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This article provides a review of the possible types of rotary wireless transmitter (RWT) 

constructions. It also presents a design methodology of transmitting and receiving coils for axial RWT, 

providing maximum energy efficiency with minimal dissipation losses. To reduce the impact of air gap, 

between the transmitter and the receiver, the coils are connected in resonant circuits. The design of 

resonant circuit elements and their matching with the high frequency generator are also investigated. A 

mathematical analysis of the transmitter and the receiver coils is presented as separate inductive 

elements and as interconnected ones by the electromagnetic field. There are four main types of RWT 

construction introduced in this article, examining in details just one of them – the axial one.   In order 

to clarify the advantages and the disadvantages of the construction, computer simulation was made, 

showing the distribution of the magnetic field and its intensity at the individual points of the wireless 

transmitter. 

Keywords – Electromagnetic analysis, Matching, Resonant circuit, Rotary transmitter, Winding 

configurations, Wireless transfer 
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Introduction 

Wireless power transmission (WPT) is an 
innovative technology which launches a new stage in 
the development of automated systems. It also involves 
the optimization of a lot of technological processes, as 
it offers great flexibility, because of the  removal of 
power cables, the lack of moving electrical contacts and 
the associated problems (sparks, wear, etc.). It also 
allows application in explosive environments, such as 
high humidity and high speeds. It is used for the 
wireless supply of consumers, which perform linear 
and rotary motion.  

The rotary motion is used in almost all areas of the 
industry. It is often necessary to transfer energy to the 

rotating elements and this requires use of a rotary 
transmitters. It can be realized by sliding contact rings 
or a RWT. The article discusses the possible 
constructions of RWT, as the emphasis was put on the 
construction of axial transmitter. It is necessary to 
achieve the optimization of the RWT and improve its 
efficiency. This is related to the reduction of losses 
from the self-inductance, the improvement of the 
magnetic coupling ratio and the creation of conditions 
for easy matching with the other functional blocks of 
the WPT system. The mutual magnetic induction M and 
the self-inductivities L1, L2 are of great significance to 
improve the efficiency. Their values depend upon the 
geometry of the coils - the number of windings, the 

16 “Е+Е”, vol. 53, 1-2, 2018



 

 

distance between them, the presence of magnetic 
concentrators, the winding style and the size of the air 
gap.  

The article presents an electromagnetic analysis of 
the transmitting and receiving coils and on this base is 
introduced a mathematical model of designing a rotary 
wireless transformer. A computer simulation was 
made, showing the advantages and the disadvantages 
of the axial RWT design. 

Types of rotary wireless transmitters  

There are two basic RWT constructions - axial (A) 
and radial (R) shown on Fig.1a and Fig.1b. They are 
divided into several sub types, differing from the 
location of the coils and the shape of the body to which 
they are attached. A variation of the two constructions 
is the coaxial transmitter - Fig.1c and Fig.1d. It 
combines the advantages of both configurations. 

 
     a)radial ;        b)axial ;      c) coaxial R ;    d) coaxial A 

Fig.1. Types of rotary wireless transmitters. 

In the design of the conductors for the individual 
types of RWT, a major problem is the inconsistency 
between the standard ferrite cores, offered by the 
companies and the dimensions of the transmitter, 
designed by the constructors. This requires the usage of 
composite magnetic cores, which complicates the 
design and construction of the mechanical system. A 
solution the problem is use of new magneto-dielectric 
materials, which have a number of advantages, 
comparing to the traditional ferrites [1]. Table 1 
presents a comparison between the most commonly 
used materials for making transformer magnetic cores.  

Table 1 
Types of materials 

Material Perme- 
ability 

El. Re- 
sistivity 
Ohm.cm 

El.Strength 
Vrms/mm 
(300kHz) 

Availab. 
in sizes 
and shapes 

Curie  
temp. 
0C 

Ther. 
cond. 
W/cm2 

Fer.559 18-20 High 
>15000 

Medium 
<100 

Any when 
machined >300 0.04 

Fer.119 7 Very 
High 

>300 
Vrms/mm 

Any when 
machined >300 0.02 

Fluxtrol 
50 50 Low <100 

Vrms/mm 
Any when 
machined >300 0.05 

Fluxtrol 
HF 5 Very 

High 
>> 300 
Vrms/mm 

Any when 
machined >300 TBD 

The conclusion that could be made is the magneto-
dielectric materials have a significant advantages, 
because they are subject to mechanical machining and 
practically each and one required shape of a magnetic 
core could be obtained. 

Rotary transmitter with axial (A) configuration 

Cross-section of an A RWT is shown in Fig.2 [2]. 
The configuration is applicable in cases with 
constructive limitation of the permissible dimension 
in direction x, according to Fig.2. This requires an 
extension of the transmitter in direction y, i.e. parallel 
to the axis of rotation, which at the same time 
improves the magnetic coupling factor. It is typical for 
this type of transmitters to allow instability, 
fluctuation and slight displacement in the y - direction, 
making this kind of rotary transmitter suitable for hit- 
drilling purposes. A disadvantage of the axial RWT is 
the construction difficulty, which appears in 
producing the transmitter coil. 

 
Fig.2. Axial rotary wireless transmitter. 

Electromagnetic analysis  

The main design symbols and dimensions are as 
follows: 

Lw,Wr,Wt – geometric dimensions of the coils, 
length and width, as the index denotes transmitter (t) 
and receiver (r); 

D1 – the internal diameter of the receiver. It is 
determined by the axis of rotation value. Often this is a 
spindle axis or an axis of a certain type electric motor. 

D2 – diameter defines the section of the receiver; 
D3 – the external diameter of the receiver; 
D4 – the internal diameter of the transmitter; 
D5 – diameter defines the width of the transm. coil; 
D6 – the external diameter of the transmitter; 
C – length of RWT; 
Diameters D5 and D6 define the cross section of the 

transmitter. The size of the air gap is determined by the 
diameters D3 and D4. The optimization of the Lw, Wr(t) 
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and C allows improving the magnetic coupling factor 
between the transmitting and receiving coils, and 
reduce their parasitic parameters.  

a, b, c, d, e, f, – geometric dimensions of the 
respective parts of the core; δ - air gap; 

R – magnetic resistance of the individual parts, 
which set up the RWT chassis. They are a closed circuit 
with lengths l(n), as the intensity H of the field through 
them is constant. The sum of the individual lengths 
gives the average length of the magnet core. 

(1)          = ∑ = + + + + + +  

The value of R in the individual parts is defined by: 

(2)                           =  , where 

l(n) – length of a respective part; 
S(n) – section of a respective part; 
μM – magnetic permeability of the used material.  
The magnetic resistivity of the magnetic core RM is 

the sum of the resistance of the individual parts: 

(3)                            ( )= nM RR .   

The influence of the air gap δ is determined by its 
magnetic resistance Rδ, according to the expression: 

(4)                             
S

l
R

0µ
= δ

δ ,                  

where  lδ – length of the air gap; S – cross section of the 
air gap area. 

The full magnetic impedance for the entire circuit of 
the RWT is presented in Fig.3 [3]. 

 
Fig.3. Equivalent scheme of the magnetic circuit.  

The equivalent magnetic impedance of the closed 
magnetic circuit is defined by the sum of the magnetic 
resistances of the sequentially joined parts. 

(5)                             δ+= RRR M  

The current flowing through the transmiter coil 
creates a magnet flux Φ. The main part Φ0 passes 
through the magnet core and the other part generates a 
dissipation flux Φσ, i.e. 

(6)                             σΦ+Φ=Φ 0 .  

The absolute magnetic permeability of the material 
of the ferrite core exceeds in many times the magnetic 
permeability of the air ( μ >> μ0), therefore Φ0 >> Φσ 
and Φ ≈ Φ0. 

The value of the MMF (Magneto-Motive Force) Fm 
is obtained by the following expressions: 

(7)                            = .  ,          

(8)                           = . ,  

where wt – windings of the transmitting coil; it – 
magnetic current through the transmitting coil. 

This magnetic circuit could be presented by the 
following expressions: 

(9)  = . = . + = . +  

For designing the coils, except the coil inductance 
L, another important parameter, which must be 
observed is the parasitic capacitor Cp - called coil 
capacitor [3]. It occurs between adjacent turns and 
between the rows of the coil. This capacitor induces 
additional losses in the coils, therefore it should be 
minimal. Segmentation of the coil is used in order to 
reduce Cp. From a construction point of view, 
decreasing the width of the coil Wr, Wt, respectively its 
rows, decreases Cp. Increasing Lr, Lt allows achieving 
the desired inductance at fewer rows of the coil. In 
addition, this parameters improves the magnetic 
coupling factor. 

The voltage of the two coils of the RWT can be 
expressed by applying the Kirchof’s law, through their 
self inductance of the coils and their mutual inductance:  

(10)  = +  = +  ,   . 

Electrical parameters of the transmitter and 

receiver coils  

The coils of the WPT systems are inductive 
elements with self-inductance L. The equivalent 
scheme is shown in Fig.4 [3]. 

     
        a)                                       b) 

Fig.4. An equivalent circuit of the inductive element: a) 

complete circuit, b) summary circuit. 

The elements in Fig.4 are: L – self-inductance of the 
coil; Cp – a parasitic capacitor, which is determined by 
the self-capacitor CL, the capacitor between the 

18 “Е+Е”, vol. 53, 1-2, 2018



 

 

windings of the coil CPW, the capacitor between the 
windings and the base CPB, and the capacitor of the 
connecting wires CPC. 

The value of Cp can be determined by the 
generalized expression[3]: 

(11) = = + = +          

ξPW – dielectric permeability of the insulating 
material between the windings;  
ξPB – dielectric permeability of the coil base;  
ξ0 – dielectric permeability of vacuum;  
SC – cross section of the conductor; 
d – distance between the individual winding; 
lg – length of the air gap.  
RC – active resistance that reflects losses in parasitic 

capacitor. Its impact grows, when the frequency gets 
higher, as a result the value of the quality factor 
decreases. 

(12)                      = . 	[ ] 
RFe – active resistance that reflects losses in the 

magnet core; RCu – active resistance that reflects losses 
in the conductor. 

The summary equivalent circuit of inductive 
element, which is used for the analysis of 
electromagnetic processes is presented in Fig.4b. It is a 
bipolar element with impedance: 

(13)                 = . //  

After simplification the expression is obtained: 

(14)         = . . /. . .   

The inductive element could be considered as a 
resonant circuit with parallel resonance [4, 5]. The 
impedance acquires an active character in resonance, 
i.e. the imaginary part is equal to 0. 

(15)                0
.

.1
2

2 =−ω−
L

CR
CpL

pL  

The resonant frequency of inductive element fSRF 
(Self Resonance Frequency) is determined by (15). 

(16)         = = . − = .  

The resonance frequency fSRF is an important 
parameter. To achieve optimality, the inverter 
operating frequency ω, must be well below than the 
resonant fSRF. For this purpose, the parameter relative 

detune is introduced: 

(17)                                =  

Applying equation (16), the relative detune is 
obtained: 

(18)                             = . .   

The quality factor QL reflects the active loss in an 
inductive element. It represents the relation of the 
imaginary part of the impedance to the real part. 

(19)                          = = .           

The quality factor is frequency dependent and 
decreases, when the operating frequency is close to the 
resonant (fSRF) of the inductive element. 

The inductive element is temperature dependent and 
its stability is quantitatively determined by the 
temperature coefficient TCL (Temperature Coefficient 
of inductance). 

(20)              = = ∆.∆ ° . , [ /℃]          
The temperature stability is depends on the 

construction of the inductive element and the materials 
used. In case of a magnetic core is significant the 
temperature stability of the magnetic permeability of 
the core - αμ. 

Types of winding configurations 

Different types of configurations are used to 
construct the coils, as each characterized by specific 
properties and parameters [6]. Possible ways of 
winding are demonstrated on the receiver part – Fig.5. 

            
     a)                                         b) 

        
     c)                                         d) 

Fig.5. Configurations of coils: a) one-line coil; b) multi-

line coil; c) multi-line spiral coil; d) biphilic coil.  

One-line coil – has the lowest parasitic capacitor 
and hence, the highest resonant frequency. The 
disadvantage of this configuration is that it is 
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impossible to reach a large inductance and in most 
cases it is necessary to increase the size of RWT or 
reduce the cross section of the conductor. 

Multi-line coil – has the highest parasitic capacitor 
and the worst frequency properties. Allows to reach 
large inductances. 

Multi-line spiral coil – has better frequency 
properties than the multi-line coil. 

Bifilar coil – windings of a certain layer are placed 
in the next layer. This reduces the parasitic capacitor 
and allows to greater inductance. The rows number 
should to be even. 

Design of axial RWT 

The number of windings of the primary and 
secondary coils are determined according to the 
expressions: 

(21)             
BA

tU
w E

Δ

Δ
=

.
.

min
1 ,      12 .w

U

U
w

E

out= ,   

where Аmin – minimum cross-section of a magnetic 
core; B – magnetic induction; ∆t – RWT operating time, 
which is set by the operation mode of the converter – 
one-way or two-way mode [7]; UE – power supply 
voltage; Uout – output voltage.  

Cross-section of the axial transmitter is shown on 
Fig.6. The following expression is used to determine 
the minimum cross-section of the magnetic core:  

 
Fig.6. Cross-section of the axial transmitter. 

(22)              )( 2
1

2
212min rrSSA −π=−= . 

The inductance of a magnetic circuit is related to 
magnetic resistances R and the number of windings w. 
They could be measured with a LCR-meter or defined 
by the expressions: 

(23)       
R

w
L 1

1 =  ,       
R

w
L 2

2 = ,        
R

ww
M 21.=  . 

The magnetic coupling factor k is related to the 
mutual inductance and self coil inductances: 

(24)                              
21.LL

M
k =  

To determine the DC resistance of the coil, are used 
the expressions: 

(25)                         
Sw

lc
RDC .

.ρ= ,    

where ρ - the specific resistance of a conductor 
material; S - conductor cross section; lC  - the length of 
the conductor.  

The length lC could be defined by the following 
expression:  

(26)                             = ∑ . . , 

where n – number of layers; ri –radius of the 
corresponding row of the coil. 

The skin effect increases the resistance of the coil in 
high frequency. It could be define by the expression 
bellow: 

(27)                  
)1.(

. / δ−−δ
=

SDCS
e

S
RR  , 

(28)                 
f..µπ

ρ
=δ  ,      0.µµ=µ r  , 

δ – penetration depth of the skin effect; 
μ0 – magnetic permeability of the environment;  
μr – magnetic permeability of the conductor. 
The quality factor of the coil, is determined by the 

expression: 

(29)                             SRLQ /ω= . 

In the design process is selected the topology of 
compensation. The compensating capacitors and the 
inductance of the coils make a resonant circuit. Serial-
serial (SS) topology is used in the presented work [5]. 
The highest efficiency is achieved when the 
transmitting and receiving circuits are adjusted in 
resonance [8], [9], i.e. 

(30)                 = = . = .  . 

The equation (30) is used to determine the 
compensating capacitor C1: 

(31)                          1
2
01 ./1 LC ω=  , = . . f..20 πω =  – resonant frequency; f – 

inverter control frequency. 
To define the compensating capacitor C2 is used the 

expression: 

(32)                             2
2
02 ./1 LC ω=  . 
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The current density through the coils and cross 
section of the conductor are determined by the 
following expressions: 

(33)                          2
1

2
1 .I

w

w
I dens = ,              

where I2 – maximum current value in the receiver. 
The effective current value for each of the coils are: 

(34)           ][,
2

1
1 A

I
I dens

eff = ;    ][,
2
2

2 A
I

Ieff =  . 

The cross section of the conductor (litz wire) is 
determined by the following expression. 

(35)               ][,.13,1 mm
I

d
effi

i
Δ

=   , 

where ∆= ÷ 4, [ / ] – selected current density. 
The choice is made according to the design and the 
conditions of cooling of the  RWT structure. 

Experimental results 

Тhe pictures in Fig.7 shows the designed axial 
transmitter. The core is made of ferrite E25 (Epcos). 
The pieces are mechanically processed afterwards and 
arranged fan-shaped. The ferrites are coated with epoxy 
resin. This provides mechanical strength and thermal 
performance.  

The system for wireless power transfer is 
constructed with a half-bridge resonant inverter 
powered by 24V power supply. The Fig.8 shows a 
picture of the experimental mock-up. 

 

The efficiency of the designed axial RWT has been 
investigated. The experiment was performed at a fixed 
load R=4,7Ω and the results are presented in Table 2. 

Table 2 
Experimental results 

Uin Iin Pin Uout Iout Pout η[%] 
24,1V 1,05A 25,3W 10,2V 2,1A 21,3W 84

 

 
       a)                                           b) 

Fig.7. Axial wireless transmitter: a) transmitting part;      

b) receiving part. 

The efficiency of the designed axial transformer is 
84%. It could be optimized, if the air gap δ is reduced. 
In this case, a rotating mechanism must be balanced, 
without instability and displacement. 

 

 
Fig.8. Axial RWT set up. 

.
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The results of a computer simulation of axial RWT 
are represented in Fig.9. The analysis of the results, 
shows that the intensity of the magnetic field among the 
receiving coils is greater, which creates conditions for 
saturation of the magnetic core and reduce the 
efficiency.  

 

 
Fig.9. Computer simulation of axial RWT. 

Conclusion 

The article examines the basic parameters of axial 
RWT. It introduces the methodology of electrical 
design and gives a detailed description of the 
electromagnetic processes by simulation. The main 
constructive requirements and limitations for the 
design of transmitting and receiving coils are given. 
Using the presented analysis, the axial transformer has 
been realized, and it was connected to a WPT system. 
The efficiency of the implemented system has been 
investigated experimentally. The presented 
information allows design and optimization of such 
systems with application in automation and in the high 
technology industry.  
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