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1. Introduction

In the last few years there has been a  growing interest in 
wireless power transfer systems. Considerable attention has been 
paid mainly to the possibilities in construction [1], [2] and [3] 
and the design of various systems structures. The mathematical 
description of operating characteristics and properties has been 
closely studied [4], [5], [6] and [7] by many researchers and it 
is therefore possible to qualitatively compare several variations of 
arrangement of relevant systems coils.
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Fig. 1 The schematic diagram of system’s construction 

In this paper the two rectangular coils construction [4], [5] 
and [6] (see Fig. 1) of WPT system is studied. The operating 
frequency 13.56 MHz is permitted by the scientific and industrial 
(ISM) band [7]. Based on the approach presented in [4], [5] 
and [6], the purpose of this paper is to study the impact on the 
efficiency of WPT within changing relations between chosen 
key elements of the structure. The analyzed modifications lie in 
various inductances of coils L

1
 and L

2
. Parameter M

TX-RX
 represents 

the mutual inductance between respective coils. The capacitors 
C

MT
 and C

MR
 work as components of capacitive coupling matching 

the impedance of the system. This causes less decrease in value 
of the operational quality factor Q of resonators L

1
 and L

2 
and 

prevents reflecting the power back to the source. Capacities C
T
 

and C
R
 adjust the system’s resonance frequency. As referred to 

[6], the efficiency can be easily derived from the equation (1).
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The parameter k
TR

 represents the mutual magnetic coupling 
coefficient between both coils. 
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While the theoretical (standalone) quality factors Q1
, Q

2
 are 

both given by 
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in the real structure there is a  significant influence of the 
mutual inductance between neighboring coils which measurably 
complicates its calculation [8] and [9]. The suitable computing 
method is described in the subsequent section. The parameter
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from the equation (1) is often referred to as the load quality factor 
which in interaction with the Q

2
 defines operational quality factor 
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Fig. 2 The PSpice model of system’s construction

As the loading impedance is connected in parallel to the 
resonator, we get the operating quality factor in following form
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and
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The substitutive parallel circuit is depicted in Fig. 3.
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Fig. 3 The substitutive parallel resonant circuit–transceiver part

This budget of interlaced influences cannot be easily covered 
by simple analytical equation and must be therefore considered in 
another way [8] and [9]. To calculate the operational Q correctly, 
we can assemble a simple PSpice model (see Fig. 2). The model 
performs an AC sweep analysis in which computes all necessary 
electrical quantities as they depend on the set frequency range. 
The quality factor can be further derived from the voltage curve 
measured on the resonator (see example in Fig. 4).
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The frequency f0
 matches the resonant frequency found in the 

extremum of the function from Fig. 3. The f
2
-f

1
 is the half-power 

bandwidth, i.e., the bandwidth over which the voltage is greater 
than -3 dB of the voltage at the resonant frequency.

of the last systems coil connected to the loading resistor R
L
. The 

parameter 
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is the quality factor of the receiving circuit with load. From the 
foregoing thoughts it is clear that the large Q

1,2
 and k

TR
 positively 

affect (increase) the efficiency of the power transmission through 
the resonant magnetic coupling system.

2. 	Key electrical parameters

A.	 Standalone Quality Factor
The equation (3) describing the parameter was mentioned 

above. The angular frequency w is set according to ISM band 
and therefore cannot be changed. The resistance and inductance 
are both strongly defined by the chosen geometry. While the 
planar square-shaped coil brings very high inductance and many 
construction advantages, it also exhibits considerable lateral 
parasitic capacity degrading the Q. This effect may be reduced 
by equidistantly wound coil turns, but on the other hand, it 
contrarily decreases back the inductance. With regard to previous 
statements the optimal shape of coils comes from all technical 
and geometrical requirements to be met. The exact value of self-
inductance may be given either by FEA or from Grover’s formula 
[10], [11] and [12] using the elliptical integrals.

B.	 Operating Quality Factor
If another coil appears within reach, the mutual inductance 

notably changes the numerator of (3). Moreover, there are several 
additional embedded resistances (see Fig. 2) having a significant 
reducing effect on the operational quality factor, especially the 
internal resistance of the power source R

G
 and the load resistance 

R
L
 of receiving resonant element. The situation may be easily 

explained by using the analogy of parallel resonant circuit. Both 
resonators L

1
-R

1
-C

T
 and L

3
-R

3
-C

R 
can be substitutely expressed by 

the parallel connection with permuted internal resistances of coils 
(see Fig. 3) 
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This new resonant circuit is further loaded with mentioned R
G
 

or R
L
 linked in via matching capacitors (Fig. 2).
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higher effective area with only one turn to achieve higher quality 
factor with less sensitivity on near vicinity subjects. 

Fig. 6 The chart of planar coil - “version B”

The coil “version B” is made as a  four-turn pattern of one 
millimeter thickness. The distance between each turn is 0.7 mm. 
Since the coil is smaller and has lower quality factor, it finds some 
advantages in wider feasibility of mounting on moving parts. All 
important electrical parameters are listed in Table 1.

Important Electrical Parameters	 Table 1

Parameter Values Units

U
G
/R

G
/R

L
10/50/50 [V]/[W]/[W]

“version A” L
1

278e-9 [H]

“version A” C
MT

/C
T

23e-12/453e-12 [F]/[F]

“version B” L
2

1.3e-6 [H]

“version B” C
MR

/C
R

13e-12/92e-12 [F]/[F]

Fig. 4 Example for Q calculation

Since the calculation combines influences of all components 
in the circuit, the following key parameters must be properly set 
into (1). 

Q Q QRES1 2= = 	 (10)

C.	 Structural Variations
Discussed system is tested in three various structures 

composed of a combination of two types of planar coils (see Figs. 
5 and 6).

Fig. 5 The chart of planar coil – “version A”

While the coils are made as a pattern (PCB) on composite 
board FR4 or better [13], their manufacturing is very cheap, easy 
and quick. On the other hand, the lack of available space forbids 
linking the input power to the coil using magnetic coupling 
(capacitive coupling utilized). This negatively affects the ability 
to reach very high efficiency of power transmission. As compared 
with the coil “version B” (Fig. 6), the coil “version A” (Fig. 5) has Fig. 7 The efficiency of WPT - all construction versions
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application it is useful to pay attention even to the type dielectric 
of capacitors (low loss and low ESR).

The proposed system should be used to supply any measuring 
device for monitoring motor shaft parameters. As obvious, the 
smaller coil “version B” is more suitable for mounting on the shaft 
than the bigger coil “version A” and may be easily assembled in 
bond of many parallel coils connected to mutual DC bus (see 
Fig. 8). 

If flexible PCB used, it is easy to cut this resulting elastic 
belt onto certain length and wound it on the shaft very quickly. 
The belt should be glued on strip of soft material (foam rubber) 
to get some distance from the shaft and to smooth its asperity. 
On the other hand, the smaller coil delivers the energy to the 
load with lower efficiency which produces stronger leakage flux 
having no negative impact on biological structures [14] in case of 
transferring low level energy. As a transmitter it is better to use the 
coil “version A” because of its less sensitivity on near objects and 
higher quality factor. The situation can be seen in Fig. 9.

Fig. 9 System for WPT on the shaft

The first investigated framework utilizes two coils of “version 
A” for transmitting and receiving the power. Due to the same 
dimensions of both coils and their coaxial position during the 
measurement they exhibit relatively good efficiency even at very 
high distance. The resulting plot (red curve) for fixed frequency 
can be seen in Fig. 7.

The second tested configuration comprises the coil “version 
A” working as a  transmitter and coil “version B” working as 
a  receiver. Their unmatched dimensions decrease the maximum 
of reachable efficiency and short effective distance range. The 
resulting efficiency is depicted by a blue curve seen in Fig. 7. 

The third analyzed configuration consists only of the coils 
“version B”. While the smaller coil features considerably lower 
quality factor than exhibited by the bigger one, the resulting 
efficiency and distance range must be according to (1) measurably 
lower. The resulting efficiency (green curve) is plotted in Fig. 7.

As it is clear from Fig. 7, the system exhibits at least one 
optimal distance at which the efficiency is maximal. This distance 
varies with the coils configuration whereas the higher Q extends it. 
The starting low efficiency (small distance) is caused by increase 
of mutual inductance which consequently re-tunes the resonant 
frequency. This may be avoided either by using frequency 
tracking or tuning the resonant capacitors. Unfortunately, both 
countermeasures are either much expensive for real application, 
or may be implemented only with notable difficulties. The 
decrease in efficiency at large distances is mainly caused by 
the native character of near magnetic field (evanescent wave). 
According to (7) the lower impedance of source/load causes 
considerable decrease in the operating quality factor which makes 
the systems efficiency fall. Another important component of the 
system is the resonant capacitor itself. The quality of dielectric 
has strong impact on its internal resistance which is obviously 
parallel to the resonator and has therefore similar influence on the 
quality factor as well as the resistances from (6). For the practical 

Fig. 8 Flexible PCB to be mounted on the shaft
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4. Conclusions

The experimental results indicate relatively high sensitivity 
on making alternations to the system arrangement. From the 
outcome of our investigation it is possible to give several 
conclusions. 

The first, the system exhibits at least one optimal coils’ 
distance in which the efficiency is maximal. This is true only for 
the constant supplying frequency and it is therefore possible to 
partially improve the short-distance efficiency. The improvement 
may be done either by using frequency tracking or tuning the 
resonant capacitors. The decrease in efficiency at large distances 
is mainly caused by the native character of near magnetic field 
(evanescent wave). The magnetic field range can be effectively 
extended by increasing in coils’ quality factor. 

The second, the full-range efficiency of the system is also 
strongly influenced by the internal impedance of the power 
source and the load itself. Another key parameter is the quality 
of dielectric of the resonant capacitor. It has strong impact on 
its internal resistance which is obviously parallel to the resonator 
and has therefore the similar influence on the quality factor as 
exhibited by source/load resistance. The findings suggest that 
despite of the higher cost it is better to choose the low loss and 
low ESR capacitors making the system efficient even at large 
distances. 

The proposed receiving coil “version B” is small enough 
to be easily assembled in bond of many repeating parallel coils 
having the belt-shape. All coils may be connected to mutual DC 
bus which together with flexible PCB makes possibility to cut the 
structure at any required length and mount it on the shaft very 
quickly. The foam rubber strip glued on the bottom side of the 
belt makes some distance between the shaft and mounted coils 
and smoothes any asperity of the surface. While the dimensions of 
transmitting coil are not so limited, it is better to use the (larger) 
coil with higher Q to achieve less sensitivity on precise mutual 
position and near disturbing objects. 
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Fig. 10 The real shape of tested arrangement - demonstration

The real shape of tested (demonstrating) system is shown in 
Fig. 10. The receiving coils are placed on metal plate with 10 mm 
distance. 

3. Laboratory arrangement for measuring

The measuring arrangement can be seen in Fig. 11. Here the 
radio transceiver FT-857D is used as a  source of transmitting 
energy. The operational frequency is 13.56 MHz, which is 
permitted by the ISM band. The input/output power is measured 
by the Watt-meter CN-801 (type H) of 200 MHz bandwidth and 
relatively large power range (20/200/2000 W). The impedance 
was matched by linking capacitors C

MT
 and C

MR
.
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Fig. 11 The measuring arrangement
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