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Abstract— The implementation of the smart grid system 

transformed the old substation into a new automated substation. 

All equipment and component installed in the high voltage 

substation need to be electromagnetically compatible with each 

other. Thus, the magnetic field distributed in the environment 

must be predicted and quantified. Furthermore, with the use of 

more sensitive microelectronic devices in the system, it creates a 

need to reassess the substation environment compatibility for 

current and future circumstances. In this paper, the calculation 

method used to determine magnetic field distribution within a 

substation environment has been reviewed. A new routine which 

allows the user to focus at a specific area of the substation and 

calculate the field has been developed in-house using MATLAB. 

The new routine calculates the magnetic field using a finite 

difference approach and allows a much better field resolution to 

be achieved in a specific area of interest within the substation. 

 

Keywords: Automated substation, Biot Savart Law, EMC, 

Finite Different Method, magnetic field, MATLAB, smart grid. 

I. INTRODUCTION 

In a smart grid system, there is a new level of expectation 

for distribution automation. Substation automation is 

expected to expand dramatically with increased control of 

relays, capacitor banks, and voltage regulators along the 

feeder. The smart grid substations are expected to 

incorporate distributed energy resources, advanced metering 

infrastructure, as well as demand response functions. 

Achieving these goals requires three essential components: 

1. Intelligent Electronic Devices (IED) for sensing, 

measuring and control of the equipment and network 

parameters; 2. A communication network to connect 

different components; 3. Software applications at various 

levels of the network, including the substation system that 

can manage the other pieces of the automation system [1]-

[3]. All the equipment or systems above need to function 

satisfactorily in its electromagnetic environment without 

introducing intolerable electromagnetic disturbances to 

anything in that environment [4], [5]. In a high voltage 

substation, while the components and equipment are 

operating, electric and magnetic fields are produced that 

might or might not cause interruption to the system; thus, it 

is crucial to make sure that the system is compatible and 

immune to electromagnetic interferences [6]-[8]. 

Electromagnetic compatibility (EMC) studies in the 

substation area are more concern today than ever before. 

Although the EMC issues have been discussed widely in 
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power systems, there has been limited work done on the 

EMC within the current implementation of the automated 

substation, especially in the context of a smart grid [9]-[11]. 

Thus, it is significant that the electromagnetic field 

distribution within a substation environment is well 

identified with the intention of the possible to reduced EMC 

hazards. To have a clear view of the magnetic distribution, 

the previous researcher has done mapping of the field 

distributed via site measurements [12]-[14] or simulations 

[15], [16]. Deciding on which approach to use are depends 

on many factors; however, approaches, measurement and 

simulation have been used in previous research [17]-[19]. 

Since it is difficult and nearly impossible to measure the 

magnetic field distribution during disturbances occurrence, 

computational methods are used to predict and illustrate the 

real event. As discussed in the previously published work, 

Biot-Savart law can be employed directly to solve the 

electromagnetic problem that has a large size environment. 

To simplify the computational complexity and improve the 

efficiency a coarse mesh was applied [20]. However, to 

understand the field intensity and its distribution where the 

sensitive equipment may be installed within the substation a 

better resolution of the field solution is necessary. In this 

paper, an extension of the previous work is provided. A 

methodology that allows details analysis on specific 

volumes in the substation environment based on the Finite 

Difference Method (FDM) is presented. The numerical 

algorithm has been developed in MATLAB and can perform 

a detailed analysis of the magnetic field distribution within 

the specific region in the substation environment. This is 

would be giving the user or utility company information on 

the electromagnetic environment at a specific location 

within the substation and informed decision where to install 

the new equipment can be taken. 

II EMC LIMITATION GUIDELINES AND 

STANDARD 

Limits guidelines and standards used to ensure that the 

substation environment is safe for human health and the 

equipment able to operate compatibly in the substation 

environment system. From a health and safety point of view, 

these generated fields should be within the range of health 

regulations and EMC standards. The International 

Commission sets the majority of the national guidelines on 

Non-Ionizing Radiation Protection (ICNIRP) which is 

recognised by the World Health Organization (WHO) which  
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is a non-governmental organisation that assesses scientific 

outcomes from all over the world. The limits recommended 

by the ICNIPR and WHO for human exposure limits of the 

magnetic field are published to be 80 A/m for public 

exposure and 400 A/m for occupational exposure [21].   

For this research study will be focusing on the standard 

that applied directly to the equipment limitation to magnetic 

field disturbances at medium voltage and high voltage 

substation environment. In the substation environment 

magnetic field is dependent on the configuration of the high 

voltage line, load, and fault condition. It is significant to 

know the field profile in the electromagnetic environment 

exposure towards equipment. Thus, the values of the 

magnetic field in the substation area from the standard will 

be used to compare the EMC as in Table I 

Table- I: Values of the magnetic field in high voltage 

substation areas [22] 

Substation 220kV 400kV 

Under the bus-bars 

near the connection to a 

line carrying about 0.5 

kA 

14 A/m 9 A/m 

In the relay room 

(kiosk) 

Near event recorders at about 

0.5 m distance: 3.3 A/m 

Near measurement voltage 

transformer: 

d = 0.1 m: 7.0 A/m 

d = 0.3 m: 1.1 A/m 

In the equipment 

room 
Maximum 0.7 A/m 

III MAGNETIC FIELD CALCULATION USING 

FINITE DIFFERENCE METHOD 

To get a detailed analysis of a specific area in the 

substation, first, the coarse magnetic field distribution is 

computed using the methodology described in our previous 

work [20]. The volume of interest is then separated from the 

initial coarse solution, and a more detailed FDM is applied 

in this volume using the information already computed as 

the boundary condition. The details of this procedure are 

presented in the following sections.  

 A Mathematical Description of FDM Equation for 

Magnetic Field Calculation 

FDM is a numerical computational method used to solve 

linear partial differential equations. As we are interested in 

the magnetic field distribution, we need to consider the 

Ampere’s law stated in (1): 

       
  

  
 

(1) 

 

   is the conduction current density and 
  

  
 is the 

displacement current density respectively. For the case study 

here the displacement current density is considered to be 

negligible as the main field is produced by the current 

flowing at 50 Hz the grid frequency If fault currents produce 

the magnetic field, currents due to switching or currents due 

to lighting strike their higher harmonics may produce 

displacements currents that cannot be ignored, hence the 

solution provided here is not applicable. However, if the 

displacement current is ignored, a quasistatic case can be 

assumed. Finally, using Faraday’s law in (2) and Ohms law 

is written in its microscopical form in (3) one can rewrite in 

(1) as (4) which is an equation having one single variable 

namely magnetic field. 
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The new problem that needs to be solved now is a 

second-order differential in (4) which is known as diffusion 

equation.  
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In (4) can be written in three dimensions as follow. 
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The finite difference approximation for the spatial 

component in (5) in the three axes (x,y,z) is then: 
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Similarly, the finite difference approximation of the time 

component in (5) is shown in (9). 
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If we let           , the simplified equation can 

be written as follow. 
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(11) 

After further simplification, the final equation stated in 

(10) and the coefficient represented in (11) can be written as 

below. 

                        (12) 

           
     (13) 

 

The application in (12) and (13) within the volume of  
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interest area in the substation are illustrated in a uniform 

3D mesh grid as in Fig. 1. 

 
Fig. 1. Uniform mesh in 3-D grid point. 

B Substation Structure and Modelling Assumptions 

The layout of the substation used in this research is 

generously provided by the University of Cluj Romania, 

Faculty of Electrotechnics. The Rosiori substation is a 

400/220kV substation and is a major substation of the 

National Power System (SEN), located in the north of 

Romania. The substation consists of a 400kV double busbar 

steps down to 220kVwith three outgoing feeders [23]. One 

of the main reasons that this specific substation used in this 

research was the availability of magnetic and electric field 

measurements done by researchers in Cluj, Romania [7] 

which will be used to validate the developed calculation 

model. Fig. 2 shows that the computed results for the normal 

operating currents with the predicted highest value of the 

magnetic field are 4.164A/m which located along busbar 1, 

where it is connected to Load 1, drawing a 200A current as 

published in [20].  

By referring to the coarse calculation which refereeing to 

overall magnetic field distribution from the previous 

calculation for the whole substation with larger mesh grid in 

Fig. 2, the user chooses the volume of interest area as 

illustrated in Fig. 3. Once the volume of interest has been 

determined the size of the mesh has to be chosen. The 

details need to be plug-in the numerical calculation routine 

developed in MATLAB. 

 
Fig. 2. The computed magnetic field (A/m) 

distribution at the Rosiori substation (in grid square cell) 

at the height of 1.7m above the ground. 

The simulation model developed computes magnetic field 

within a volume of interest within the substation 

environment using the finite difference method in three 

dimensions (3D). The developed routine divides the 

subdomain of interest in cubic cells with space step of h as 

shown in Fig. 4. With this algorithm, the density of the 

calculation points can be easily modified to focus on regions 

of higher interest. The initial value of the calculated fields at 

the boundaries is assumed to be fixed due to the changes in 

the subdomain. 

 
Fig. 3. Illustration of whole substation area and focus 

area. 

IV FDM CALCULATED RESULT AND 

COMPARISON WITH BSL CALCULATION 

METHOD 

The calculated magnetic field for focus area was 

calculated using finite difference method (FDM) as shown 

in Fig. 4 with the highest magnetic field were estimated to 

be nearly 5A/m which is below ICNIPR exposure guideline 

[24]. The FDM result was compared with the field 

calculated using Biot-Savart Law (BSL) [20] as plotted in 

Fig. 5. 

 
Fig. 4. Calculated magnetic field (A/m) at the focus 

area in the substation using Finite Difference Equation 

Method. 
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Fig. 5. Calculated magnetic field (A/m) at focus area in 

the substation using Biot Savart Law. 

The algorithm calculates the magnetic field start from 

initial value towards the inside for the whole area with the 

resolution of 0.02m for every axis (x,y,z). From both 

figures, it shows that the calculated value of H for both 

methods is almost the same, and it is difficult to do the 

comparative analyses. Thus, to get a better view, the 

percentage difference of the magnetic field between both 

calculation methods was calculated. 

The percentage differences for every point between FDM 

and BSL are calculated and plotted in Fig. 6. From the 

figure, it is clear that the initial magnetic field value which 

starts from outer points of the focus area is the same for both 

calculation methods with 0% difference.  

 
Fig. 6. The percentage indifferent between FDM and 

BSL. 

The differences between both approaches are getting 

more prominent as it calculates far apart from the initial 

value. It is shown that the centre of the focus area has the 

highest with 1.01% percentage difference. To get a better 

view of the percentage difference between both numerical 

calculation methods, a cross-section of the focus area (Fig. 

6) at 2.8m ware plotted in Fig. 7 and Fig. 8. From both 

figures, it shows that the maximum value of percentage 

difference error is 1.012%. The percentage difference for 

both calculation methods gradually increases as it calculates 

the magnetic field towards the centre of the area. With the 

low percentage of difference, it is confident that both 

numerical methods can predict the magnetic field. 

 
Fig. 7. Percentage difference at a cross-section of the 

focus area. 

From the calculation result, there a few element 

comparisons that can be made between BSL and FDM. 

First, the BSL calculation takes more time to compute as the 

magnetic field was calculated directly from the source of 

current to the point of interest. The distance of the 

observation point to the conductor is changing. It is 

changing proportionally the calculated magnetic field 

induced by the current input. The calculation time could be 

reduced by setting the point of interest to be in a larger 

mesh. Thus, BSL is suitable to use to get an overall picture 

of the magnetic field distribution in the substation area with 

large mesh grid. In another hand, by using FDM, it can be 

used to predict the magnetic field by using the initial 

calculated value but for smaller grid mesh, which is needed 

to calculate for the whole focus area. 

The combination of both calculation methods is the best 

for EMC studies in large substation area. It definitely will 

reduce the calculation time and the user able to choose the 

desired location with a preferable size of the mesh grid. 

Thus, it will allow the utility company to predict and 

determine the most suitable location to place the new 

equipment for the smart grid system. 

 
Fig. 8. Percentage difference at 2.8m cross-section of 

the focus area 
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V INTRODUCTION OF A METAL BOX IN THE 

SUBSTATION ENVIRONMENT & RESULTS 

There is another crucial justification to be made before 

installing new equipment in the substation. The equipment 

needs to be functional and connected to the substation 

within the optimum level and cost-friendly. To illustrate the 

real equipment that installs in the substation environment, a 

metal box model with holes which will demonstrate the cut 

off from the box for any connecting power supply and 

control buttons on the equipment. The magnetic field 

generated from the substation environment is expected to 

travel inside the equipment box. The parameter of the box 

that will be structured in the model is the dimension, 

location, and material of the desired by used. The box could 

be located at desired substation’s environment. Ideally, the 

box should be located at the lowest magnetic field 

interference. 

Using the calculation model, the size and location of this 

box can be adjusted to any measurement and could be set to 

anywhere in the substation environment to suite the user 

needs. For this particular case, the coordinate of the focus 

area chosen is located at [102,22,2]. As for the box 

dimension in the calculated model are set to be 0.5m for 

length, width, wide, and the thickness of the metal box is set 

to be 0.02m. The dimension of the box could be changed to 

any measurement that required fitting the equipment that 

will install in the substation as illustrated in Fig. 9.  

 
Fig. 9. Illustration of whole substation area and focus 

area 

The same calculation method used, where developed 

FDM applied to every node in the mesh grid to calculate the 

magnetic field within the metal box. Fig. 10 shows that the 

grid or mesh in 2D where the cross-section of the metal box 

is illustrated. Every node (i,j,k) are divided to the region into 

a number of the subdomain. The blue mesh is set as a focus 

area which calculated earlier, the grey mesh will be the 

metal box and the white will be air. All parameter that 

associate to every node applied to the finite difference 

equation. 

 

 
Fig. 10. Finite difference grid or mesh in 2D (cross-

section) with a metal box 

To illustrate the real equipment that will be installed in 

the substation environment, the metal box model as the 

equipment under test should have a cut opening on the 

surface, which generally for power supply connection or 

control button. The manufacturer will try to make it as small 

as possible to avoid any interference propagate into the 

equipment. Since the source of magnetic field interferences 

coming from the transmission line above the box, the cut 

opening on the box is located on the lowest position as 

illustrated in Fig. 11. The other parameter that needs to be 

considered is the material, which is the representative in the 

magnetic field equation as permeability,   of material as 

shown in (13).  

With this calculation and prediction of the magnetic field 

within the operated substation, the result would be useful 

not only for safety assurance but it also will help utility 

company to design a newly automated substation or 

refurbish the old one with an optimum immunity level. The 

magnetic field generated from the substation environment 

flowing into the box through the cut opening and it is 

predicted that the magnetic field has higher field density at 

the opening of the box, and it will disperse within the area.  

 
Fig. 11. Illustration of the box with an opening cut 

C Computational Results and Discussion 

Based on the result of the calculation from the developed 

algorithm in MATLAB, the magnetic field generated from 

the substation environment penetrate the box via the 

opening cut on the model box and the field travelled inside  
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the box freely. The magnetic field was calculated for two 

different input current, which is during the normal operating 

current and lightning strike into the substation. The result 

shows the higher field density is located at the opening of the 

box as plotted in Fig. 12 and 13. Thus, the magnetic field 

generated from the substation environment able to enter in 

the box via any size and location of the cut opening on the 

metal box.  

Based on the calculated magnitude of the magnetic field 

as listed in Table II, the predicted magnetic field during the 

substation’s normal operation is below the safety guidelines 

exposure limit for health and safety, both public and 

occupational set by ICNIRP [24], [25] with 0.4A/m. In 

contrast with lightning event apply in the substation system, 

it shows that it is not fulfilling the recommended limits need 

to be 0.7A/m in the equipment room, where during the 

lightning event the magnetic field was calculated to be 

854.5A/m. Thus, the substation environment is not a safe 

place for anyone. Nevertheless, the equipment in the 

substation is included at risk. The compatibility requirement 

set by IEC61000 [22], [26] within the substation 

environment needs to be fulfilled.  

Table- II: The magnitude of the calculated magnetic 

field 

Substation Condition    (A/m) 

Normal operation 0.4323 

Lightning 854.505 

 

Typically, during the lightning event, the protection 

system in the substation should be operated instantaneously 

to protect the equipment and component from lightning 

pulse flowing in. However, the magnetic field generated by 

this high current might cause electromagnetic compatibility 

issues in the system [27]. There was more power electronic 

equipment installed in the Smart Grid system with the latest 

development of smart grid substation [28], [29]. To ensure 

the system operate within the optimal compatibility level 

towards magnetic disturbances, it needs to satisfy the 

standard requirement by IEC61000 [22], [26] 

 
Fig. 12. Magnetic field (A/m) distributed inside the 

metal box with an opening during normal condition 

 
Fig. 13. Magnetic field (A/m) distributed inside the 

metal box with an opening during lightning 

 VI CONCLUSION 

In this paper, the FDM equation has been introduced to 

calculate the magnetic field in the focus area within the 

substation environment. In result, the FDM compared with 

the previous work using BSL as discussed previous work on 

magnetic field calculation within the substation. With the 

low percentage differences between both methods show that 

the calculation method is suitable to predict the magnetic 

distribution. The combination of both ways helps to achieve 

optimal simulation routine in predicting the magnetic field 

in the substation area with any current input. A model of 

metal box introduces in the simulation to represent the real 

equipment that will be installed in the focus area of the 

substation environment. The magnetic field distribution 

inside the box was calculated using FDM. The computed 

value is compared with the standard immunity or 

electromagnetic compatibility level of the equipment and 

help in the planning of the new equipment installed in the 

substation environment in future. 
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