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This paper presents a general overview of wireless power transfer systems (WPT) 

for charging batteries in electric vehicles (EV), focusing on human exposure 

surveys. After describing the schematics and strategies of the two WPT problems, 

static (stationary parking) and dynamics (road travel), we examined the problem of 

exposure to radiation fields attributable to WPT systems in humans and more 

generally living tissues. We first study how to predict these radiated fields and 

examined their compliance with international standards. A model used the human 

body derived from magnetic resonance imaging and high resolution. It was also 

developed a mode by numerical computations with the method of the finite elements. 

An exposure assessment of a characteristic wireless inductive charging system was 

provided to estimate the induced electromagnetic fields. We counted the worst 

configuration for the exposure assessment of the wireless charging system. In a 

second step, we studied the sensitivity of the exposure level, taking into account the 

uncertainty of the parameters characterizing the electromagnetic problem. 

Stochastic models, helped study exposure level of an inductive power transfer 

system. Two non-intrusive approaches were associated with a 3D finite element 

method to construct adequate meta-models: the Kriging and Polynomial Chaos 

extensions. These two techniques proved to provide powerful tools for 

characterizing human exposure at 85 kHz, which is a typical frequency of inductive 

charging of electric vehicles. 

 

Keywords: Electric Vehicles, Wireless Power Transfer, Battery Charging, Human 

Exposure, Stochastic Approaches. 

 

 

Introduction 

 

The automotive industry is currently undergoing profound technological 

change in a context where environmental concerns are at the forefront. Constraints 

in terms of CO2 emissions have pushed the manufacturers to develop a "cleaner" 

concept such as electric vehicles (EV). Such a vehicle currently uses a standard 

cable connection for charging that may include annoying and/or inconvenient 

items for the user. In this context, the non-contact inductive power transfer (IPT) 

charger is an interesting substitute. 

The two essential theories that manage the IPT are the Ampere’s law of 1820 

and the principle of magnetic induction found by Faraday in 1831. While Ampere 
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showed that a current could produce a magnetic field, Faraday revealed the duality 

between the magnetic and the electric field demonstrating that a time-varying 

magnetic field can be interacting with an electrical circuit in order to induce into it 

an electromotive force. These two principles are allowing abundant applications 

commanding the development of the modern energy conversion devices. The first 

real improvement in the direction of IPT arrived with Tesla’s studies. 

Nikola Tesla (1856-1943) first introduced wireless power transfer in the 

1890s (Tesla 1904), but it was only recently that this technology has been widely 

exploited for societal applications. In particular, the extension of resonant wireless 

energy technology can be used for the charging of many everyday devices. 

Various terms, including inductive power transfer (IPT), inductive coupling, and 

resonant power transfer, are generally referred as wireless power transfer (WPT). 

These different terms are designated to the same essential procedure - the transfer 

of energy from a power source to a load, without contact, through an air gap. A 

wireless energy transfer system consists essentially of two coils - a transmitter and 

a receiver. 

 

Figure 1. IPT Charging System for EV: (a) System Arrangement (b) Electric 

Circuit  

 
(a) 

 
(b) 
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This solution offers in the case of EV simplicity of use, a speed and a decent 

resistance to damage of cables. The objective was to transfer energy from the 

ground to the vehicle (on board battery) by an inductive loop system (a 

transformer), as shown in Figure 1 (Ibrahim et al. 2015). This device required 

reaching a good performance and positioning tolerance (transmitter - receiver 

coupling). The coupling between the transmitter, which was placed on the ground, 

and the receiver, which was placed under the floor of the vehicle, was functioning 

through a large gap. This large space implies a high level of parasitic field near the 

coils, which can pose a problem of exposure to magnetic fields for passengers or 

persons likely to approach the vehicle during charging operations. It is therefore 

necessary to evaluate the level of exposure in order to comply with international 

safety instructions (ICNIRP 2010). 

The use of wireless inductive power transfer (IPT or WPT) is becoming an 

effective technology for the growth of electric mobility (Cirimele et al. 2018). In 

addition, with the increasing number of current research attractions and the 

expected intensification of the practice of such wireless charging systems for 

electric vehicles, it is important to initiate research efforts to wireless charging 

systems and the human body (Ding et al. 2014). 

WPT systems could be used in static, parking mode (Ibrahim 2014) or when 

moving the vehicle dynamically (Cirimele 2017). The dynamic mode, even more 

complicated in its operational control and the need for specific infrastructures, 

offers the possibility of overcoming the barriers represented by the heavy storage 

of the battery on board, the long charging time and the limited autonomy in the 

case of static mode. The parasitic field level near the coils due to the large air gap 

can be different between static and dynamic modes, and is due to the nature and 

operation of the coils in both cases. In addition, the constraints of field exposures 

differ between the two modes; however, the exposure assessment strategies are 

more or less similar.  

Two features mainly motivate the research efforts to interact between the 

wireless charging systems and the human body. One has to estimate the induced 

electromagnetic fields in the human body at the frequency of the wireless charging 

system, i.e., magnetic flux density, electric field, and current density, to evaluate 

the potential health effects, as well as to examine the compliance with standards 

defined by International Commission on Non-Ionizing Radiation Protection 

(ICNIRP), see (ICNIRP 2010). The other aspect was to examine the impact of the 

input current of the wireless charging system on the radiation levels and make 

available the valid data for determining the extent of design liberty of IPT systems. 

Much research has been dedicated to the investigation of human exposure to the 

electromagnetic environment, such as handset antennas and the wireless resonance 

power system, see for example (Okoniewski and Stuchly 1996, Shiba and Higaki 

2009, Christ et al. 2013). The operating frequency derived mainly from megahertz 

to gigahertz.  

However, due to electromagnetic compatibility and energy efficiency, the IPT 

system for electric vehicles, generally operates in lower frequency range (from a 

few kilohertz to around 100 kHz). In this frequency range, exposure studies to 

wireless inductive charging systems have not been enough so far. Since fields 
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close to the IPT system can engender high fields in the body tissues of nearby 

humans, we need to identify the conditions under which the IPT system can 

demonstrate compliance with international safety guidelines (ICNIRP 2010, IEEE 

Standard 2005). The evaluation of exposure of human tissues to magnetic fields 

needs usually suitable and sufficient modeling methodologies, based on 3D 

computations applied for solving the electromagnetic problem involving the 

wireless system, the vehicle, and the human body (ie. in the vehicle or located 

beside), see for example (Ding et al. 2014). In this work, an assessment focuses on 

the electromagnetic fields induced by a representative inductive wireless charging 

system in the human body. Constructed MRI (Magnetic Resonance Imaging) 

models produced human anatomical models with high resolution compatible with 

the numerical approach. A 3D numerical approach providing a scientific estimate 

of human exposure to this system was developed. In addition, an evaluation of the 

electromagnetic exposure presented both normal and unfavorable configurations. 

 In order to assess human exposure near WPT systems in automotive 

applications, adequate systematic modeling methodologies have to be developed. 

Recently 3D computational models have been studied and applied for solving the 

electromagnetic problem involving the wireless system, the vehicle, and the 

human body in the vehicle or located beside vehicle, see (Park 2018, Cirimele et 

al. 2017, Cimala, et al. 2017 and Campi et al. 2017). Such full wave computational 

approaches give reliable results about the radiated fields around the system or 

induced quantities in the human body; however, this may lead to heavy 

computations that need to be repeated for each new configuration. A key point in 

such problems is that the level of exposure is highly dependent on various 

parameters: shape or size of coils, geometrical characteristics of the system 

(structural parts of the vehicle and shielding plates), materials properties (ferrites 

and chassis of vehicle), possible misalignment between transmitter and receiver 

while charging, and position of the human body. Moreover, some uncertainty can 

affect each physical or geometrical parameter. Τherefore, during the design of the 

IPT system, the consideration of level of exposure cannot only rely on 

deterministic full 3-D solvers. In this situation, the introduction of stochastic tools 

allows to deal with the variability of all the parameters which are describing the 

electromagnetic problem. Such approaches can be very efficient in the framework 

of the determination of specific rate absorption (SAR) in biological tissues due to 

mobile phones at microwave frequencies. 

The first objective of this article was to present a general overview of wireless 

energy transfer systems in electric vehicles, focusing on human exposure surveys. 

After having illustrated the problems and strategies of the two WPT categories, 

static (stationary parking), see for example (Ibrahim et al. 2015) and dynamic 

(road travel), see for example (Cirimele et al. 2016), we examine the problem of 

exposure to radiation fields attributable to WPT systems in humans and more 

generally in living tissues. 

In the second objective of this work, we studied the sensitivity of the exposure 

level taking into account the uncertainty of the parameters characterizing the 

electromagnetic problem. Due to this aim, we compared different stochastic 

methods during the investigation of the compliance of IPT systems with 
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international standards, regarding the human exposure. We focused on so-called 

non-intrusive methods that use 3D finite element computations with a limited set 

of realizations. Kriging and Polynomial chaos have already shown their interest in 

numerical dosimetry and optimization in the case of extremely low frequency (50 

Hz), see (Lebensztajn et al. 2004 and Gaignaire et al. 2012) or wave propagation 

problems, see (Voyer et al. 2008 and Kersaudy et al. 2014). In this paper, the two 

techniques provided powerful tools to characterize the human exposure at 85 kHz, 

which is a typical frequency for inductive charging of electrical vehicles. 

 

 

Wireless Power Transfer WPT 

 

Static WPT 

 

An IPT system for charging battery of a static EV, is represented in Figure 1. 

It is composed of an electrical source, a load (battery) and in between an inductive 

coupler transformer (ICT) with shielded coils. Planar parallel axes shielded coils 

could produce concerning the ICT structure, one of the most proficient magnetic 

flux transfers. In such a situation, the energy transfer functions overall receiver 

surface and shielding that is used to improve the mutual inductance (M) by 

increasing the magnetic flux between the two coils. The shielding is accomplished 

by a magnetic almost none conducting material and ferrite is usually used. 

The complete scheme is composed of two major parts: the ICT that allows the 

wireless transfer through the magnetic induction and that ensures a galvanic 

insulation between the source and the load. The second feature comprises the 

capacitive compensations and the power electronics connected to ICT, which 

manages the arrangement to operate at resonance. The whole system practices IPT 

system. Between the grid and the ICT, there are two conversion steps: grid low 

frequency AC to DC, and DC to AC high frequency. These conversions allow 

regulating the power quantity by controlling the input voltage and the frequency. 

Between the ICT and the battery, a finishing conversion from high frequency AC 

to DC permits granting energy to the battery. The air gap of the ICT is large and 

then the coupling is weak. Therefore, administering the high reactive power is 

required in order to reach the required transferred power, and the use of resonant 

elements in both sides of the ICT is indispensable as compensation to guarantee 

good efficiency. In addition, control of the output parameters at the load side is 

needed in order to monitor the battery charging profile and to insure its protection. 

 A structure of the ICT coupler is shown in Figure 2. It consists of a 

transmitter coil, a receiver coil and two ferrites plates that completely cover the 

coils. The design included a steel plate that represented the EV chassis. The two 

ICT coils with their ferrites (pads) are identical with an air gap distance (d), and 

axes shift (sh), in the case of Figure 2, which corresponds to the EV position on 

the ground. In societal applications situation, the two coils (and generally pads) 

forms may be different depending on constructors of EVs and IPTs. Therefore, in 

such case, we need to perform an interoperability analysis (Ibrahim et al. 2016). 
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Figure 2. 3-D Structure of an ICT with Shielding, Simple EV Chassis  

 
 

Generally, we can use 3D electromagnetic field computations, forexample 

the finite elements method (FEM) simulations, for the ICT considering the whole 

structure of the IPT (see Figure 2) for the determination of its mutual coupling and 

inductances (see Figure 1). The effect of shielding using coil-closed ferrites to 

reduce the leakage fields and to border the penetration of the field within the 

vehicle required consideration in such simulations. Moreover, in the structure of 

the IPT system the EV chassis was modeled (Ibrahim 2014). In fact, the presence 

of the EV chassis modifies the field values, and hence the matching inductances of 

the power system and the electromagnetic compatibility (EMC) radiation level. 

After deducing the mutual coupling and inductances of the ICT, accounting for the 

IPT structure from the field values, an electrical circuit model of the whole system 

including the resonance topology was established (Figure 1).  

As mentioned before, in practice we need an interoperability analysis 

concerning the forms and surfaces of the pads (coils/ferrites) of ground regarding 

those of EVs. This analysis concerns the position of EV pad in the vehicle (middle 

or backend), the tolerance to positioning of vehicle, the human exposure 

recommendations, the efficiency, the sizes of power components of the IPT. A 

detailed analysis of this question is presented in Ibrahim et al. (2016). Figure 3 

shows different examples of compatible pads. 

 

Figure 3. Interoperability of Different Compatible Prototypes   

a) b)  

c) d)  
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Dynamic WPT 

 

In the last section, we discussed static IPT. Such technology indicated as 

static, when the vehicle parked or motionless during charging, will likely replace 

the wired systems. However, the absence of mechanical stresses, in the course of 

charging, suggests the possibility of using the inductive transfer when moving the 

vehicle that uses the dynamic IPT. In such a case, the receiver of the IPT installed 

on the bottom of the vehicle will move over successive transmitters fixed on the 

ground infrastructure (Figure 4).   

The putting in place of dynamic IPT systems in the road infrastructure will 

abolish the need for charging stops and, in the short term, this appliance could 

result in a significant reduction in the size of the battery installed on-board. The 

successful demonstration of the feasibility of this technology may indicate a 

concrete approach to improve the acceptance of electric mobility and to solve the 

most critical aspects of the use of electric vehicles.  

An important technical problem for the dynamic IPT is the identification of 

the vehicle when it approaches a transmitter and the management of the passage 

between the successive transmitters. Moreover, as in the case of static IPT, there is 

the aspect of protection against exposure to magnetic fields generated in the 

dynamic IPT. 

 

Figure 4. Dynamic IPT 

 
 

Finally, there is the vast quantity of defies represented by all the aspects 

related to the establishment of the road infrastructure. In particular, the insertion of 

the emitting portion in the pavement, the choice of material for the coating, the 

management of the rainwater, the need to communicate with the relating 

management infrastructure.  

Different recent works are concerned by these aspects, see for example 

(Cirimele 2017) – Figure 5. 



Vol. 6, No. 4 Razek et al: Evaluation of Human Exposure … 

 

246 

Figure 5. Scheme of the General Architecture of the IPT System Developed for 

On-the-Road Prototype (Cirimele, 2017) 

 
 

 

Human Exposure 

 

As mentioned before, the large space between the two coils of IPT in either of 

static or dynamic cases implies a high level of parasitic field near the coils. This 

situation posed a problem of exposure to magnetic fields for passengers or persons 

likely to approach the vehicle during charging operations. Therefore, to comply 

with societal health safety, it was necessary to evaluate the level of exposure 

concerning the international safety instructions (ICNIRP 2010). 

 

Prediction of Radiated Fields 

 

The evaluation of exposure of living tissues to magnetic fields needs generally 

adequate modeling methodologies based on 3D computations applied for solving 

the electromagnetic problem involving the wireless system, the vehicle and the 

human body (in the vehicle or beside vehicle). In such computations, the 

considered human body model is very important. The most critical aspects 

governing the choice of such a model are fidelity to physical biological 

characteristics of realistic situation and the adaptability to the used computational 

methodology. There are considerable research efforts devoted to the construction 

of human body models. Usually, the computations of electromagnetic fields in 

human body require computer-adapted models of the human body and a 

comprehensive information of the dielectric properties of human tissues for a 

given frequency. These models are of two categories, homogeneous and non-



Athens Journal of Technology & Engineering December 2019 

 

247 

homogeneous. For homogeneous ones, the dielectric properties of the human body 

are generally attributed to a 2/3 equivalent muscle model (Harris et al 2011). For 

non-homogeneous human models, ghost models of layered tissue are founded on 

magnetic resonance imaging (MRI), computed tomography and digital imaging 

techniques, offering precision of tissue shape to the nearest millimeter (Gjonaj et 

al. 2002, and  Steiner et al  2006). The dielectric properties of biological tissues are 

described in Hasgall et al. (2012) and Gabriel et al. (1996). A comprehensive 

description of the accessible measurement data for dielectric permittivity and 

electrical conductivity for any specified frequency was specified by Gabriel et al. 

(1996).  

 

Conformity with International Standards  

 

The fields close to the IPT systems can produce high fields in the body tissues 

of nearby humans and we need to characterize the conditions under which the IPT 

system can validate agreement with international safety guidelines (ICNIRP 2010, 

IEEE Standard 2005). The evaluation of exposure of human tissues to magnetic 

fields needs suitable and complete modeling methodologies based on 3-D 

computations for solving the electromagnetic problem involving the wireless 

system, the vehicle and the human body (Ding et al. 2014). 

 

Figure 6. Vertical Body and Wireless Inductive Charging System  

 
 

Figure 7. Anatomical whole Body Model and its Different Tissues and Organs 

of Interest 
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The configurations studied involving the human body, the IPT coils with 

ferrites and the chassis shown schematically in Figure 6. The study considers the 

two cases of vertical and horizontal positions of human body. The high-resolution 

human anatomical model compatible with the numerical approach constructed 

from human MRI models, as shown in Figure 7. Examples of results obtained in 

(Ding et al. 2014) are shown in Figures 8 and 9 corresponding to positions: 

vertical and horizontal (laying the ground) respectively. The obtained results 

confirm the agreement with international safety guidelines (27 μT for the magnetic 

induction B and 4.05 V/m for electric field E). 

 

Figure 8. Distribution of Induced Fields inside the Anatomical Human Body for 

the Configuration of Figure 6. (a) Magnitude of Magnetic Flux Density B (T), (b) 

Magnitude of Electric E-field (V/m) (Ding et al 2014) 

 
 

Figure 9. Distribution of Induced Fields inside the Anatomical Human Body for 

the Configuration of Horizontal, Ground Lying Body. (a) Magnitude of Magnetic 

Flux Density B (T), (b) Magnitude of Electric E-field (V/m). (Ding et al 2014) 
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Non-Intrusive Stochastic Approaches  

 

As mentioned before, the objective of this work was to compare different 

stochastic methods when investigating the compliance of IPT systems with 

international standards regarding the human exposure. We focused on so-called 

non-intrusive methods that use 3-D finite element computations with a limited set 

of realizations. 

 

Wireless Power Configuration 

 

The structure model of the system considered in this work contains two 

rectangular coils (transmitter and receiver), and two ferrites plates (Cirimele, 

2017). The design also includes a steel plate that represents the chassis of the 

electric vehicle (Figure 10).  

 

Figure 10. Studied Configuration of Wireless Transfer System (Cirimele, 2017) 

 
 

The dimensions of the system are shown in Table 1.  

 

Table 1. Dimensions of Figure 10 

 Width (m) Length (m) 

Transmitter 0.5 1.5 

Receiver 0.525 0.3
 

Ferrites 0.2 0.25 

Chassis 1.5 0.5 

 

The relative permeability of ferrites is 2000. Each coil has 10 turns. A 3-D 

vector potential formulation has solved the magneto-dynamic problem. This 

system has been designed for dynamic charging but in the present work, only a 

static charging scenario was considered. The power electronics controls and keeps 

the rms value of the current in the transmitter at 36 A, and the current in the 

receiver at 75 A, respectively. The electromagnetic quantities were evaluated 

along the vertical line located at 1m from the axis of the transmitter (Figure 10).  
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Stochastic Models 

 

In this work investigated two non-intrusive stochastic methods: Kriging and 

Polynomial Chaos.  

 

Kriging 

 

Kriging is a stochastic interpolation algorithm that assumes that the model 

output M(x) is a realization of a Gaussian process indexed by the inputs x. A 

Kriging meta-model was described by the following equation: 
 

𝑀 𝑥 ~𝑀𝐾 𝑥 = 𝛽𝑇𝑓 𝑥 + 𝜎2𝑍(𝑥, 𝜔)           (1)  
 

The first term in (1), is the mean value of the Gaussian process (trend) and it 

consists of the regression coefficients βj (j = 1…P) and the base functions fj (j = 

1,…P). The second term in consists of σ
2
, the (constant) variance of the Gaussian 

process and Z(x, ω), a zero mean, unit variance, stationary Gaussian process. The 

underlying probability space was represented by ω and was defined in terms of a 

correlation function R and its hyper-parameters θ The correlation function R = 

R(x; x0; θ) described the correlation between two samples of the input space, e.g. x 

and x0 and depends on the hyper- parameters θ. In the context of meta-modelling, 

it is of interest to calculate a prediction M
K
(x) for a new point x, given X = 

(x1…xn), the experimental design, and y = (y1 =M(x1),…, = M(xn)), the 

corresponding (noise-free) model responses. A Kriging meta-model (Kriging 

predictor) provided such predictions based on the Gaussian properties of the 

process.  

 

Polynomial Chaos Expansion 

 

The polynomial chaos is a spectral method and consists in the approximation 

of the system output in a suitable finite-dimensional basis Ψ(X) made of 

orthogonal polynomials. A truncation of this polynomial expansion can be as 

follows: 
 

𝑀 𝑥 ~𝑀𝑃𝐶 𝑥 =  ∝𝑗

𝑃−1

0

Ψ𝑗  𝑋              (2) 

 
 

where M(x) is the system output, 𝑋 is the random input vector made of the input 

parameters xi, Ψj are the multivariate polynomials belonging to Ψ(𝑋), αj are the 

coefficients to be estimated, 𝜀 is the error of truncation, and 𝑃 is the size of the 

polynomial basis Ψ(𝑋). Each multivariate polynomial Ψj was built as a tensor 

product of univariate polynomials orthogonal with respect to the probability 

density function of each input parameter xi. In the present work, the value of P 

around 15 provided reliable results. Here, inputs used Gaussian distributions, and 

the corresponding polynomial families were the Hermite polynomials families. 
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The coefficients in (2) are estimated from spectral projections or least-square 

regressions.  

 

 

Results 

 

Marelli and Sudret (2014) developed the two stochastic models described 

above and used in this paper.  The models were proposed in the framework for 

uncertainty quantification in UQLab (www.uqlab.com) and are freely available. 

Configurations were applied in the two previous approaches (refer to Figure 10) to 

check the compliance regarding the references levels of radiated magnetic field. 

For the frequency of interest (85 kHz), the maximum admissible value of the 

magnetic flux density was 27 µT according to the ICNIRP Guidelines (ICNIRP 

2010). 

 

First Configuration 

 

In a first example, investigation of uncertainties included three major 

parameters: the conductivity of the chassis σ, the distance between the two coils 

D1 and the distance between the secondary coil (receiver) and the chassis D2 

(Figure 11).  
 

Figure 11. Studied Configuration and Relevant Parameters 

 
 

The range of variation, mean, and standard deviation of the parameters are 

shown in Table 2. Two bounds took into account different kinds of steel material 

for the conductivity. The bounds for the two distances D1 and D2 exceed standards 

values of existing systems in order to evaluate the worst cases. The 3D finite 

element mesh includes between 10
5
 and 3.10

5
 elements depending on the 

geometrical configuration of the system. The method used first order nodal 

elements. 

 

Table 2. Parameters of the Electromagnetic Problem 

Parame-ter Min Max Mean 
Standard 

Variation 

σ (S/m) 10
6
 5.10

6
 3.10

6
 10

6
 

D1 (m) 0.2 0.6
 

0.4 0.05 

D2 (m) 0.1 0.5 0.3 0.01 

http://www.uqlab.fr/
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A total number of 30 computations performed by FEM based on a Gaussian 

distribution of samples over the whole range of variations in order to check the 

efficiency of the two meta-models. In the first case, only three FEM computations 

(learning samples) were used to build the meta-models. The other 27 computations 

have been used as a validation of the meta-model. Figure 12 shows the magnitude 

of the magnetic field density on the evaluation line obtained by Kriging and 

Polynomial expansion when the values of the parameters are σ = 1.89 106 S/m; 

D1= 0.405 m; D2= 0.312 m. It clearly appears in this case with only three samples 

that the agreement between the results from the polynomial expansion was very 

close to the finite element predictions. The accuracy was significantly better than 

that provided by Kriging. Figure 13 underlines the differences between the results 

obtained by finite elements (horizontal axis) and by the meta-models (vertical 

axis) when considering the 27 finite element computations as validation. 

 

Figure 12. Variation of Magnetic Flux Density Predicted by Meta-Models in the 

Case of the Three Learning Samples 
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Figure 13. Differences between Finite Element Results and Meta-Modeling 

Results in the Case of the Three Learning Samples 

 
 

Figure 14. Variation of Magnetic Flux Density Predicted by Meta-Models in 

the Case of the 15 Learning Samples 

 
 

In a second case, 15 FEM computations were used as learning samples. The 

other 15 computations were used for the validation. Figure 14 shows that the 

agreement between the results from the two meta-models was very good. This can 
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also be noted on Figure 15 where were plotted the differences between the results 

obtained by finite elements (horizontal axis) and by the meta-models (vertical 

axis) when considering the 15 finite element computations as a validation. The 

accuracy of each meta-model can be observed on Figures 16 and 17 showed the 

maximum error obtained along the evaluation line versus the number of learning 

samples. High errors for high values of flux density were obtained but it was worth 

noting that this error was decreased significantly with Kriging if the number of 

learning samples was greater than 10.  

 

Figure 15. Differences between Finite Element Results and Meta-Modeling Results 

in the Case of the 15 Learning Samples 

 
 

Regarding the computational time needed by the meta-models, Kriging 

required two or three times faster than Polynomial chaos expansion depending 

on the number of learning samples. Whatever the meta-model and the number 

of learning samples this computational time remains negligible compared to the 

FEM calculation for all the samples. 
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Figure 16. Variation of Error versus the Number of Learning Samples (Kriging) 

 
Second Configuration 

 

In this second configuration, the two parameters σ and D1 were the same 

as those shown in Figure 11; however, D2 was the distance between the two 

axes of the coils. This configuration may appear in case of large misalignment 

or if the receiver is located in the rear of the vehicle. The range of variation, 

mean and standard deviation for the parameters are shown in Table 3. Figure 

18 illustrates the mean value obtained by Kriging along the evaluation line.  

 

Figure 17. Studied Configuration and Relevant Parameters 

 
 

Table 3. Parameters of the Electromagnetic Problem 

Parameter Min Max Mean 
Standard 

Variation 

σ (S/m) 10
6
 5.10

6
 3.10

6
 10

6
 

D1 (m) 0.2 0.6
 

0.4 0.05 

D2 (m) -1.5 1.5 0. 0.1 
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Figure 18. Mean Value of the Magnetic Flux Density obtained by Kriging (Dots) 

and by Finite Elements (Continuous Line) 

 
 

 

Conclusions 

 

In the first part of this paper we presented a general overview of wireless 

power transfer systems (WPT) for charging batteries in electric vehicles (EV), 

focusing on human exposure surveys. After describing the schematics and 

strategies of the two WPT problems, static (stationary parking) and dynamics 

(road travel), we examined the problem of exposure to radiation fields attributable 

to WPT systems in humans living tissues. We reviewed how to predict these 

radiated fields and examined their compliance with international standards.  

In the second part of the paper, predictions of radiated magnetic field have 

been obtained from two non-intrusive stochastic models in case of a simplified but 

there is also realistic wireless power transfer system for electric vehicle. Kriging 

and Polynomial chaos expansions provided efficient meta-models to take into 

account uncertainties of different physical or geometrical parameters. From the 

work, it comes out that Kriging allowed a faster prediction than a polynomial 

chaos expansion. If the number of learning samples was sufficient, Kriging can be 

used as an efficient predictor to check if reference levels fit the guidelines for 

human exposure. The work has to be extended the investigation of configurations 

that are more complex with a detailed anatomical human body model located in 

the vehicle or beside.  
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