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Abstract: Various equipment currently used emit high-intensity magnetic field, such as transmission lines,
even operating at steady state. The magnetic fields generated by the transmission lines are influenced by the
line configuration and voltage. Some studies have linked exposure to magnetic fields with the development of
some diseases and interference in electronic equipment, so the study of such fields is crucial. The objective of
this paper is to present algorithm developed in Matlab® to calculate the magnetic field in transmission lines
operating at steady state. For this, it is discussed the magnetic field calculation methods commonly used to
transmission lines. The algorithm is validated by means of comparison with other results of the literature and
with results of measurement of two real lines of the Furnas system.
Keywords: Case study; magnetic field; Matlab®; transmission line.
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1. Introduction
Transmission lines are responsible for transporting the generated power to substations.
Therefore, it is important to interconnect electrical system for economic dispatch of power during
normal operation and emergency or power failure. Overhead transmission lines are composed of
the support structures and associated equipment. Basic equipment is conductor cables, insulators,
support structures already mentioned, and shielded wires. Transmission lines can operate in a
steady state at frequencies of 50 - 60 Hz or transient state where frequencies reach up to 10 MHz
(LAFOREST, 1981).
Thus, at end of the project of a transmission line is expected to achieve desired power
transfer reliability and cost-effective, without causing environmental impacts and socioeconomic.
To reduce ohmic losses, energy transmitted by transmission lines is made in high voltage. Despite
high voltage, currents of the transmission lines are also high and induce a magnetic field around
them (LAFOREST, 1981; SAWMA et al., 2010).
However, magnetic fields generated by transmission lines cause some concern in society
due to a few associated problems. Some studies have linked exposure to magnetic fields with
some pathologies affecting human health. In addition, magnetic fields may cause interfere
communication network, interference in electrical and electronic devices, radio interference, and,
audible noise. Another fact calls attention is difficult to access to the areas where transmission
lines are installed to measure magnetic fields. Therefore, International Commission on NonIonizing Radiation Protection (ICNIRP) establishes that the maximum exposure limit for the
general public is 200 µT (YU et al., 2016; CLAYTON, 2006; SANTOS, 2011; ICNIRP, 1998).
Thus, computer simulations to analyze magnetic fields present in different transmission
lines configurations are tools that help and facilitate the verification of field levels to ensure
security for the people and for the next installation of the transmission lines.
In the work reported here, we will develop and present magnetic field calculation methods
mostly used in the literature for transmission lines operating at steady state. With these methods,
will be developed a computational routine in Matlab®. The computational results will be
compared with real magnetic field measurements to evaluate which method approaches the real
measurement values.

2. Calculation methodology
Before presenting the mathematical models to calculate magnetic field it is necessary to
establish some relevant premises of power transmission lines. In most electromagnetic modeling,
there are physical and mathematical approximations.
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Therefore, overhead transmission lines in question will be considered three-phase,
symmetrical and balanced. That is, the operating voltage has the same amplitude for the three
phases and 120° lag and operates at steady state.
The current of a transmission line varies according to the power demand of the line users.
Thus, the current used for the calculation is the average current of the transmission line. Current
of the shielded wires is not considered in the calculations because they are small currents induced
by phase cables.
In the next topics, it is presented the magnetic field calculation methods for transmission
lines considering assumptions mentioned above. Specific considerations will be referred to and
commented upon when necessary.

2.1 Ampère’s Law
Ampere’s Law defines in its integral form, showed in Equation (1) (SHADIKU, 2004),
⃗ [A/m], around of a closed path
that line integral of the tangential component of magnetic field, 𝐻
is equal contour current, 𝐼𝐶 [A], involved in this path.

⃗⃗⃗⃗ = ∫𝐽⃗⃗⃗𝐶 • 𝑑𝑆
⃗⃗⃗⃗ = 𝐼𝐶
⃗ • 𝑑ℓ
∮𝐻
𝐶

𝑆

(1)

The conductive cables of a transmission line have a cylindrical shape. In addition,
conductor cable length is in the order of kilometers, wherefore, it is possible to approximate the
conductors with lengths that tend to infinity (SHADIKU, 2004).
Thus, for a cylindrical conductor of infinite length considering constant the vertical
distance between the point of the field source and the observation point, 𝜌, Equation (1) can be
reduced to Simplified method, describe in Equation (2) (SHADIKU, 2004).

⃗ =
𝐻

𝐼
𝑎̂
2𝜋𝜌 𝜙

(2)

Which 𝐼 [A] is the current flowing through the transmission line, 𝑎̂∅ is the cross product
between the current vector 𝑎̂𝐿 and the position vector 𝑎̂𝜌 as shown in Equation (3) which indicates
the magnitude and orientation of the magnetic field at the observation point.
𝑎̂𝜙 = 𝑎̂𝐿 × 𝑎̂𝜌

(3)
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⃗ , given in
Measurements and field analyses are performed on magnetic flux density 𝐵
Tesla. Thus, Equation (4) (SHADIKU, 2004) determines the relationship between magnetic field
⃗ and magnetic flux density 𝐵
⃗ , which 𝜇0 is the magnetic permeability of vacuum.
𝐻
⃗ = 𝜇0 𝐻
⃗
𝐵

(4)

Equation (2) is only valid for the magnetic field calculation generated by an immersed
line in one environment, in this case, the air. However, the ground also has an influence on the
magnetic field results and its inclusion is done by the Method of Images.

2.2 Method of images
Method of Images establishes that a current flowing above an environment considered a
perfect conductor, σ→∞, induces a current in the opposite direction located symmetrically to its
image in an environment considered perfect conductor (ZAHN, 1979). This method is used to
represent the currents that penetrate in the ground, which influence in the magnetic field results
at the observation point.
Therefore, considering conductor cables with infinite lengths, the magnetic flux density
resulting in the observation point is the superposition of the magnetic fields generated by the real
current and image current of each phase, represented in Equation (5) (ZAHN, 1979).
𝑁

𝑁

𝐼
𝐼
⃗ 𝑇 = 𝜇0 (∑
𝐵
𝑎̂𝜙𝑅 + ∑
𝑎̂ )
2𝜋𝜌𝑅
2𝜋𝜌𝐼 𝜙𝐼
𝐼=1

(5)

𝐼=1

Which the suffix “R” represents the components of the real currents, the suffix “I”
represents the elements of the imaginary currents and, N represents the number of phase cables
of the transmission line.
However, the ground has physical and electrical characteristics. Thus, the insertion of the
ground effect in the magnetic field calculations would be more appropriate. There are several
models where the ground effect is included. The Method of the Complex Ground Return Plane
created by Deri et al. (1981) includes the ground effect by means of a complex ground return
plane.

2.3 Method of the complex ground return plane
Method of the complex ground return plane consists of the design of a complex plane of
return of current by the ground, with infinite conductivity and located below the ground at a
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distance equal to the complex penetration 𝑝 (SANTIAGO & CUNHA, 2009). Equation (6) is the
formulation proposed by Deri et al. (1981) for calculation of the complex depth 𝑝.

𝑝=

1
√𝑗𝜔𝜇0 (𝜎𝑆 + 𝑗𝜔𝜀𝑆 )

(6)

Which 𝜔 is the angular frequency in rad/s, 𝜇0 is the magnetic permeability of vacuum
equal to 4𝜋 × 10−7 H/m, 𝜎𝑆 is the ground conductivity in S/m and, 𝜀𝑆 is the ground electrical
permittivity in F/m.
As mentioned in section 1, the magnetic field analyzes are done in steady state, 50 Hz 60 Hz. Studies carried out by Vieira (2013) and Gertrudes (2005; 2010) for low frequencies, report
that Equation (6) can be reduced to Equation (7). According to Vieira (2013) and Gertrudes (2005;
2010) the reduction of Equation (6) is physically consistent and practically does not influence the
calculation of the longitudinal parameters of transmission lines.

𝑝=

1
√𝑗𝜔𝜇0 𝜎𝑆

=√

𝜌𝑆
𝑗𝜔𝜇0

(7)

Which 𝜌𝑆 is the ground resistivity. Figure 1 illustrates the Method of the Complex Ground
Return Plane for a single-phase system. It can be observed that the image current, in this method,
considers the complex depth.

Figure 1: Method of the Complex Ground Return Plane for a single-phase system
(VIEIRA, 2013).
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Thus, the final calculation of the magnetic flux density to the method of the complex
ground return plane will only change the distances between the observation point and source field
points, due to the insertion complex depth 𝑝. Equation (8) shows the final expression of the
magnetic flux density.
3

⃗ 𝑇 = 𝜇0 (∑
𝐵
𝐼=1

3

𝐼𝑖
𝐼𝑖
(ℎ𝑝 − ℎ𝑖 , 0, 𝑥𝑖 − 𝑥𝑝 ) + ∑
(−ℎ𝑝 − ℎ𝑖 , 0, 𝑥𝑝 − 𝑥𝑖 ))
2
2𝜋(𝜌𝑅𝑖 )
2𝜋(𝜌𝐼𝑖 )2

(8)

𝐼=1

Which 𝐼𝑖 corresponds to the phase currents of each transmission line conductor, ℎ𝑖 is the
height of the i-th conductor cable of i-th current, ℎ𝑝 is the height of the field observation point in
relation to the ground, 𝑥𝑖 and 𝑥𝑝 are respectively the distances horizontal position of the i-th
conductor cable and the observation point and, 𝜌𝑅𝑖 and 𝜌𝐼𝑖 are the vertical distances (real and
image) between the field source point and the field observation point of the i-th conductor cable.
All parameters can be observed in the Figure 1.
After the definition of the methods of calculation of magnetic field, it is developed a
computational tool in Matlab® for the calculation of the magnetic fields generated by
transmission lines. Then, to validate the algorithm, comparison is made of the obtained results
and the literature results of the area, presented below.

3. Computational routine validation
When a computational tool is developed, it is crucial to confirm the accuracy and
reliability of the results. For this, the results were compared with computational results and
measurements of magnetic fields disseminate in the area literature.
The validation is presented by graphs and tables as a comparison of some important
values, such as the maximum magnetic field value and its position. Will be presented a complete
comparison, including the graphs, in order to exemplify how the results indicated in Tables 2 and
3 were achieved.
In 2013, Hugo Vieira (2013) conducted a study on the magnetic coupling between
transmission lines and metal ducts. The author, Vieira (2013), uses three systems for computing
the magnetic field. The structures of the transmission lines are shown in the Figure 2 and the
electrical and geometric configurations are shown in the Table 1.
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Figure 2: Structures of systems analyzed by Vieira (2013).

Table 1: Electrical and geometric characteristics of the systems analyzed by Vieira
(2013).
System Voltage Current Phase A Phase B Phase C

M

System 1 138 kV 146.43 A 12.15 m 14.01 m 15.87 m 3.00 m
System 2 345 kV 418.30 A 14.00 m 14.00 m 14.00 m 9.50 m
System 3 500 kV 837.15 A 16.53 m 16.53 m 16.53 m 10.25 m

Systems operating frequency is 60 Hz. The cross section is 60 m, 30 m on each side from
the center of the structures. Field analysis is done at 1 m height. The ground resistivity considered
by Vieira (2013) was 2400 Ω.m. Figure 3 and 4 shows the curves simulated by Vieira (2013) and
the curves obtained from the computational routine as a result of this research for all the systems,
respectively.

Figure 3: Magnetic field curves simulated by Vieira (2013).
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Figure 4: Magnetic fields curves obtained by Matlab® simulation.

The results obtained by the computational routine in Matlab® were also compared with
computational results simulated by Nafar et al. (2013). To increase the algorithm reliability, it is
compared the results with the values of measurements performed by Ramírez (2001) and
Guimarães (2005) studies. The Tables 2 and 3 present the values of magnetic flux obtained by the
authors, aforementioned, and the values obtained by the Matlab® algorithm. The values
correspond to the magnetic field at the center of the transmission line, i.e., x=0.
A difference between the results simulated by the authors Nafar et al. (2013) and Vieira
(2013) and the results obtained by the algorithm in Matlab® (Table 2) was extremely low. So,
there was a huge similarity between field curves and ensures the reliability of the computational
tool.

Table 2: Comparison between values simulated by Nafar et al. (2013) and Vieira
(2013) and simulated values in this research.
Author

Voltage Current Authors S. Matlab® S. Error

Nafar et al. (2013)

63 kV

2000 A

8.30 µT

8.32 µT

0.24%

Sys. 1 138 kV 146.43 A

1.14 µT

1.14 µT

0.00%

Vieira (2013) Sys. 2 345 kV 418.43 A

5.76 µT

5.76 µT

0.00%

Sys. 3 500 kV 837.15 A

9.18 µT

9.18 µT

0.00%
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Table 3: Comparison between the values measured by Ramírez (2001) and Guimarães
(2005) and simulated in this research.
Author

Voltage Current Measurement Matlab® S.

Error

230 kV

160 A

1.53 µT

1.37 µT

-10.00%

500 kV

590 A

7.00 µT

8.11 µT

15.85%

Guimarães (2005) 500 kV

650 A

7.80 µT

8.24 µT

17.70%

Ramírez (2001)

However, the difference between the measurements presented by the authors Ramírez
(2001) and Guimarães (2005) and the values simulated by the algorithm in Matlab® was slightly
higher. This difference may occur due to factors such as current variation, temperature and air
humidity that increase inaccuracy at the measurement time. However, measured and calculated
magnitude magnetic field values are close, which is relevant for the computational tool validation
and proves the mathematical formalism veracity.

4. Transmission lines under study – Estreito and Mascarenhas de Morais
The measurements data of two transmission lines were made available for study and
analysis by the energy company Furnas from Brazil. Magnetic field measurements were
performed on the Estreito (LTFUES) and Mascarenhas de Morais (LTFUMM) transmission lines.
A transmission lines real photo is shown in Figure 5. Table 4 present the geometric and electrical
characteristics of the LTFUES and LTFUMM lines, which D is the distance between the
transmission lines and M the distance between the phases.
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Figure 5: Transmission lines - LTFUES and LTFUMM.

Table 4: Electrical and geometric characteristics of LTFUES and LTFUMM.
Characteristics LTFUES LTFUMM
Voltage

345 kV

345 KV

Current

309.5 A

293.8 A

Phase A

10.08 m

15.32 m

Phase B

10.45 m

15.45 m

Phase C

11.00 m

17.01 m

M

8.40

D

32.00 m

The cross-section considered in the measurement was 155 m, being 77 m for the LTFUES
side and 78 m for the LTFUMM side. The symmetry axis is the center of the distance (D) between
the transmission lines. The average current was considered for the computational simulations.
The height of the instrument for the measurement was 1 m from the ground. The cross-section
ground is irregular and therefore there are a difference in the phase cable heights.
Finally, a Figure 6 presents the magnetic field density values measured in 155 m crosssection between the transmission lines LTFUES and LTFUMM, considering the symmetry axis
the center of the distance between the transmission lines. In topic 5, will be compared the
measurement data of LTFUES and LTFUMM lines with the simulations of the magnetics models
already presented in this paper.
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Figure 6: Measurement magnetic field curve.

5. Results and Remarks
5.1 Comparison of calculation methods with field measurements
Thus, with the proven validation of the computational tool, it is possible to compare the
magnetic flux density measured values in the transmission lines under study with the
computational values, analyzing each method described in topic 2.
Figure 7 shows the measured and simulated magnetic flux density curves in the Matlab®
algorithm for each model of topic 2, considering the data in Table 4. In the simulations, the crosssection was 155 m, the field analysis height was 1 m, and the ground resistivity used was 2400
Ω.m.
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Figure 7: Measurement magnetic field curve and calculation methods curves.

Looking at Figure 7, some observations can be made:


No magnetic field value exceeded the values established by ICNIRP mentioned
in the section 1.



The behavior of the measurement curve (black), the simplified method curve
(blue) and, method of the complex ground return plane curve (red) are similar
and the method of the complex ground return plane curve overlays the simplified
method curve. The behavior of the magnetic field for the method of image is
different and changes the maximum field points.



There is interference between the generated magnetic fields. At the ends, the
fields rapidly decrease to relatively low values, but between the transmission
lines, this fact does not happen, due to the interference between them with the
overlapping of the fields.



The behavior of the measurement curve, simplified method curve and, method of
the complex ground return plane curve was similar, but the absolute values had a
small difference. There are several factors that can influence measurement
values. The transmission line current depends on network energy demand. Thus,
at the time of measurement, the current value may differ from the average current
values used in the simulations. The air humidity and temperature can also
influence the final value of the magnetic field.

Table 5 presents the errors between the measured and simulated values of each method.
Case 1 is the error between measurement and simplified method. Case 2 is the error between the
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measurement and the method of images. Case 3 is the error between the measurement and method
of the complex ground return plane.

Table 5: Error between measured values and calculation methods.
Position (m) Case 1

Case 2

Case 3

0

48.50% 146.76% 48.50%

-76

-12.38% -44.46% -12.38%

77

-22.12% -12.36% -22.12%

-25

-3.38% -24.15% -3.38%

22

13.04% -15.05% 13.04%

We can observe that the values vary greatly in case 2 since the method of images curve
behavior are different. However, case 1 and 3 showed low variation proving the validity of the
algorithm to calculate the magnetic field in a transmission line.
Analyzing Table 5, we observe that the cases 1 and 3 values were the same. However, the
method of the complex ground return plane considers the ground effect in its calculations and the
simplified method does not. Thus, subsection below, we will evaluate the ground influence in the
magnetic field calculation.

5.2 Sensitivity field analysis in relation to ground resistivity

The method of the complex ground return plane uses in its calculations the ground effect,
considering the resistivity ≠ 0, being the correct mode of insertion of ground in the calculations,
since the ground has its own characteristics.
To understand how the magnetic field behaves in relation to ground resistivity, we vary
the ground resistivity in the method of the complex ground return plane simulations for
transmission lines under study. Therefore, Figure 8 shows the magnetic field curves of the
LTFUES and LTFUMM lines as a function of several resistivity values.
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Figure 8: Magnetic field curves varying resistivity.
The measurement curve and the curves for resistivity values above 0.5 Ω.m show the
same behavior. For resistivity values greater than 1 Ω.m, the magnetic field curves overlap and
have equal maximum values. However, considering the ideal ground (resistivity = 0) the behavior
of the curve modifies and the maximum field points are in different positions. Therefore, the
method of the complex ground return plane tends to reduce the number of magnetic field
maximum points when compared to the method of images. This fact happens due to the
positioning of the image currents, which in the method of the complex ground return plane are
positioned at higher distances in relation to the image currents of the ground with infinite
conductivity.
According to studies carried out by Modema & Sueta (2011), there are no typical values
of resistivity below 1 Ω.m. Therefore, regardless of the installation site of the transmission line,
the ground will not influence the magnetic field calculations for low frequencies and can be
calculated by the simplified method. Table 5 confirms this statement since the values of case 1
and case 3 were the same.

6. Conclusions
This paper aims to build a computational tool developed in Matlab® to calculate and
analyze the magnetic field generated by two real transmission lines. In the magnetic field
modeling, the ground effect was included, since its resistivity is different from zero. This fact
increases the reliability of the results.
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To validate the computational calculations, we compared its results with results
disseminated in the area literature. There was a great similarity in the results, confirming the
computational tool validation.
Thus, measurements of transmission lines under study were compared with the modeling
calculations presented in topic 2. We conclude that behavior with a magnetic field is sensitive to
modeling. The behavior of the curve changes when the ground is considered the perfect electric
conductor. However, for the calculation that does not consider the ground effect and the
calculation that considers the characteristics of the ground, the behavior of the curves was similar.
Thus, we conclude that the ground does not influence the magnetic field final value at low
frequencies.
In summary, the Matlab® algorithm developed in this work proved to be reliable and
versatile, since we can analyze any geometry and characteristics of a transmission line, with the
minimum of final results errors.
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