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1. Introduction

The basic issue of electromagnetic radiation 
(EMR) generated by electromagnetic field 
installations and the effects on the natural and 
artificial environment is the subject of many 
scientific, technological and regulatory concerns. 
In the present paper we will refer to EMF on 
industrial frequency generated by power plants 
(power lines, power substations etc.) will be 
approached, with certain effects in its presence 
area, of which evaluation and counselling are 
subject to intense concerns without definite results 
from the international scientific community. 
In (Billel, Abdesselam and Zhang, 2001), the 
experimental results obtained as a consequence 
of the electromagnetic radiation (EMR) level 
investigation in an interconnection power station 
(PS) - 220/90/60/30 kV- is presented. Further, 
the methodology for measuring the two EMF 
characteristic vectors (E - electric field strength, 
B – magnetic flux density) is presented. The 
obtained results are compared to the limits 
established by the standards, without referring to 
the concrete ways of evaluating the effects. The 
EMF modelling of high power equipment - the 
arc furnace, is the subject of the paper (Pănoiu 
et al., 2009), without reference to the effects of 
EMF’s presence. The application of artificial 
neural networks to solve the interference problems 
of EMF generated by the high voltage power lines 
(HVPL) is the subject of the paper (Dan, 2012). 
To evaluate the effect of EMF on underground 
metallic pipes, the authors propose to use the 
magnetic vector potential (MVP) comprising only 

the EMF magnetic component and not referring to 
the effects on living organisms.

The main physical phenomena that characterize 
the exposure in electric field are (Cleveland, 
2005, Caputa et al., 2002 and Felea et al., 2010): 
direct perception, the accumulation of electric 
charge by induction as this phenomenon is 
emphasized by increasing the speed variation of 
EMF characteristic vectors with load variation in 
transient regimes. Parameters characterizing the 
biological effects of the exposure of the human 
body in electric field are: electric field strength 
(E) and induced current density (J). The presence 
of the human body affects the spatial distribution 
of an electric field. 

The analysis of effects is conducted by evaluating 
the two parameters (E, J), and applying the laws of 
Electrical Engineering (Hănţilă et al., 1997), given 
the quantities of material values (conductivity 
and permittivity). In assessing the effects of 
electric field on the human body both values and 
the current distribution play an important role. 
These size ratings are used to assess simulation 
methods and experimental approaches based 
model. Characteristic sizes (CS) for the biological 
effects of magnetic field are magnetic flux density 
(B) and induced current density (J). The link 
between the two parameters is based on the law of 
electromagnetic induction and electric conduction 
law, having the influence factor as equivalent for 
the conductivity of the human body (Caputa et al., 
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2002 and Felea et al., 2010). Currently, it operates 
primarily with the accepted limits of certain 
sizes, repectively: Ea – the admissible value of 
electric field strength, Ba – the admissible value 
of magnetic flux density, SARa – the admissible 
value of “specific energy absorption rate”, easily 
measurable limits based on thermal effect of 
EMF on the human body. A key parameter used 
in setting the allowable limits is “specific energy 
absorption rate” of power absorption (Polk, 1991, 
CE, 1987 and CENELEC, 1993):

                    
(1)

With:

dW - the amount of energy dissipated / absorbed;

dV - volume element;

γ - biological tissue density;

Ei - electric field strength in tissue.

There are several organizations, internationally 
recognized (CE, 1987, CENELEC, 1993 and 
ICNIRP, 2009), which set acceptable limits for size 
(E, B) starting from the fact that the SAR indicator 
cannot be measured directly for professional and 
public area. International Commission on Non-
ionizing Radiation Protection (ICNIRP) is a 
nongovernmental organization whose acts, based 
on a broad consensus on the scientific results 
of the protection against the effects of EMF are 
recommended by the EC (European Commission) 
and are the basis of national standards.

Fuzzy theory and its potential use for describing 
and evaluating processes in technical systems was 
developed and first presented to the international 
scientific community by Prof. Lotfi Zadeh (Zadeh, 
1988). Currently, fuzzy theory has multiple 
applications including those dealing with EMF-
related problems.

In (Damousis et al., 2001, Damousis et al., 2002), 
a fuzzy model adapted to determine the induction 
of the magnetic field is used in the conditions of 
random accidental Power lines (PL) events, and a 
genetic algorithm for fuzzy model parameters is 
being developed. In (Boumaiza et al., 2015) the 
use of the fuzzy logic is proposed to predict the 
effects of EMF on human health, starting from 
the reality of uncertain and imprecise effects 
caused by parameters such as frequency, B, time 
of exposure, distance, age and gender. The paper 
presents a principle approach for high frequency 

EMF, considering only one of the characteristic 
sizes (B), and without proposing a way to evaluate 
the effects. To estimate EMF’s CS around HVPL, 
(Radulović and Ranković, 2007) propose the use 
of adaptive systems based on fuzzy interference 
networks (ANFIS). The treatment is individual 
(electric field strength, magnetic flux density), 
only for the two CS, without addressing the EMF 
effects. The subject is resumed in (Lakshmi and 
Sivakami, 2012) where the authors propose the 
use of ANFIS to solve the mathematical model of 
EMF distribution generated by HVPL in normal 
and short-circuit conditions. The authors use 
the finite element method to solve the equations 
describing the electromagnetic wave using the 
Matlab software. The application refers to 500 kV 
single and double circuit electrical lines for which 
the magnetic induction distribution is evaluated 
without reference to the other CS (E) and to the 
EMF effects.

Starting from the general methodology for 
assessing the risk of occupational disease, section 
two of the paper presents the author’s proposal 
regarding the methodology for evaluating the 
consequence of human exposure to stabilized 
EMF. Given the nature of characteristic vectors (E, 
B) the necessity and utility of fuzzy treatments are 
justified, specifying the particularities by applying 
this modeling in this case. Section three contains 
specifications and results by the fuzzy treatment 
of the consequence severity of human exposure 
to EMF in the PS. Conclusions of the obtained 
results and the perspective on their application are 
summarized in section four of the paper.

2. Formulation of the Problem and 
Working Methodology

According to (Cleveland, 2005 and Nitu et 
al., 1981), the risk has a two-dimensional  
(vectorial) size:

UEr=f(p ,C)                                                      (2)

Where, pUE is the probability of the unwanted event 
occurring (UEO), C – severity of UEO consequence. 

No one can escape today the omnipresence of 
artificial EMF. In this case, UEO is: “the presence 
of the person (human) in the EMF dangerously 
(EMFd)” (Felea et al., 2008). By EMFd one refers 
to the EMF whose (B, E) exceed the admissible 
values (Ba, Ea).
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The unitary gravity of the consequence (c) is 
manifested by the degree of damage to the health 
of a person exposed to EMFd. In the international 
and European standard, SAR is used to assess 
the level of this magnitude, the “specific energy 
absorption rate” (CE, 1987 and CENELEC, 1993). 
According to the actual phenomena and conditions 
of the EMF generating installations (GI - EMF) 
- electrical substations, power lines, traction 
equipments - the assessment of the consequence 
can be done in the stabilized regime (the usual 
regime) and in the transient regime (overload in 
voltage and / or current). This paper aims at the 
stabilized regime of low - frequency of GI - EMF.

The cumulative (total) consequences of the 
exposure of a certain number of M persons in a time 
analysis (TA) range to an EMF, can be expressed as 
follows (Felea, Lolea and Secui, 2017):

M

UE j
j=1

C= p c⋅∑
                                                  

(3)

Note that cumulative consequences also apply 
to every person exposed to multiple sources. If a 
mean (non-personalized) value of the consequence 
is taken into consideration, as it follows from the 
current norms (ICNIRP, 2009, HG 1136, 2006 and 
O.M.S., 2006), then it can be written:

j

M

med UE
j=1

C=C p∑
                                                

(4)

In this way, (c) becomes deterministic; the 
analysis being focused on the pUE variable, 
whose method of evaluation is the subject of 
other papers (ICNIRP, 2009, Felea et al., 2017 
and Felea et al., 2008).

Fuzzy theory and modelling refers to random 
(possible) inaccurate / vague events (Zadeh, 
1988). It is also the case of the events (UEO) that 
are considered in this paper. Given the distribution 
of the measured values (Bm, Em) the Gaussian 
and triangle functions will be used (Zadeh, 1988, 
Dziţac, 2009, and Groumpos, 2018).

Two essential aspects of fuzzy treatment are:

 - Determining the number of steps (levels) of 
the variable;

 - Establishing the connection between the 
levels and the value range of the respective 
variable, the numerical significance of the 
fuzzy levels.

 - The literature (scientific and normative) 
refers to the three levels of the risk of 

human exposure to EMF (B, E, SAR), thus 
(CENELEC, 1993 and ICNIRP, 2009):

 - The International Commission on Non-
Ionizing Radiation Protection (ICNIRP) 
recommends for the environment, SARa = 
0,08 W / kg ;

 - The European Commission (EC) has 
established admissible head and body values 
SARa = 2 W / kg by Directive 2004/40 / EC.

American standards (ICNIRP, 2009) set a value 
lower than the one established by EC, respectively 
SARa (head, body) = 1.6 W / kg.

For mobile telephony in (O.M.S., 2006), the 
reference is made to the following irradiation 
(IR) steps:

Low IR: SAR <0,2 W / kg;

Reduced IR: SAR ∈ [0,2 ÷ 0,5] W / kg;

Average IR: SAR ∈ [0,5 ÷ 1] W / kg;

High IR: SAR ≥ 1W / kg.

In IEC 61000-4-1 (CEI, 2006), severity levels 
are determined by involving the performance of 
electromagnetic immunity tests for equipment’s / 
devices, as follows:

Table 1.  Levels of severity for specific EMF sizes,  
E and H by (CEI, 2006)

Levels
Values

E[V/m] H[A/m]
1 1 1
2 3 3
3 10 10
4 30 30
5 - 100

According to the ICNIRP recommendations (CE, 
1987 and CENELEC, 1993), for the frequencies 
in the range [25 to 300] Hz, the admissible values 
for occupational exposure to EMF, are:

Ea = 500/f [kV/m]; for. f = 50 Hz → 
Ea = 10000 V/m, Ba = 10-3 T = 1 mT
Admissible values for public places (ambient 
limit) at 50 Hz: Ea = 5 kV/m; 
Ba = 2·10 -4 T = 0,2 mT
In [21], for f = [0.025 - 0.8 kHz] is recommended 
for the public exposure:
Ea = 250 /f = 250/50 = 5 kV/m
Ba = 5/f = 5/50= 0,1 µT, Ha = 4/f [A/m]
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Taking into consideration the above mentioned 
information, the fuzzy evaluation consequence 
to the EMF is considered, starting from the four 
levels of the two characteristic sizes (E, B), as 
seen in Table 2 of the human exposure.

Table 2. Levels of CS [X ≡{E,B}]

Code Level Signification

The values 
range 

relative to 
Xa(Ea, Ba)

1 Negligible Insignificant X ≤ 1/2 Xa

2 Small Significant 1/2 Xa < X 
≤ Xa

3 Big High 
signification

Xa < X ≤ 
2Xa

4 Very big Very high 
signification X> 2Xa

Consequence level (C) as well as SAR level are 
proportional to the multiplication of CS (E x 
B). 5 levels will be selected to characterize the 
consequences and, by default, the risk of human 
exposure to EMF with the following significance 
– presented in Table 3.

Table 3. Fuzzy characterization of the consequence 
of exposure to EMF

Code Signification Levels (E,B)

1 Very small 
(insignificant) (1,1)

2 Small (1,2); (2,1); (1,3); 
(3,1)

3 Medium (2,2); (1,4); (4,1); 
(2,3); (3,2)

4 High (2,4); (4,2); (3,3)
5 Very High (3,4); (4,3); (4,4)

The flow of information processing according to 
fuzzy modeling is the following (Zadeh, 1988, 
Damousis et al., 2002 and Dziţac, 2009):

INPUT DATA ⇒FUZZIFICATION ⇒ INFERENCE-
DEFUZZIFICATION ⇒OUTPUT DATA

In the present paper for the practical application 
of fuzzy evaluation of the severity consequence of 
the exposure in the low frequency stabilized EMF, 
the fuzzy module from the MATLAB software 
is used, which has predefined functions for the 
different phases of fuzzy calculation (fuzzy, 
inferential, defuzzification). These functions are 

linked to two external modules (made in C ++), 
namely: “inference system” and “fuzzy engine”. 
With the predefined functions, SIMULINK 
can also be launched to simulate. The typical 
structure of fuzzy inference systems is a model 
that performs a certain connection: firm input 
value – input membership functions – inference 
rules – output characteristics – output membership 
functions – firm output value (Radulović and 
Ranković, 2007, Lakshmi and Sivakami, 2012).

In the Matlab software, tools of the module 
dedicated to fuzzy logic systems (Fuzzy 
Toolbox) are presented in the block diagram of 
Figure 1 (Matlab).

Figure 1. Graphic tools for fuzzy modeling and the 
interconnection of their dedicated components in 

Matlab software 

Input variables are the two CSs (E, B) whose 
values come from the measurements performed 
by the authors. In order to solve the applications, 
the program settings for the analysis parameters 
are as follows:

 - The type of fuzzy method: mamdani;

 - Number of input variables: 2;

 - Type of input variables: electric field strength, 
magnetic flux density;

 - Inference rules: 16;

 - Number of effect levels: 5;

 - Type of damage levels: insignificant, small, 
medium, high, very high;

 - Composition operator: “AND”;
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 - Defuzzification based on: maximum 
sampling method;

 - Fuzzy number assigned to the membership 
function: triangular of real variables.

The sequence of steps to be taken for each GI-
EMF is presented in Figures 2÷7.

Figure 2. Creating inputs

Figure 3. Assigning levels of input sizes

Figure 4. Creating the set of inference rules

Figure 5. View cumulative effects

Figure 6. Generating Outputs (Effects)

Figure 7. Generating process of the decision surface

3. Application

The evaluation methodology presented was 
applied with reference to Power Substations (PS) 
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Table 4. Electrical field strength statistics for PSSI - HV

Code Level Signification Value ranges No. of presences
1 Negligible Insignificant E ≤ 1/2 Ea 137
2 Small Significant 1/2 Ea < E ≤ Ea 47
3 Big High signification Ea < E ≤ 2Ea 12
4 Very Big Very High signification E > 2Ea 4

Ea=10000 V/m in conformity with (HG 1136, 2006)

Table 5. Magnetic flux density statistics for PSSI - HV

Code Level Signification Value ranges No. of presences
1 Negligible Insignificant B ≤ 1/2 Ba 158
2 Small Significant 1/2 Ba < B ≤ Ba 32
3 Big High signification Ba < B ≤ 2Ba 8
4 Very Big Very High signification B > 2Ba 2

Table 6. Statistics of doubles that characterize the severity of the consequence for PSSI – HV 

Code Signification  Levels of (E,B) Appearances number
1 Very Small (1,1) 295
2 Small (1,2); (2,1); (1,3); (3,1) 689
3 Medium (2,2); (1,4); (4,1); (2,3); (3,2) 479
4 High (2,4); (4,2); (3,3) 105
5 Very High N(3,4); (4,3); (4,4) 32

Table 7. Electrical field strength statistics for PSSI - MV

Code Level Signification Value ranges No. of presences
1 Negligible Insignificant E ≤ 1/2 Ea 163
2 Small Significant 1/2 Ea < E ≤ Ea 35
3 Big High signification Ea < E ≤ 2Ea 2
4 Very Big Very High signification E > 2Ea 0

Ba=500 µT in conformity with (HG 1136, 2006)

Table 8. Magnetic flux density statistics for PSSI - MV

Code Level Signification Value ranges No. of presences
1 Negligible Insignificant B ≤ 1/2 Ba 150
2 Small Significant 1/2 Ba < B ≤ Ba 31
3 Big High signification Ba < B ≤ 2Ba 15
4 Very Big Very High signification B > 2Ba 4

Table 9. Statistics of doubles that characterize the severity of the consequence for PSSI – MV 

Code Signification  Levels of (E,B) Appearances number
1 Very Small (1,1) 313
2 Small (1,2); (2,1); (1,3); (3,1) 709
3 Medium (2,2); (1,4); (4,1); (2,3); (3,2) 466
4 High (2,4); (4,2); (3,3) 87
5 Very High N(3,4); (4,3); (4,4) 25
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from the Bihor Power System (BPWS). Evidence 
and processing of the results was carried out with 
the established methodology (Felea et al., 2010 
and Felea, Lolea, Secui, 2017). For example, the 
results for PS - Sinteza Iosia (PSSI) are presented.

The statistics of the grouped values measured by 
levels are presented separately for the HV (PSSI 
- HV) side in Tables 4 ÷ 6, and for MV side of PS 
(PSSI-MV) in Tables 7 ÷ 9, respectively.

The total number of measured values is 200 for 
each CS type and voltage level. For the total 
number of inference rules set out and presented 
in Table 3, the set of rules conceived, based on 
the condition “IF”, “AND”, “THEN” is shown 
in Figure 8.

Figure 8. Input of established rules in the MATLAB 
toolbox for PSSI

Figure 9. Chart of rules and effects for PSSI

The graphical representation of the inference rules 
and the generation of effects of the exposure by 
characteristic vectors (E, B) contribution are 
shown in Figure 9. The decision surfaces on the 
effect of EMF exposure present in PSSI are shown 
in Figures 10 ÷ 11.

Figure 10. Level of severity of the consequences of 
EMF exposure in PS Ioşia Oradea at HV level shown 

through decision surface

Figure 11. Level of severity of the consequences 
of EMF exposure in PS Ioşia Oradea at MV shown 

through decision surface

4. Conclusion

The omnipresence of artificial EMF implies 
that there is a potential risk of affecting 
exposed persons, both in the professional and 
civil environments.

The identification of EMF generated by power 
plants is an issue of high relevance and importance 
for the proper protection of people who can 
enter their area of existence. For this purpose, 
it is essential to assess as accurately as possible 
the severity of the consequences of exposure 
of persons to the EMF. Whereas characteristic 
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values of EMF (E, B) and by default “specific 
energy absorption rate” (SAR) have imprecise 
values structured on levels, for proper accuracy 
assessment of exposure risk to EMF, the 
application of fuzzy modelling is recommended. 
In this paper the methodology of a fuzzy approach 
to the treatment of the diseases associated with 
the human exposure to the stabilized EMF is 
presented. Its proposed structure has five levels 
(from insignificant to very high) in correlation 
with the specific energy absorption rate (SAR) 
levels. The levels obtained by combining the 
four levels on which CS is structured reflects the 
possibility of structuring/classifying the severity 
of the consequences of the human exposure to 
EMF into 5 levels. For the effective application of 
the fuzzy evaluation of the severity consequences 
of exposure of individuals in the EMF, it is 
recommended to use the fuzzy Toolbox from the 
Matlab software, by employing the “mamdani” 
fuzzy particular method, the triangle membership 
function and the medium - defuzzification 
method. The methodology was applied to all 
14 PS. in the Bihor PWS, for which the authors 
carried out measurements on the EMF (E and B) 
characteristic values and presented only one of 
them - PS Sinteza-Iosia (PSSI). The structuring 
of the results was made on the two voltage levels 
(HV and MV) of the energy transformation chain, 
in the PS. For both voltage levels, one can notice 

a balanced influence of the two characteristic 
sizes (E, B) on the probable effect (gravity of 
the consequence), by registering the values of 
the characteristic sizes at all levels of influence 
(exception, level 4 - medium voltage). In all 4 
cases the values of the negligible level 1 - of the 
CS are predominant. By combining the levels of 
the two characteristic sizes according to the reality 
(the measurements have been done simultaneously 
the same point for E and B) relatively high risk 
levels (probable consequence) are obtained. The 
predominant levels are level 2 (small) and 3 
(average), with a slightly higher probability on the 
MV (medium voltage) side. The obtained results 
reflect the utility of fuzzy treatment for assessing 
the severity of the consequences of exposure of 
individuals to EMF and its applicability with 
reference to the other power substations. It has 
been considered useful to extend this approach, 
and further on the refer to the transitional regime 
of GI-EMF so that the decision-makers in the field 
may be adequately advised on the results obtained 
from this research.
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