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Abstract –With the continuous miniaturization of electronic 

products, the compact structure of wireless power transfer 

(WPT) is extraordinarily necessary for consumer electronics. 

In addition, to meet the need in charging, load independent 

output current (CC) and constant output voltage (CV) are 

supposed to be taken into consideration since it is regarded 

as one of the most popular methods for charging batteries. 

This paper studies a switchable and compact design for a 

wireless charger. The compensation network can be changed 

between double LCL topology and LCL-S topology. 

Configurable CC and CV outputs can be achieved by 

adopting two switches without utilizing sophisticated control 

loops or any communication between the transmitter and the 

receiver. Compared with LCC compensation networks, the 

proposed special structure can save components under both 

double LCL and LCL-S conditions. The ferrite cores 

naturally take the responsibility as magnetic shielding for 

unwanted couplings in a such compact structure. This special 

design not only greatly alleviates the cross-coupling 

phenomenon but surely makes the compensation networks 

design straightforward as well. Ultimately, the fundamental 

analysis, the related mathematical derivation, detailed circuit 

topologies, switchable compensation designs and the 

experimental platform are all discussed and investigated. The 

proposed design is also analyzed and validated by 

experimental tests under different charging conditions. 
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I.  INTRODUCTION 

 

Wireless power transfer (WPT) becomes increasingly 

attractive from researchers and engineers owing to its 

impressive benefits. For example, energy can be 

transferred without any mechanical contact over a 

relatively large gap. In other words, WPT can help 

electrical appliances gain energy without considering 

about the environmental surroundings. Energy can be 

transferred wirelessly through many materials such as air, 

water, wood, rock, etc. WPT have been successfully 

integrated with a great number of research areas such as 

the induction heating [1], the bidirectional charging [2], 

electric vehicles (EVs) [3], novel magnetic structures [4], 

power-data-parallel transmission [5] and the coil design 

[6], etc. 

 

In general, WPT can be separated into far-field and near-

field WPT according to the transmission distance. The far-

field WPT can be formed through energy carriers like the 

acoustic, the optical, and the microwave [7]. Lately, near-

field plays an important role in EVs as well as consumer 

electronics such as smart phones, laptops, the intelligent 

watch and earphones. There are two dominant types for 

near-field WPT, namely, capacitive power transfer (CPT) 

and inductive power transfer (IPT) [8]. Usually, CPT 

makes use of the electric field from capacitive metal plate 

couplers, resulting in a superior capability to penetrate 

through metal materials that already exist in the 

transmission path [9, 10]. By contrast, IPT system 

generally takes advantage of high-frequency magnetic 

fields generated by coils. Coils can also be designed 

delicately for various charging purposes. In recent years, 

IPT becomes more and more mature thanks to latest 

developments in magnetic materials: LITZ wire, 

embedded controllers, and high-frequency power 

electronics [11, 12].  

 

In this paper, only IPT is discussed since it tends to be 

more commercially attractive compared to CPT. One 

extremely popular charged objective is the battery since 

they are universally utilized in smart phones, EVs, 

unmanned aerial vehicles (UAVs), and many other 

consumer electronics. Moreover, high-quality batteries can 

also be integrated with microgrids [13] and alternative 

energy device such as solar photovoltaics [14]. Fig. 1 

illustrates a typical charging profile. The charging process 

begins with the CC mode. As the voltage of the battery 

jumps to a stable stage, the charger goes into CV mode 

until the charging current declines to zero approximately 

[15]. However, during the period of battery charging, the 

equivalent resistance of a battery tends to be roughly 

varied from a few ohms to several hundred ohms [16]. 

Hence, the load-independent CC and CV are required to 

against the load variation. There are several methods to 

fulfill battery charging requirements with a WPT system. 

One popular means is to put a dc-dc converter to regulate 

the output value either at the source side or the load side 

[17]. However, complicated control methods are needed to 

control the bulky dc-dc converters [18].  
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Fig. 1: The charging profile for the lithium-ion battery with CC 

and CV stages 

Then, passive components are introduced to avoid 

complex control system and boost the simplicity. Well-

organized compensation network can accomplish load-

independent constant outputs including CC and CV, 
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minimize VA rating and maximized power transfer 

capability, suppress bifurcation phenomenon and enhance 

the efficiency [19]. Basically, four compensation 

topologies including SS, SP, PS and PP are widely used in 

two-coil WPT [20] as shown in Fig. 2 (a)-(d). Recently, 

several high-order compensation topologies such as LCL 

and LCC become more and more interesting owing to their 

special capabilities.  

 

As illustrated in Fig. 2 (e), LCL topologies are proposed 

due to several advantages. Firstly, the primary current is 

able to be regardless of the reflected impedance from the 

secondary side [21]. Secondly, LCL topologies are studied 

to improve misalignment tolerance and lower voltage 

stresses across compensation capacitors [22]. 

  

As demonstrated in Fig. 2 (f), LCC topology is composed 

of inductor-capacitor-capacitor structure both on the 

transmitter and receiver side. This topology can 

accomplish ZCS [23] and the inverter only requires to 

provide the active power with a primary-side load-

independent current [24].  
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Fig. 2: Compensation topologies  

(a) SS (b) PS (c) SP (d) PP (e) LCL (f) LCC 

In addition, when it comes to existing wireless chargers, 

the communication from the receiver to the transmitter is 

often needed to build a closed-loop control to achieve the 

switch between CC and CV outputs. Nevertheless, 

wireless communication equipment tends to increase the 

system cost [25]. Furthermore, the wireless 

communication sometimes suffers from the interference 

created by the high-frequency magnetic field between the 

transmitter side and the receiver side. Especially, this may 

give rise to some problems like interruption or delay in 

some compact structures.  

 

Therefore, a compact and switchable method is studied 

and built to resolve problems mentioned above. The key 

contributions are the following.  

 

1) Load-independent Outputs: The load-independent 

CC and CV characteristics can be achieved by 

reconfiguring the circuit without any 

communication from the receiver to the 

transmitter. The system works in the CC mode 

within double LCL topology while CV mode 

within LCL-S topology.  

 

2) Simplicity and Reliability: Only passive 

compensation topologies are used to regulate 

outputs. Without dc-dc converters, complicated 

control loops and corresponding interruption can 

be avoided. By eliminating the communication 

between the source and the load side, the 

proposed structure not only saves cost but also 

improves the robustness of the whole system. 

 

3) Compact Structure: Without additional capacitors, 

pure LCL is more suitable for a compact structure.  

Besides, there is no need to put additional 

inductors far away from the main coupler to 

diminish unwanted couplings. Through inserting 

two ferrite cores, the unwanted couplings are 

greatly reduced while the major magnetic 

coupling from the transmitter and the receiver is 

enhanced. Moreover, the design of compensation 

networks can become more straightforward 

without considering unwanted couplings. 

 

Nevertheless, the pure LCL structures give rise to the 

difficulty in designing magnetic couplers. Hence, finite 

element analysis (FEA) is used to well organize the 

proposed coupler. Detailed coupler design is demonstrated 

in section II. Section III provides fundamental analysis 

according to various circuits correspondingly. Section IV 

presents the experimental results with detailed hardware 

design and Section V concludes the whole paper.  

 

II.  COUPLER DESIGN 

 

B. Coupler structure with detailed dimension 

Fig. 3 depicts the proposed coupling structure including 

four spiral coils, i.e., La, LP, LS and Lb acting as the 

primary additional inductor, the transmitter coil, the 

receiver coil and the secondary additional inductor, 

respectively. For the compact purpose, the Lb and LS are 

placed on upper surface and lower surface of ferrite core A, 



 

respectively. Likewise, LP and La are installed on upper 

surface and lower surface of ferrite core B, respectively.  
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Fig. 3: The expanded and manufactured view of proposed 

coupler structure (a) Expanded view (b) Manufactured view 

 

As illustrated in Fig. 4, the shape and size of these four 

coils are almost identical. And they are all manufactured 

by high-quality 140-strand LITZ wire. The external 

diameter of coils is 80mm while the inner diameter is 

30mm. Then, ferrite cores are purely square-shaped 

(100mm×100mm). The size of ferrite cores is designed to 

be slightly larger than the corresponding size of coils, 

which offers better magnetic shielding for unwanted 

couplings. The transmission distance between TX and RX is 

20mm.  
 

 
Fig. 4: Manufactured coupler structure with detailed dimension 

 

B. Simulation results  

The magnetic field distribution can be gained from finite 

element analysis software, which can be seen in Fig. 5. In 

this simulation, only the primary auxiliary coil La is 

excited to observe the magnetic field distribution directly. 

Fig. 5 depicts that the magnetic field generated from La 

mainly have the linkage with itself. That means the 

unwanted coupling from La is shielded by ferrite cores. 

There is no need to put La far away from the main 

coupling structure as conventional practice, contributing to 

a compact and concise configuration. Due to the symmetry 

of this design, the unwanted coupling from Lb is also 

greatly reduced from the same reason. Thus, only the 

major coupling k takes effects in this paper.  

 

 
 

Fig. 5: A brief simulation result of the magnetic field 

III.  FUNDAMENTAL ANALYSIS 

 

The entire scheme of the proposed WPT circuit model is 

demonstrated in Fig. 6. The primary DC voltage Vdc 

offered by DC power supply GP-1305DU from EZ Digital. 

The entire system is divided into two sides, i.e., the 

primary side through transmitter coil (TX) and the 

secondary side through the receiver coil (RX). 
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Fig. 6: The entire scheme of the proposed WPT circuit model 

 

Ferrite cores made of material PC40 are used to enhance 

the magnetic coupling between TX and RX as a compact 

structure. The coupling coefficient k can be expressed as 

 

P S

M
k

L L
=


 (1) 

where LP and LS are the self-inductances from TX and RX 

respectively and M is the mutual inductance between them. 

Due to the exist of ferrite cores, the unwanted coupling 

among La, Lb, RX and TX are all limited to an ignorable 

magnitude compared with the major coupling k between 

TX and RX. Next, VB, IB and RB represent the voltage, 

current and the equivalent resistance of the battery, 

respectively. 

The designed transmission distance is 2cm through the air 

from TX to RX. Then, the primary converter is a H-bridge 

inverter that is mainly composed of Qa, Qb, Qc and Qd. 

The secondary converter is a diode bridge rectifier (D1, D2, 

D3, D4 and CD). The equivalent series resistances (ESRs) 

from the primary and secondary sides are neglected for 

simplification. 

In terms of the inverter, its output voltage with 300ns dead 

time. Next, the root mean square (RMS) value of the βth 

order harmonic component from the inverter output 

voltage uin can be expressed as [26] 

 _
2 2

( 1,3,5,7,9 )in dcU V 


= =   (2) 

Because the high-order resonant circuit works as bandpass 

filters, higher order harmonics are mainly filtered out [26]. 

In this paper, only the fundamental component is taken 

into account for the sake of simplification and it can be 

written as  [27].  
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=   (3) 

As for the rectifier, the relationship between its input and 

output value can be shown as 



 

 
2 2

O BU V


=  (4) 

 
2 2
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=  (5) 

Req, the equivalent load of the rectifier [28], can be gained 

as  

 
2

8
eq BR R


=  (6) 

Therefore, the rectifier part from Fig. 6 can be replaced by 

the equivalent load for simplification. The simplified 

diagram of the proposed WPT circuit model is illustrated 

in Fig. 7, where UO and IO are the input voltage and 

current value of the rectifier, respectively. Two switches, 

namely, S1 and S2 are used for the switching between CC 

and CV stages. S1 works as a single-pole double-throw 

switch while S2 acts as a single-pole single-throw switch. 

The configuration can be re-arranged through switches. 

Detailed information is shown as follows.  
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Fig. 7: The simplified diagram of the proposed WPT circuit 

model 

 

A. The analysis of double LCL configuration for CC stage 

As shown in Fig. 8, the circuit of the double LCL 

configuration is constructed when the switch S1 is thrown 

to the terminal a as well as the S2 is switched on. La, Lb, CP 

and CS are the auxiliary inductors and the resonant 

capacitors in the primary side and secondary side, 

respectively. For tuning the coils, the operating angular 

frequency of the inverter ɷ needs to meet the following 

equation: 

 

 
1 1 1 1
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Fig. 8: The scheme of the double LCL WPT system 
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Fig. 9: The equivalent T-model of the double LCL WPT system 

 

The equivalent T-model of the double LCL WPT system is 

demonstrated in Fig. 9. Through the conversion of the 

resonant circuits, the relationship between the input and 

output can be expressed as  

 

 O in
S a

M
I U

j L L
=  (8) 

Substituting (3) and (5) into (8), we can get 

 

 
2

8
B dc

S a

M
I V

L L 
=  (9) 

Therefore, the current of the battery is independent of the 

load. A load-independent CC from the wireless charger 

can be gained through this double LCL configuration. 

 

B. CV stage with LCL-S configuration 

As shown in Fig. 10, the circuit of the double LCL 

configuration is constructed when the switch S1 is thrown 

to the terminal b as well as the S2 is switched off. La, Lb, 

CP and CS are the auxiliary inductors and the resonant 

capacitors in the primary side and secondary side, 

respectively. Similarly, ɷ should meet the following 

equation for tuning the coils. 
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Fig. 10: The scheme of the LCL-S WPT system 

 

The equivalent T-model of the LCL-S configuration is 

illustrated in Fig. 11. Through the conversion of the 

resonant circuits, the relationship between the input and 

output can be gained as 

 

 O in
a

M
U U

L
=  (11) 



 

Similarly, substituting (3) and (4) into (11), we can get 

 

 B dc
a

M
V V

L
=  (12) 

Thus, the voltage of the battery VB is independent of the 

load. A load-independent CV from the wireless charger 

can be gained through this LCL-S configuration. 
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Fig. 11: The equivalent T-model of the LCL-S WPT system 

 

IV. EXPERIMENTAL VERIFICATION 

 

An experimental platform has been built up to verify the 

theoretical analysis as demonstrated in Fig. 12. The 

operating frequency from the inverter f is fixed as 200kHz. 

The battery is replaced by two resistive loads for 

simplification. There is a switch equipped with these two 

resistances for the dynamic response test when the load 

change happens. Experimental waveforms are directly 

gained and analysed from oscilloscope Tektronix 

MDO3024. The two output channels from power supply 

EZ Digital GP-1305DU are connected in series to power 

the inverter. The maximum output of this DC power 

supply device is approximately 60V. Two switches, 

namely, S1 and S2 are used to turn on/off specific loops. 

Measured parameters from this prototype can be found in 

Table. 1.  
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Fig. 12: The whole experimental prototype 

 
Table 1: Measured parameters  

La LP LS Lb 

23.79μH 24.02μH 23.85μH 24.01μH 

M CP CS f 

12.32μH 26.03nF 26.19nF 200kHz 

 

A. Experimental results of the double LCL configuration  

Fig. 13 depicts the essential waveforms from the inverter 

and the output information at the load side. This inverter 

output current slightly lags the inverter output voltage, 

which reveals ZVS can be ensured through the double 

LCL configuration.  

 

 
Fig. 13: Essential waveforms from the inverter, the output 

voltage and current on the load in double LCL configuration 
 

Fig. 14 illustrates the dynamic response during the process 

that the load is changed from 20Ω to 40Ω and then from 

40Ω to 20Ω. The switching points are manifested by the 

dotted ellipse. The voltage variation is 16.8V that can be 

directly detected by the oscilloscope. However, the current 

on the load keeps at 880mA with slight overshoots as 

shown in Fig. 15, which verifies the CC characteristic 

from the double LCL configuration. 

 

 
Fig. 14: Dynamic response with voltage data when the load 

changes from 20Ω to 40Ω and back to 20Ω in double LCL type 

 

 
Fig. 15: Dynamic response with current data when the load 

changes from 20Ω to 40Ω and back to 20Ω in double LCL type 

 

B. Experimental results of the LCL-S configuration  

Fig. 16 describes the essential waveforms from the 

inverter and the output data from the load side. This 

inverter output current slightly lags the inverter output 

voltage, which shows this LCL-S configuration can 

achieve ZVS.  

 

The dynamic response of LCL-S type can be observed 

from Fig. 17 during the process that the load is switched 

between 20Ω and 40Ω. The switching points are 



 

manifested by the dotted ellipse too. The change of load 

current is 800mA, which can be directly detected through 

the oscilloscope. However, the voltage on the load keeps 

stable at 30.4V as illustrated in Fig. 18 when load 

variation happens, which validates the CV characteristic 

from the LCL-S configuration. 

 

 
Fig. 16: Essential waveforms from the inverter, the output 

voltage and current on the load in LCL-S type 

 

 
Fig. 17: Dynamic response with current data when the load 

changes from 20Ω to 40Ω and back to 20Ω in LCL-S type 

 

 
Fig. 18: Dynamic response with voltage data when the load 

changes from 20Ω to 40Ω and back to 20Ω in LCL-S type 

 

V. CONCLUSION 

 

A compact design for a switchable wireless charger is 

investigated in this paper. Special magnetic coupler 

equipped with ferrite cores are proposed to enhance the 

major coupling between TX and RX as well as to reduce the 

unwanted cross-couplings simultaneously. By doing this, 

the coupling coefficient between TX and RX is improved 

and the compensation networks can be designed 

straightforward. Key characteristics such as ZVS, load-

independent CC and CV are demonstrated through 

essential waveforms. In particular, the fundamental 

analysis, the mathematical derivation, detailed circuit 

analysis, compensation network designs are all discussed 

and studied. An experimental prototype is built to evaluate 

the performance and related test results successfully show 

the agreement with the analysis. The design in this paper 

can be adjusted in size to meet the needs of different IPT 

systems for wirelessly charging smart phones, UAVs, or 

EVs. 
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