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ABSTRACT: This paper presents a current balancing method utilizing a coupled inductor pair for a megahertz-band wireless power
transfer (WPT) system, aiming to reduce the size and weight of transmission coils. In conventional systems, inverters are connected in
parallel to enhance transmission power. However, it is crucial to mitigate circulating currents between the parallel-connected inverters to
prevent thermal imbalance and potential damage. The proposed balancer equalizes the output currents of the inverters while suppressing
common-mode currents. Its performance is evaluated through simulations and experiments. Simulation results for a 6.78 MHz WPT
system demonstrate that the inverter output current aligns with the average current, with an error of only 0.17%. Furthermore, an

experimental prototype operating at 85 kHz successfully transmits 2 kW of power while maintaining a current deviation of just 0.18%

from the average.
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1. INTRODUCTION

Wireless power transfer (WPT) systems have been extensively
studied for the convenient and safe charging of electric vehicles,
drones, and other applications (1)(2). Among them, WPT systems
operating in ISM bands such as 6.78 MHz and 13.56 MHz are
particularly attractive due to their ability to reduce the size and
weight of transmission coils (3)(4). However, the output power of
megahertz-band inverters used in these systems is typically limited
to a few kilowatts per unit, as gallium nitride (GaN) devices have
constrained power dissipation due to their small chip size. To
overcome this limitation, parallel connection of megahertz-band
inverters has been proposed to increase transmission power (5)(6).
However, in parallel-connected megahertz inverters, slight
variations in output voltage can occur due to delays in driver ICs,
switching devices, and wiring lengths. These voltage differences
can cause circulating currents, leading to thermal imbalance and
possible damage to the inverters. Therefore, ensuring balanced
output currents among the inverters is essential.

Refs. (7) and (8) have proposed using coupled inductors to
balance the currents in parallel inverter systems. In these methods,
the parallel-connected current flows through the secondary
winding of the coupled inductor, where the secondary-side current
cancels the magnetic flux generated by the balanced current,
allowing for a compact balancer design. However, these methods
lack galvanic isolation, which can result in short-circuit currents if

the inverters have different common-mode voltages.

This paper proposes a current balancer utilizing a coupled
inductor pair for parallel-connected megahertz-band WPT systems.
In the proposed system, a coupled inductor pair is inserted in series
with each phase of the inverter. This configuration not only
balances the inverter output currents but also suppresses high-
frequency harmonics in the common-mode current by
compensating for unbalanced voltage components. Additionally,
the resonant capacitors of the WPT system are positioned between
the balancer and the parallel connection point, providing high
impedance to low-frequency and DC components of the common-
mode current. When the magnetic coupling of coupled inductors
is weak, a parallel-connected capacitor compensates for the
leakage inductance.

The key contribution of this work is the development of a
compact balancer that not only suppresses circulating currents but
also offers sufficiently high impedance for common-mode
voltages in each inverter. The effectiveness of the proposed
approach is demonstrated through simulations at 6.78 MHz and
experimental verification at 85 kHz.

2. PROPOSED SYSTEM
2.1. Proposed system configuration

Figure 1 shows the configuration of the proposed system. The
proposed system is based on a series-series compensated WPT
system, with resonant capacitors connected in series with the
transmission coils. The resonant capacitors are connected between

parallel connection points and the coupled inductors. These
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capacitors provide high impedance to DC or low-frequency
harmonic components of common mode voltage. A coupled
inductor pair is connected in series with the lines of each inverter
in the same current direction. The coupled inductors function as 0-
degree 3 dB hybrids and balance the current. However, the low
magnetic coupling of the coupled inductors causes the resonance
frequency to drop due to leakage inductance. Figure 1(b) shows
the system configuration when the leakage inductance is large. The
parallel capacitor compensates for the leakage inductance because
it operates as LCC compensation.
2.2. 0-degree 3dB hybrid by a coupled inductor pair

Figure 2 shows the circuit diagram of the 0-degree 3dB hybrid.
The 3dB hybrid has two input ports and one output port. It
combines the power from the two input ports and transmits it to
the output port. Conversely, the 3dB hybrid distributes the power
of the output port to the two input ports. The relationship between
the input voltages v1 and v2, and the output voltage vr is expressed

as

No power is transmitted due to the very high impedance
between the input ports of an ideal hybrid. Thus, the input currents
i1 and i are equal. Accordingly, the relationship between output
port current iz and input port currents 71 and 7z is expressed as

ly=1+i, =21 =

Therefore, the 3dB hybrid also works as a current balancer.
2.3. Current analysis and design of the coupled inductor pair

with strong coupling

(b) Coupled inductor with Weak couphng and compensation capacitors
Fig. 1. Proposed WPT system.

Fig. 2. Configuration of 0-degree 3dB hybrid.
The circuit equation of the proposed system without parallel
capapcitors is given by (3), where Lz is the self-inductance of the
balancer, k7. is the coupling coefficience, Vun is the primary or

secondary converter output voltage, Lx is the self-inductance of the

transmission coils, and C; is the resonant capacitors (n, m = 1, 2).
Resonance frequency w is expressed as
1 1
PP ).

:ﬁ_

The converter currents /11, /12, 21, and 22 are derived from (3)

LZCZ

under resonance conditions and are given by (5). The first and
second terms in (5) represent the balanced component of the
converter current, whereas the third term corresponds to the
circulating current component. Specifically, the first term

8contributes to the power transfer, while the second term

J2wL,, +.i+ja)L1 JjoL, — j2wk, L, JjoM joM
JjoC,
" joL, - j2wk, L,  j2wL,, +.i+ja)Ll JjoM JjoM b
I _ JoC I, - (3).
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4o’ ((1 —kyy )(1 7kT2)LTILT2 7M2) (( le) 1- kTZ)LTILTZ ) j4a)((1 + k”)Lﬂ - Ll)
1, jwM(V21+V22) (1 kTZ)LTZ(VII+V12) V=V,
112 _ 40’ ((1 _le)(l_kTZ)LTlLTZ _MZ) _ ((1 le)(l kTZ) Tl _MZ) j4a)((1+k71)l’” _Ll) (5)
L JoM (Vi +7,) Jo(1=ky) Ly, (Vs +V5) _ Vi =V
Ly) | 40 (1= ) (1= kp ) LpLyy — M) (( k) (1= ) LLyy —MP) | | J4e((1+ k) Lyy = L,)
ja)M(VnJerz) w(lfkrl) TI(VZI+V22) - VZI_ 22
40 (1=kpy ) (1=heyy ) Ly Ly, =M ) | | 40 (1= ey, ) (1= Ky ) Ly Ly =M ) jaa((1+kpy) Ly, — L)

Copyright © 2025 Society of Automotive Engineers of Japan, Inc.



EVTeC 2025
7" International Electric Vehicle Technology Conference 2025

represents the reactive current, which does not contribute to the
power transfer. Eq. (5) indicates that a sufficiently strong balancer
coupling coefficient can eliminate the reactive current and
effectively suppress the circulating current.

The circulating current is defined as the difference between the
inverter currents [,1 and I (n = 1, 2) and is expressed as (6)
assuming that the balancer coupling is sufficiently strong.

V.=V
1’1] 71”2 =—— nl M2 i eeiaeeeiie e (6)
jZa)(Ln —2LTH)

The ratio of the difference between the output voltage of the
inverter and the circulating current determines the suppression
effect of the circulating current in the proposed balancer.
Accordingly, the circulating current suppression effect |Za| is
given by
an — V;z
o

nl n2

‘ Zdn

:Za)(ZLTn —L”) .......................... (7)

Thus, the self-inductance L1 of the coupled inductors is
designed using (8) based on suppression effect |Zas| of the

circulating current.

\Z L
> dn L 8 .
" 40 2 ®)

2.4. Current analysis and design of the coupled inductor
pair with low coupling
Coupling inductors in high frequency WPT systems consist of
either an air core or a low permeability dust core. The coupling
coefficient can drop to about 0.8 with low permeability core
materials. Leakage inductance reduces the power factor of the
inverter and the transmitted power. Parallel capacitors compensate
for this leakage inductance as shown in figure 2(b). The parallel
capacitance is designed based on the LCC compensation method.
The resonance condition of LCC compensation is expressed as
- ! - L (n=1,2) = (9).
\/Z(I—k n)LTnC/n \/ZL CnC/i:

'C,+2C,

The converter currents /11, [12, 21, and > are derived as (10)

from the schematic in figure 1 (b). The first term in (10) shows the

JoL, (Vll _VIZ)

Table 1. Simulation condition

Prameters Symbol Value
DCvoltage Voer, Voea 200 V
Rated output power P, 2 kW
Transmission frequency f 6.78 MHz
Transmission coil Ly, L, 1.90 pH
Coupling coefficient k 02 -
Balancer at k=1 6.82 uH
— Ly, L [——
Balancer at k7= 0.9388 6.21 pH
Compensation capacitors Coi, Co 725 pF
Resonance capacitors at k7= 1 c c 289 pF
Resonance capacitors at k7= 0.9388 b2 362 pF

symmetrical component of the drive current and indicates that
there is no reactive current. Since the circulating current is the
difference between the drive currents, it is expressed as twice the
second term in (10). Accordingly, the effect of the balancer on the

suppression of the circulating current is expressed as

M = h - C SRS A S IR
I1,-1, =20 L, ((1 ku,) Ly, +2anL”) (11).

dn

From (11), the self-inductance of the balancer with parallel
capacitors is designed by (12) based on suppression effect |Za| of

the circulating current.

[ anZan + ‘Zdn Ln an ) JREEEETRERRERR (12).

L. = _
"Nk 2001k, ) (1-k,)

3. SIMULATION RESULTS

Figure 3 shows the simulation results of the proposed system
when the magnetic coupling of the balancer is strong enough, and
Table 1 shows the simulation conditions. The transmission
frequency is 6.78 MHz, the transmission power is 2 kW and the
output power of the inverter is 1 kW. The self-inductance of the
balancer is 6.82 pH when the circulating current suppression effect
|Z4| is 20dB (1 kQ). Figure 3(a) shows the operating waveform
with the balancing output voltage of the inverter, and Figure 3(b)
shows the waveform with the delay on Inv. 2. The delay between
the two inverters is 8.2 ns (20 degrees), which includes the length
of the switching elements, gate drivers and signal lines. Figure 3(a)
shows that the two inverters output 1 kW at a power factor of 1.
The output of Inv.1 and Inv.2 is 5.61 Arms. Figure 3(b) shows that

JjoM V21+V22)
4a)2(1—kT1 (l—kn)LnLT2

40 Ly (1=, )’ Ly + 2Ky L,
joL (M, —V)

407 Ly ((1=kpy )" L + 2k L)
JoL, (V21 —Va )

40 Ly (1= kps) Lya + 2Ky, )
JoL, (Vzl - sz)

407 Ly (1= ) Lys +2kpsL,
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Primary inverter output voltage vy, v, [V]

(a) Without phase difference between two inverters
Primary inverter output voltage vy;, vi» [V]

(b) With 8.2 ns delay between two inverters
Fig. 3. Simulation result of proposed system at coupling coefficient of 1.

the output power of the inverters is 984 W. The phase difference
in the inverter voltage reduces the transmitted power because the
balancer reduces the power factor to compensate for the unbalance
in the inverter output voltage. The output currents of the primary
side inverters are 5.55 A and 5.38 A. Meanwhile, the input currents
of the secondary rectifiers are 5.38 A and 5.45 A. In addition, the
ratio of the inverter voltage difference to the fundamental
component of the circulating current is 1000. The simulation
results confirm the designed effect of suppressing the circulating
current.

Figure 4 shows the operating waveform when the coupling
coefficient of the balancer is 0.9388. The self-inductance of the

balancer is 6.21 pH, the parallel capacitance is 725 pF,

Primary inverter output voltage vy;, vi; [V]
200 ; .

....................... R

V1§2

100ns
(a) Without phase difference between two inverters
Primary inverter output voltage vy;, vi; [V]

\ ............. o 821'15 do

(b) With 8.2 ns delay between two inverters
Fig. 4. Simulation result of proposed system
at coupling coefficient of 0.9388.

respectively, when the circulating current suppression effect | Z4| is
20dB (1kW). Figure 4(a) shows the operating waveform of the
inverter output voltage without phase difference, and Figure 4(b)
shows the waveform of the voltage with a phase difference of 20
degrees. Figure 4 shows that the inverter operates with a power
factor of 1 due to the parallel capacitor. The inverter currents are
the same when there is no phase difference in the inverter voltage.
On the other hand, the output currents of the primary inverter are
5.56 A and 5.50 A and the input currents of the secondary rectifier
are 5.47 A and 5.53 A when there is a phase difference. The ratio
of the inverter voltage difference to the fundamental component of
the circulating current is 1000. Thus, the simulation results

confirm the designed effect of suppressing the circulating current.
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4. EXPERIMENTAL RESULTS

Table 1 presents the experimental conditions. The proposed
system is tested at 85 kHz for simplicity. The self-inductance of
the coupled inductor is 603 pH and the coupling coefficient is 0.99.

Figure 5 shows the operating waveforms when there is no phase
difference in the inverter output voltages. The waveforms show
the output voltages of Inv. 1 and Rec. 1, as well as the currents in
the transmission coils. The WPT system operates under resonance
conditions because the power factor is approximately unity and the
phase difference between the primary and secondary currents is
nearly 90 degrees. The transmission power is 2.26 kW.

Figure 6 shows the operating waveforms when the phase
difference in the inverter output voltages is 654 ns (20 degrees).
Figure 6(a) shows the output voltages of Inv. 1 and Rec. 1, as well
as the currents in the primary and secondary coils, while Figure
6(b) shows the output voltages and currents of Inv. 1 and Inv. 2,
along with the calculated circulating current. The results show that
the transmission power is 2.20 kW and the output current of Inv.
1 and Inv. 2 are 5.68A and 5.69A, respectively. The error from the
average current is 0.18%. Fig. 6 (a) shows that the primary side
power factor is deteriorating because the balancer compensates for
the unbalanced voltage to balance the currents.

5. CONCLUSIONS

This paper proposed a current balancer using a coupled inductor
pair for parallel-connected megahertz-band WPT systems. The
inductance of the coupled inductors was designed based on the
ratio of the inverter output voltage to the circulating current. The
proposed system was evaluated through simulations and an
experimental prototype operating at 85 kHz. The results confirmed
that the circulating current was effectively reduced to nearly zero
while achieving a power transmission of 2 kW.

Future work will focus on experimental validation in a
megahertz-band WPT system to further assess the performance of
the proposed method.
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