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ABSTRACT 

The paper presents a comparative analysis of energy transmission methods based on electromagnetism: non-radiative 

alternating electric, magnetic and electromagnetic fields. The examples of practical realization of the presented 

technologies are considered. The multi-criteria approach for analyzing the expediency of practical realization of a 

concrete method of energy transfer including different technical characteristics is offered. The comparative analysis 

based on the proposed approach shows that the method of resonant inductive energy transfer is the most effective and 

promising in development. 

Keywords: Wireless energy transfer, Electromagnetism, Resonant inductive coupling, Hybrid wireless 

coupling. 

1. INTRODUCTION 

Due to the current increased interest in studying the 

negative human impact on the environment, researchers 

have turned their attention to the contribution of internal 

combustion engines to total atmospheric emissions. 

According to the International Energy Agency's 2019 

data [1], emissions from cars and other vehicles 

accounted for 27 % of total global air pollution. In urban 

areas, according to sources [2–4], emissions from cars 

and other vehicles can already account for 35 to 70 % of 

total air pollutant emissions. The solution to this 

problem has been the development and gradual 

introduction of safe and environmentally friendly modes 

of transport based on: hydrogen engines or fuel cells, 

pneumatic drive, electric drive, etc., into urban 

infrastructure. Among these, electric-powered vehicles 

have proven to be the most inexpensive and easy to 

produce and operate. 

Over the past 10 years, the number of land-based 

electric vehicles in the world has grown: from zero to 

more than 10 million units [5], which has led to the 

problem of integrating them into the urban environment. 

Electrified vehicles use batteries to store energy, which 

need to be recharged every few hundred kilometers of 

travel. At the moment, pantographs or cables are mostly 

used to charge batteries, the use of which is 

accompanied by a number of problems: relatively low 

power transfer capacity (resulting in long charging times 

for high-capacity batteries), in the case of charging 

cables – high weight, difficulty in organising automated 

charging. The solution to these problems could be the 

use of a contactless charging infrastructure. 

The task of wireless power transmission (WPT) has 

interested researchers since Nikola Tesla's first 

experiments at the end of the 19th century. Since then, 

many methods of wireless power transmission and their 

researches have accumulated. This paper will review 

some of them to identify the most efficient and 

promising method for industrial applications in high-

power devices for wireless power transmission. 

2. REVIEW OF EXISTING WIRELESS 

ENERGY TRANSMISSION METHODS 

AND EXAMPLES OF THEIR 

APPLICATION  

At present, existing WPT systems can be divided 

into radiative (energy transmission in optical [6, 7] and 

microwave [8] range) and non-radiative (energy 
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transmission by magnetic induction [9], magnetic 

resonance induction [10], electrostatic induction [11] 

and new hybrid type systems [12]) depending on field 

type. The classification is given according to foreign 

sources [13, 14] that set trends in the development of 

WPT systems. The classification of WPT systems is 

shown in Figure 1. 

 

Figure 1 Types of WPT. 

The use of radiative fields is limited due to their 

impact on the environment and human health in 

particular, so they are not being considered in this 

article.  

Non-radiating technologies include devices 

operating in the frequency range up to 10 MHz to 

transmit energy at short (a lot lower the diameter of the 

receiver and transmitter) and medium distances (up to 

several lengths of receiver and transmitter diameter), 

through so-called proximity fields (up to 1/2π of the 

electromagnetic wave length).  

The influence of electromagnetic fields is regulated 

by the documents of the International Commission on 

Non-Ionizing Radiation Protection [15, 16]. 

In general, the operational principle of WPT systems 

of the type under study can be described using the 

schematic shown in Figure 2. The core of the system is 

a transceiver unit, where the transmitting part is 

connected via auxiliary devices to the power source and 

the receiver is connected to the power consumer, or 

load. 

The special features of the different WPT systems 

are not only in the wireless coupling itself, but also in 

the structure design of these systems. The auxiliary 

systems include power converters: inverters and 

rectifiers, as well as reactive energy compensation and 

impedance matching circuits.  

In this article, only the operational principles of the 

transceiver/receiver devices of the non-radiating WPT 

systems are considered. 

 

Figure 2 Generalized chart of WPT systems. 

2.1. Inductive Power Transmission 

Inductive energy transfer uses magnetic field energy. 

Magnetically coupled coils L1 (primary coil) and L2 

(secondary coil) are used as a receiver and transmitter, 

as shown in Figure 3. 

An alternating current is applied to the L1 primary 

coil, which induces an alternating magnetic field, which 

acts on the L2 secondary coil. Electromagnetic 

induction induces an EMF in the second coil, and when 

the coil is shorted to a load, an induced electric current 

begins to flow in the circuit. 

In general, an inductive WPT system is a 

transformer, but in transformers the windings are 

located on a common magnetic core to concentrate and 

direct most of the magnetic flux, while coils for WPT 

have no common core, so are loosely coupled [17]. Due 

to the weak coupling, the efficiency of energy transfer 

by inductive means is highly dependent on the distance 

between the coils. As the distance increases, the 

magnetic field dissipates and more and more of the 

effective magnetic flux does not reach the receiving 

coil. 

In addition, this method has a low efficiency, which 

limits its application mainly to low-power devices that 

are powered from a substantially higher power grid. In 

such a case, 20–50 % loss of energy for the operation of 

the power system as a whole is not critical. For 

example, this charging method is used for smartphones, 

electric toothbrushes [18], electric razors, medical 

implantable devices [19], but there are also application 

concepts for charging electric vehicles [18]. 

2.2. Resonant Inductive Power Transmission 

The resonant coupling method is similar to inductive 

coupling, but has the important distinction that to 

increase power transfer, loosely coupled coils are 

supplemented with capacitance to create an oscillating 

circuit and produce an increased current when the 

circuit is tuned to resonance. The resonant current 

induces a resonant magnetic field, which is captured by 

a receiving circuit tuned to the same resonant frequency, 

resulting in more power being transmitted. 

There are different structures for realizing resonant 

coupling between transmitter and receiver: a system 

with 2 coils as shown in Figure 4a (the capacitive 
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elements that make up the resonant circuit can be in 

series or in parallel) and a 4-coil system,  

 

 

Figure 3 Chart of an inductive WPT. 

  

Figure 4 Resonant inductive WPT schematics: a – with 

two coils, b – with four coils. 

as shown in Figure 4b, two of which are coils and the 

other two are coils that make up the resonant circuit. 4b, 

two of which are resonant-tuned magnetic field repeater 

circuits. The latter systems are more efficient because 

the repeater coils concentrate and direct the magnetic 

field, which allows increasing the distance between the 

coils and increasing the transmission efficiency [20]. 

This method, because of its merits, has found wide 

application in various fields, from low-power devices 

(chargers for smartphones, tablets, laptops, etc.) to more 

powerful ones, examples of which will be discussed 

below. Wartsila in 2017 introduced a 1MW wireless 

transmission charger for electrified marine vessels [21]. 

Currently, the company reports that they have a 2.5 MW 

wireless charger with a transmission efficiency of 95–

97 % [22]. IPT Technology presents projects and 

concepts for wireless charging of land and marine 

vessels, as well as solutions for industrial use [23]. The 

company reports that the efficiency of the proposed 

systems exceeds 92 % [24]. In 2015, a 1MW real-time 

wireless power system for high-speed trains with 

efficiency of 82.7 % was presented based on the same 

principle [25]. 

2.3. Capacitive Power Transmission 

In contrast to the WPT methods discussed above, the 

capacitive method uses electric field energy. The system 

uses metal plate electrodes as the transmitter and 

receiver, as shown in Figure 5. 

High frequency AC voltage is applied to the two 

primary plates Cs1 and Cs2, and under the action of the 

electric field according to the laws of electrical 

induction, a potential appears on the secondary plates 

Cr1 and Cr2 and a bias current starts flowing in the 

receiver circuit. 

Between the transmitter and receiver plates there is a 

gap filled with a liquid or gaseous medium, which acts 

as a dielectric. As in an inductive coupled system, the 

 

 

Figure 5 Chart of a capacitive WPT. 

efficiency of power transfer is highly dependent on the 

distance between the transmitter and the receiver [13]. 

To increase the transmission power density, the voltage 

on the primary side is raised by an amplifier and then 

lowered on the secondary side. 

The capacitive WPT system can be used over short 

distances in biomedical devices [26], for charging 

mobile devices and drones [27, 28]. Moreover, concepts 

have been developed for applications with more 

powerful devices such as electric vehicles [29, 30] and 

all-electric marine vessels [31]. 

2.4. Hybrid (Inductive and Capacitive) Power 

Transmission 

The latter systems under consideration are called 

hybrid systems because of their peculiarity: they use 

both inductive and capacitive coupling for transmission. 

Research on this topic has only recently started to 

appear (about the last 5 years) and most review articles 

on WPT systems do not even consider this method.  

In these systems both the coils for inductive 

coupling and the metal plates for capacitive coupling are 

placed on the transmitting and receiving sides. These 

systems have two basic topologies for connecting coils 

and plates: in series (Figure 6a) and in parallel (Figure 

6b). 
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Figure 6 Charts of hybrid WPT structures: a – series 

topology, b – parallel topology. 

Hybrid power transmission systems have several 

important advantages over other systems: 

• with certain design solutions, it is possible to 

increase the transmitted power density without 

increasing the transceiver area [32]; 

• the possibility of more efficient use of capacitive 

and inductive components used in inductive and 

capacitive WPT systems to compensate reactive powers 

and create resonance [33]; 

• hybrid systems can show greater resistance to axial 

and transverse displacements due to the different 

properties of the magnetic and electric fields [34]. 

To the best of our knowledge, there are currently no 

practical examples of applications of hybrid WPT 

systems. However, there are some concepts and 

developments for applications in power electronics 

(1 kW energy transfer with 91.9 % efficiency) [35] and 

railway systems (653 kW energy transfer with 87.7 % 

efficiency, 8.3 % change in transfer efficiency for 

displacements from 0 to 270 mm) [36]. 

3. COMPARATIVE ANALYSIS OF WPT 

METHODS 

The performance of the considered WPT systems are 

summarized in Table 1 for further comparison.  

Table 1. Comparison of non-radiating WPT methods 

Comparative 

values 

WPT methods 

Inductive Resonant-inductive Capacitive Hybrid 

Energy transfer Magnetic field Magnetic field Electric field 
Magnetic and 

electric fields 

Transmission and 

receiving devices 
Coils Coils and resonant circuits 

Metal plates 

(electrodes) 

Coils and metal 

plates 

Transmission 

range 
Near [37] Medium [37] Near [37] Medium 

Transmittable 

Power 
Medium High Medium High 

Efficiency Low High Medium High 

Operating 

Frequencies 
Hz-kHz Hz-MHz kHz-MHz kHz-MHz 

Direction of field 

strength flow 
Omni-directional Omni-directional Uni-directional 

Omni-directional 

and uni-directional 

Effective 

multicast 
No Yes [25] No No 

Mobility No Yes [37, 38] No Yes [36] 

Hazardous 

influences 

High magnetic field 

dissipation causes eddy 

currents in nearby metallic 

materials 

Fairly safe 
Bare electrodes under 

high voltage 

Bare electrodes 

under high voltage 

Features - 
Possible to bend the field 

path (domino effect) [20] 

Does not emit electric 

waves in the absence 

of a receiving device 

[31] 

Can reduce the eddy 

currents generated 

by the magnetic 

fielda 

Experience of 

practical 

implementation 

Limited Wide Limited No 

a. In some designs for hybrid WPT systems, the electric field can limit the magnetic field, thereby reducing its 
coupling with nearby metals and therefore reducing the parasitic eddy currents in them [12].  
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The table additionally highlights the characteristics 

of the WPT methods that have an advantage over the 

others by a particular criterion, in case one can 

unambiguously assess the superiority of one method 

over the other.  

Due to the variety of studies and system topologies, 

the values in the table are presented qualitatively rather 

than quantitatively. 

The criteria include indicators such as: 

• range – the distance between the receiver and the 

transmitter in which the device shows good 

performance; 

• operating frequencies – the range of frequencies 

used to operate the system; 

• direction of power lines – the parameter that 

influences the occurrence of parasitic flows in the 

system; 

• mobility – dependence of transmission efficiency 

on axial and transverse displacements; 

• experience of practical implementation – 

possibility to use experience of researchers in 

development and solution of arising problems, etc. 

From the comparison results, it can be seen that two 

methods are of the highest priority: resonant inductive 

and hybrid. They both show good performance in terms 

of power, efficiency, mobility – all the most important 

characteristics for high power applications. However, in 

view of the practical implementation experience and 

processability of WPT systems, the resonant inductive 

method is currently the most promising for development 

and implementation in electrical systems. Meanwhile, 

the hybrid method, despite the lack of experience in 

practical commercial implementation, has good 

prospects for the future.  

4. CONCLUSION 

This paper gives an overview of typical structures of 

WPT systems based on non-emitting methods, as well 

as the fields of their practical and commercial 

applications. 

On the basis of a literature review, a list of the main 

quality indicators (criteria), which can be used to 

compare the WPT methods, such as: range; amount of 

transmitted power; efficiency; operating frequency 

range; possibility and efficiency of multicast power 

transmission; mobility; safety and experience of 

practical implementation, is compiled. 

Based on the above quality indicators of the WPT 

methods, it can be concluded that for vehicle charging 

infrastructure applications, the most promising systems 

are those based on the resonant-inductive and hybrid 

method, the latter of which is less preferable for use in 

the near term due to the need for additional research 

before commercial implementation. However, some of 

the advantages cited in the paper indicate the potential 

for hybrid WPT systems in the future. 
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