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Abstract— This paper focuses on achieving accurate current 

balancing in paralleled inverters for MHz-band wireless power 

transfer (WPT) systems and develops a model-based analytical 

design method for a current balancer. The proposed balancer 

enables precise current balancing without iterative tuning by 

applying transformers. The inverter currents are equalized by 

properly designing the magnetizing inductance and external 

inductance. The inverter currents are analytically related to the 

magnetizing inductance, and a systematic method is developed 

for parameter design based on this relationship. The proposed 

model-based approach provides a practical design guideline for 

high-power WPT systems operating in the MHz-band, enabling 

direct parameter design. Simulation results verify the 

effectiveness of the proposed design, achieving a current 

imbalance rate below the design specification. Moreover, 

experimental results demonstrate the parallel operation of 

inverters with a total output power of 3.23 kW at 6.78 MHz.  

Keywords— Circular current, current balancing, transformer, 

magnetizing inductance, Wireless Power Transfer, MHz-band. 

I. INTRODUCTION 

Wireless Power Transfer (WPT) systems have attracted 
attention as charging methods for electric mobility (e-
mobility), including micro electric vehicles, autonomous 
delivery robots, and drones [1][2]. The use of WPT systems 
removes the necessity for cable connections between chargers 
and vehicles. Thus, WPT systems enhance convenience and 
safety in e-mobility applications. One of the critical issues in 
WPT systems is the system weight caused by the transfer coil. 
The weight of the transfer coil increases with the system 
power level. Thus, the high-power WPT systems tend to 
become bulky and heavy, which limits the drive range of e-
mobility. 

One promising approach to reducing the coil weight is to 

apply MHz-band operation of the WPT systems [3-7]. Air-

core coils can be used as the transfer coil in MHz-band WPT 
systems because the required inductance for power 
transmission decreases as the operating frequency increases. 
Therefore, MHz-band WPT systems enable significant 
reduction in transfer coil weight. 

Ref. [8] investigated a high-quality-factor resonator 
consisting of a Printed Circuit Board (PCB) to improve the 
transmission efficiency of the MHz-band WPT systems. Ref. 
[9] analyzed the characteristics of a PCB resonator using 
resonator model for inductive and capacitive MHz-band WPT 
systems. 

In megahertz-band WPT systems, the achievable power 
level is restricted by the current handling capability of the 
power devices in both transmitter- and receiver-side 
converters. Although Gallium Nitride (GaN) devices are 

widely adopted for high-speed switching operation [10-13], 

the limited chip size imposes a constraint on the current rating 
of individual inverters. 

One of the solutions to increase the current rating of the 
inverter is to connect GaN devices in parallel. Ref. [14] 
demonstrates that paralleling GaN devices increases the 
power capacity of the converter. However, parameter 
variations among paralleled GaN devices must be carefully 
controlled to ensure proper current sharing. Thus, increasing 
power capacity by paralleling high-speed power devices 
remains challenging, especially in the MHz-band. 

Therefore, instead of device-level paralleling, parallel 
operation of multiple inverters has been investigated as an 
alternative approach to increase the system power. Ref. [15] 
demonstrated five-paralleled half-bridge inverters at 2.5 MHz. 
Although Ref. [15] investigated the detailed design of the 
magnetic core in transformers that combine the outputs of 
each inverter, the output current imbalance was not discussed. 

On the other hand, authors have proposed a parallel 
inverter configuration with a current balancer for MHz-band 
WPT systems. Ref. [16] employs two transformers in 
paralleled inverters to ensure current balancing. Although Ref. 
[16] proposed the parameter design flow and demonstrated the 
effectiveness of the current balancer through simulation, 
experimental verification was not presented. 

This paper develops a model-based analytical approach for 
designing a current balancer in MHz-band paralleled inverters. 
The proposed balancer employs two transformers that 
facilitate current sharing among the inverters. An analytical 
model is established to describe the relationship between the 
magnetizing inductance and the currents of the individual 
inverters. A parameter design flowchart that determines the 
transformer magnetizing inductance and external inductance 
for impedance matching is established based on this 
relationship. The validity of the proposed design flowchart is 
demonstrated through simulation. Furthermore, this paper  
demonstrates  the parallel operation of two inverters with a 3.3 
kW output at 6.78 MHz in experimental verification using a 
prototype balancer. 



II. CURRENT BALANCER 

A. Circuit Configuration 

Fig. 1 illustrates the transmission side of a megahertz-band 
WPT system, where paralleled inverters are interfaced with 
the proposed balancer [16]. The proposed balancer is 
composed of two transformers placed between the inverters 
and the resonant load. The resonant load models the 
characteristics of the secondary side in an S-S type WPT 
system. 

The primary windings of the transformers are connected 
to each inverter output. The secondary windings are connected 
in series and to the resonant load. The turns ratio of the 
transformers must be designed to cancel the induced voltages 
between the input and output sides of the balancer. Thus, the 
turns ratio is derived theoretically in Ref. [16] as 
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where N1 and N2 are the turn number on the primary and 

secondary windings, respectively. The leakage inductance on 

the primary winding of each transformer l1 is expressed as 
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where k and LM are the coupling factor and the magnetizing 

inductance of each transformer. 

B. Impedance Matching by Current Balancer 

The load impedance is determined by rated output power 
and secondary side circuit of the WPT system. In contrast, an 
appropriate output impedance of each inverter is designed to 
satisfy Zero Voltage Switching (ZVS) conditions. Thus, 
impedance matching between the load and each inverter is 
required. The leakage inductance l1 , two external inductors 
Lext, and an external capacitor Cext compose L-type matching 
circuit. The external capacitor Cext and external inductors Lext 
are determined in Ref. [16] as 
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where  is the angular frequency of the inverter, RL is the 

load resistance, rinv and xinv are the real and the imaginary 

parts of the output impedance respectively, and Lsec is the 

self-inductance of the secondary winding of each transformer. 

Then, the external inductance Lext is expressed with leakage 

inductance l1 as 
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C. Transformer Model and Current Imbalance Rate 

Fig. 2 shows the equivalent circuit of the current balancer 
using ideal transformers and the magnetizing inductance LM. 
Two magnetizing inductances LM , which suppress current 
deviation, are inserted in the path between the paralleled 
inverters. The current balancing effect of the two transformers 
is analyzed by the equivalent circuit. The leakage inductance 
on the secondary winding is denoted as l2. All parameters of 
the two transformers are assumed to be identical. 

The voltages and currents are assumed to be sinusoidal in 
the following consideration because only the fundamental 
component at the resonant frequency contributes to the output 
due to the resonant load. Then, each voltage equations are 
expressed as 
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Fig. 2. Equivalent circuit of proposed balancer.  
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Fig. 1. Paralleled inverters with proposed balancer. 



where Vrms is the RMS value of the fundamental component 

of output voltage and  is the phase difference of output 
voltages between two inverters. The RMS values of the 
inverter output voltages are assumed to be identical for the two 
inverters. 

Fig. 3 illustrates the load-side circuit. At the resonant 
frequency, the load-side reactance is canceled out. Thus, the 
resonant tank, which consists resonant inductor and capacitor, 
is ignored. The output voltage vout is given by 
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where Rout and Xout denote the real and imaginary parts of the 

load-side impedance, respectively. Then, the load-side circuit 

includes the external capacitor Cext. Each current is expressed 

from (1), (3), (5)-(8) as 
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The output current iout is determined by the load-side 
impedance, the external inductance Lext, and the primary-side 
leakage inductance l1. In contrast, each inverter current is 
determined by the magnetizing inductance LM, the primary-
side leakage inductance l1, the external inductor Lext, and the 
load-side impedances. 

The circulating currents among the inverter outputs are 
suppressed by the magnetizing inductance LM, whereas the 
load current iout is not affected. The suppression effect on the 
circulating current is evaluated by the current imbalance rate. 
The current imbalance rate a is defined as 
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D. Magnetizing Inductance Design 

A flowchart-based design approach is employed to 
determine the magnetizing inductance LM required to satisfy 
the target current imbalance rate. Fig. 4 presents the proposed 
procedure for selecting both the magnetizing inductance LM 
and the external inductance Lext. 

1) Input design specification: Design specifications are 

required to determine the parameters. Table I shows an 

example of the design specifications used in this paper. The 

most important specification is the target imbalance rate, 

which is defined as aset. 

2) Calculation of external capacitor: The external 

capacitance Cext is not related to the transformer parameters 

or the external inductance Lext according to (2). Therefore, the 

external capacitance Cext is calculated from (2) and the design 

specifications shown in Table I. 

3) Increase of magnetizing inductance LM: First, the 

initial value of the magnetizing inductance LM is set to zero. 

The magnetizing inductance LM is increased when the 

flowchart loop is executed. The inductance increment step is 

set to 340 nH in this paper. 

4) Calculation of leakage inductance and external 

inductance: The leakage inductance l1 and the external 

iout

RLCextvout

iLoad

 
Fig. 3. Load side impedance with external capacitor. 
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Table I. Design specification. 

Specification

Switching frequency f s 6.78 MHz

Inverter output reistance r inv 15 W

Inverter output leactance x inv 10 W

Load resistance R L 50 W

Voltage phase difference  5.0%

Desinged balance rate of current a set 2.5%

Coupling factor of transformer k 0.85
 



inductance Lext, which are related to the magnetizing 

inductance LM, are caluculated from (4) and (5). 

5) Evaluation of surrent imbalance rate: The current 

imbalance rate a is caluculated from (15). The calculated 

imbalance rate a is compared with the target imbalance rate 

aset. The magnetizing inductance LM is increased until the 

target imbalance rate is satisfied. The proposed flowchart 

terminates when the calculated imbalance rate a becomes 

lower than the target imbalance rate aset.  

As a result, the designed magnetizing inductance LM is 

1.7mH, and the designed external inductance Lext is 473 nH 
based on the proposed flowchart and the design specification 
shown in Table I. The calculated current imbalance rate is 
2.3% using the designed magnetizing inductance LM and the 
external inductance Lext.  

III. SIMULATION 

The performance of the current balancing is evaluated by 
simulation, which is conducted in PLECS(Plexim Inc.). Table 
II shows the parameters in the simulation. The parameters, 
which are designed by the proposed flowchart, are applied as 
the magnetizing inductance LM and the external inductance 
Lext. The resonant load are determined by the resonant 
frequency. 

Fig. 5 shows the simulation results of the paralleled 
inverters with the proposed balancer at 6.78 MHz. The input 
voltage is assumed to be sinusoidal at the resonant frequency 
to evaluate the current imbalance rate of the fundamental 
component. The RMS values of the fundamental currents of 
inverter#1 and inverter#2 are 13.2 A and 12.6 A, and the total 
output current is 25.8 A. Therefore, the current imbalance rate 
is 2.3% based on (15). The current imbalance rate shows good 
agreement with the calculated value obtained from the design 
flowchart. Fig. 6 shows the current imbalance rate a as a 
function of the voltage phase difference. The current 
imbalance rate a increases approximately linearly with the 
voltage phase difference. 

Fig. 7 also shows the simulation results with inverter 
output voltages. Inverter#1 and inverter#2 deliver 
fundamental currents of 13.7 A (RMS) and 13.2 A (RMS), 
respectively, while the total output current reaches 26.9 A 
(RMS). The resulting current imbalance rate is 3.4%. These 
results indicate that the proposed balancer maintains effective 
current sharing even in the presence of low-frequency 
harmonics in the input voltage. 

IV. EXPERIMENTAL VERIFICATION 

The parallel operation of inverters with the prototype 
balancer is demonstrated at 6.78 MHz. Table III lists the 
experimental parameters and Table IV shows the prototype 
transformer parameters. 

Fig. 8 shows the prototype transformer. The prototype 
transformer employs a Ni-Zn ferrite core to suppress the iron 
loss in the MHz-band. The primary and the secondary winding 
have 6 turns and 3 turns respectively. 

Fig. 9 shows the experimental setup. The water-cooled 
heatsink is applied to the load resistor. The resonant frequency 
is adjusted to 6.78 MHz, considering the resonant capacitor, 
resonant inductor, water-cooled resistor, and interconnecting 
wiring. 

Table II. Simulation parameters 

Inverter

DC link voltage V DC 275 V

Deadtime t d 14.7 ns

Resonant load

Capacitance C r 104 pF

Inductance L r 5.3 mH

Impedance matching

External inductor L ext 473 nH

External capacitor C ext 1.12 nF

Transformer

Magnetizing inductance L M 1.7 mH
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Fig. 5. Simulation result with sinusoidal voltage input ( = 5%). 
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Fig. 6. Current imbalance rate with voltage phase difference. 
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Fig. 7. Simulation result with inverter voltage input ( = 5%). 



Fig. 10(a) presents the experimental waveforms obtained 
under zero voltage phase difference with a DC-link voltage of 
275 V. The currents and voltages of the two inverters exhibit 
nearly identical RMS values, with minor deviations due to 
low-order harmonic components. Low-order harmonic 
components are mainly introduced by parasitic capacitance 
coupling between the primary and secondary windings of the 
transformer. The output current iout exhibits an amplitude 
nearly twice that of the individual inverter currents. Based on 
the measured waveforms, the power delivered by inverter#1 
and inverter#2 is 1.63 kW and 1.60 kW, respectively, yielding 
a combined output power of 3.23 kW at  6.78 MHz. 

Fig. 10(b) presents the experimental waveforms obtained 
with a 5% voltage phase difference. Under this condition, the 
fundamental RMS currents of inverter#1 and inverter#2 are 
9.6 A and 8.1 A, respectively, and the total output current is 
22.1 A. The corresponding current imbalance rate is 
calculated as 6.4% using (15). 

The measured current imbalance rate does not meet the 
designed value. One of the causes that increase the current 
imbalance rate is the difference in the output voltage 
amplitudes. The output voltage changes during deadtime with 
a changing rate, which is determined by the output capacitance 
of the GaN device and the current amplitude. Thus, the output 
capacitance difference affects the output voltage amplitude. 
Then, the voltage imbalance is defined as the amplitude 
difference of the fundamental component in the output voltage 
of each inverter. The voltage imbalance rates in Fig. 10(a) and 
Fig. 10(b) are 1.1% and 2.9%, respectively. 

Fig. 11 shows the current and voltage imbalance rates in 
the experiment at a DC-link voltage of 250 V. The output 
voltage difference increases with the voltage phase difference 
in Fig. 11. The voltage imbalance rate reaches approximately 
4% when the voltage phase difference is 5% at a DC-link 
voltage of 250 V. Therefore, the voltage amplitude error is 
considered as a dominant cause of the current imbalance in the 
experiment. 

V. CONCLUSION 

This paper addressed the design of a current balancer for 
paralleled inverters in megahertz-band WPT systems using a 
model-based analytical approach. The relationship between 
the magnetizing inductance and the inverter currents was 
formulated analytically, and a systematic procedure was 
developed to determine both the magnetizing inductance and 
the external inductance. Simulation results validated that the 
proposed design method achieved the target current imbalance 
rate of 2.3%, showing good agreement with the analytical 
design. Experimental results at 6.78 MHz demonstrated 
successful parallel operation of inverters with a total output 
power of 3.23 kW. Further consideration of the relationship 
between the current imbalance rate and the voltage amplitude 
imbalance, particularly at higher output power levels, remains 
as an important topic for future work. 
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(a) without voltage phase difference (  0%). 
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(b) with voltage phase difference (  5%). 

Fig. 10. Experimental waveform (VDC: 275 V). 
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Fig. 11. Imbalance rate with voltage phase difference in experiment 

(VDC: 250V). 
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Fig. 9. Overview of paralleled inverter with prototype proposed balancer and resonant load. 


