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Abstract — The magnetic field produced by transmission
lines may disturb sensitive electronic equipment in the vicinity.
For a given tower configuration the power flow conditions of
the line determine the magnitude of the emitted magnetic
fields. The influence of load, phase angle and direction of the
flows on the combined magnetic field of multi-circuit lines is
discussed systematically. Besides optimal arrangement of the
phase conductors emphasis is given to the grouping of the
phase conductors to circuits. Examples of existing power lines
and projects show practical applications.
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1. INTRODUCTION

The more recent studies and investigations about electric
and magnetic fields in the vicinity of power transmission
lines were mainly stimulated by public concern and in
particular by the controversial debate about the possibility of
biological effects of low magnetic fields. In some countries
the approval of new transmission line projects as well as up-
grading of existing transmission lines requires an envi-
ronmental impact statement. One important item in such a
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report is the impact of electromagnetic fields in residential
areas. With the present design of transmission lines, the
magnetic flux density in the vicinity and even directly under
the line (1 m above the ground level) is generally much
lower than the internationally recommended exposure limit
of 100 uT for low frequency magnetic fields in areas with
public access [1].

It is widely recognized that low frequency magnetic fields
may disturb technical installations, such as video display
units (monitors of computer terminals) even at low field flux
densities. In particular, large display units of CAD
workstations are very sensitive in this respect. Low level
magnetic fields may also affect the operation of sensitive
measuring equipment (e.g. electron microscope) or
instruments for medical diagnosis (EEG). Power frequency
magnetic fields were analysed in a number of publications
[2], [3), [4], [5]. Various measures were proposed for the
reduction of transmission line magnetic fields [6], [7]. Most
of the existing concepts for field reduction of multi-circuit
lines are based on a uniform loading of the circuits involved
[8]. However, this will not be the case, if the circuits are not
operated in parallel. Therefore the simulation of power line
magnetic fields has to be based on real operating conditions.

Multi-sircuit lines are widespread in the Western
European transmission network (UCPTE). Typically, two or
more 380 kV or 220 kV circuits, respectively, are on the
same tower. In most cases the circuits have independent
power flows. The ratio of the individual loads may vary in a
wide range. The paper discusses the influence of various
power flow conditions (load, phase angle, flow direction) of
multi-circuit transmission lines on the magnetic fields in the
vicinity of the lines. Besides optimal phase conductor
arrangement the grouping of phase conductors to circuits
can reduce the combined magnetic field significantly. The
case of a project is shown, where the magnetic field was
reduced by grouping the phase conductors to an optimal
arrangement.
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2. LOW FIELD PHASE ARRANGEMENT FOR
MULTI-CIRCUIT LINES

2.1 Magnetic field of multi-circuit lines

Power frequency magnetic fields of three phase systems
have to be treated as vector phasors, i.e. temporal and spatial
sinusoidal varying vectors. In general the vector locus traces
an ellipse. Il the following the magnetic flux density B (or
B-field) will be considered. In the Laplace domain a mono-
frequency quasi static field can be described as a complex
vector field [5]. Fig. 1 shows the real and imaginary parts,
which are space directional vectors with components in ¥he
x- and y-axis. B-fields of power lines can be treated as a two-
dimensional fields with four components, i.e. real and imag-
inary parts in both, x- and y-direction. The description of a
3-dimensional field at one point would need 6 components.

Im (Bx)

Fig. 1 B-field vector locus of a 3-phase system

The magnitude (RMS-value) of a two-dimensional field
has to be calculated as the root mean square of the four
components (1). As the space directional vectors are instan-
taneous values, the factor 1/¥2 is needed to calculate the
RMS-value [9A].

1 J 2 2 2 2
B,m,=ﬁ Re(B,) +Im(B,) +Re(B,) +Im(B,)

Re(B),Im(BY space directional vectors(peak values) m
B,,B,: vectors components

With multi circuit lines the combined field is the super-
position of the individual fields of the circuits. Since two-
dimensional fields are characterized by four components, the
superposition is done by adding these components, i.e. add-
ing the space directional vectors of the real and imaginary
parts,

B m =B, + B, =Re(B,)+Re(B, ) + {Im(B, ) +Im(B, ))
B, vector phasor of the combined field (2)
B,,B;: vector phasors of the individual fields

The value of By, depends on the magnitudes and the
phasor angles of the field components of each individual
circuit. Thus, the combined magnetic field of a multi-circuit

line depends on the current magnitude and the phase angle
of each circuit. It must be noted, that the magnitude of the
combined field is not equal to the sum of the magnitudes of
the individual fields. The magnitude of the combined field
may even be lower than the individual field of each circuit.

The vector locus of the combined field of multi-circuit
lines with circuits operating at the same frequency is still an
ellipse. This was verified by a measurement near a 380 kV
line with two circuits. One of the measurement described in
section 3.1 was analysed in detail. The space components of
the magnetic field were measured during 15 cycles (300 ms
at 50 Hz) with a sampling interval of 0.6 ms. Fig. 2 shows
the measured locus of the vector phasor. The RMS-value of
the measured B-field was 0.941 puT.

Generally, the magnetic field of three-phase power lines
declines rapidly with the distance from the line axis, charac-
terized by an inverse power series of the distance. For a
symmetrical 3-phase system (no zero sequence component),
the magnitude decays with the power of two of the distance
and neglectable terms of higher order [10]. If the line con-
sists of more than one 3-phase circuit, the second and even
higher order terms can be reduced significantly by optimiz-
ing the phase conductor arrangement which is used for low
field configurations or higher order phase arrangement [11].

2.2 Criteria for low field phase arrangement

Two general rules can be proposed for a tower design with
low magnetic fields.

I. Compact design: The conductors should be arranged as
close as possible, since the field far away of overhead lines
is proportional to the distance between the phase conduc-
tors.

Bz [uT]
7

0o

1 .
By [Tl J Bx [uT]

Fig.2 Vector locus (measured), Bpy4g = 0.941 uT
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[I. Phase arrangement: For multi-circuit lines the phases
should be arranged in such a configuration that the super-
position of the individual fields produces a minimum
combined field. In a first step, the center point of all cur-
rents having the same phase must be determined. (The
center point would correspond to the center of gravity if
the currents were replaced by masses.) Then the conduc-
tors have to be arranged in such a manner, that the center
points of all phases will be as close as possible. Referring
to [10] it can be shown that the second-order term of the
B-field series expansion will vanish completely, if the
center points of all groups of currents having the same
phase angle coincide. Thus the far field will depend on the
distance as 1/d>. Fig. 3 shows an optimal phase
arrangement of two 380 k'V circuits.

The described method gives the basis for the geometrical
optimization of the tower design. It is based on given
currents for each circuit and on equal phase angles of all
circuits. However, in the realistic operation conditions of
power lines, the circuits will normally have currents of
different magnitude and different phase angles. The
operating conditions have a strong influence on the
combined magnetic field, which will be discussed
systematically in the following chapter.

Taking unequal loads of the individual circuits of multi-
circuit lines into account, a further criterion for the reduction
of the magnetic fields has to be considered. The phase
conductors can be grouped in different ways to 3-phase
circuits. Section 4.2 shows a practical application.

T
=1

Circuit 1 ].
kv L2
B l u

15m

Circuit 2
380 kv

Point A
(section 3.4) Aom

Fig. 3

Tower with optimal phase arrangement

3. INFLUENCE OF OPERATING CONDITIONS
3.1 Time-varying power flow

The varying power flows of multi-circuit lines produce
varying magnetic fields, too. The example of a real case will
illustrate this context. An overhead transmission line with
two 380 kV circuits crosses an industrial area. Monitor
disturbances were reported from a building with offices
located exactly under the line. The monitor disturbances
could be observed at certain times of the day, only. The
magnetic fields were measured on both sides at 20 m from
the line axis (measurement A and measurement B,
respectively), 1 m above the ground level. Fig. 4 summarizes
96 measurements taken in 24 hours. Most of the measured
values were 1.5 pT or below. However, at certain times field
magnitudes between 1.5 pT and 2 puT were measured. In this
range of field magnitudes, monitor disturbances were
observed. The variation of the field values was caused by the
varying power flows on the line. As the circuits were not
operated in parallel, different magnetic fields were measured
on each side of the line.

3.2 Uneven load of the circuits

The current magnitude and the proportion of the
individual circuit currents have a significant influence on the
magnetic field emission. In an optimized low field
arrangement the reduction of the magnetic field will be
lowered if the currents of each circuit are not equal. As an
example the combined magnetic fields of a 2-circuit line
with an optimized phase conductor arrangement (fig. 3)
were simulated for three different load conditions. The
currents of circuit 2 were modified according to table 1.
Case 1 is the reference case with even load. Case 3 has the
maximum uneven load. Although the total load of case 3 is
half of case 1, the maximum combined field of case 3 is
about 85 % of case 1.

Relative number of

. Measurement A
measurements (%)

a Measurement B

‘{30
25
20
4
15
10
5F
0 St i o 1
025 050 075 100 125 150 175 2.00
B (nuT)
Fig. 4 24-hour measurement of the magnetic field
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Table1  Unidirectional operation with load variations

Current of circuit 1 Current of circuit 2
Case 1 1000 A 1000 A
Case 2 1000 A 500 A
Case3 1000 A 0A
1 ; - T
i ! %1
g & N
= i
g' case 3 i/h\ /13351‘7
- 4
\
Ez / \\\A\.
E ]
l‘\z.-—_%ﬂ// %
g & § § &% = =®& 3 8 8 8

distence from the line axke [m ]

Fig. 5 Magnetic field for differeat loads

In many cases the combined magnetic field may be higher
for unequal currents, especially at a certain distance from the
line axis. Fig. 5 shows the profiles perpendicular to the line
axis of the combined fields. In the range between -10 m and
-100 m from the line axis the combined field of case 3 is
higher than the field of case 1, even though the total sum of
the currents of case 3 was half as high as in case 1.

3.3 Reverse power flows

The individual power flows of multi-circuit transmission
lines may have opposite directions. Typically, this is the case
if circuits belonging to different grids are on the same tower,
i. e. mixed lines with 380 kV and 220 kV circuits or lines
with transmission and sub-transmission circuits.

In order to analyse the reduction of the magnetic field two
cases with reverse power flows were simulated using the
same line configuration as in chapter 3.2. The current of
circuit 2 had the same magnitude but reverse direction
(table 2). Fig. 6 shows the combined fields for the cases 4
and 5.

Table2 Reverse power flow on circuit 2
Current of circuit 1 Current of circuit 2
Case 4 1000 A -1000 A
Case 5 1000 A —-500 A

10

A

magnetlc Mlux density B [pT ]
-~
S
8
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m
V’“
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g § %8 § & = R =3 3 =
distance from the lUne axls [m]

, y4 \\ '

100

Fig 6 Magnetic ficlds for reverse power flow

Comparing case 4 to case 1 and case 5 to case 2,
respectively, the combined field is higher for reverse power
flows. The difference becomes significant at a certain
distance from the power line, typically 20 m and more. In
table 3 the field magnitudes of all 5 cases are compared at a
point at -30 m from the line axis.

Table3 Combined magnetic ficlds at -30 m from the line axis
Currents Bres
Case 1 1000 A/ 1000 A 2.06 uT
Case 2 1000 A/ 500A 2.53uT
Case 3 1000 A / 0A 3.14 uT
Case 4 1000 A /-1000 A 4.59uT
Case 5 1000 A/ -500 A 3.84 T
3.4 Phase angles

The currents of two circuits usually have different phase
angles, caused by different power factors on each circuit.
The difference of the phase angles has a certain influence on
the combined magnetic field. The phase angle between the
two circuits was varied from 0° to 360°, i.e. by variation of
the power factors. The simulation is based on the tower
configuration of fig. 3. Fig. 7 shows the combined B-field
calculated for the point A. It should be mentioned, that at
phase angles 90°< ¢ <270° the real power flow of the two
circuits would be reverse (see section 3.3). For the simula-
tions, the currents of the circuits were kept constant.

The influence of the phase angles on the combined B-field
becomes more complex if more than two circuits are on the
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Fig7 Magnetic field for varying phase angle difference
2 circuits, 1000 A each, configuration see fig. 3

same tower. As an example a line with three circuits (fig. 9)
was used. The combined magnetic field at the observation
point is shown in fig. 8. Parameters for the calculation were
the difference of the phase angles between circuit 1 and
circuit 2 (¢,,) and between circuit 1 and circuit 3 (g,,),
respectively.

380

m{‘yl TRT T nll":l,n li‘d‘l\\\i\:‘:l\ll\\;
MU AERRRNNN
N SR N NN
m:v/, /h// 5":\ AN \ N Mg
2747447 a8 NN E
MY ENE 4 }-/)) }// JIE
3 RN 2 UL
NN N 9 % 4 V4 i
o BN LT AT
<
so.'\\\\i‘\\:\"“""/, ,//{/:— .
ARAN N S Vs f'/ = 7]

30 B \\ '\\ /
n;\ L‘.l] llu‘I_l 1.1 'l<||\ll\ |\“ I;
0 30 80 90 120 130 1B0 210 240 270 300 330 380

P13

Fig. 8 Magnetic field of three circuits with varying

phaso angles (values in jiT)
'y phase angle difference of circuit 1 and 2
P13+ phase angle difference of circuit 1 and 3
Circuit 1,2: 1000 A, circuit 3: 500 A
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4. EXAMPLES OF PRACTICAL APPLICATIONS
4.1 Optimal phase arrangement for an existing line

An office building having many PC and CAD work sta-
tions is located only 17 meters from the line axis of a
220/380 kV-transmission line (fig. 9). The monitors with the
smallest distance to the line are about 8 meters below the
lowest tower arm and 10 meters from the nearest conductor.

After complaints about monitor disturbances, magnetic
field measurements at several monitor locations showed that
the equipment disturbance level of about 1.5 pT was slightly
exceeded even for the most distant monitors.

In order to avoid high expenses regarding individual
shielding of the monitors, field calculations were performed
to clarify whether any phase change at the three-circuit-line
would cause a sufficient reduction of the magnetic field. The
result was that the combined magnetic field of the
transmission line could be reduced by means of a simple
phase change in the lowest circuit. This phase change was
tested then and measurements confirmed the results of the
calculations: reduction from 2.25 pT to 0.5 pT (mean
values). The change of the outer phases to the optimal
arrangement was performed at low cost. Fig. 9 shows the
original and the optimized phase conductor arrangement.

oL

Circuit 2
Circuit 1
380 KV 380 kv
L2 L2
—

sl Lu

Circtit3 220 kV ::V
Offca buidng ) @2 L
Jlﬁm L1 L2 8m L3
Imlw X m
Eﬂlm
2 loor
Tafor .

Fig 9 Office building near transmission line

@LI2)13) original phase conductors of circuit 3
L1,12,13 optimized arrangement for circuit 3
X measurement point (desk top monitor)



The magnetic field emission of the transmission line could
be minimized without any visible change at the equipment
with the effect that the monitor disturbances disappeared. In
the case of a single monitor of course, it would be more cost
effective to shield the equipment itself than to take measures
at the field source.

This case illustrates how the magnetic field emission of an
existing line was reduced. The design of the tower could not
be changed. Thus the number of possible variants was
limited due to the installed insulators for 380 kV and
220 kV, respectively. The calculations were based on
currents representing normal operating conditions. The new
arrangement had a significantly reduced combined magnetic
field which was verified by measurements.

4.2 Phase optimization for a 220 kV line project

For the project of a new 220 kV line simulations were
performed to determine a low-field phase arrangement. The
optimization of the phase arrangement according to the rules
described in section 2.2 led to the configuration of the phase
conductors as shown in fig. 10, Besides the optimization of
the phase conductor arrangement, different possibilities to
group the circuits may be used to minimize the magnetic
field considering power flow conditions.

Principally the phase conductors can be grouped in two
ways to three-phase circuits, either horizontally or in a
triangular configuration (fig. 10). The electric field would be
equal for both variants, as well as the magnetic field if both
circuits were loaded equally. The latter will not be the case,
as the lines will not be operated in parallel. In real operation
the two circuits will have different flows. In order to model
the uneven power flows, the magnetic field calculations were
based on currents of 500 A for one circuit and 1000 A for
the other circuit. As it cannot be predicted which circuit will
be higher loaded, the worst case had to be taken into account
for the simulation of the magnetic fields. Fig. 10 shows the
worst case for both variants of grouping. In fig. 11 the
combined fields are compared.

G i
(] etreuit 1 500 A
Cleircut 2 1000 A

Fig. 10 Possible grouping of the phase conductors
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Fig. 11  Magnetic ficlds for different variants of grouping

For unequal operating conditions the combined magnetic
field of the triangular grouping of the phases will be
significantly lower than for the horizontal grouping.

In principle the described method could be applied for
other tower configurations. It has to be mentioned that for
towers with three crossarms and a vertical arrangement of
the conductors as shown in fig. 3 the situation becomes more
complex. The combined field of lines on high towers might
be reduced using a triangular prouping of the phases.
However, for low towers the situation is different. Here, the
vertical grouping, as used by conventional arrangements,
will have a lower combined field than the triangular
grouping. As lines on low towers produce high magnetic
fields on the ground level, the vertical grouping should be
applied.

5. CONCLUSIONS

Using real operating conditions like typical mean loads as
a basis for magnetic field simulations, an optimized
arrangement and grouping of phase conductors will reduce
the magnetic field emission in the vicinity of power lines. As
the power flow conditions may vary independently for each
circuit, the minimum magnetic field emission cannot be
guaranteed for all operating conditions. Standard operating
conditions have to be evaluated for a realistic simulation.
The aim is to cover the majority of the possible operating
conditions, preferably these with high magnetic field impact.

Already during the design phase, field simulations will
help to find an optimized conductor arrangement and
routing of the transmission line to make sure that the field
emission will be minimized. Additionally any limits of
exposure (e.g. IRPA guidelines [1]) will be strictly respected.
For upgrade projects the comparison between the field
emission of the actual and the planned line situations is very
helpful in the project arpumentation.
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