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Abstract  

Power lines or underground power cables generate electromagnetic interaction with other objects near to 

them. This study evaluates the magnetic field emitted by underground extra high voltage cables. The presented 

work aims to show a numerical simulation of the magnetic field of a buried 400 kV underground power line, 

which is used as a novel prototype in several countries at a short distance. The underground power cable study, 

in the presence of the current harmonics at different positions, with time variation by finite element resolution, 

using Comsol Multiphysics with Matlab software in two dimensions. The simulation results illustrate the 

magnetic flux density variation-in terms of amplitude and distribution as a function of different actual 

harmonics rates.  The underground cable performance and magnetic field have affected by the harmonics 

effects. The maximum magnetic induction levels generated by significant harmonics are superior to the limits 

recommended by the international standard norms. In this paper, shielding has been used as an appropriate 

remedy to attenuate the magnetic field. 
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1. INTRODUCTION  

 

In recent years, the use of very high voltage 

(VHV) and extra high voltage (EHV) cables in 

electric networks have been increasing due to the 

developments and extensions of underground and 

submarine power cable systems in populated areas 

driven by environmental constraints [1]–[3]. 

Although underground cables transmit power 

through urban areas, the hidden nature of cables 

protect area from visually pollute [4]–[6]. 

The electromagnetic interferences (EMI) are 

produced by two different kinds:  inductive and 

capacitive coupling between the three-phase 

underground power lines and the nearby objects or 

pipes lines [4]. The study and the simulation of the 

electromagnetic fields in several underground power 

cables, are essential to show the electromagnetic 

interactions and interferences produced around and 

near them [5], [6]. 

Many researchers have been worked on the 

development of models for computing magnetic 
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fields (MF) emitted by overhead, underground or 

subsea lines of VHV, HV and MV, on the other hand, 

few studies on EHV cables and lines with time 

variation (using analytical and numerical models in 

stationary studies) [3], [7], [8]. Due to the high 

demand for electrical power and the significant 

expansion of overhead transmission lines (OHLs) 

and underground power cables (UPCs), there is 

greater exposure to the magnetic fields (MF) 

generated by them. However, the MFs has led to an 

increased demand for ensuring the safety of people 

exposed to human electrical sensitivity as well as 

human immunodeficiency [9]. This requires to a 

large extent the design and modernization of 

measures to mitigate the interference coming from 

the extremely low frequency (ELF) magnetic fields 

(50/60Hz), which in turn affects the performance of 

electrical and electronic devices and reduces their 

efficiency as well [10].  

As is known, exposure to magnetic flux should 

be limited between 3 and 100 (µT) [10], [11]. As a 

result, maintaining its value within acceptable limits 
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is critical in the design and development of magnetic 

flux mitigation measures. Several MF shielding 

technologies have been proposed and improved in 

the last twenty years, such as the use of conductor 

arrangement, metallic plates, raceways, horizontal, 

U-reverse magnetic, and H-shaped shields, passive 

and active loops techniques, and passive shields 

[12].   

Various research works have been conducted on 

the MF produced by UPCs. However, some of them 

have used analytical approaches, while others are 

based on numerical and experimental techniques 

[13]–[15]. In [15]. The MF generated by a practical 

in-service underground pipe-type cable was 

calculated using a computational model finite 

element method (FEM) combined with the semi-

analytical boundary element method (BEM) is 

proposed in [16] to revaluate MF due to UPCs. ELF-

MF was caused by a three-phase UPC and its 

dosimetry analysis for a human model was treated 

using both analytical and FEM computations in [17]. 

A detailed review of optimization methods used for 

MF mitigation in OHLs and UPCs can be found in 

[9]. Authors in [18], suggested an optimized grid 

composed of a set of nm conductors, parallel to the 

power cables, to mitigate the MF originated by UPC. 

Mitigation of magnetic flux density (MFD) of UPC 

and its conductor term temperature-based FEM is 

discussed in reference [19]. MF shielding of UPC by 

an H-shaped shield is adopted in [20]. A 4-mm 

reverse U-shaped copper material is proposed in [17] 

to mitigate the MF caused by UPC. 

This paper focuses on the electromagnetic 

simulation by FEM carried out on a new 400 kV 

UPCs system. This kind of cable has been used as a 

prototype in several countries at a short distance. 

Several parameters affecting the magnetic induction 

emission can be studies, such as distance, power, and 

sol nature.In this work, we choose the presence of 

harmonics and time depending on the parameters' 

influence. The simulation model used in this study 

consists of three single-phases EHV electric 

underground power cable systems. The magneto 

dynamic model of Comsol Multiphysics is used with 

MATLAB Simulink environment. The underground 

line has been simulated in two scenarios; (i) steady 

states, and (ii) withering the presence of current 

harmonics in three cables of the transmission line.  

This work aims also to calculate the magnetic 

distribution and detailed evaluation of MF emitted at 

the ground surface by high voltage buried cables in 

urban areas (one meter above ground) and show the 

effect of the harmonic on magnetic field intensities. 

Finally, the simulation results will be compared with 

tolerable emission levels according to IEEE, 

ICNIRP and other European standards limits [10]. In 

addition, the shielding efficiency for the MF 

attenuation (aluminium plate), is simulated to reduce 

the ground-level magnitude. It is important to 

specify if this study targets electromagnetic 

compatibility (EMC) issues or health/ecology issues, 

as different field levels may apply. 

2. GEOMETRY AND CHARACTERISTIC  

OF EHV CA BLE 

 

A cross-section area of the cable used in this study 

is shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. 400 kV HV power cable cross-section 

 The characteristics of the individual cable layers 

are given in Table 1 [21]. 

 
Table 1. Description of 400 kV power cable layout 

materials 

Layer No. Description 

1 Polyethylene sheath 

2 Aluminium tape 

3 Copper wire screen 

4 Watertight design 

5 Insulation screening 

6 XLPE insulation 

7 Conductor screening 

8 Aluminium/copper conductor 

 
The cross-section dimensions of the 400 kV power 

cable are given in Table 2. 
 

Table 2. Dimensions of 400 kV underground power 

cable  

Cable dimension Symbol Values 

Cross-section of the conductor(mm2) S 3000 

Diameter of the conductor (mm) Dc 68.4 

The outer diameter of the cable(mm) De 148 

Diameter over screen (mm) Ds 134.8 

Diameter over insulation (mm) Di 127.6 

 

Three-phase lines composed of three such single-

phase cables buried in depth (H) and laid in a flat 

configuration in two areas: air and soil, as shown in 

Fig. 2. This configuration is chosen because it gives 

the worst-case scenario for the MF emission in 

ground level [7], [22].  

The 400 kV extra high voltage power cable 

characteristics are shown in Table 3 [21]. An 

underground cable mainly comprises a conductor, 

insulation around the conductor, screen, and 

concentric wires. The AC underground XLPE cables 

(400 kV, 3000 mm²) copper conductor the 
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overcurrent increase above 1.8 kA; maximum power  

1250 MW [22]. 

Fig. 2. Three-phase underground transmission 

cable at a depth of H below ground level 

 

Table 3. 400 kV HV underground power cable 

characteristics 

Cable parameter Value Unit 

Voltage  400 kV 

Current  1.8 kA 

Depth H  1600 mm 

Cable separation D 350 mm 

Short circuit current  20 kA 

 

3. MAGNETIC FIELD MODEL OF EHV 

CABLE  

 

Electromagnetic phenomena governed by 

Maxwell's equations converted in a magnetic mode 

in the steady-state [23]–[25]. The electromagnetic 

equations are given as follows: 

 

ὶέὸ Ὄ ὐ
Ὀ ‐ Ὁ

ὐ „ ὮὉ ‐

ὄ ὶέὸ ὃ

 (1) 

Where: 

E (V/m) and H (A/m) are the electric and magnetic 

fields respectively generated by UPC, B (T) is the 

magnetic flux density; A (Vs/m) denotes the magnetic 

vector potential; J (A/m2) presents the vector of the 

current density; D denotes the electric induction; ɛ 

stands of the permittivity, and ů (S/m) is the 

conductivity. 

Applying the two laws of Gauss and Maxwell 

Ampere, it results the following equation: 

                          ὶέὸ Ὄ ὶέὸ ‘ ὄ          (2) 

Where: 

μ stands of the permeability. 

Substituting the expression of magnetic flux 

density ὄ in the Maxwell-Faraday equation of 

electromagnetic induction (ὶέὸὉὮὄ), we 

obtain: 

           ὶέὸ Ὁ Ὦὶέὸ ὃ  ὶέὸὮὃ       (3) 

The combination of (1), (2), and (3) gives: 

         ὶέὸ ‘ ὶέὸ ὃ „ ὮὮὃ      (4) ‐ 

After substitution, the formula of the final partial 

differential equation for the inductive effect for the 

following variable magnetic vector potential A in 

magneto-dynamic is shown as follow: 

        ὃ ‐ Ὦὃ „ ὶέὸ ‘ ὶέὸ ὃ ὐ    (5) 

The interface of MFs in the software uses (5) to 

determine the magnetic vector potential ὃ value. 

Consequently, the values of all fields are derived 

from it (the magnetic field Ὄ and the magnetic flux 

density ὄ).  

Equation (5), can be written with the following 

equation : 

         „
ᴆ
ὶέὸÒÏÔὃᴆὐᴆ                (6) 

The electric current input of the three phases is as 

follows [23]–[25]:  

                       

ừ
Ừ

ứ
Ὅ Ὅ ὧέίὸ          

Ὅ Ὅ ὧέίὸ

Ὅ Ὅ ὧέίὸ

                  (7) 

In order to solve the proposed mathematical 

problem, we use the COMSOL 4.3b Multiphysics 

software based on numerical finite element method 

(FEM), to find approximate solutions of partial 

differential equations of magnetic domain.  

The properties of 400 kV XLPE cable materials 

are shown in Table 4 [23].  

 
Table 4. Materials properties of underground extra 

high voltage cable 

Cable parameter  (σ) Sm-1  (μ)   (ɛ) 

Air  10-14 1 1 

Sandy soil  1 2.5 28 

Polyethylene  10-18 1 2.25 

Polypropylene  10-18 1 2.36 

Semi-conductive compound 2 1 2.25 

Cross-linked Polyethylene 

(XLPE) 

10-18 1 2.5 

High strength alloy steel  4.032 106 1 1 

Copper 5.096 107 1 1 

 

3.1. Finite Element Method (FEM) 
The FEM analysis of any electromagnetic problem can 

be approximate in four steps 

Step 1: Discretization and decomposition of the model 

space into elements, 

Step 2: Derivation of governing equations, 

Step 3: assembly the elements in the solution space, 

Step 4: resolution and solve of all obtained equations.  

 

The distribution of the magnetic induction B is 

obtained from the magnetic vector potential A. 

ὄ ὶέὸ ὃ                               (8) 

In FEM, the space of the proposed each 

subdomain is discretized into (m) small triangular 

elements, formed by grid with (n) nodes. Thus, the 
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vector potential A at any point of different element is 

approximate by the shape functions ὔ [26]. 

ὃὼȟώ В ὃȢὔ ὼȟώ                (9) 
Where: 

Ὧ  ὭȟὮȟρ 
The terms ὔ  is expressed as :  

ὔ
Ў

                       (10) 

Where: 

Ў represent the area of the triangular element, ὃ  is the 

potential at the Ὧ  node. 

The solution of the magnetic problem is obtain by 

implementation of magneto-dynamic model given by 

equation (6) in each subdomain. Substituting the curl of 

the weighting function, we take the time harmonic form of 

the diffusion equation we obtain [27]: 

Ḁ ’   ὨὼὨώḀ ὮὃὔὨὼὨώ„

Ḁ ὐȢὔὨὼὨώ     (11) 

Where: 

ὺ , represent the reluctivity. 

Depending on the solution of calculated magnetic 

vector potential ὃ in all nodal points, the determination of 

the magnetic induction ὄ is according to equations (8) and 

(9). Finally, the magnetic induction equations in two-

dimensional magnetics problems (2D: x, y-axis), can be 

written by:  

ὄ В  

Ў
ὃ 

ȟȟ

ὄ В  

Ў
ὃ 

ȟȟ

                       (12) 

Finally, from equation (12), we can calculate the total 

magnetic induction amplitude as below: 

ȿὄὶȿ ȿὄ ȿ ὄ                           (13) 

The COMSOL Multiphysics software uses the FEM to 

help model and simulate electromagnetic fields in several 

applications, (i.e. engine, cable, coil, power lines), and 

solve linear and nonlinear equations and complex models. 

Many steps characterize the software simulation [23]: 

- Geometry generation model; 

- The material declaration of each subdomain; 

- Physics model and equations (interface conditions, 

the electrical and physical properties); 

- Generating mesh; 

- Study (stationery, frequency, temporal); 

- Solve and computation; 

- Plot and results visualization. 

 

4. RESULTS AND DISCUSSION 

 

The magnetic simulation will be studied 

numerically using the FEM with the COMSOL 

Multiphysics software [24]–[25], [28]. In this part, the 

underground cables is simulated in several states 

(steady, transient in the first single-phase, and with the 

presence of harmonics in a conductor). The simulation 

results of the conductor cross-section of copper show 

a significant concentration of current and Magnetic 

flux density in the conductor of the first single-phase 

see Fig. 3. As shown in Fig. 4(a), the suggested model 

of the 400 kV UPC, is divided into two areas: the 

upper is the air, and the lower is the earth. This 

illustration shows the arrangement and meshes of 

three separate cables information (Fig. 4(b)). 

Fig. 3. Electromagnetic underground power cable 

characteristics, (a) Electric current density; (b) 

Magnetic flux density around the conductor 

 

Fig. 4. Simulation model of UPC system, (a) 

Configuration of the simulation model, (b) Meshing  

of the three-phase cable system 

(a) 

(b) 

(a) 

(b) 
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Fig. 5(a) and Fig. 5(b) show respectively, the 

magnetic vector potential and the magnetic field lines 

near the underground power cable system of EHV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Magnetic distribution of EHV cable 

systems, (a) Magnetic vector potential 

distribution; (b) Magnetic field around the 

underground cable 

 

Distribution is critical in EHV cables due to the 

incredible intensity of the current in the three cables 

of each line. Overall, above the ground-level 

magnetic field from cables fall much more rapidly 

with distance, but higher in small spaces from the 

cable. There are always electromagnetic 

interferences (EMI) between the electric cables and 

devices as both the inductive and capacitive 

phenomena.  
 

4.1. Instantaneous simulation of the UPCs 

Three underground cables supplied by three sine 

currents waves in steady-state. The simulation result 

shows the horizontal and vertical distribution (along 

the two axes x and y) of the magnetic flux density at 

several levels concerning the ground (ground level 

and near the cables) above the UPCs. 

Fig. 6 shows the calculation of the magnetic 

induction in Y= 0 (ground level) as a function of time 

and distance. Moving away from the three electric 

cables, the magnetic flux density decrease and will be 

less important in both directions. 

Fig. 6. Variation of magnetic flux density in 

Y= 0 as a function of time and distance of 

three cables underground 

Fig. 7 shows the calculation of the magnetic flux 

density near the three cables as a function of distance 

and time depending. The magnetic flux density is 

significant besides the electric cables, in the two 

directions. There are several curves because the 

system is sinusoidal and will depend on time 

variation (time variation represented by a different 

color). 

Fig. 7. Magnetic flux density (ὄȟὄ ) as a 

function of time near the three cables 

 

4.2. Presence of the harmonics current   

The presence of harmonics current in the 

conductor results in a sizeable deformation of the 

total current, which will affect the electromagnetic 

field. The MFD with harmonics increases and 

decreases as a function of THD rate and harmonics 

rang [29]. The EHV-UPCs connected in power grid 

affected by power quality and harmonic flow [29], 

[30]. 

(a) 

(b) 
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Table 5. Exposure limits for the both general public and occupational (workers) for electromagnetic fields at 50/60 Hz. 

Norm Council EU 1999 ICNIRP 2010 IEEE 2019 

Scope E 

(KV/m) 

H 

(KA/m) 

B 

 (μT) 

E 

(KV/m) 

H 

(KA/m) 

B 

 (μT) 

E 

(KV/m) 

H 

(KA/m) 

B 

 (μT) 

General public 5 - 100 4.2 0.16 200 5 0.719 904 

Occupational 20 - 6000 8.3 0.8 1000 20 2.16 2710 

 

Many recommendations were adopted to protect 

the citizens against electromagnetic fields [31], [32]. 

The lower exposure limits provided for low power 

frequencies fields according to Council EU (1999) 

[11], ICNIRP (2010) [33], and IEEE (2019) [34], are 

reported in Table 5. 

Many studies and experience grid shows that the 

most significant harmonics rang are Ih3 (canceled by 

using star coupling), 5th, 7th, 11th, and 13th 

harmonics, and the least significant harmonics are 

the pair harmonics and multiple. The dominant 

harmonics are critical in 400 kV underground lines 

generated in practice by converter stations [29-30], 

[35]. To illustrate the influence of harmonics in 

underground electric cables, four cases with 

different percentages of harmonics without the 

fundamental current has been studies. The supposed 

values of four THD are respectively 2.8 %, 3.6 %, 4 

%, and 4.7 % with harmonics rang Ih5, Ih7, Ih11, 

and Ih13. We choose several levels and order of 

harmonics respecting the experimental 

measurements [35], as represented in Fig. 8.  

Fig. 8. Harmonics presence in a single phase 

 

The presence harmonics current results in 

deformation of the total current and generate very 

important heating, as shown in Fig. 9(a), which will 

affect the magnetic field. Fig. 9(b) reveals that, the 

additional magnetic flux density of harmonics 

increases as a THD rate function at ground level.  

The THD formula is presented as follows: 

ὝὌὈ
В

 ρππϷ                (14)                  

Where: 

n is the rang of harmonic I1 (fundamental). 

The computation values of magnetic fields 

around 400 kV UPC without the presence of 

harmonics frequencies, are indicate in Table 6.  

 

Table 6. MFs values around 400 kV UPC without the 

presence of harmonics 

Ground (μT) 1 m above the ground (μT) 

18700               217 

 

The obtained max values of magnetic fields 

computation for all cases considering harmonics 

effects, are depicted in Table 7. 

 
Table 7. MFs values considering harmonics effects 

Harmonics case 
at Ground 

(μT) 

at 1 m above the 

ground (μT) 

I 2010 294 

II 2040 303 

III 2070 324 

IV 2100 351 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Harmonics current in 400 kV UPC,  

(a) Current waveforms deformation caused by 

harmonics, (b) Maximum variation of 

magnetic flux density as a function of  

harmonics at ground level 

 

From Table 7, we can see that the obtained values 

of magnetic fields are higher than the limits of the 

tolerable standards at ground level.  Compared with 

exposure levels (limits) cited in Table 5, these 

(a) 

(b) 
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magnetic fields measures are above the limits at one 

meter (1m) above ground (294 to 351 µT). However, 

the harmonics circulation in underground cables 

leads to higher fields, mostly at ground level.  

The magnetic flux density (ὄὢȟὄὣ) with 

harmonics currents at three-phases underground 

cable, is illustrated in Fig. 10(a), while, the magnetic 

flux density with harmonics at ground level is 

demonstrated in Fig. 10(b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. The magnetic field of UPC with 

harmonics current, (a) magnetic flux density 

with harmonics at three cables, and (b) 

magnetic flux density with harmonics at 

ground level 

 

After the comparison between Fig. 6 and Fig. 

10(b), and the comparison between Fig. 7 and Fig. 

10(a), we can conclude the impact and the effect of 

harmonics frequencies, in terms of the magnetic 

fields distribution, intensities, and waveform; caused 

by the mutual inductive effect, and additional field at 

different frequencies, between three cables of UPC 

generated by harmonics. 

Fig. 11 Evaluation of the magnetic field 

according to the lateral distance at 1 m from the 

ground, Fig. 11 shows the side profiles of the 

calculated magnetic flux density at 1m from ground 

level; it appears very clearly that the magnetic flux 

density magnitude (with a maximum value of 350 

μT) is greater than international standard norms. 

Fig. 11. MFs evaluation according to the lateral 

distance at 1 m from the ground 

 

There are several solutions to reduce the effect of 

the harmonic current in UPCs, such as, reduction at 

the source of aggression, the addition of filters with 

power lines or in substations, distance from the depth 

of cables, or the addition of shielding insensitive 

areas ... etc. 

The most common methods to attenuate the 

harmonics in the underground cable are: 

¶ Passive Harmonic Filters (usually of low order 

(5th, 7th, 11th...). 

¶ Active Harmonic Filters (to cancel (or reduce) 

current harmonic pollution of an installation).  

¶ Hybrid Filters (combination of passive and 

active), could be a good choice in certain cases. 

 

4.3. Mitigation of magnetic field by shielding 

The electric transmission lines and distribution 

networks generate an important low-frequency 

magnetic field, which greatly necessitates the 

development of magnetic field mitigation 

procedures by minimizing the intensities in the 

sensitive zone with the shield technique [36]–[37].  

The technique is based on placing an additional 

mitigation system (conductive passive shield with an 

aluminium thickness of 4 mm), close to the source of 

the protected region [9], [19].   

The passive compensation technique is very 

simple, and has a low impact ampacity and a low cost 

[37]–[39]. 

Fig. 12 reveals the conductive passive shield 

position near the three underground cables, and the 

magnetic lines are encircled between the aluminium 

and cables. The currents are induced in the 

aluminium plate due to faraday’s law, which in turn; 

(a) 

(b) 
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generates a new MF that partially cancels the one 

from the source.  

Fig. 12. Magnetic field mitigation by shielding, (a) 

shielding near three UPC, (b) magnetic field intensities at 

ground level with shield, (c) magnetic field at 1m above 

the ground with shield 

 

5. CONCLUSION  

 

In this paper, the assessment of magnetic 

induction emission generated by an underground 

EHV cable of 400 kV, has been studied as a function 

of several percentages of THD of variable values in 

three power cable systems. A numerical simulation 

with time depends on the finite element method 

using the Comsol Multiphysics with Matlab 

software. The simulation results of the underground 

cable with two cases studies, steady states, and the 

presence of the harmonic with different THD, shows 

the magnetic field effect and concentration between 

three phases, intensities. However, the important 

harmonics circulation in underground power cables 

deforms the total line current and generates the 

additional magnetic field by increasing the 

amplitude and leading to higher fields mostly at 

ground level and one meter above the ground. The 

max magnetic field comparisons with international 

norms show excess to tolerable standards at one 

meter above the ground, thanks to important 

harmonics in the underground transmission line. 

 Finally, the effectiveness of shielding is proved 

in the magnetic field intensities and distribution 

attenuation through a thorough computational 

analysis.  

In future work, we will be focused on the 

measure and simulation of the electromagnetic field 

of underground transmission lines in the presence of 

several faults transient or short circuits with several 

frequencies and magnetic field reduction by using 

other shielding techniques. 
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