with the distance, so its possible

superior to those found in the vicinity of electrical lines (as weffect on other persons (at distances of over 20 cm) is below

will see below). It should be noted that the inhabitants of thesleat of a vacuum cleaner or a microwave (for that distance:

residential zones are subjected to these fields continuously ghaver, 7.4,T; vacuum cleaner, 9.8/T; and microwave,

fan heator
monitor

tv game
alarm clock
refrigraton
television
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Fig. 3. Resultant magnetic field as a function of the distance created by a

vacuum cleaner. F|_g. 5. Resultant magnetic field as a function of the distance created by a
microwave.
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gm%vg.r Resultant magnetic field as a function of the distance created b)f:%. 6. Resultant magnetic field as a function of the distance created by a

washing machine.

8.2 u'T). However, it is necessary to indicate that these values 70
correspond to traditional shaver models. For models that op-
erate with batteries, the values of the produced magnetic field

—e&—mains
60 supply

5
=
are quite smaller, though they are connected to the electrical L 50
network. As can be deduced from the previous figures, the % 40
resultant magnetic field decreases in an exponential way with 5
the distance from the equipment, even though the curve is s 30
different for each appliance. E 20
Fig. 7 shows the resultant magnetic field created by a three 2
phase mains supply of a building (44 dwellings) as a function e 10
of the distance to this supply point (located vertically flush to the 0
building and on the sidewalk). The shown values were measured 0 50 100 150

in a high load schedule (between 8 and.9.). Nevertheless,
throughout the day, maximum values of over 10D (23 h) at
a distance of 3 cm of the mains supply were registered. On thg. 7. Resultant magnetic field as a function of the distance created by amains
sidewalk next to the mains supply, a more usual place for peopteply.
to be (between 50 and 200 cm), the field is reduced notably to
values that do not surpass Q.3'. The simple value of the resultant magnetic field created by an
Fig. 8 represents the resultant magnetic field measured in #ectrical appliance, should not be the only parameter taken into
proximity of a meter room located at the edge of a staircasecount in order to consider its possible effect on the health of
access area in the same building. In this case, the maximpsople. The value of the current induced by variable magnetic
values to which a person can be exposed do not excegdld.5fields in time is directly proportional to the frequency variation
and the usual exposure values (due to the layout of stairs) afahe field. There is ever greater use of domestic equipment
below 0.54T. that operates through rectifiers. Therefore, the voltage-current

Distance (cm)
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characteristic is not linear. This causes the current feed of this e 0

equipment not to be purely sinusoidal. Therefore, the waveform 0 200 400 600
can be decomposed into one of the fundamental frequency plus
harmonics of growing order.

The greater the rms current value of the harmonic and EE} 10. Spectral decomposition of the magnetic field created by a shaver.
frequency, the greater the resultant magnetic field created by
this harmonic, and therefore, the current that it can induce in mixer
the objects or persons located in its environment will grow
in a linear way with the frequency. To characterize the tested
electrical equipment, an analysis through FFT of the analog
waveform, supplied by the meter of the magnetic field, has
been carried out. Some of the obtained results are shown in
the figures below.

Fig. 9 shows the waveform corresponding to the resultant
magnetic field (in arbitrary units) created by a razor and
recorded through a digital scope. As is observed, the field
presents a form that is not sinusoidal due to the presence of -2,0 . !
harmonics of the fundamental frequency. This can be observed 0,00 0,05 0,10
in the decomposition effected by the application of the FFT
and that is shown in Fig. 10, in which the percentage with time (s)
respect to the fundamental frequency (supposing a value of
100% for this) of the spectrum as a function of the frequen@iﬂ- 11. Magnetic field as a function of time created by a mixer.
is represented. In this case, in addition to the fundamental .
frequency, the third harmonic (150 Hz) with a value of 21% mixer

Frequency (Hz)

Magnetic Field

with respect to the fundamental is obtained. Also, the seventh ‘cé; 50

harmonic contributes with a value of 4%. Taking into account ® © 40

the proportionality of the currents induced with the frequency S g 30

of the resultant magnetic field that originates them, the current € by i

produced by the third harmonic has a value of 63% with respect B g 20 -

to that of fundamental frequency. E 2 10 -

Fig. 11 shows the corresponding waveform for the resultant o A,
T ; . . . . c O T , m—
magnetic field created by a mixer (in arbitrary units), while
0 200 400 600

Fig. 12 shows the corresponding frequencies spectrum for
Fig. 11 when applying the FFT. In this case, the third harmonic Frequency (Hz)

reaches a value of 45% with respect to the value of the funda-

mental frequency one, while the fifth harmonic presents a valbi@- 12. Spectral decomposition of the magnetic field created by a mixer.

of 10%. This means that the value of the current induced at the

frequency of 150 Hz is 1.35 times the value of that induced by Figs. 13 and 14 show the data obtained for the waveform from

the field at the frequency of 50 Hz, while the current induceithe resultant magnetic field generated by an extractor fan. The
by the fifth harmonic is 0.5 times. signal is very similar to that of the mixer even though the values
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Fig. 16. Spectral decomposition of the magnetic field created by a television.
Frequency (Hz)

. . e pas been measured to the height of 1 m above the surface of
Fig. 14. Spectral decomposition of the magnetic field created by an extractor T
fan. the ground. To measure the magnetic field, we have used the

same gaussimeters as in the case of electrical appliances. As

of the third and fifth harmonics present higher values (58% fé?gcﬁig?ﬁ'g é'j:?emisn[jeeﬁc;rgzd’ l\;v eﬁéﬁi@iﬁdcfgmm?gzﬁeege
third and 16% for the fifth harmonic). As a consequence, the ¥, 0y P

value of the currents induced at 150 Hz is 1.74 times the vaI'Lrl]ethe secondary of the current transformer at the origin or end

of that induced at the fundamental frequency, while at 250 Hszubstation of the line. The height of the conductors of each line

. . was measured with a Suparule model 300E height meter.
it presents a value of 0.9 times the value of the fundamental. Fig. 17 sh th file of th ltant tic fiB

The waveform of the field created by a television as well as . 17 shows the profile of the resuftant magnetc Ti l‘d
its frequencies spectrum are shown in Figs. 15 and 16. In tﬁ\%afunctlon of the distance to the center of the line. The figure
case, all of the harmonics appear with high values until the 15 Jows the values measured as well as those calculated throu_gh
In spite of the presence of numerous harmonics, their absolu & m_odel: The values ShOW_” correspond to a c_zlouble-cwcglt
value is reduced, according to the total field created by atele\%-ec'[rICaI line (one to each side of the towers) W'th phases in
sion, as shown in Fig. 2. parenthese§. The lowest condu_ctors are at a height of 9.12 m,

' the separation from the center line is 3, 3.3, and 2.8 m for each

phase, respectively and the vertical separation between phases
is 4 m. The arrangement of the phases (R, S, T) is the same

In this part, the first objective was verified through meain both circuits. The current in the conductors presented a light
surements in situ of the level of the magnetic field generatedibalance <1%) with mean values of 91 A in one circuit and
by high-voltage overhead lines in our immediate environmeh04 A in the other. The conductors of both circuits are of Condor
(Northwest Spain) and to establish the degree of compliangpe. As can be observed in the figure, the maximum value of
with European regulation [26]. The study has focused on 132-kie magnetic field is obtained in the center of the line and it is
overhead lines, due to their being the most numerous in duelow 18 mG (1.8:T), a value very inferior to the maximum
environment. The second objective was to contrast the validlignit (100 p'T) fixed by European regulation. The values cal-
of the above model and, depending on the values offered bycitilated through the model present slightly lower values to the
to use it to calculate the level of the magnetic field generategeasured ones, the greater difference being obtained at the cen-
by electrical lines in different situations. tral point of the line.

To measure the magnetic field, we have used the UNESAFig. 18 shows the profile of the resultant magnetic field for a
measurement protocol [34], which is similar to the protocolie of a single-circuit with the three conductors (Condor type)
of other organizations [35], [36]. The resultant magnetic fieldlaced at the same height (horizontal line). The height of the

IV. HIGH VOLTAGE ELECTRIC LINE RESULTS
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Fig.17. Calculated and measured profiles of the resultant magnetic field unfi- 19- ~ Calculated and measured profiles of the resultant magnetic field under
an overhead double-circuit high voltage line with 91 and 104 A in each circuft Overhead vertical high voltage line with 320 A in each phase.

80

Calculated () light unbalance between phases_ (3_%). Due to th_e asym_metry
—&— Measured (mG) of the arrangement, the magnetic field presents its maximum
value at 3 m from the center of the line. As can be observed,
the values calculated with the theoretical model coincide with
the measured values, though some differences appear about the
center of the line. The theoretical values are greater than the
experimental ones. In this case, the difference could be due to
the uncertainty in the height of the conductors, since, with the
available equipment, it has only been possible to measure the
height of the lowest conductor, locating the other two at the dis-
tance given in the installation project. Though the currents that
circulate along the line are large (40% of full load), the mea-
sured magnetic field is below 10 mG (dI'), far below the es-

Resultant magnetic field (mG)

0 , : - tablished limits. The height at which the conductors of this line
=0 20 10 10 0 %0 is placed explains the low value of the field, if compared with
distance from center (m) that Of Flg 18

Fig.18. Calculated and measured profiles of the resultant magnetic field under=ig. 20 shows the transverse profile of the corresponding
an overhead horizontal high voltage line with 485, 472, and 488 A in each phaﬁ”?agnetic field for two lines next to each other, both with
the conductors in horizontal arrangement with Hawk-type
conductors with respect to the soil at the measurement podeinductor and two conductors per phase (bundled). The con-
is 12.12 m and the separation between phases is 7.8 m (Tuetors of the left line are located at a height of 15.6 m with a
greater separation is due to it being an old line of 220 kV thaeparation between phases of 5 m. At the moment of measuring
is now used at 132 kV). The mean current in the conductditee magnetic field, a mean current of 246 A circulated through
at the moment of measurement is 482 A (approximately 60f#teir conductors. The conductors of the right line are located
of its full load value) with a light unbalance between phased a height of 13.2 m with a separation between conductors
(485, 472, and 488 A for the phases R, S, and T, respectivelg).5 m. At the moment of measuring the magnetic field, a
As is observed in the figure, the maximum value of the field imean current of 226 A circulated along the line conductors.
reached in the center of the line and is below 75 mG (715 As is observed in the figure, the values obtained with the
far below the limit of 100uT). The values obtained throughmodel coincide perfectly with the experimental measurements.
the theoretical calculation show a perfect conformity with th€he measured maximum value of the magnetic field is below
measured values. In this case, the calculated values are sligB2ymG (2.2uT). As can be seen, the maximum field of the left
superior to the measured values. line is lower than that of the right line, in spite of the fact that
Fig. 19 shows the transverse profile of a triangular line @& smaller current circulates through the latter. Evidently, this is
132 kV formed by three Condor-type conductors located at thrdee to the fact that the height at which the conductors of the
different heights. The conductors are located at the measuight line are placed is inferior to that of the conductors of the
ment point at a height of 20.8, 24, and 27.4 m, their lateral diieft line. The maximums are obtained in the center of each line
tance with respect to the center of the line being 3.3, 3.2, aftle centers of the lines are located at 5 m for the line on the
3.2 m, respectively. The mean current in the conductors at ttight and—29 m for the line on the left). The arrangement of
moment of measuring of the magnetic field was 320 A with the phases is R-S-T, R-S-T, which causes a greater cancellation
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Fig.20. Calculated and measured profiles of the resultant magnetic field under ) o
two close overhead horizontal high voltage lines with currents of 246 and 2B#- 21. Calculated profiles of the resultant magnetic field under an overhead
A in each line. triangular high voltage line with 35.5 A in each phase.

of the magnetic field in the intermediate zone between boHor all of the configurations, the center of gravity is located at
lines than if another arrangement is used. 12 m over the ground, the conductors are Condor type and a
Fig. 21 shows the transverse profile of the magnetic field ofirrent of 400 A circulates through them. In the configuration in
a triangular line at three heights with L-180 type conductor Igarentheses (with two independent circuits), the load by phase is
cated at heights 0f 11.6, 13.2 and 15.9 m and a horizontal sep@@@ A and the arrangement of the phases (from the top down) is
tion of the conductors to the center of the line of 3.1 m. The me&3S-T, T-S-R. Also, the influence of the situation of each one of
current through the conductors at the moment of measuring vihe phases in the circuit has been studied for each configuration.
35.5 A. As can be seen from the results, the theoretical value#As can be seen in Fig. 22, the configuration in parentheses
are very close to the measured values for the magnetic field.is the one which presents the smallest magnetic field. The
The results shown in the previous figures., as well as froramaining configurations generate growing magnetic fields
other tested lines, have permitted us to confirm the validity eccording to the order: vertical, triangular, and horizontal. The
the developed model. We have proven that the greater errfiedd generated by the horizontal configuration is practically
are produced in those lines that present a low level of generatidible that generated by the configuration in parentheses.
magnetic field (or because the load is small and/or because Hig. 23 shows the magnetic field generated by the configuration
conductors are quite high), thatis to say, the smaller the measuiregarentheses in the same conditions as in the previous figure,
field, the greater the difference found between the theoretidalt changing the position of the phases. The position of the
results and the experimental ones. This difference does not hphases (from the top down in each circuit) is parentheses 1:
to be attributed to the model, but to the measuring process it9eHS-T, T-S-R and parentheses 2: R-S-T, R-S-T. The config-
since, although several measurements of the current were talggation parentheses 3 corresponds to the situation in which
during the measuring of the magnetic field, the fluctuations the current (400 A by conductor) circulates along only one
the load of the line and the errors in the measuring applianagsthe circuits. As is observed in the figure, the configuration
for small values can cause the differences found. parentheses 1 presents a lower value to that of the other two.
As the lines cannot be acted on to study their behavior undeHigh voltage distribution lines tend to present small unbal-
different load conditions and/or unbalance between phases, émees in the value of the current that circulates along each phase
model has been used to study these possible situations. For(thiends be smaller than 3%). Some of the measurements have
lines corresponding to Figs. 17-21, taking into account the typeen able to prove these unbalances. Angle unbalances are less
of conductor used and the admissible limits for the curreritequent. With the purpose of studying the influence of the un-
at full load and balance, resultant magnetic fields of 8, 12.Balances on the value of the generated magnetic field, several
2.7, 10.9, and 3.8 T were obtained, respectively. These valuaesnbalance situations were simulated for the different configura-
hardly surpass 12% of the recommended maximum limit.  tions employed. Fig. 24 shows the profiles of the magnetic field
Also, with the model, we can study what configuration of thgenerated by a line with configuration in parentheses (phases
line is the most adequate to reduce the generated magnetic fialdangement R-S-T, T-S-R), for current in the R phases greater
for the same load conditions. Figs. 22 and 23 show the ress3, 5, 10, 15, and 20% than the 200 A that circulate along the
obtained with the model for the four basic configurations of thghases S and T. As can be seen in the figure, unbalances of 3
studied lines: configuration in parentheses, triangular, verticahd 5% hardly affect the value of the generated magnetic field.
and horizontal. In order to compare results, the center of graviégr greater unbalances, the effect is amplified at the same time
as a function of the distance and height of the conductors to thethe maximum field point is displaced toward the right of the
center of the line has been calculated for each configuratiaenter of the line. Nevertheless, in spite of the large unbalances
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Fig. 22. Calculated profiles of the resultant magnetic field under overhead
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Fig. 26. Spectral decomposition of the magnetic field created by an electrical
line feeding an industrial zone.

senoidal, and therefore, neither is the created magnetic field.
Fig. 25 shows the waveform of the magnetic field of a line
that feeds an industrial zone. Making a Fourier analysis of this
form, the harmonic decomposition shown in Fig. 26 has been
obtained. It is worth noting the presence of a fifth harmonic
with a percentage of 4.5% with respect to the fundamental
and a seventh harmonic with a percentage of 1.5%. In all of
the lines observed, the prevailing harmonic is the fifth with
percentages that go from 0.5 to 4.5%.

Fig.23. Calculated profiles of the resultant magnetic field under overhead high
voltage lines with configuration in parentheses and three different position of the V. CONCLUSIONS

phases.
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This work involved the study of the magnetic field generated
by electrical appliances and electrical lines of 132 kV in north-
west Spain. This study attempts to verify the degree of com-
pliance with European procedures on magnetic field limitation,
and at the same time, to contrast a model that could be useful
to approach theoretical lines study in situations and configura-
tions that are not possible to study in real situations but that can
arise under different service conditions. From the obtained re-
sults, it should be noted that some equipment presents values
for the field much higher than those which can usually be found
near electrical lines. On one hand, the studied lines present a
level of small magnetic field, since in no case does it surpass
8% of the maximum limit. The results obtained with the model
coincide adequately with the experimental values; therefore, the

Fig. 24. Calculated profiles of the resultant magnetic field under overhepdodel is valid to study the magnetic field in different situations.

parentheses line with unbalances.

The simulation at full load with the lines studied does not ex-
ceed 13% of the limit of the maximum field in any case. The

used, the value of the magnetic field does not exceed 4% of thedel has also served to study better line configuration, as well

recommended limit for maximum field.

as to see the behavior under different unbalance conditions. On

Often some lines, it should be noted, supply power tine other hand, the harmonic generated by some electrical ap-
industrial zones that can present very varied electrical loagidiances can give rise to induced current of a higher value than
As a consequence, the current in the line is not perfectlyat generated by the fundamental frequency field. In the case
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of electrical lines, the FFT analysis of the generated fields hag2]
found, fundamentally, a fifth harmonic.
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