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Development of the Structure and Circuit  

Solution of a Bidirectional Wireless Energy 

Transmission System for Swarm Robots 

Konstantin D. Krestovnikov1, Ekaterina O. Cherskikh1 

Abstract: This paper presents development of a circuit solution design for a 

bidirectional wireless energy transfer system, based on a resonant self-oscillator. 

The operation principle of the developed circuit solution in receiving and 

transmitting mode is described and the elementary circuit diagram is presented 

together with design ratios. Coil parameters for the resonant circuit are calculated, 

optimal number of turns in coils is presented, based upon the specified limit value 

of permissible current. The dependencies of system efficiency from transmitted 

power, maximum transmitted power, and energy transmission distance are 

obtained. The developed design, which includes the step-up DC-DC converter, 

allows to obtain the voltage on the output of the receiving system, equal to or 

higher than the voltage of the power source of the transmitting system. The 

specific feature of the proposed system is that it does not require a dedicated 

control system for operation in resonant mode and changing direction of power 

transfer. Resonance in transmitting and receiving coils can be maintained, even 

when their mutual layout is changed, due to utilization of identical resonant 

circuits and a self-oscillator. Application of the proposed solution is relevant for 

energy transfer among autonomous robots with limited positioning accuracy, as 

well as for energy transfer from power supply to robot or in reverse direction. 

Keywords: Bidirectional wireless power transmission system, Current fed push-

pull inverter, Swarm robotics, Synchronous rectifier. 

1 Introduction 

In the course of operation, autonomous robotic systems need to routinely 

recharge batteries [1, 2]. The most common power source for autonomous robots 

is an accumulator battery. In this case, the energy replenishment process is 

equivalent to battery recharging [3], what is, essentially, energy transfer from the 

external power source to the robot. Among common solutions of this problem 
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various wired and contact energy transfer methods have to be mentioned. Both 

approaches assume presence of connection sockets or terminal pairs and often 

require human involvement in the workflow of robot system operation, which 

imposes certain constraints. If the robot is used in a corrosive medium or in open 

air, additional protective measures are necessary to isolate the sockets and contact 

pairs from contamination and moisture. To reduce human involvement in robot 

operation process and simplify the processes of battery positioning and 

subsequent recharge, wireless energy transfer systems (WETS) can be used. The 

most common solutions in this domain are conceptually based on energy transfer 

between inductively coupled elements and provide for unidirectional energy 

transfer from the source to the sink. 

Development and real-world testing of WETS with planar magnetically 

coupled coils are presented in [4]. The system shown here, consists of a DC-AC 

inverter, magnetically coupled coils, rectifier, and switched mode regulator of 

output power. The circuitry of the transmitting part of the system is implemented 

as a two-channel E-class receiver. The dimensions of the receiving and the 

transmitting coils are 13×13 and 21×21 cm, 10 and 5 turns respectively.  

WETS can also be used for charging of a robot group, such as m3Pi [5]. The 

receiving part of the system consists of a rectifier and a step-up DC-DC converter 

for power adjustment in battery charging process. The transmitted power can be 

controlled by adjusting the output voltage of the step-down converter.  

Wireless charger presented in [6, 7] is intended for charging of an EDLC-

capacitor (supercapacitor), which is a power supply for a hybrid bicycle. The 

transmitting part of this system is a parallel resonant circuit, connected to an 

alternator. The receiving part contains an uncontrolled rectifier and a DC-DC 

converter. Load resistance of the system is 50 Ω, outer diameter of the 

transmitting and receiving coils is 200 mm.  

Using unidirectional WETS for power redistribution among the robots is an 

inefficient solution because the transmitting and receiving units have to be 

installed on each robot to implement inter-agent power transfer. More practical 

solution of this task assumes implementation of bidirectional WETS, where each 

part of the system can be used as a transmitter, as well as a receiver.  

An example of WETS is the solution, presented in [8]. In the transmitting 

part of this system a half-bridge current inverter is used, whereas in the receiving 

part there is the MOSFET-based rectifier with voltage doubling. Being operated 

in reverse energy transfer mode, the MOSFET-based rectifier is used as inverter. 

In case of direct energy transfer from the transmitting part to the receiving one, it 

acts as an uncontrolled rectifier. To achieve smooth switching of inverter keys by 

zero-voltage switching values, the duty cycle of the converter is maintained on 

the 50% level, and transmitting power is controlled via adjustment of operational 

frequency of the system. To compensate for pulsations on power switches of the 
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transmitting part, an extra capacitor is installed serially with a parallel LC 

transmitting circuit; thereby an additional serial-parallel resonant circuit is 

established.  

The bidirectional energy transfer system enables to transmit power from one 

transmitter to several receivers simultaneously [9]. The resonant circuits of each 

part of energy transfer system have a series-parallel design. The circuits of the 

system are set to operate on a resonant frequency, and each reversible rectifier 

operates either in inverter mode, or in rectifier mode, depending on energy 

transfer direction. The value and direction of energy transfer are defined by 

opening angle of the power switches of the controlled rectifier. The value and 

direction of energy flux among several systems are controlled via phase and 

amplitude modulation of voltage, whereby two these approaches can be used 

together or separately.  

A hybrid bidirectional WETS system is proposed in [10]. The system 

consists of two pairs of coils, where one pair act as a transmitting part, and another 

one as a receiver. Both transmitting and receiving parts of the system have two 

circuits, connected by common wire. One of the two circuits follow the serial 

pattern, and another one has the serial-parallel pattern. Such a hybrid design 

provides for usage of LCL and LC circuits to compensate for decrease in the 

transmitted power flux, caused by axial shear of the receiving and transmitting 

parts of the system, as the combined output power of both circuits remains 

approximately constant. The receiving and transmitting resonant circuits are 

supplied from the half-bridge converter, which acts as a source or as a load, 

depending on the direction of power flux. The converter operates at the required 

frequency, and the voltage amplitude generated in the receiving circuit is 

controlled by phase modulation. When the converter is used as a unidirectional 

energy transfer system, the device can be used as a rectifier to obtain direct 

current at output.  

The controller for the bidirectional energy transfer system [11] provides for 

adjustment of transmitted power and can be used both in unidirectional and in 

bidirectional WETS with one or several loads. Control of amount and direction 

of the transmitted power is performed using phase shift of control signals and 

switch opening. The WETS is equipped with a sensor for measurement of voltage 

and frequency in the receiving and transmitting coils via magnetic field, 

generated by the transmitting part during operation. The controller compares the 

measured values with the reference ones. Obtained error values are processed 

using a PI-controller. The proposed controller alters the operational frequency of 

the system to control the transmitted power, therefore, the energy transfer system 

is not always operated in resonant mode, what causes reduction of its efficiency.  

The systems with similar power range are also considered in [12, 13], and 

[14]. Low power wireless system [15] is employed for battery charging of 
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portable devices. In the receiving and transmitting parts of this system serial 

resonant circuits are used. Also, there is a half-bridge circuit for power transistor 

switching to provide for bidirectional energy transfer. The receiving and 

transmitting coils are round and consist of 18 turns each, with internal diameter 

of 21.7 mm and outer diameter of 32 mm. As axial shears during system operation 

can occur, and air gap between the coils can increase, the operational frequency 

adjustment is proposed. The resonant circuit is controlled via frequency 

modulation.  

The authors of [16] developed an original integral circuit, which includes a 

control system for a bidirectional WETS and implements a system for battery-to-

battery energy transfer, with serial topology of the resonant circuit. Because the 

output current of the charger system gradually decreases, and its maximum value 

is lower than nominal charging current permissible for the majority of mobile 

devices, the prototype does not require a control system for adjustment of output 

voltage or current. To increase the WETS efficiency, direct energy transfer in 

battery-to-battery mode is employed, bypassing the power supply circuits of the 

mobile device. Each coil has 4 turns with internal diameter of 19 mm and outer 

diameter of 33 mm.  

Bidirectional WETS can also include a data transfer system, embedded into 

the energy transfer controller [17]. The design of the proposed WETS is based on 

a serial resonant circuit with a bidirectional up/down converter. In energy transfer 

mode, the controlled switches connected in a bridge perform inverter functions 

in the transmitting part, whereas in the transmitting mode the internal diodes of 

the MOSFEET transistors act as an uncontrolled rectifier together with the 

bidirectional DC-DC converter.  

To summarize the review of state-of-the-art solutions, the characteristics of 

some WETS are compared in Table 1.  

Developed models of considered devices are usually assembled on the basis 

of half-bridge or bridge inverters, which assume dedicated control system. One 

of the common downsides of most of them is the need to adjust their operational 

frequencies depending on mutual layout of the receiving and transmitting parts 

of the system and actual load, what requires additional equipment. The majority 

of the bidirectional WETSs are characterized by high levels of transmitted power 

(greater than 1 kW), as they are intended for electrical vehicles and other 

industrial appliances. The systems from this range of transmitted power 

characteristics are redundant for the most autonomous robotic systems. The next 

common solution is low-power energy transfer systems, developed for various 

applications in mobile electronics. Their transmitted power is in the range up to 

10 W, which is sufficient only for small-size robot in case that there is enough 

time for battery charging. The systems of moderate transmitted power, intended 
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for use in autonomous robotic devices, are featured primarily by unidirectional 

systems and are insufficiently covered in research literature. 

Table 1 

The characteristics of unidirectional and bidirectional systems. 

Efficiency 

[%] 

Transmitted 

power [W] 

Frequency 

[kHz] 

Distance between 

parts of the 

system [mm] 

Reference 

Unidirectional wireless charging systems 

75 1.8 140 3 [20] 

50 5 6780  [18] 

66 5 6780 30 [19] 

43 7 40  [5] 

72-73 100 1100 50 
[6, 7] 

70 100 1100 50 

74 69   
[4] 

77 295   

Bidirectional wireless charging systems 

58.6 1.55 678  [16] 

70 2.5 110-205 2 
[15] 

70 2.5 90-205 2 

60 2.7   [21] 

62.5 2.7 6780 23 [22] 

85 1000 20 55 [11] 

92 1200   [8] 

85 1500 20 40 [9] 

91 3300 85 120 [10] 

Our research is dedicated to development of medium-power bidirectional 

WETS in the range between 10 W and 100 W, that operates in resonant mode and 

shows high operational efficiency and transmitted power, irrespective of mutual 

layout of the receiving and transmitting parts of the system. This contributes to 

autonomy increase and resource redistribution in swarm autonomous robotic sets, 

as well as to reducing human involvement into the operation process. 

2 Principal Design of a Bidirectional WETS 

The developed principal design of a bidirectional WETS consists of several 

main units (Fig. 1). 

The main part of the system is the resonant self-oscillator, that can be operated in 

synchronous rectifier mode. The energy transfer is performed via electromagnetic 

inductance through magnetically coupled parallel resonant circuits. The resonant 

circuit is the frequency-setting component (1) here for the self-oscillator, 

provided that the overall system is operated in energy transfer mode. The 

operational frequency of the system is calculated as follows: 
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Fig. 1 – Principal design of a bidirectional WETS system. 

 

Resonant circuits are identical; therefore, the system is symmetrical about air 

gap. A DC-DC step-up converter is used here because the EMF induced in the 

receiving coil will have the lesser amplitude than in the transmitting coil. This is 

due to the active losses in the resonant circuits and the fact that the air gap has 

high resistance against the magnetic flux. The EMF amplitude in the transmitted 

coil is calculated according to (2) [23 – 25]: 

 m dcU V  , (2) 

where Vdc is power supply voltage. 

Using the step-up converter, we can obtain at the output of the receiving 

system the voltage, equal or higher to that in the power supply of the transmitting 

system. This feature enables to use the system for redistribution of energy among 

the autonomous robotic devices with batteries with equal operational voltage, 

namely in swarm robotics [26]. 

3 Circuit Solution of the Bidirectional WETS 

Circuit solution of the bidirectional WETS (Figs. 1 and 2) is based on the 

earlier research, where the WETS with coreless coils [27, 28] and synchronous 

rectifier are described. Also, the losses in synchronous rectifier applied for the 

receiving part of WETS were calculated [29, 30].  

The first part of the circuit includes a self-oscillator which can operate as a 

synchronous rectifier, and a circuit for smooth load acceptance (Fig. 2). 

The self-oscillator is implemented on transistors VT1 and VT2. Its frequency-

setting loop is the transmitting/receiving resonant circuit L1C1. The circuit of 

smooth load acceptance works according to edge delay on triggering of VT3 
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transistor, the duration of this process is defined by С3 and R6 values and VT3 

parameters. 

 

Fig. 2 – Principal circuit diagram of the bidirectional WETS, part 1. 

 

The second part of the principal circuit is presented in Fig. 3. 

 

Fig. 3 – Principal circuit diagram of the bidirectional WETS, part 2. 
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The parts of the principal circuit diagram of the bidirectional WETS are 

connected in the points «+SR/RO» and «GND». The second part of the principal 

diagram includes the step-up DC-DC converter based on the XL6009 circuit, and 

the switching circuits based on transistors VT4 and VT5. 

4 WETS Operation in Energy Transfer Mode 

Switching the system into energy transfer mode is performed by supplying 

high signal into the circuit «TM/RM»; thereby the power supply is connected to 

the system between the points «+OUT/IN» and «GND». Prior to this we have to 

ensure that there is no rectangular-shaped signal in the frequency control point 

«FR_C». If the rectangular-shaped signal of the operating frequency is detected, 

it means that the system works in receiver mode, and switching into transmitting 

mode is prohibited. High signal in the circuit «TM/RM» is supplied through the 

current-limiting resistor R10 to the base of the transistor VT6 and triggers it. 

Triggering of VT6 causes locking of VT4 and triggering of VT5. Locking of VT4 

shuts down the internal circuits of DC-DC converter, and VT5 bypasses the diode 

D3. Therefore, the «+» of power supply is connected to the point «+SR/RO». 

After the supply voltage has been initiated between the points «+SR/RO» and 

«GND», the current begins to flow to the VT3 gate triggering it and bypassing its 

internal diode; it flows as well to the gates of the field MOSFEET transistors VT1 

and VT2 charging the gate capacities through resistors R3 and R4, what triggers 

the self-oscillator. To ensure reliable triggering of transistors and decrease of 

dynamical losses, it was empirically revealed that calculation of the necessary 

value of the gate resistors R3,4 could be performed according to (3): 

 3,4

1

30 g

R
C f

 , (3) 

where Cg is the gate capacity of transistors in use. 

The formula (3) is obtained based on the premise that the gate capacity 

charging should occur within 1/10 period. The self-oscillator operation principle 

is more thoroughly described in [27]. The loss calculation is performed as 

follows: 

 22 ( )LC m l srP I R E  , (4) 

where Rl is effective resistance of the loop coil, and Esr is equivalent series 

resistance of the loop capacitor. The methodology for calculation of the losses in 

the self-oscillator in energy transfer mode is presented in [29].  

5 WETS Operation in Energy Reception Mode 

Switching the system into energy transfer mode is performed by supplying 

low signal into the circuit «TM/RM». In this case the VT5 transistor is locked, 

and its internal diode is connected in parallel with D3. The VT4 is triggered, as 
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the necessary voltage level arises in the «+SR/RO» point, and the current flows 

through the throttle of the step-up DC-DC converter and the D3 diode. After 

triggering the bidirectional WETS, the EMF is induced in the coil L1, and the 

electrolytic capacity C2 begins to charge through the internal diodes of the 

MOSFEET transistors. As in the C2 capacity the minimum voltage required to 

open the MOSFEET channel of the transistor (VT1, VT2) arises, the transistor 

triggers and bypasses the internal diode through the open channel, whose 

resistance is much lower than the dynamic resistance of the diode. To exclude the 

through current in the transistors VT1 and VT2, the diodes D1 and D2 are used. 

The diode D1 locks the VT2 transistor on the opposite part of the bridge, as long 

as the transistor remains open. The R1 and R2 resistors are intended for discharge 

of gate capacity and transistor locking if the EMF in the receiving coil is absent. 

The circuits DZ1-R3 and DZ2-R4 act as a parametric stabilizer, intended to limit 

voltage in the gate-drain circuit of the transistor. The gate capacity is also charged 

through the resistors R3 and R4 by transistor triggering. The С2 and L3 form the 

rectifier filter. The C2 capacity is needed to store energy required for power 

switch control. When the system is operated in energy reception mode, the 

voltage on the capacitor C2 is calculated according to (5): 

 
2

dc
m cв

V
U k


 , (5) 

where kcв is coupling coefficient between the inductively coupled receiving and 

transmitting coils. 

After the rectified voltage occurs in the point «+SR/RO», the capacitor C3, 

as well as parallelly connected gate capacitance of the transistor VT3 begin to 

charge through the resistor R6. The transistor VT3 triggers smoothly, connecting 

the DC-DC converter to the resonant self-oscillator, which operates in the 

synchronous rectifier mode. Then the transistor VT4 triggers and the step-up DC-

DC converter starts. Then an output voltage occurs at the output of the 

bidirectional wireless energy transfer system in the point «+OUT/IN», whose 

value is set by the variable resistor R15. 

6 Determination of Parameters of  

Transmitting and Receiving Coils 

Efficiency of WETS performance significantly depends on correct selection 

of parameters for loop coils of the receiving and transmitting units. The WETS 

provide for integration of various types of coils in the resonant circuit. The most 

common ones are planar helical coils due to their high diameter-thickness ratio, 

what positively influences their coupling coefficient. Planar helical loop coil (Fig. 

4) has the following relevant design parameters: number of turns N, coil pitch d, 

and initial turn radius r. 
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Fig. 4 – Design parameters of the planar helical coil. 

 

Efficiency of energy transfer and transmitted power are influenced by the 

coupling coefficient between the receiving and transmitting coils, which depends 

on their parameters and mutual layout. Increase of flux inducing EMF in the 

receiving coil and consequently the increase of coupling coefficient can be 

achieved via improvement of mutual coil layout or via boosting the flux generated 

by the transmitting coil. According to the Biot–Savart–Laplace law, the value of 

the magnetic inductance vector generated by elementary current in every point of 

space is proportional to this current. The magnetic flux Ф is proportional to 

magnetic inductance value B, which is in turn proportional to current I in the wire. 

This leads us to the conclusion that Ф~I, and the inductance value L acts as 

proportionality coefficient here. Hence, to achieve maximum transmitted power 

and energy transfer distance, the maximum current value in the loop coil should 

be maintained. 

Initial parameters for calculation of coil number N by specified initial coil 

radius and coil pitch are: Um – amplitude of alternating voltage, supplied to the 

resonant circuit, f – operational frequency of the loop coil, r – initial turn radius, 

d – coil pitch, ρ – specific resistance of the conductor stuff, S – wire cross-section, 

and j – permissible current density in the wire.  

Electrical parameters of the coil are inductance and effective resistance. The 

value of effective resistance of the homogeneous conductor with uniform cross-

section without accounting for skin effect is calculated according to (6): 

 con
con

l
R

S


 , (6) 

where ρ is specific resistance of the conductor stuff, lcon is conductor length, and 

S is cross-section area of the conductor. 

For subsequent calculations, the resistance of the coil conductor with round 

cross-section (6) is applicable, provided that D/δ < 2 [31], where D is wire 

diameter and δ is thickness of conductive layer. If this inequation does not hold, 

other equations applicable for wire resistance calculation accounting for skin 

effect must be used, e.g., ones proposed in [31, 32]. 

The length of the conductor of the helical planar coil is calculated according 

to (7): 
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 22 ( (0.5 0.5 ))conl Nr d N N    . (7) 

Using (6) and (7), we can calculate the effective resistance of the conductor, 

depending on the number of turns of the helical coil. 

Calculation of inductance value of a planar helical coil can be performed 

with decent accuracy using the empirical Wheeler formula [33, 34], normalized 

to metric units and specified geometrical parameters of the coil (8): 

 
2 2

0 1000 (2 )

4 2.54 32 60

r Nd N
L

r Nd

 


 
, (8) 

where μ0 is magnetic constant. 

Magnetic flux generated by the transmitting coil can be increased by 

increasing the amperage of the current in this coil or its inductance value. The 

parameters L and Im of the coil included into the LC loop operating at the resonant 

frequency are related according to the (9): 

 
2 2(2 )

m
m

con

U
I

fL R


 
. (9) 

We use crest value of the current (9) to calculate the losses caused by 

effective resistance Pd (10): 

 

2

2

m
d con

I
P R

 
  
 

. (10) 

For coil comparison and turn number selection, we introduce a parameter 

that could be correlated with the loss parameter Pd. It characterizes the amount of 

magnetic field energy being accumulated in the loop coil per unit of time (11):  

 

2

2
2

m
m

I
P Lf

 
  

 
. (11) 

To illustrate the difference between loop coils with various number of 

windings more clearly, the γ parameter is used. It represents the ratio of magnetic 

field energy being accumulated in the coil per unit of time to losses in it: 

 m

d

P

P
  . (12) 

Values of γ less than 1 show that the losses in the coil are greater than 

magnetic field energy accumulated in it per unit of time. With increase of the 

windings number, if voltage applied to the parallel LC circuit remains constant, 

the losses in the coil decrease. This is because the coil inductance and effective 

resistance grow, and, therefore, the idle current value decreases. The γ parameter 

also increases, because with the greater number of windings the reactance grows 

more actively than the effective resistance. 
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Table 2 shows the initial parameters for calculation and selection of the 

optimum number of turns for receiving and transmitting coils of low-power 

WETS to be employed within a swarm robotic system for energy redistribution 

among swarm agents [35, 26]. 

Table 2 

Initial parameters for calculation. 

Parameter 
Um 

[V] 

R 

[mm] 

D 

[mm] 

Ρ 

[(Ω∙mm2)/m] 

S 

[mm2] 

jp 

[A/mm2] 

Value 26.37 19 0.74 0.0171 0.374 6.5 

 

When using in the transmitting part of WETS a self-oscillator whose 

frequency-setting loop is the transmitting LC loop, more convenient approach 

consists in selection of an optimum coil with fixed capacitance of the resonant 

circuit and variable operation frequency which depends on inductance of loop 

coil. As a limiting condition the permissible value of current in the conductor was 

set. This parameter is calculated according to permissible current density j and 

specified conductor cross-section S: 

 p p

mI j S . (13) 

In the Table 3, the calculated parameters for the resonant circuit capacitance 

are given: C = 0.47 µF. 

Table 3 

Calculation results by f = var, С = const. 

N 

[turn] 

f 

[kHz] 

I 

[A] 

Pd 

[W] 

Pm 

[W] 
γ 

N 

[turn] 

f 

[kHz] 

I 

[A] 

Pd 

[W] 

Pm 

[W] 
γ 

1 771.4 42.4 9.8 252 25.6 11 76.3 4.2 1.2 24.9 19.6 

2 391.1 21.5 5.1 127.8 24.7 12 70.2 3.8 1.1 22.9 19.2 

3 263.9 14.5 3.5 86.2 24.0 13 65.0 3.5 1.1 21.2 18.9 

4 200.1 11.0 2.8 65.4 23.3 14 60.6 3.3 1 19.8 18.5 

5 161.6 8.9 2.3 52.8 22.6 15 56.7 3.1 1 18.5 18.2 

6 135.8 7.4 2.0 44.4 22.0 16 53.2 2.9 1 17.4 17.9 

7 117.3 6.4 1.7 38.3 21.5 17 50.2 2.7 0.9 16.4 17.6 

8 103.3 5.6 1.6 33.7 21.0 18 47.5 2.6 0.9 15.5 17.3 

9 92.4 5 1.4 30.1 20.5 19 45.0 2.5 0.9 14.7 17. 

10 83.5 4.6 1.3 27.3 20.1 20 42.8 2.3 0.8 14 16.8 

As per (13), for the specified initial parameters the permissible current value 

for the conductor p

mI  is 2.43 А. Consequently, possible choices here are the coils 
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with number of turns 19 and 20. According to the criterion of maximization of 

magnetic flux generated by the transmitting coil, the best choice is the 19-turn 

coil. Loop coil with 19 turns has effective current value 2.5 А, what is greater 

than the calculated value p

mI  by 2,8%; hence this choice is acceptable. 

Considering the specified current constraint, the 19-turn coil is the best one.  

7 Experimental Testing of the Developed WETS Solution 

For empirical test of the developed circuit solution, the assembled 

experimental prototypes of WETS were mounted on the mobile robotic platforms 

(Fig. 5), and a series of experiments was performed.  

 

Fig. 5 – Experimental prototypes of the developed system,  

mounted on the mobile autonomous platforms. 

 

The coils of the resonant circuit have 19 tap-off windings each and consist 

of 0.69 mm thick wires. Using the methodology proposed in [31], the conductor 

resistance accounting for skin effect was calculated. With operational frequency 

of 45 kHz, the skin effect leads to increase of the conductor resistance in 19 

windings copper coil with wire diameter of 0.69 mm by 3.12%, what is negligible 

in prototype, used for approbation of the proposed design and circuit solution. As 

resonant circuit capacitors the film MPP capacitors with low ESR value were 

used.  

During the first experiment, the following dependency of efficiency from 

transmitted power was obtained in the resonant circuit of WETS with fixed 

capacitance C = 0.47 µF (Fig. 6). 

Maximum efficiency of the system reaches 59.91% by transmitted power of 

10.09 W. Maximum transmitted power is 15.4 W.  

During the second experiment, the maximum transmitted power of WETS 

was measured by variable distance between the receiving and transmitting coils 

(Fig. 7). 
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Fig. 6 – Dependency of the system efficiency from transmitted power. 
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Fig. 7 – Dependency of the maximum transmitted power  

in the system from the energy transfer distance. 

 

When the gap between the coils increases, the mutual inductance decreases, 

thereby the transmitted power decreases too. The curve follows the descending 

pattern; the maximum value of transmitted power is reached when the receiving 

and transmitting parts of the system are in close proximity to each other. By the 

gap of 25 mm the transmitted power drops by 6.1 times and makes up 2.5 W. 

Fig. 8 shows the dependency of the WETS performance efficiency from the 

distance between the receiving and transmitting coils by maximum transmitted 

power. 

As follows from the curve in the Fig. 8, the maximum efficiency value by 

maximum transmitted power for the specified distance reaches 56.58 %, when 

the gap between the receiving and transmitting parts is 5 mm. This is because of 

comparatively well consistency between the load resistance with WETS for these 

values of transmitted power and distance. 
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Fig. 8 – Dependency of the system efficiency from the energy transfer distance. 

 

For system performance mode with maximum efficiency of 59.91% and 

transmitted power 10.09 W, the power loss calculation was performed based on 

the parameters of the components utilized in the prototype. The calculation results 

are given in the Table 4. 

Table 4 

Calculation results power losses in the system. 

Element  Transmitting part, W Receiving part, W 

LC-circuit 0.90 0.90 

Leakage field 1.68   

resonant self-oscillator / synchronous 

rectifier 
0.78 0.62 

C2, С4   0.35 

VT3, VT4, VT5 0.16 0.16 

L2 0.25 0.25 

D3   0.32 

XL6009   0.22 

Sum of power losses 3.77 2.82 

Total losses 6.59 

 

For calculation of power losses, the value of losses over the leakage fields 

was taken to be equal 10% of the transmitted power. The consumed power of the 

transmitting part of the system in this operational mode is 16.84 W. The power 

losses in the receiving part of the system can be significantly reduced with the aid 

of a more efficient DC-DC boost converter.  

In the next experiment, the system prototypes were connected to Li-ion 

accumulator batteries of robotic platforms with operational voltage 7.4 V and 

capacitance 2500 mA/h. One of the prototypes was operated in transmitting 

mode, and another one in receiving mode. Fig. 9 features an oscillography of the 
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voltage form on the transmitting and receiving coils, when the accumulator 

battery connected to the receiving prototype is charged, and the value of the 

output current is minimal, i.e., the system operates without load. 

 

Fig. 9 – Voltage form on the transmitting and receiving coils  

by charged accumulator battery. 

 

In Figs. 9 – 11 the voltage curve of the transmitting coil is shown in red, 

whereas the same curve of the receiving coil is shown in blue. The voltage curves 

on the receiving and transmitting coils have sinusoidal shapes with minor 

distortions and similar amplitude. The curve phase is shifted by 180 degrees, as 

the coils have equal winding path and are installed counter-currently to each 

other. 

Fig. 10 shows voltage curves by battery charge current of 0.5 А and variable 

distance between the coils. 

 

   (a)                                                                  (b) 

Fig. 10 – Voltage form on the transmitting and receiving coils  

during accumulator battery charging:  

(а) – when the coils are in close proximity;  

(b) – when the gap between coils is 20 mm wide. 
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When the system is operated under load, sinusoidal form of voltage curve 

preserves, but curve form distortions are visible. Increasing the distance between 

coils up to 20 mm, a phase shift between voltage values occurs, thereby the 

distortions of curves disappear almost completely. 

Scaling-up the curves on the oscillography records enabled to reveal minor 

distortions in voltage form at the transmitting coil, as shown in Fig. 11. 

 

   (a)                                                                  (b) 

Fig. 11 – Transition process during self-oscillator transistor triggering: 

(a) – without load; (b) – with load current 0.5 А. 

 

Transition process caused by triggering of self-oscillator transistor switches 

is essentially vibrational one. The increase of load current in the system causes 

increase of duration and amplitude of oscillations. Due to this transition process, 

the losses on transistors grow. This can negatively influence the overall efficiency 

of the system in case of high levels of transmitted power. This issue can be 

partially rectified by decreasing the amplitude and duration of the transition 

process via decrease of resistance values on gate resistors R3 and R4. 

8 Specifics of the Developed System 

In contrast to other research works, considered above, this paper thoroughly 

details the circuitry and operating principle of bidirectional WETS. The majority 

of presented papers are aimed to develop control systems and methods and do not 

contain detailed description of structure, circuitry and operational principles of 

the system. The proposed WETS contain a power unit, assembled of bridge and 

half-bridge inverters with a dedicated control system, or as fully integrated 

solutions. 

The most of research prototypes of wireless power transmission systems 

presented in scientific papers are equipped at output with only a rectifier; hence, 

their reference efficiency should be higher than in the presented prototype.  It is 
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noteworthy, that the efficiency of our system is comparable with the efficiency 

of the alternative solutions, considered here. For example, the systems of the Qi 

and PMA standards are unidirectional, thereby having efficiency in the range of 

60-70% [36], whereas the efficiency of the systems of the A4WP standard is 

about 55%. 

The advantages of the developed bidirectional WETS compared to similar 

solutions are the integrated system, intended to control the energy transmission 

process, and power unit of the system, which does not require a dedicated control 

system, as it is assembled as a resonant self-oscillator. Using resonant self-

oscillators and identical circuits in receiving and transmitting parts of the system 

enables consistent system operation in resonant mode and obviates the need in 

operational frequency adjustment, irrespective to the gap between coils and their 

displacement distances. This provides for increase of efficiency and transmitted 

power of the system. This feature enables to use the system in case of low 

accuracy of alignment between the receiving and transmitting coil, what is 

particularly relevant in autonomous robotics. 

The prototype presented in this paper has the maximum output power less 

than 20 W and efficiency of about 60%. In wireless power transmission systems, 

the efficiency increases with the power. This is explained by the fact that power 

losses in components and resonant circuits increase to a minor extent, compared 

to the transmitted power of the system. We experimented with a unidirectional 

system, based on the similar circuit solutions [27, 37]. Load power was limited 

by a secondary power source in the transmitting part of the system and amounted 

to 133.45 W, whereas the maximum efficiency level was 76.47%. It should be 

noted that these parameters were achieved in a prototype system, equipped with 

magnetic field shielding, which significantly impairs the parameters of efficiency 

and transmitted power. In many research papers the parameters of efficiency and 

transmitted power are given without regard to the shielding factor.    

To increase the output power of the system it is required to replace a step-up 

DC-DC converter with an alternative device with suitable parameters. In addition, 

suitable transistors and other passive components have to be selected. To increase 

the system power, alternative transmitting and receiving circuits have to be 

calculated and applied. Nevertheless, the structure and principal circuit solutions 

proposed in this paper remain the same. 

9 Conclusion 

This paper presents structure and principal circuit solution of a bidirectional 

WETS based on the self-oscillator with a parallel resonant circuit. The 

operational principle of the developed system in receiving and transmitting mode 

is described. The coil parameters are calculated, and optimal turn number values 

are chosen for fixed capacitance of the resonant circuit, according to the criterion 
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of maximum transmitted power with respect to limited permissible current in the 

conductor of the coil.  

Experimental test of operational robustness of the proposed system is 

performed with the resonant circuit coils, of 19 turns each, and oscillography 

records for voltage forms on receiving and transmitting coils are obtained. The 

voltage form on both coils follows a sinusoidal pattern with minor distortions. 

Graphical dependencies are established for system efficiency and transmitted 

power from the distance between the receiving and transmitting parts of the 

system. Maximum efficiency of system performance is achieved by transmitted 

power of 10.09 W and makes up 59,91%. The transmitted power at distance of 5 

mm was 14.01 W by efficiency of 56.68%. The maximum value of transmitted 

power (15.4 W) is achieved when the transmitting and receiving parts of the 

system are in close proximity to each other. By increase of distance between the 

parts of the system the transmitted power decreases; at distance of 25 mm, it 

equals to 2.5 W. 

The advantage of the presented bidirectional WETS is that it enables to 

obtain the voltage value at the output of the receiving part equal or greater than 

the voltage power supply of the transmitting part. The developed solution can be 

employed for energy resource redistribution among the autonomous agents in 

robotic systems, supplied from the accumulator batteries with equal or different 

operational voltage. Also, it can be applied as a power supply for autonomous 

sensors in cyber-physical systems [38, 39]. 

Further research will be aimed to development of algorithms of positioning 

for robotic systems equipped with the bidirectional WETS considering the 

constraints of the developed system. 
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