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ABSTRACT 
 This research introduces the study carried out on one of Baghdad East 
132/33/11(6.6) kV distribution substations to mitigate 50Hz magnetic field of 
indoor distribution substation under normal operation. Shielding was performed at 
the power sources such as busbars rather than at the affected areas. Three-
dimensional finite element method (FEM) is used to calculate the magnetic field 
density in the space nearby the busbars so as to analyze the shielding effectiveness 
of an eddy current shield applied to a 132/33/11(6.6)kV substation. It also deals 
with the influence of shield distance from busbar, thickness and material of shield 
on the eddy current losses and shielding efficiency applied to 3D finite element 
model of a particular busbar configuration.      

Keywords: Magnetic fields, Eddy current, Finite Element Method (FEM), 
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توزیع ثانویة  محطة داخل المتولد في يالمجال المغناطیسطریقة للحمایة من 
132/33/11(6.6)kV في بغداد

  خلاصةال
في  kV(6.6)133/33/11یقدم ھذا البحث دراسة نفذت على احدى محطات التوزیع الثانویة       

توزیع ثانویة تحت الداخل محطة  (50Hz)شرق بغداد للتخفیف من المجال المغناطیسي ذي التردد 
نفذت الحمایة عند مصادر الطاقة مثل القضبان العمومیة بدلا من  .ظروف التشغیل الطبیعي

قة العنصر المحدود ثلاثیة الابعاد في حساب كثافة المجال یاستخدمت طر. المناطق المتأثرة
وقایة التیارات الدوامة  درع المغناطیسي في الفضاء القریب من القضبان العمومیة لكي نحلل فعالیة

 مسافةالحیث یتعامل ھذا البحث مع تأثیر  kV(6.6)133/33/11. لمسلط على المحطة الثانویة ا
سمك ومادة معدن الدرع الواقي على خسائر التیار الدوام , القضیب العمومي والدرع الواقي  بین
  .دومحدالعنصر لل لترتیب معین لقضیب عمومي بأعتماد نموذج ثلاثي الابعاد الحمایة ةكفاءكذلك و
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NTRODUCTION  
oday electromagnetic environment problem caused by all electrical 
structures of the electric substation e.g., switching equipment, busbars, 
feeding lines, VAR compensation, and power cables is paid more 

attention[1,2]. Therefore, it is necessary to analyze the distribution of magnetic 
field near/inside high voltage substation especially at the level of human body 
above the ground in the working area. How to reduce the magnetic field intensity 
produced has been a hot issue in the field of environmental protection. The problem 
is how an efficient technique can be developed for shielding of this undesirable 
influence of electromagnetic field. During the years, to the recent days several 
papers have been published investigating different types of shielding and 
determining their efficiency in magnetic field reduction [3-6].  
     An accurate simulation of shielding problems implies numerical techniques 
capable of modeling the shape of the extremely low frequency sources and of the 
conducting plates at the same time. Several specific methods have been proposed in 
the literature to cope with these requirements. Most of them are based on two-
dimensional (2D) electromagnetic field analysis, which provides useful results for 
some preliminary evaluations at the design stage only [7]. In fact the 2D 
assumption on geometries strongly limits the applicability of these methods to 
practical cases. Thus, a three-dimensional (3D) approach is needed to perform a 
reliable analysis of the shield effectiveness. 
     This work presents a way using the 3D-FEM to calculate the magnetic field in a 
132/33/11(6.6)kV indoor distribution substation in east Baghdad and to investigate 
the effect of a metal plate on the magnetic field generated by the busbars. ANSYS 
Commercial Software is employed in this work to assess the magnetic field 
distribution near/under high voltage busbar in indoor substation and to estimate the 
effect of eddy currents in shielding materials.  
 
SYSTEM MODELING 
     To evaluate and simulate the magnetic field produced by high voltage overhead 
busbars, incoming and outgoing feeders inside 132/33/11(6.6) kV Gas Insulated 
Switchgear (GIS) substation is chosen; located in the East of Baghdad, Iraq. The 
specifications of this substation were prepared by the Iraq Ministry of Electricity 
such as the ratings and numbers of transformers and switchgear circuits [8].  
     The investigated area under study in this work is simulated as finite element 
model as shown in Figure1, which shows the arrangement of busbars, vertical 
connectors, incoming and outgoing feeders inside substation. Table(1) lists 
parameters of finite element model and material properties of section of each phase 
from each busbar. 
 
MATHEMATICAL FORMULATION  
     In general, fields are divided to eddy current field and un-eddy current field in 
the 3D eddy current field analysis. Time varying electric field and magnetic field 
are considered in the eddy current field while magnetic field is only considered in 
the un-eddy current field. 

T
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    Combinations by vector potential(A) and scalar potential(∅) are demanded in the 
eddy current area, while in the un-eddy current area, vector potential or scalar 
potential is required ∅ −   method based on vector magnetic potential A is chosen. 
The method quoting coulomb criterion  . = 0  will source current introduce to 
un-eddy current area. Therefore, uniquenesses of A and ∅ get assurance. Equations 
of eddy current area are given as follows [9, 10]: 
 
               ∇ ×   ∇ ×  − ∇    .    +  (   + ∇∅) = 0               … (1)   

     
                 . (−   − ∇∅) = 0                                                          … (2)  
 

The governing equations for vectors of magnetic field B and electric field E in a 
quasistatic system are: 
 
              = ∇ ×  ,     = −   − ∇∅                                             … (3)     
 
Equations of un-eddy current area are given as follows: 
 
              ∇ ×   ∇ ×  − ∇    .    =                                                      … (4) 

 
Where     the current density 
 
           = ∇ ×                                                                                     … (5) 
 

where µ and σ are the permeability and the conductivity of the material, 
respectively, and ω is the angular frequency. The FEM was used for the numerical 
solution of the vector potential A and scalar potential ∅  . 
 
MODELING OF MAGNETIC SHIELDING 
     Shielding of magnetic field is extremely complex for extremely low frequency 
(ELF) broadband (30…300Hz), of minor deformation in materials [11]. The 
shielding effectiveness (SE) is defined as relationship of the field results without 
shielding and with shielding [12]: 
   = 20          

 
where Bo is magnetic flux density without the shield and Bs with the shield. 
The problem of shielding extremely low frequency 50 Hz is very complex with 

thin finite plates for a three-phase system of busbars. As a result of this, to model 
passive shielding using metal plate numerical methods must be used, since an 
accurate study of finite, open shields by analytical methods is difficult.  
     In this study, 3D-FEM is used to model passive shielding and to simulate the 
field produced by a shielding plate.  Shielding was applied to the bus bar with 
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highly conductive material (aluminum and copper) or with ferromagnetic material 
(iron).  Figure(2) presents the FE model arrangement of the shield and the bus bars. 
The passive metal plate of width xS, thickness yS and length zS is placed at passive 
distance d from the phase busbar. In Figure 2 the length of the busbar section is 
long as compared to the one of the plate l > zS. Different material properties and 
dimensions of shield considered in the modeling of our system are presented in 
Table (2). 
 
RESULTS AND DISCUSSION 
Numerical Analysis of Magnetic Field Without Shielding 
     Suppose the balanced three-phase current (2000A, 50Hz) per phase in the model 
presented in this work. Furthermore, the height of a typical worker (human body) is 
assumed to be 1.75 m. Therefore in this work the computation for magnetic field is 
conducted at 1m as average height from the ground. Figure 3 shows the magnetic 
field (r.m.s) values on the points positioned at 1m above the floor of the indoor 
substation room on the vertical plane XY.  
    Figure (4) shows the distribution of height level of magnetic field density on the 
length along busbars and ingoing/outgoing feeders sections on the horizontal plane 
XZ in zone under study. 
Numerical Analysis of Magnetic Field With Shielding    
     Different shield configurations have been analyzed by the 3D FEM in order to 
identify the best shielding solutions, which are depended on cost-mitigation levels 
of field originated from busbar system.  
     Figure (5) shows the variation of the magnetic field at the level y=1meter above 
the floor for three different shielding materials, conductive (copper and aluminum) 
and ferromagnetic materials.  
     It is clear that the best shielding material was copper, because its conductivity is 
the highest. But considering the economic and technical aspects, aluminum was the 
best choice for shielding material. At the same location, shielding Aluminum 
clearly shows a better field the variation of the mitigation field according to the 
distance from center source (busbars) comparison with shielding Ferromagnetic. 
     Figure (6) shows the variation of the mitigated field levels according to the 
thickness of the Aluminum plate in the cross section of plane XY for the model 
under this case study. It is clear that the mitigated field levels decreases with 
increase the shielding plate thickness (τ). 
         Figure (7) shows the dependence of the mitigated field on the distance (d) 
between plate and the busbars. The field mitigation increases as the shield comes 
closer to the busbars. 
Analysis of Eddy Currents And Losses on Shielding Plate 
     Reflection or diffraction of the magnetic field around the shield produces eddy 
currents on the side of the plate located in front of the system of busbar under 
study. This effect is more evident as the separation between plate and busbar (d) 
increases, as shown in Figure 8.  With current density increased, eddy current loss 
is shown increasing trend, it can be observed in Figure 9 the 3D eddy current power 
loss is higher for smaller value of d.  
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     Figures (10 and 11) show the effect of the thickness of the Aluminum plate on 
the eddy current density and eddy current power loss. The results show the eddy 
current density drops rapidly as the thickness increases, as that the reduction of 
losses is even more rapid with increasing thickness.    
Shielding Effectiveness 
     Table (3) shows the efficiency of the shielding aluminum plate verses the 
distance d from the source (busbar model) is calculated at different positions in the 
cross section of plane XY. 
     The results prove a smaller shielding effectiveness means a better magnetic field 
reduction.  The shielding effectiveness above 1dB mean that there is actually an 
enhancement of the magnetic field. The reason for this can be explained by 
considering the field points not too far from the horizontal centerline; the magnetic 
field on a horizontal plane above the source busbars is nearly parallel to the plane. 
     Table (4) shows the efficiency of the shielding aluminum plate verses the 
thickness τ of shielding plate is calculated at different positions in the cross section 
of plane XY. It is clear from Table (4) that the shielding effectiveness is higher 
when the shielding of aluminum (3mm-thick plate). 
 
CONCLUSIONS    
     The present work is concerned with shielding of 3-D magnetic field inside 
132/33/11kV GIS substation in East of Baghdad City/Iraq. The 3D eddy current 
and power loss due to reflection or diffraction of the magnetic field in a shielding 
conductive plate were investigated by FEM. Modeling variables included different 
shielding metal plates and two parameters of the geometric configuration: the plate 
thickness and the distance from the busbar system. 
     This work showed that it is possible to achieve cost-effective mitigation of 50Hz 
magnetic field down to sub-microtesla levels.  The field of busbars can be shielded 
by a thin aluminum plate, symmetrically located and at a small distance.  
     The technique used in this work can readily be applied to operative substations, 
comparison with others can only be applied during the design stages. This 
technique is simple and not very costly to implement in comparison to the shielding 
of extensive areas. 
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Table (1): Parameters of the Busbar Finite Element Model 
 

Model Parameters Value 
Cross-section 25.4*305mm2 

Length bar section 12.2m(40feet) 
 
 

Minimum 
Clearance 

Centerline-to- centerline 
phase spacing 

0.914m 

To grounded parts 0.33m 
Between bare overhead& 

ground 
3.05m 

Between bare overhead& 
roadways inside substation 

6.71m 
 

Material 
Properties 
of busbar 
(copper) 

Relative permeability  µr 1 

Conductivity   σ 5.99*107S.m-1 

Air medium 
Relative permeability  µr 

1 
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 Table( 2): Parameters of shielding   Finite Element Model  
      
Model Parameters                                        Value 

Thickness (ys)                                              (3-10)mm 
 
Width (xs)                                                            2m 

Material Properties 

 
  Relative permeability  µr  
 
    Aluminum                                                        1 
 
     Copper                                                             1 
 
     Ferromagnetic material (iron)                      500  
   
Conductivity   σ 
 
      Aluminum                                         3.77*107S.m-1 
 
      Copper                                             5.99*107S.m-1 
  
       Iron                                                 1.07*107S.m-1 
 
 

Table (3): Shielding effectiveness according to the distance d busbars to 
shielding plate at different points in XY plane. 

 
X(m) 

Distance 
from center 

busbar 
system 

Y(m) 
Distance 

above floor 
 

SE(dB) 
d=10cm d=15cm d=20cm 

0.1 0.5 7.0984 4.2850 4.4717 
1 0.75 10.4053 4.6120 3.8080 

3.3 1 15.9246 5.6259 7.6626 
2.5 1.25 9.5038 4.6872 5.5147 
1.6 1.5 4.1163 2.9295 1.9253 
-0.1 1.75 16.2943 20.6337 17.4529 
-1.7 2 1.2411 1.4211 2.3876 
-2.5 2.5 1.0176 1.3819 1.0066 
-3.2 2.75 0.7317 3.1796 0.6986 
0.3 3 12.3447 8.6110 9.8655 
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Table (4): Shielding effectiveness according to the thickness τ of the shielding  
plate at different points in XY plane. 

 
X(m) 

Distance 
from center 

busbar 
system 

Y(m) 
Distance 

above floor 
 

SE(dB) 
τ =3mm τ =5mm τ =10mm 

0.5 0.5 10.4505 12.9258 11.7140 
1.5 0.75 19.7117 6.5124 2.1306 
3.3 1 22.0645 13.7177 7.2312 
2.3 1.25 19.8650 10.2446 5.6658 
1 1.5 2.5776 1.2506 0.2514 

-0.2 1.75 0.5188 0.8136 1.1751 
-1.6 2 0.8331 0.5591 2.4438 
-3.3 2.5 2.2422 3.0719 2.1723 

2 2.75 9.8481 11.8680 9.5243 
2.5 3 13.7072 20.6961 9.4340 

 

 
Figure (1): Busbar Area Model for Calculating Magnetic Field. 
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Figure (3): Magnetic Field at 1m above the Floor. 
 

 

 
Figure (4): Magnetic Field Distribution at 1m Height on the  

Horizontal Plane XZ. 
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Figure (5): Magnetic Field at 1m above the Floor for Three  
Different Shielding Materials (Cu, Al &Fe). 
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Figure (6): Variation of the Magnetic Field with Plate Thickness (τ). 

 

 
Figure (7): Variation of the Magnetic Field (at y=1) with Distance  

Aluminum Plate-Busbar (d). 
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a) d=10cm 

 

 
b) d=15cm 

 

   
c) d=20cm 

Figure (8): Distribution of the Eddy Current Density (A/m2) on 
 the Shielding Aluminum Plate for Different Distances (d).  
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a) d=10cm 

 

 
b) d=15cm 

 
                                 c) d=20cm 
 

Figure (9): Distribution of the Power Loss (W/m) on the Shielding  
Aluminum Plate for Different Distances (d). 
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                               a)τ=3mm 

 
                             b)τ=5mm 

 
                         c)τ=10mm 

 
Figure (10): Distribution of the Eddy Current Density (A/m2) on the 

 Shielding Aluminum Plate for Different Thickness (τ). 
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                               a)τ=3mm 

 
                            b)τ=5mm 

 
                              c)τ=10mm 

 
Figure (11): Distribution of the Power Loss (W/m) on the Shielding 

Aluminum Plate for Different Thicknesses (τ). 
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