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Abstract: This investigation is part of a topical situation where wireless equipment is gradually being used for 
energy transfer, particularly for autonomous systems and the use of decarbonized energies. A characteristic 
example of decarbonized autonomous use is linked to the substitution of thermal engine vehicles by electric 
vehicles (EVs) equipped with energy storage batteries. This response was considered in an ecological context of 
reducing air pollution and defending planetary biodiversity, which are currently vital. These EVs ultimately 
operate thanks to the wireless charging of their batteries when stationary or running. By changing long-
established means of transport that have become a threat to biodiversity, it is necessary to ensure that innovative 
replacement solutions protect this biodiversity. In addition, the construction of wireless power transfer (WPT) 
battery chargers for these EVs must offer an optimal ecology of clean energy saving. In such a context, the two 
concepts of One Health (OH) and Responsible Attitude (RA) will find their place in the design and control of 
WPT tools in EVs. This contribution aims to illustrate and analyze the roles of the green and non-wasteful OH 
and RA approaches in the design and control of WPT embedded in EVs for the smart city (SC) environment. In 
the paper, WPT tools are first introduced. The design and control of EV battery charging tools are then examined. 
The biological effects on living tissues due to the electromagnetic field (EMF) radiation of WPT are analyzed. 
The phenomena and equations governing the design of WPT and the effects of EMF radiation are then exposed. 
The OH and RA approaches in the SC context are afterward analyzed. The protection against the unsafe effects 
of WPT tools in the SC environment is consequently explored. The analyses followed in the paper are supported 
by examples of literature. 

Keywords: One Health; Responsible Attitude; electric vehicles; wireless power transfer; smart cities; living 
tissues; biodiversity; clean energy  
 

1. Introduction 
In modern society, various applications are developed for the daily well-being of humans 

involving comfort, health, safety, etc. These appliances operate using different sources of energy 
conversion. Such devices, in addition to offering the expected capabilities, produce undesirable side 
effects. An endless objective has remained at all times to improve the use of these resources. Thus, to 
enhance the expected results and reduce the undesirable side effects. These undesirable effects mainly 
disturb the health of people as well as that of wildlife, plants and biodiversity in general [1]. Hence 
the notion of OH which includes, in the case of the urban context, the health of humans, animals, 
birds and plants, all endangered by the disturbances produced by human activities [2, 3]. 
Furthermore, energy and environmental sustainability, which is one of the general issues raised, can 
ensure clean energy supply for human well-being. The management of well-being and nuisances 
related to the use of artificial tools is governed by a concept of RA in the conversion and use of this 
clean energy. These two methodologies concerning OH and RA would allow an adjusted use of 
energy for human well-being with reduced dangerous side effects for humans and biodiversity. 
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Among the devices operating with clean energies associated with human well-being, wireless 
electromagnetic (EM) energy devices occupy an important place. These are mainly WPT tools and 
everyday communication devices. These uses, in addition to their authentic functions, similar to those 
of common devices, have precisely their unexpected effects. Thus, they appear as unexpected 
suppliers of emitted EMFs, which are correlated with their wireless characteristic generating stray 
fields. Their effect is focused on the exposed object at an adjacent distance, e.g. a WPT or a mobile 
phone device [4-6] and homogeneous in case of distant exposure, e.g. a mobile phone tower antenna 
[7]. 

Reflecting the WPT tools, they mainly include four classes correlated with the object transfer 
strategy explicitly magnetic, electric, microwave and laser [8]. The variations of these technologies 
are mainly related, as well as the transfer methodology used, to various factors. These are the amount 
of energy transmitted, the transmission distance, as well as the performance, sensitivity, constraints 
and complexity.  

Regarding magnetic WPT, also called inductive power transfer (IPT), two concepts govern its 
operation, Ampere’s law of 1820 and Faraday’s rule of magnetic induction of 1831. These 
fundamentals later helped Nikola Tesla (1856-1943) to propose WPT in the 1890s [9-11]. WPT tools 
were once originally intended to transport energy over long distances by means of microwave rays 
[12, 13]. Similarly, the idea of WPT proposes the transmission of electrical energy in space from solar 
energy via satellite broadcasting for use on earth [14, 15]. Only recently, adjacent-range near-field IPT 
tools have been widely exploited for charging batteries of various everyday devices such as mobile 
phones, household appliances, drones, and EVs [16-27]. A magnetic WPT or IPT refers to the 
contactless transfer of power from a source to a load across an air gap. Thus, an IPT scheme comprises 
a transmitter and a receiver coupled coils. 

WPT technology is an important topic of current exploration in general electrical engineering 
sciences. Possible applications encompass a wide variety of fields, spanning mobility (EV), power 
generation, device battery charging, biomedical, etc. [28–34]. The explanations for such a wide 
collection of uses are also numerous and diverse. For example, in a number of medical applications 
(implants, sensing tools, and pacemakers), WPT develops a safe load stripped of any contact or the 
need to operate under surgery. Moreover, in many industrial developments, the need for contactless 
power transmission for moving loads, marking the complications related to sliding connections or 
moving power cables, has motivated the expansion of contactless energy transfer (CET) links [35]. 

This contribution aims to examine and explain the behaviors of IPT tools in the contexts of the 
OH approach containing smart cities biodiversity and the RA concept relating to better clean energy 
management. The current investigation is positioned in the context of the use of autonomous systems 
operating with decarbonized energy materialized by the replacement of thermal engine vehicles by 
EVs [36, 37] equipped with electric energy storage batteries. Thus, air pollution is reduced and the 
biodiversity of smart cities is protected. The probable use of wireless charging of batteries should 
ensure that the new solution continues to protect this biodiversity. The two concepts of OH and RA 
will find their place in this context in the design and management of IPT tools. 

In the following sections, we will first present an overview of the IPT tools embedded on EVs 
and their management for use in SC mobility. Then, the design and control of IPT devices with 
optimized energy consumption for human well-being and reduced unsafe side effects for humans 
and biodiversity will be addressed. Next, we will analyze the effects of EMF exposure radiated by 
IPT tools on living tissues in the SC context. The governing phenomena and their corresponding 
mathematical equations of the behavior of the IPT tool and its effects will then be informed and 
analyzed. The roles of OH and RA approaches in the SC context will then be analyzed. This involves 
the possible charging modes in SCs and their EMF exposure as well as the human in the SC circle of 
RA and OH approaches. Then, the procedures for protection against harmful consequences of EMF 
exposure will be discussed. The analyses pursued in the article are supported by examples of 
literature. 

2. Overview of IPT Tools 
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The construction strategy of an IPT comprises its performances relayed to the input grid, output 
load, and their related efficiency. Such performances shape, the projected consequence relative to 
human comfort, the EMF drifting radiation involving human and biodiversity unsafety, the power 
factor, and the diverse losses affecting the grid and environmental sustainability. The IPT component 
accountable of wireless action is its inductive coupler transformer (ICT). Figure 1 exemplifies a 
succinct schematic illustration of an ICT, of an IPT onboard of EV, composed of transmitter and 
receiver coils possessing inductances of L1 and L2, separated by an airgap representing a mutual 
inductance M12. The two wings of the coupler are compensated by capacities C1 and C2. These two 
roles, power transfer and capacitive compensation, figure the process of the IPT tool. The first action 
that linked to the ICT permits the wireless transfer through the magnetic induction ensuring a 
galvanic split of the power source and the battery load. The second action that associated to the 
capacitive compensations lets the power electronics connected to ICT (with the source and the load) 
to function at resonance that optimizing the process. Actually, the ICT airgap size is relatively 
important and hence its two coils coupling is weak. Thus, to transmit the required power, a significant 
reactive power must be absorbed, hence the essential use of resonant capacitive compensation 
components [23-26, 38-45] on both sides of the ICT to guarantee reliable efficiency. Reactive power 
compensation can use several topologies (series and parallel) on both sides of ICT, depending on the 
nature of the load, such as SS, SP, PS, PP, etc. [23, 39]. The SS (Series-Series) compensation topology 
is an economical option [23, 45]. To increase the power transfer efficiency, which is related to a better 
coupling coefficient, magnetic ferrite sheets are generally used covering the two coils of the ICT. 

 
Figure 1. Schematics of a compensated ICT in EV IPT. 

The ICT including its magnetic ferrite sheets is incorporated in the IPT between the input AC 
grid via a stage of filtered constant-variable conversion of frequency and voltage, and the battery load 
via a stage of filtered AC-DC conversion. Note that the IPT power regulation is achieved by 
monitoring the ICT input voltage and frequency. Figure 2, shows a schematic representation of a 
static IPT charging device of EV battery. This include, the AC grid, grid frequency AC/DC converter, 
filter, adjusted voltage and high frequency DC/AC inverter, ICT, AC/DC load converter, filter and 
load. 

 
Figure 2. Summarized schematics of IPT between battery load and AC grid. 
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The RA sustainable design and control of IPT onboard of EVs in SC context could be 
accomplished within the building of the ICT (coils and ferrites), the compensation features, the 
involved static convertors and filters. The enhancement could involve losses reduction, superior 
power factor, bettered coupling and lowered stray field radiation, which impacts OH approach. Such 
design and control are discussed in the next section. 

3. Design and Control of IPT Batteries Charging 
The OH and RA approaches are closely related to the IPT design and load (battery) scheduling 

control. The design involving sustainable optimization of the IPT could be realized for the coil and 
ferrite structures of the ICT, the static converters and inverters involved, the compensation 
components needed for resonant operation and the filters used. Such optimization aims at improving 
the efficiency and power factor on one side and a better coupling of the ICT with reduced parasitic 
radiation on the other side. These two sides of the optimization are mainly related to RA and OH 
approaches and illustrate their junction. Many works have been published on the topic of 
optimization of IPT components; see for example for improved performances [38-46] and for reduced 
radiation effects [47- 49]. Load scheduling control enables sustainability linked to the use of clean 
(carbon-free) energy and economical pricing; see for example [50]. In fact, EM energy is considered 
strictly clean if it comes from a clean energy conversion facility. Since the different energy conversion 
means are connected to the same grid (for the moment), intelligent load planning allows the use of 
renewable or other decarbonized energies (hydro or nuclear power plants); see for example [51, 52]. 
This problem would disappear when the grid would contain only clean energy conversion deliveries. 

4. Biological Effects on Living Tissues Due to EMF Radiation from IPT 
The interaction of EMFs with a substance resulting from field radiation causes a dissipation of 

EM energy in the substance. Various effects are occasioned in the matter due to such dissipation, 
generally correlated to the frequency range of the EMF.  

EMF waves display an extensive frequency range embracing non-ionizing (103–1014 Hz) and 
ionizing (1015–1022 Hz) extents. The non-ionizing waves are utilized in daily human activities like IPT 
devices. The mainly common consequence of such exposure especially in the range (105–1014 Hz), 
which comprise utmost IPT uses is a temperature rise subject to the features of radiated field and the 
threatened matter. The exposure characteristics include the strength, the frequency, the nature and 
the interval of exposure field. Those of matter relay to its physical belongings including electric, 
magnetic, dielectric, mechanic and heat occurrences. The mentioned customary thermal effect on 
matter normally arises for lessened radiation due to normalized protection, moderate exposure time 
and relatively distant from the source. It is worth noting that living tissues exposed to 
disproportionate field strengths, frequencies or period could endure irremediable molecular disorder 
that can invigorate nerves, muscles and generally excitable organizations. 

As mentioned above, the biological effects (BEs) due to IPT emitted EMF are commonly thermal 
due to tissue energy dissipation. These concern tissues of humans, fauna and flora. In such 
circumstances, an instant BE caused by high frequency radiation would end in a swell in inside tissue 
temperature. The regular heating persistence of these living tissues is principally fitted to outer 
heating of the matter for instance sun exposure. In this circumstance, heat is slowly spread by 
conduction and convection within the tissues, which ordinarily fluid perfused permitting correct 
functioning. Contrariwise, focused heating deepest the tissues, specifically those weakly irrigated or 
unwell immersed by blood or sap, could be dangerous contingent to the physiognomies of the 
radiation field and the tissues. Different unsafe outcomes of radiated EMF of IPT could be tested by 
evaluation alongside thresholds established by standards taking into account the tissues nature, the 
functional and conditions of exposure; see e.g. for human and fauna [53, 54] and for plants [55,56]. 
Regarding the frequency weight in exposure, it should be noted that, in near field applications like 
IPT for EVs the used frequencies are relatively low while high frequencies are normally used for far 
field applications like microwave (MW) IPT tools intended to transmit power through free space. 
Both IPT types implicate EMF radiation however with unlike BEs. In fact, strengthen field and 
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frequency produce more severe effect due to deeper internal impact in tissues. Obviously, reducing 
near field IPT frequency could reduce the radiation effects, however will worsen the performance of 
the tool. 

5. Phenomena and Equations Governing IPT and its EMF Radiation Effects 
Computation and data are now an integral part of almost every industrial sector. In the 

automotive industry, mathematical models increasingly compete in terms of functionality, safety, 
automation and eco-design [57]. The phenomena governing the design of IPT are related to EM and 
electric circuit domains. As well, the phenomena involved in the side effects of IPT radiated EMF are 
related to EM and heat transfer (HT) occurrences. In fact, the interaction of EMFs radiated by IPTs 
with substances produces undesirable thermal BEs, which are governed by the coupled EM and HT 
phenomena via the EM dissipated power (Pd) in these substances. In case of EMF exposure of living 
tissues, a bio heat (BH) phenomenon will govern the temperature rise originated by a heat source Pd. 
The different mentioned phenomena are ruled by corresponding mathematical equations, which are 
presented in the next sections. 

5.1. Governing Equations 
Based on the Maxwell’s microscopic local behavior, the differential form of the general EMF 4 

equations [58] given by:    

∇ × E = − ∂t B (Maxwell – Faraday) (1) 

∇ × H = σ E + ∂t D (Maxwell – Ampère) (2) 

∇ · D = ρe (Maxwell – Gauss) (3) 

∇ · B = 0 (Maxwell – Thomson) (4) 

The HT equation in its differential form is given by: 

c ρ ∂T/∂t = ∇ · (k ∇T) (5) 

In the case of EMF exposure (radiation) of living tissues, the EMF harmonic fields, the BH and 
heat source Pd equations are given as follows:  

∇ × H = J (6) 

J = Je + σ E + j ω D (7) 

E = −∇ V – j ω A (8) 

B = ∇ × A (9) 

c ρ ∂T/∂t = ∇ · (k ∇T) + Pd + Pt + cf ρf pf (Tf – T) (10) 

Pd = ω ⋅ ε″ ⋅ E2/2 (11) 

In the above (1-11) equations, H and E are the vectors of the magnetic and electric fields in A/m 
and V/m, B and D are the vectors of the magnetic and electric inductions in T and C/m2, A and V are 
the magnetic vector and electric scalar potentials in W/m and volt.  J and Je are the vectors of the 
total and source current densities in A/m2, σ is the electric conductivity in S/m, ρe is the volume 
density of electric charges in C/m3, and ω is the angular frequency = 2πf, f is the frequency in Hz of 
the exciting EMF. The symbol ∇ is a vector of partial derivative operators. The symbol ∂t is the 
operator of partial time derivative. The magnetic and electric comportment laws respectively between 
B/H and D/E are represented by the permeability µ and the permittivity ε in H/m and F/m. The 
parameters: ε″ is the imaginary part of the complex permittivity of the absorbing material and ρ is 
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the material density in kg/m3. E is the absolute peak value of the electric field strength in V/m, c is the 
specific heat of the substance in J/(kg °C), k is thermal conductivity in W/ (m· °C), and T is the 
substance temperature in °C. The power dissipation in W/m3 given by equation (11) relates to 
foremost dielectric heating of EMF energy loss. Notice that the imaginary part ε″ of the (frequency-
dependent) permittivity ε is a measure for the ability of a dielectric material to convert EMF energy 
into heat. The volume density of power dissipations given by equation (11) will be used in the 
coupling of EMF and BH equations. In the case of living tissues, we consider a self-tissue heat source 
Pt, convective heat transfer via irrigating fluid of tissue, and external heat source related to the EMF 
exposure Pd.  Pt and Pd are heat sources in W/m3, Tf and T are respectively the fluid temperature and 
the local temperature of tissue in °C, and cf, ρf, pf are respectively fluid, specific heat in J/(kg °C), 
density in kg/m3, perfusion rate in 1/s. 

It should be noted that the source term in the EMF equations is the excitation current density Je 

= σ Ee = j ω De = j ω ε Ee. In addition, the specific absorption rate (SAR) in dielectric materials (biological 
tissues) is equal to Pd /ρ in W/kg. 

Note that equation (11) relays to bio-heat tissues considering the EMF exposure. This expression 
is analogous to the Penne’s bio-heat equation [59-62] related to animal living tissues including 
convective heat transfer in blood. The sap fluid in plant plays the role of animal blood. Besides, 
Phloems and Xylems enclosing sap act the task of veins and arteries inclosing blood. In the Penne’s 
bio-heat, equation the term Pt in (11) is related to animal metabolic heat and corresponds to internal 
heat in plant tissues. In addition, the last term in (11) that acting for convection fluid heat transfer, 
relate to animal blood or plant sap. 

Considering the design and optimization of ICT discussed in section 3, based on a better 
coupling coefficient k according to: 

k = M12 . (L1 . L2) – 1/2 (12) 

The two resonant circuits for e.g. SS compensation of the transmitter and receiver are tuned at 
the resonant frequency ωo : 

ωo = (L1 . C1) – 1/2 = (L2 . C2) – 1/2 (13) 

The structure of the ICT coupler, schematized in figure 1, is presented in figure 3. It comprises 
the transmitter coil (on the ground), the receiver coil (on the EV bottom) and two magnetic ferrites 
plates that entirely covering the two coils. In addition, the figure includes a steel plate representing 
the EV chassis. The two ICT coils with their ferrites (pads) are separated by an air gap of distance (d), 
and of coil axes shift (sh). 

The EM analysis of the ICT behavior is related to equations (6-9 and 12, 13) where the EM domain 
(6-9) will be coupled to the circuit domain via a general circuit equation under the form: 

v = 1/C. ∫ i dt + r i + l. di/dt + dΨ/dt + ᴕ (14) 

In (14) v is the source voltage, i the circuit current, r the total circuit resistance, l a linear 
inductance, C a capacitance, ᴕ a non-linear voltage drop (e.g. a semiconductor component) in the 
electrical circuit and Ψ the flux linkage. The equations characterizing the EM and circuit domains to 
be solved are therefore (6-9, 14). 
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Figure 3. 3-D Structure of an ICT including, ground transmitter, EV bottom receiver coils, covered by 
2 magnetic ferrites plates and a steel chassis plate [25]. 

5.2. Numerical Solution of EMF, BH and Circuit Equations 
The numerical solution of the different equations relative to the EM, BH and electric circuit 

domains, respectively (6-9), (11) and (14) should account for different features of modeled structures. 
These are geometrical complexity, matter inhomogeneity, variables nonlinear behaviors and 
interdependence of domains. Fulfilling such features imposes a matter local solution indicating the 
use of discretized 3D methods as finite elements (FEM) or equivalent methods [63-72] associated to 
suitable equations coupling strategies.  

Considering the prediction of tissue BEs the involved equations (6-11) presented in the last 
section would be solved in a coupled manner. In such circumstances, the EMF and BH discretized 
equations would be weakly coupled due to the distant values of their time constants [59-61]. Thus, 
performing an iterative procedure gives the local distributions in the tissue of the fields induced local 
(i) values Ei, Bi, and Ji, and hence Pdi, SARi, and ΔTi. The implicated tissue parameters are ε, Pt, cf, ρf, 
pf, etc., which could be measured or found in literature [73-76].  

Regarding the IPT design, the governing equations are related to the EM domain (6-9) and an 
electric circuit domain (14), which needs a coupled equations solution. Generally, the coupling of EM 
and electric circuits needs simultaneous strong coupling solution of the equations due to non-
linearity of variable behaviors and closeness of the magnetic and electric time constants [77]. 

5.3. Dedicated Models Adaptations 
These latest numerical solutions and equations coupling strategies permit an accurate evaluation 

of the concerned phenomena. However, the class of needed evaluation depends on the dedicated use 
and therefore adaptations of the formalism are sometimes necessary to achieve the committed task. 
This could involve in many cases a recurrent procedure that needs to be executed in a repeated 
manner. In this case, mathematical models and processing tools are used for simulation, design, 
optimization and reliability analysis.  

In the initial design of the WPT structure, a full coupled model (EM - electrical circuit) (6-9, 14 
associated with 12, 13) seems necessary. Similarly, in the prediction of possible adverse effects on 
living tissues, a full coupled model (EM - BH) (6-11) seems indispensable. Conversely, in situations 
where computational time could be a constraint, such as repetitive adaptive optimization approaches 
or online control procedures, the full-coupled models mentioned above would be penalizing. 

Numerical solutions of complex structures could be difficult due to the complex coupled 
equations involved [77]. Therefore, in the case of structural design, approximate approaches are 
needed to reduce the model and perform sensitivity analysis. Sensitivity analysis is a phase of the 
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design that allows studying the variation of the calculated quantities according to variations in the 
inputs and parameters of the model. Reducing a model consists of accelerating its resolution while 
degrading the precision as little as possible [78]. The difficulty is therefore often to find the limit 
between saving time and deteriorating precision. The numerical experimental plans make it possible 
to identify a reduced model for optimization purposes. The functions to be identified are generally 
imposed (radial basis functions, Kriging functions, Bayesian network, etc.), and the data used for 
identification can come from simulation results [79].  

In the context of optimization, a strong constraint is to maintain the dependence between the 
model outputs and the parameters to be dimensioned. The reduction objective may also come from 
the need to couple the model to other models, for system-level simulation purposes. In this case, 
numerical processing can be directly applied to the fine model, resulting in the loss of model 
dependence on physical and geometric parameters. For example, for a dynamic system, reduction 
often consists of reducing the order of the system, that is, the number of state variables. This approach 
can be automated by numerical analysis by neglecting the lowest time constants. After applying 
several algorithms to a model, it is appropriate to approach multi-model optimization and in 
particular multi-level modeling optimization. The main idea comes from the observation that a fine 
model takes a long time to calculate and much longer to optimize. A reduced model (surrogate 
model) is then substituted [80, 81] for the fine model to carry out a pre-sizing. The solution is then 
used to reduce the fine optimization space of the model. 

In the analysis of the compliance of IPT systems with international standards regarding living 
tissues exposure mentioned in section 4, one can use stochastic non-intrusive methods (Kriging, 
Polynomial Chaos, etc.) [79, 82] that use 3-D FEM computations with a limited set of realizations 
(learning samples). In this context, Kriging and Polynomial chaos expansions provided efficient meta-
models to take into account uncertainties of different physical or geometrical parameters [83]. 

5.4. Example on Meta-Model Features  
In [83] an optimization problem considering material and geometrical features, predictions of 

radiated magnetic field have been obtained from two non-intrusive stochastic models for a given 
WPT system for EV. To illustrate the precision of these meta-models and the gain in computation 
time, figures 4 and 5 illustrate the relation of the fields obtained from the 2 meta-models related to 
the FEM computations respectively for 3 and 15 learning samples of 30 all samples computations and 
figure 6 shows the error function of the number of these samples. Concerning the computation time 
required for the meta-models, whatsoever meta-model and learning samples number, the 
computation time rests insignificant related to all the samples FEM calculation. 

The results given in figures 4, 5 and 6 show the efficacy of using meta-models for repetitive 
possible optimization designs though compliances of IPT with standards. Note that reduced models 
are also well adapted in control and online monitoring of IPT systems (see section 8). 
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Figure 4. Relation of the B fields obtained from the two meta-models related to the FEM computations 
for three learning samples case [83]. 

 
Figure 5. Relation of the B fields obtained from the two meta-models related to the FEM computations 
for 15 learning samples case [83]. 

 
Figure 6. Error of B fields obtained from the Kriging meta-model related to the FEM function of the 
number of samples [83]. 

6. OH and RA Approaches in SC Context 
IPT wireless charging of electric vehicles is a SC-friendly solution, relevant for shared and 

autonomous EVs, public transport (buses, trams and ships), medium-duty delivery trucks, drones, 
etc. It can be static charging (in infrastructure stations or at home for personal EVs) or dynamic 
charging (electric roads). The latter can be wireless via IPT battery charging or connected to the grid 
via a sliding contact, used in particular for public transport. In addition, there is a third intermittent 
charging mode, which could be discontinuous electric roads or split static charging points.  

6.1. Charging Modes Possessions 
A full static IPT charging mode corresponds to a limited range over a distance; it requires high 

battery storage and is well suited for personal EVs and taxis. A mixed dynamic-fixed IPT charging 
mode is mainly suited for long-distance highways and requires less battery storage than the latter 
case. A full dynamic mode corresponds in general to a fixed trajectory; it does not require battery 
storage and is well suited for electric buses and trams connected by sliding contact to the grid. A 
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discontinuous dynamic mode corresponds to a partially fixed trajectory, requires low battery storage 
and is well suited for buses with particular trajectories or areas including portions with difficult grid 
connection infrastructures. The mentioned mode using remote static charging points corresponds to 
electric buses charging at their stops for which the battery storage depends on the number of stops, 
the distance and the static duration. All the latter mentioned IPT charging modes require safety 
precautions against EMF exposure (see section 7). 

6.2. RA and OH Approaches of IPT Management in SCs 
For all the different charging modes mentioned above, both RA and OH approaches aim at the 

same goals of eco-design, clean energy usage, minimization of losses, reduction of adverse effects on 
living tissues, and assessment and protection of biodiversity safety. Moreover, energy management 
between the grid and the EV could help RA; thus, control algorithms can be used for both grid-to-
vehicle (G2V) and vehicle-to-grid (V2G) operating modes [84, 85]. Furthermore, it is necessary to 
ensure interconnection and interoperability between various wireless charging devices [26, 86]. 
Moreover, providing a configurable charging profile enables improved RA [87]. Moreover, 
connectivity and autonomous driving capability will make EVs (cars and trucks) much safer [88].  

6.3. EMF Exposure and Charging Modes 
The stray EMFs of ICTs are highly dependent on the relative positions of the ICT coils in 3D 

geometry and are therefore affected by the charging mode, static or dynamic. The effects of these 
fields on living tissues are associated with the location of these tissues relative to the position of the 
ICT, which is different for static and dynamic modes. In dynamic charging mode, the stray fields are 
variable and take minimum and maximum values depending on the position of the ICT receiver coil 
in the bottom of the EV relative to the ICT transmitter coil on the ground. In this case, the affected 
living tissues are mainly those in the passenger compartment inside the EV. In the case of static 
charging mode, the passenger compartment is normally empty. On the other hand, for such a mode, 
living tissues, which can be humans, animals, birds or plants, located outside the EV in the vicinity 
of the ICT under its bottom, could be affected by exposure to the stray fields. Open space charging is 
often practiced for personal EVs at home and remote static points correspond to electric buses 
charging at their stops. As mentioned in Section 6.1, exposure safety precautions are necessary with 
respect to these charging modes. Figure 7 illustrates examples of such threatening situations. 
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Figure 7. Illustrative examples of threatening situations for animals and plants due to IPT charging 
tools in the bottom of EVs. 

6.4. Human in the SC Circle of RA and OH Approaches 
This section summarizes the role of humans in the SC environment in terms of their contribution 

to the construction of the IPT and the choice of the quality of the energy used. Moreover, how they 
can benefit from its expected results as well as how they can suffer from its possible side effects. 
Figure 8 illustrates this causal approach of the design and energy expended in EV-IPT, its expected 
utility and its unsolicited effects on human and his environment. 

 
Figure 8. Causal approach of the design and energy expended in EV-IPT, its expected utility and its 
unsolicited effects on human and his environment. 

The present work focussed on the approach of RA through the design and use of clean energy 
in IPT and on the concept of OH by counting whole SC biodiversity involving humans, animal birds 
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and plants in the controlling of adverse EMF exposure influences, which comprise their assessment 
and monitoring. Figure 9 summarizes such strategy. 

 
Figure 9. RA and OH approaches through the design and use of clean energy in IPT counting whole 
SC biodiversity by monitoring of adverse EMF effects. 

Certainly, the analyses of IPT tools conveyed in this work could be classified in two 
interconnected actions of RA and OH approaches. The enhanced design of IPT devices using EM 
clean energy devoted to superior performing and diminished stray fields belong to RA action. On the 
other hand, the evaluation and control of adverse BE for biodiversity security belong to OH action. 
Figure 9 shows an illustration of such interaction of these two actions. 

7. Safeguard against the Unsafe Effects in SC Environment 
As mentioned formerly, the enhanced design of an IPT device aims to strengthen the expected 

power transfer and decrease unwanted EMF radiation that might disturb not only humans but too 
further associated environmental biodiversity. Such aims could be attained over IPT optimization 
and monitoring. The reduction of near EMF (target close to ICT) disorders is a difficult mission 
particularly in the circumstance of sources associated to wireless devices. Actually, for straight 
sources emitting EMFs, target guard could be accomplished via shielding of the source, the target, or 
both. Note that in case of EV, ICT (source) shielding (in 3D geometry) is very complicated due to its 
structure and position, partially in the bottom of EV and in the ground. This difficulty is stronger for 
larger or twisted coils airgap. 

7.1. Protection in Dynamic and Static Charging Modes   
As mentioned above, reducing the IPT stray field can be difficult. However, shielding the upper 

part of the ICT, including the passenger compartment, is an easy task using shields of appropriate 
shape and material [89, 90]. Such a technique is mainly used in case of presence of people or animals 
inside the EV such as in dynamic charging mode or buses with distant static charging points. In the 
case of static charging mode in an open space, shielding may be necessary only to protect electronic 
instruments. However, the field radiated by the ICT outside the EV under and around its bottom can 
affect all living tissues. This effect is more significant for larger air gaps or greater misalignment of 
the coil axes corresponding respectively to the distances d or sh in Figure 3. Since these parameters 
are difficult to control, any presence under or near the bottom of the EV should be avoided, especially 
for a significant duration. In the case of personal EV charging at home, only closed spaces or areas 
encircled in an open space, thus avoiding the presence of humans, animals, birds, plants, etc. near the 
ICT would be completely safe. Additionally, installing ICT away from the bus entrance and passenger 
waiting area is necessary for public safety in the case of remote static charging points. 
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7.2. Control of BEs in Living Tissues  
The situations described above could be verified and controlled by routines given in section 5 

checking field values in living tissues compared to thresholds established by universal standards [53-
56]. In all charging modes, the above-mentioned routines should include the specific living tissue 
geometry and matter properties. Assessment of living tissue exposure to EMFs requires approaches 
based on 3D calculations to solve the EM problem (6 - 9) containing representations of the ICT system, 
the vehicle and the living tissue object (in the vehicle or located nearby). 

7.3. Living Tissues Models  
The most significant characteristics governing the recognition of such models are the reliability 

of the physico-biological belongings, the realistic state and the consistency with the numerical 
methodology used. Different living tissue models and matter characteristics could be found in 
literature, e.g. for human tissues [73-76, 91, 92]. For example in human case, Figure 10 shows a 
structural model of the body and its various organs and tissues. 

7.4. Example of Exposure BEs 
An illustrative example of ICT radiation exposure relating to the case of a human body 

positioned horizontally on the ground next to an EV under static charging mode is given here [59]. 
Figure 11 shows the distributions of induced fields in the body due to exposure to ICT. The used 
human body for computations corresponds to the high-resolution human anatomical model, 
compatible with the numerical approach used, presented in Figure 10.  

 
Figure 10. High-resolution anatomical human body model with its different organs and tissues, [59]. 
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Figure 11. Distribution of induced fields in the body. (a) Magnitude of B (T), (b) Magnitude of E (V/m), 
[59]. 

The corresponding results in this case were in agreement with international safety guidelines 
(27 µT for magnetic induction B and 4.05 V/ m for the electric field E). 

8. Discussion 
In the above analyses, OH and RA approaches have been widely discussed regarding their roles 

in the design and control of IPTs integrated in EVs for the SC environment. These two approaches are 
more generally involved or could be extended to more interesting situations.  

Interdependence in OH approach and beyond: As defined earlier the OH approach is a combined, 
fusing approach that targets to sustainably weigh and enhance the healthiness of man, animals 
(domestic and wild), plants and the larger environment (containing ecosystems), which are 
intimately allied and behave mutually dependent. In addition to the effects comprising human, 
animal, and plant health, all menaced by disruptions engendered by human activity (EV IPT) 
analyzed in this work, other situations of interdependences could be remarked. For example the 
alliance of some viruses with their hosted organism (virus-host interaction). Thus, the genomes of 
viruses that are composed of genes borrowed from the organisms they infect and can in certain cases 
give their hosts the ability to produce a toxin to destroy their competitors (as in the case of baker's 
yeast) [93]. Another example that is related to metabolic interactions between bacteria and 
phytoplankton [94]. As well, the link between certain microorganisms, plants and nutrient cycles 
could be found in e.g. [95]. 

Exposure to EMFs from multiple IPTs: In the case of static wireless charging stations comprising 
multiple EVs, spatial EM radiation could reflect a superposition exposure effect [96]. In such a case, 
the corresponding safety precautions can be predicted by the routines described in Section 7.  

Extended RA management in IPT and EVs: As mentioned in Section 6.2, an enhanced RA could 
involve a planned energy exchange between the grid and the EV (autonomous or shared EV). Thus, 
G2V, when clean energy is available and V2G when energy is expensive. Furthermore, an enhanced 
RA could result from providing a configurable charging profile. Both strategies could be realized 
through control algorithms and are closely related to battery storage. This latter could be considered 
as a component of the EV driving system including its related heating and management systems [97]. 
The driving range, which is a critical issue in the driving system, is directly related to the capacity of 
this energy storage. Moreover, the battery condition strongly affects the design and operation of its 
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connected inverter. EV battery condition monitoring, fault detection, and lifetime prediction are 
important online tasks. Such monitoring could be achieved through digital twin (DT) technology [98]. 
DT could be described as an easy integration of information between a physical and virtual procedure 
in both directions. DTs for EV driving systems are commonly used for system condition monitoring, 
diagnostics, prognosis, optimization, scenarios, and risk assessment [99]. These DTs can be shaped at 
the system level, subsystem level, specific component level, and many other levels. Thus, the planned 
energy exchange between the grid and the EV and the configurable charging profile could be 
monitored by the DT concept as part of battery monitoring for the RA approach.  

Moreover, this activity could be corroborated in the context of a DT city. Thus, the amplified 
number of SCs more connected to societies is established; consequently, the need for skills as DTs has 
increased, which can help the further progress of these SCs [100]. A significant advantage over energy 
savings in a SC illustrates the way services are disseminated and operated. In a DT city, sensors, 
cameras, and different digital tools about, city infrastructures, resource distribution, movement of 
people, logistics, and EVs, will collect information. Thus, the SC administration would be supervised 
and managed in a way that makes the city more efficient [101]. 

To highlight the concept of DT for the supervision of complex procedures such as EV-IPT-battery 
connected to SC and grid, we detail here its main characteristics [102]. The DT is composed of a real-
virtual pair that allows a self-adjusting behavior. The real wing delivers the processed sensed 
information to the virtual wing while the latter transmits the control orders to the real wing. Such a 
pairing also allows to decrease uncertainties and to reduce unsolicited and threatening operating 
singularities. The processed data of the real wing delivers detections compared and corrected by 
external data (IoT) and an acquired history. The compliant product would, once trained, be 
transmitted in the form of data analysis. These suggestions with an appropriate reduced model (see 
section 5.3) will be advanced to the virtual tool. Certainly, a fast pairing requires a consistent virtual 
copy with a low computation time. This can be achieved by reducing the numerical model while 
keeping the faithful physical representation. Supervision using such a pair allows an adaptive control 
for a working procedure [103]. Figure 12 summarize the features of a DT for the supervision of the 
EV-IPT-Battery operation connected to SC and grid. 

 
Figure 12. Summarized illustration of a matched monitoring of a complex procedure (EV-IPT-Battery 
connected to SC-Grid) with its virtual model [103]. 

The previous analysis illustrated the possibility of using strategies involving a planned energy 
exchange between the grid and the EV and a configurable charging profile, which could be realized 
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through DT-managed control algorithms as part of the battery monitoring for the RA approach 
connected to SC DT. It should be noted that the DT concept is also often used in other various general 
vehicle applications, see for example [104-111].  

9. Conclusions 
The analyses discussed in this article have shown the importance of the roles of OH and RA 

approaches for the design and use of EVs in the urban ecology of SC associated with the protection 
of its biodiversity. This particularly concerned the augmenting adaptation of the IPT through its eco-
design associated with the planned use of clean energy to allow a healthy ecology and conserved 
biodiversity. The article has also shown the distinct contributions of the complete coupled 
mathematical models as well as their reduced versions in the design, optimization and shielding of 
the IPT as well as the prediction of harmful BEs on living tissues in the urban biodiversity of SC. In 
conclusion, this contribution illustrated the next important points: 

The ecological and not wasteful conducts through OH and RA concepts suggest EVs 
comprising their IPTs and batteries to function in a connected mode. Such connection would involve 
SC infrastructure and public grid. 

Mathematical modeling in its complete form can help in initial design and optimization of IPT 
structures and prediction of adverse BEs. Contrariwise, in repetitive adaptation tasks and online 
control and monitoring, reduced models would be more appropriate. 

During the operation of IPT battery charging of cars, buses, trucks, etc., while passengers must 
be present on the EV board as during the dynamic mode charging the shielding under the bottom of 
the EV is necessary. Also in the case of impossibility of using the IPT static mode in a closed space, 
the battery charging in open space is conditioned to a distance limitation of position around the 
vehicle. In these two situations, a check could be practiced by a predictive modeling of the BEs in the 
living tissues of humans, animals, birds, plants, etc 
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