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Abstract: The probable risk of electromagnetic fields produced 
inside high voltage substation is still considered as a competitive   
topic for utility designers and biomedical field researchers. Hence, 
the electromagnetic field levels and their induction inside human 
body should be pre-evaluated as early as the design stage of the   
substation. This paper deals with the computation of the 
electromagnetic fields induction in human body inside a typical 
high voltage 500/220 kV air-insulated substation (AIS). The typical 
high voltage substation is simulated by developing multi-scripts of 
m-file Matlab software package to calculate individually both of 
electric and magnetic fields. Moreover, analytical human body is 
simulated and allocated within the highly exposure zones of 
electromagnetic fields. The electromagnetic fields induction inside 
the human body during live working conditions at different 
accessible positions is evaluated based on the finite-difference time-
domain (FDTD) method for solving Maxwell’s equations and the 
absorbed power density (w/m2) is calculated using the power 
density vector (poynting vector).  
 
Keywords- High Voltage substations, Electromagnetic fields 

inductions, Live - line work, FDTD method, Power 
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I- INTRODUCTION 

igh-voltage power substations are the major part of any 
utility grid. Power substations with main construction 

elements (ingoing, bus bars and outgoing lines) are considered 
effective sources of power frequency (50/60Hz) electromagnetic 
fields as carrying high voltages and currents [1,2]. Expectedly, 
power frequency electromagnetic fields produced inside outdoor 
substations address environmental impact which may cause 
negative health effects on the workers if there is no attention 
during the design stage. Some national and international 
organizations have formulated guidelines establishing the limits 
for occupational (residential) and general (public) 
electromagnetic exposure [3-7].  Inside high voltage substations 
live-line workers are exposed to the electromagnetic fields with 
considerable strength levels. These electromagnetic fields 
should be estimated in early stage for safety of workers and the 
electric current density induced in the worker’s body should be 
 

evaluated as well [8-10]. Worldwide interest and public 
concerns of this risk have been tackled for developing advanced 
numerical algorithms to evaluate electromagnetic fields 
exposure and induction in different positions for the workers 
during live maintenance conditions to stand precisely on the 
exact values for such fields [11, 12].  The worker exposure level 
and exposure time depend on the different techniques and 
positions of the workers [13]. Two techniques are used, the first 
technique is  hot-stick working ( distance position) in which the 
worker uses tools  mounted on insulating sticks and operates at 
some safe distance from live elements (3.5m for 500 kV and 
2.45 m for 220 kV) [14]. Meanwhile, the second technique is 
bare-hand working (contact position) in which workers operate 
in contact directly with the live - line conductors. For the safety 
purposes the electric and magnetic fields should be estimated in 
the working zone to ensure compliance with appropriate 
regulations concerning the occupational exposure to these fields.  
Workers in bare-hand working operate very close to live 
conductors and they wear special conductive clothing which 
protects them against the exposure of the electric field. 
Unfortunately, this conductive clothing does not protect the live-
line worker against the penetration of the magnetic field which 
consequently induces currents in the worker’s body. To avoid 
adverse health and biological effects in the human organism, the 
density of this current cannot exceed the exposure limit value of 
10 mA/m2 [6]. The power frequency magnetic field threshold 
values were established on the basis of the recommendations 
issued by the International Commission on Non-Ionising 
Radiation Protection [7] as the magnetic field strength around 
the live-line worker should not exceed 400 A/m (502.4 µT). 
This paper presents the electromagnetic fields induction over the 
worker’s body during live working conditions inside high 
voltage substations.  Finite different time domain (FDTD) 
algorithm is developed to calculate the variation of electric and 
magnetic field penetrating the worker’s vital organs such as 
brain. Moreover, the induced current density (A/m2) inside the 
different parts of the human body is computed as well. The 
absorbed energy (W/m2) on the surface area of the different 
parts  of  the  worker’s  body  is  calculated  based on the  power                
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density vector (pointing vector). The obtained results are 
compared with different analytical studies to validate how much 
of compliance or deviations from international standards.  

II- SYSTEM CONFIGURATIONS AND SIMULATION 

PARAMETERS  

 
A. Substation configurations and worker’s positions 
 
The high voltage substation under study is 500/220 kV located 
in West of Cairo – Egypt territory close to the Alexandria- Cairo 
desert road. Typically, it consists of four input lines of 500 kV 
single circuit and 6 output lines of 220 kV double circuits. The 

higher and lower voltage bus bars are double bus bars horizontal 
configurations. There are three power transformers each of     
500 MVA.  The main configurations and the different positions 
of the workers are simply presented in Figure 1.  There are two 
worker’s positions will be considered. The first is at the 1 m 
above the ground level which presents the position of the 
workers in the control room during normal operation and (hot-
stick position) during live- working conditions. Meanwhile, the 
second position is at a height of 11 m for 500 kV bus bar and 
8.5 m for 220 kV bus bar (bare hand position) during live 
maintenance conditions. 
  

 
Fig.1: The main parameters of the simulated substation (500/220 kV) and the different positions of the workers during the live-line working conditions

. 
B. Electromagnetic fields calculations.  
 
The main  power conductors and sub- conductors of the 
different sections  ( Input lines - H. V. bus bars – L.V. Bus bars 
– Output    lines ) of the substations are simulated with 
developing many M-Scripts using  Matlab software package to 
calculate individually the emitted magnetic and electric fields.  
The magnetic field is calculated based on the Biot-Savart law in 
three dimensions. Figure 2 presents an arbitrary current segment 

)(a


 by which the whole power conductors and sub conductors 

are divided and connected in series to closely fit the shape of the 
whole substation in three dimensions.  The magnetic field flux 
density for (n) number of current segments is calculated using 
Equation 1 [15].  
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For (M) number of conductors and sub conductors the three 
components and the total magnetic flux density are given as in 
Equation 2 and 3. 
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The electric field intensity is calculated for the main substation 
power conductors and sub conductors using the charge 
simulation method (CSM).  The developed M-Scripts to 
simulate the discrete fictitious line charges are used for 
modeling of the line conductors. These line charges are 
considered as a proposed solution of Laplace equation which 
governs the assessment of the electric field [16, 17]. 
 

 
Fig.2: The current segment in free space. 

                              [V] = [P] [Q]                                               (4) 
Figure 3 presents a finite line charge with the check points and 
some contour points at conductor levels and others at ground 
level to satisfy the image conditions. The finite line charges are 
with constant charge densities (Qj) of length (d) between ends at 
(X1, Y1, Z1) and (X2, Y2, Z2).  The potential coefficient (Pij) 
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at any point Pi (X, Y, Z) due to this charge and its image charge 
(–Qj) and all other computational equations are given as:  
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Fig.3: Line charge and image in free space with simple distribution of chech and 

contour points.  

The total electric field intensity (Ei) at any point (Pi) due to a 
number of individual charges (n) each with charge of (Qj.) is 
given as:  

[ ] [ ] [ ] z

n

j
jzijy

n

j
jyijx

n

j
jxiji aQFaQFaQFE 

===

++=
111

*)(*)(*)(
      (6)  

Where: 

2
1

2
1

2
11 )()()( ZZYYXXL −+−+−=         

2
2

2
2

2
22 )()()( ZZYYXXL −+−+−=  

      
2

1
2

1
2

111 )()()( ZZYYXXL ++−+−=         
2

2
2

2
2

222 )()()( ZZYYXXL ++−+−=  

      
2

21
2

21
2

21 )()()( ZZYYXXd −+−+−=           )(

1

)(

1
1

2121 dLLdLL ++
−

−+
=Γ

         (7) 

      )(

1

)(

1
2

22112211 dLLdLL ++
−

−+
=Γ

 

c. Worker’s body parameters 
 
The worker’s body is modeled as a combination of certain 
elementary geometrical shapes: spheres, cylinders etc. The 
worker’s body main dimensions are given in millimeters [18] 
and presented as shown in Figure 4. This worker’s body model 
body is allocated at different working positions (hot-stick, bare 
hand and inside control room). The simulated charges 
distribution for the human body are simulated as ring charges 
for the human head, neck, chest and legs while the arms are 
simulated as finite line charges. The potential is calculated at the 
location of contour points chosen and consequently the induced 
electric field components are calculated inside the human body 
parts.  
 
  

 

Fig.4: The main dimensions of the worker’s body with the types of charges. 

 D.  FDTD basic algorithm’s concept 
 
Maxwell’s equations for a driving sources and lossy dielectric 
materials can be presented as in Equation 8.  Expanding these 
two main equations over Yee cell in space with time domain 
[19-21] yields the main relations of electromagnetic fields in 
both space and time domain as shown in Figure 5.  
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Fig.5: Yee cell presentation for expanding Maxwell’s equations at nth node. 

Expanding E and H over the Yee cell in space and time domain 
yields to the following six sub-equations as presented in 
Equation 9 and Equation10. These six equations present the 
main standard form to develop FDTD algorithm used to monitor 
and capture the effects of the distribution of both magnetic and 
electric field and their duality effects.  
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Figure 6 shows the simple presentation of the high-level flow 
chart of the developed FDTD simulation engine that is typical of 
the developed FDTD algorithm except for the initialization part. 
There are many steps in the initialization portion as compared to 
the basic flow, Furthermore the values are pre-computed and 
stored in look up tables. Based on the Maxwell’s equations 
extraction the developed algorithm is concerned with calculating 
the total electric and magnetic field inside the main parts of the 
worker’s body during live working conditions. 

 Fig.6: The main steps of the developed FDTD algorithm.  

 

III- Simulation Results 

 

A) Electromagnetic field distributions over the accessible 
locations 

With the implementation of the developed algorithm, the 
magnetic field distribution is calculated. Figure 7 presents the 
magnetic field distribution over the accessible locations of the 
worker during live work conditions under 500 kV and 220 kV 
bus bars at 1 m height level above ground with 50 MW ( which 
presents the average of actual loading conditions) of all 
outgoing circuits.  

The maximum magnetic field is about 10.7 µT (8.52 A/m) under 
the 500 kV bus bar meanwhile, it reaches about 29.04 µT   
(23.12 A/m) under the 220 kV bus bar.  Based on the charge 
simulation method the electric field distribution is calculated 
over the accessible locations of the workers during live work 
conditions under 500 kV and 220 kV bus bars at 1 m height. 
The maximum electric field is about  13.5 kV/m under 500 kV 
bus bar, meanwhile it reaches about 5.93 kV/m under the 220 
kV bus bar. The electric field is proportional to the potential 
value and the higher electric field value reaches under the higher 
voltage bus bar even if with higher altitude. While the higher 
magnetic field value reaches under lower voltage bus bar 
because of proportionality with higher loading currents and 
lower bus bar altitude.  

Figure 8(a, b)  presents the electric field distribution under both 
bus bars of the 500 kV and 220 kV of substation at height level 
of 1 m above ground. Table 1 presents the maximum magnetic 
and electric field values and their components with its locations 
for different working conditions. During bare-hand position in 
contrast with hot-stick, workers wear special conductive 
clothing which protects them against the influence of the electric 
field and this clothing does not protect the live-line worker 
against the penetration of the magnetic field. The electric field 
values presented in Table 1 are the maximum values at the 
location of the workers positions discarding their clothes effects. 
The maximum magnetic field value imposed to the human body 
during the bare- hand position is about 7914 µT (6.3 kA/m) 
while the maximum electric field is about 145 kV/m (without 
considering the effects of insulating clothes) which are 
consistent with other related study [13]. 
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Fig. 7: Magnetic field values (µT) under the bus bars 500 and 220 kV (positions 2&3). 
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(a) Under 500 kV bus bar (Position 2)                                                                     (b)  Under 220 kV bus bar (Position 3) 

Fig.8: Electric field values (V/m) under bus bar 500 and 220 kV (positions 2&3). 

Table 1: The maximum magnetic and electric field values at different accessible positions of the workers inside high voltage substation of 500/220 kV 

P
O

SIT
IO

N
 

N
o. 

 
POSITIONS 

Magnetic flux density (uT) position 
(m) 

Electric field intensity (V/m) position (m) 

Bx By Bz Bt Ex Ey Ez Et 

L
ong. 

L
at. 

L
ong. 

L
at. 

1  Inside control room                           
( 1 m above ground) 

1.18 3.5 9.75 10.43 138 250 15.7 151.3 4146.8 4149.6 126 164 

2 Under 500 kV bus bar                       
( 1 m above ground- hot-stick)  

2.3 6.64 8.1 10.7 76 15 42.1 2455.5 13463.8 13685.9 23 -9.5 

3 Under 500 kV bus bar                   
(11 m above ground- bare 
hand)  

7914 6.67 7.82 7914 231 14 1427.6 109018 95607.8 145009.6 27 -5.3 

4 Under 220 kV bus bar                       
( 1 m above ground - hot stick) 

6.83 18.2 21.6 29.04 227 296 18.5 201.7 5924 5927.78 275 290.8 

5 Under 220 kV bus bar                  
(8.5 m above ground- bare hand)  

4710 29.7 31.5 4710.2 135 300 628.4 8957.2 420067 43014.6 281 290.6 

 
 
 

B) Absorbed power by worker’s skin surface area 

 

 

The worker’s body during live work conditions is exposed 
simultaneously  to  both  the  magnetic  and  electric field with  
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power frequency (50/60 Hz).  According to power density 
vector (pointing vector), the absorbed power is given by: 

                          HEP ∇= μ      (Watt/m2)                      (11) 

The worker’s different body parts are extracted to calculate the 
surface area (m2) of each part. Each part is exposed to the 
maximum magnetic field values at different accessible 
position and assumed to be exposed to (1/10) of the maximum 
electric field values due to the effects of insulating clothes 
[13]. The electric power absorbed due to simultaneous 
exposure of electric and magnetic field at different working 
conditions over the worker’s skin surface with (µr =0.11) is 
presented in Table2 in Watts/m2 for the different human parts. 
The maximum absorbed power of the worker’s body skin 
surface area is about 11.6 Watt/m2 under 220 kV bus bar for 
live line working conditions meanwhile, it reaches to about 6.7 
Watt/m2 under 500 kV bus bar and about 0.82 mWatt/m2 
inside the control room of the substation. 

. Table 2: The maximum absorbed power (Watt/m2) by surface area of human 
body parts under live work positions 

 

C) Total induced current density inside worker’s body. 

The total induced electric current density inside the different 
worker’s body parts is calculated due to the exposure of both 
electric and magnetic field simultaneously. The electric 
potentials are calculated at the surface of the worker’s body 
and consequently the induced electric is calculated as the type 
of the simulation charges to calculate the field components 
while the magnetic field induces secondary electric field as 
secondary field components. Vector summation of the 
components for the primary and secondary fields is performed 
inside each worker’s body parts and consequently the total 
induced field is obtained. The main different physical 
properties of the worker’s body parts are tabulated in Table 3. 
The total induced current density is calculated as 
( EJ σ= A/m2) during the different live work accessible 
positions. Table 4 presents  the  total  induced  current  density 
 

 (A/m2) inside the different worker’s body at the two 
accessible positions (Hot-sticks and Bare hand) under the 500 
kV and 220 kV bus bars. The maximum induced current 
density reaches about 2.45 mA/m2 inside the worker’s head 
under 500 kV for bare hand position while it reaches about 
2.27 mA/m2 under 220 kV bus bar for bare hand position. 
These values are due to higher induced electric fields and 
higher brain conductivity (0.7 (Ω-1m-1).  
 

Table 3: Tissue conductivity and permittivity values [22] 

 
 
 

  

 
 
 
 
 
 
 
 
 

Table 4: The total induced current density inside the worker’s parts for 
different positions under 500 kV and 220 kV bus bars. 

 

 
 

D) Electromagnetic fields variation over human organs. 

The FDTD computational region is divided into cells as Yee 
cell with the corresponding electric and magnetic fields being 
located on the edges and the faces. It assumed that all field 
values in the entire solution region are the maximum 
computed electric and magnetic fields at the accessible 
locations of the worker’s during live working conditions. 
Worker’s vital organ (brain) is defined by specifying the 
dielectric parameters at each discrete location in the FDTD 
mesh. The computational region must be large enough to 
enclose the objects to be analyzed. In addition, suitable 
boundary conditions on the artificial boundary must be 
imposed to absorb outgoing waves to simulate the extension of  
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Blood 0.6 5259 
Lung 0.04 145100 
Liver 0.13 85673 

Lens 0.11 105550 
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Head 191.4 53.2 8829.4 2453.7 225.8 62.7 8194.7 2277.4 

Neck 134.1 37.3 618.1 171.7 158.1 4.4 5736.3 159.4 

Chest 382.9 36.1 15650 1472.7 451.6 42.5 16824 1583.2 

Arm 95.1 9.5 414.6 414.6 112.2 11.2 4698 469.8 

Upper 
leg 

153.1 15.3 3436.2 343.6 180.7 18.1 3438.2 343.8 

Lower 
leg 

95.7 9.6 2147.6 214.7 112.9 11.3 2148.8 214.8 
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the computational region to infinity. The discretization and 
time steps are accordingly adjusted based on the organ 
dimensions and type of source, its frequency and wavelength. 
To ensure the stability of the algorithm, the discretization step 
is assumed to be Δx=10-12 m while the time step is assumed 
as: 
 

                        





 Δ=Δ

c

x
t

.2
     Sec.                                       (12) 

Where c: is the light speed = 3*108 m/s 

 
These conditions with very low frequency (f= 60/50) Hz yield 
to very long wavelength (λ=c/f in meters) of the simulated 
harmonic electric and magnetic dipole sources as: 

              





= t

c
FtF

λ
π .2

cos.)( max
                                    (13) 
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Fig.9: Variation of electric and magnetic fields penetrating the worker brain’s cross section during the bare-hand positions at time step=50. 

 

-60
-40

-20
0.0

20
40

60

-60
-40

-20
0.0

20
40

60

-1000

-500

0

500

1000

time step = 1000

Brain cross section in X- direction (mm)

Brain cross section in Y- direction (mm)

V
ar

ia
ti

on
 o

f 
in

du
ce

d 
el

ec
tr

ic
 f

ie
ld

 in
si

de
 th

e 
w

or
ke

r 
br

ai
n(

uV
/m

) 
   

   
   

   
   

   
 

-60
-40

-20
0.0

20
40

60

-60
-40

-20
0.0

20
40

60

-1,000

-500

0

500

1,000

1500

Brain cross section in X- direction (mm)

time step = 1000

Brain cross section in Y- direction (mm)

V
ar

ia
ti

on
 o

f 
in

du
ce

d 
m

ag
ne

ti
c 

fi
el

d 
in

si
de

 th
e 

w
or

ke
r 

br
ai

n(
A

/m
) 

   
   

   
   

   
   

 

 
 

Fig.10: Variation of electric and magnetic fields penetrating the worker brain’s cross section during the bare-hand positions at time step=1000. 

 
 
 
 
 
 

A very small time incrimination is adjusted to enable the 
algorithm to capture and monitor the variation of electric and 
magnetic fields penetrating worker’s organ such as the 
worker’s brain.  
                           xN Δ= *λλ                                           (14) 

Where Nλ: is the No. of points per wavelength.  
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The worker brain is simulation as a sphere of 6 cm radius and 
is positioned in a grid of cubic block to establish FDTD 
meshing grid of very small step (Δx=Δy=Δz= 10-12 m).     
Figure 9 and Figure 10 present the variations of electric and 
magnetic fields that penetrate the worker’s brain during live 
work under 500 kV bus bar (bare hand position) at different 
time steps.  The electric field is imposed to higher attenuation 
factor than magnetic field because of the physical properties of 
the brain and the magnetic field almost see the human organ as 
transparent rather than the electric field.  
 
 

IV- CONCLUSIONS 

Typical high voltage substation 500/220 kV is simulated to 
calculate individually the magnetic and electric fields. 
Moreover, analytical worker’s body model is developed and is 
allocated in different accessible locations during live work 
inside the substation. The maximum magnetic field value 
imposed to the human body during the bare- hand position is 
about 7914 µT (6.3 kA/m) while the maximum electric field is 
about 145 kV/m (without considering the effects of insulating 
clothes). The maximum induced current density reaches about 
2.45 mA/m2 inside the worker’s head under 500 kV for bare 
hand position while it reaches about 2.27 mA/m2 under        
220 kV bus bar for bare hand positions. The maximum 
absorbed power of the worker’s body skin surface area is 
about 11.6 Watt/m2 under 220 kV bus bar and it reaches to 
about 6.7 Watt/m2 under 500 kV bus bar. The electric and 
magnetic fields penetrating the worker’s organs are captured 
over the worker brain using the FDTD algorithm with very 
small frequency (50/60 Hz) and very long harmonic dipole 
source wavelengths. 
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