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Abstract—This article investigates a low-radiation multi-
coil wireless charger driven by a single inverter, addressing
the challenge of reducing radiation from unloaded transmit-
ter (TX) coils in multicoil systems. Traditional methods often
require multiple inverters or complex switching techniques
to selectively activate TX coils, which increases system com-
plexity and cost. Instead, this work proposes a detuned com-
pensation technique that naturally attenuates the current in
unloaded TX coils, thereby reducing radiation without the
need for additional control circuits. The approach is analyzed
using a two-coil system and then extended to a more general
multicoil scenario. A five-coil TX system is experimentally
demonstrated, achieving a current attenuation ratio exceed-
ing 6 andmaintaining an efficiency above 70%when charging
a single 10-W receiver (RX). The results show a significant
reduction in radiation field strength compared to a benchmark
system, validating the effectiveness of the proposed detuned
compensation technique. This method offers a promising
solution for low-radiation wireless charging in applications
requiring highmobility and adaptability.

Index Terms—Current attenuation effect, detuned com-
pensation, inductive power transfer (IPT), multicoil trans-
mitter (TX).

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has experienced signifi-
cant advancements and widespread adoption in charging

applications [smartphone, electric vehicle (EV), etc.] [1], [2],
[3]. The magnetic flux generated by the transmitter (TX) is effi-
ciently coupled to the receiver (RX) through an isolated coupler
[4], [5], [6]. To enhance steady-state performance, various com-
pensation networks and active circuits such as inverters and rec-
tifiers have been developed [7], [8], [9], [10], [11]. Multicoil

techniques have been extensively discussed to meet the
demands for greater mobility and adaptability to different charg-
ing devices [12], [13], [14], [15], [16], [17]. This makes multi-
coil technology highly attractive in the charging of smartphones,
smartwatches, drones, and even moving EVs.

Previous studies have shown that independently driving each
TX coil using its own inverter can allow for precise control of
flux concentration in regions where the RXs are located [18],
[19]. This approach, which involves modulating coil current or
flux, enhances overall efficiency and minimizes radiation losses.
However, as the number of TX coils increases, it introduces the
challenge of efficiently driving these multiple coils. Additionally,
this method requires the integration of extra sensing and control
circuits to regulate and coordinate each coil’s operation, ensuring
system stability and optimal performance. To avoid the need for
multiple inverters, an alternative driving technique involving a
single inverter and a relay can be employed to selectively activate
the TX coils. However, this method lacks the ability to modulate
the magnetic field. The aforementioned approaches that involve
switching-based techniques offer more promising solutions for
high-power applications that prioritize efficiency.

In low-power scenarios, a straightforward circuit design with
multiple functions is preferred. A typical approach is to connect
multiple TX coils in series and drive them with a single inverter,
effectively functioning as a single-TX single-RX system [20],
[21], [22], [23]. However, this setup can lead to increased con-
duction losses and undesirable radiation, as even weakly cou-
pled TX coils can become active. Recent studies, such as those
in [20] and [21], explore solutions like using a multilevel
switched-capacitor ac–dc rectifier for better efficiency and com-
pactness, or a multichannel system for enhanced control and
reduced interference. Nonetheless, radiation challenges persist.
To tackle radiation issues, various strategies have been sug-
gested. For example, Lee et al. [24] propose a hybrid loop array
to optimize coil arrangement and minimize magnetic field inter-
ference. Additionally, Campi et al. [25] introduce active coils
that dynamically cancel magnetic fields. Other studies, such as
[26] and [27], have experimented with modifying coupler
shapes and increasing coil numbers to improve coupling effi-
ciency and stabilize the magnetic field. These efforts collectively
aim to enhance wireless charging performance by effectively
managing radiation problems.

This article presents a detuned compensation to mitigate
radiation issues in multicoil systems. Unlike traditional meth-
ods that rely on multiple inverters or switches, the proposed

Received 22 November 2024; revised 25 February 2025 and 25
March 2025; accepted 18 April 2025. Date of publication 21 May
2025; date of current version 21 November 2025. This work was
supported in part by the National Natural Science Foundation of China
under Grant 52477013 and in part by Lingang Laboratory under Grant
LG-GG-202402-06-10. (Corresponding author: Minfan Fu.)

Heyuan Li and Xiaoxuan Ji are with the School of Information Science
and Technology, ShanghaiTech University, Shanghai 201210, China
(e-mail: lihy4@shanghaitech.edu.cn; jixx@shanghaitech.edu.cn).

Xufeng Kou, Haoyu Wang, and Minfan Fu are with the School of
Information Science and Technology, ShanghaiTech University,
Shanghai 201210, China, and also with Shanghai Engineering Research
Center of Energy Efficient and Custom AI IC, Shanghai 201210, China,
(e-mail: kouxf@shanghaitech.edu.cn; wanghy@shanghaitech.edu.cn;
fumf@shanghaitech.edu.cn).

Digital Object Identifier 10.1109/TIE.2025.3566720

1557-9948 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html

for more information.

12666 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 72, NO. 12, DECEMBER 2025

Authorized licensed use limited to: ShanghaiTech University. Downloaded on December 08,2025 at 06:27:00 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-2124-3453
https://orcid.org/0000-0002-1642-6626
mailto:lihy4@shanghaitech.edu.cn
mailto:jixx@shanghaitech.edu.cn
mailto:kouxf@shanghaitech.edu.cn
mailto:wanghy@shanghaitech.edu.cn
mailto:fumf@shanghaitech.edu.cn


technique utilizes a detuned resonant tank to introduce reactive
components. This load-dependent reactance enables a more natural
response, resulting in improved radiation performance. To illus-
trate the effectiveness of the detuned compensation approach, a
single-RX system with two TX coils is used as a case study. A
circuit-model-based analysis is performed to assess the system
efficiency and coil current. The current attenuation ratio is defined
and optimized using detuning factors. Furthermore, the proposed
detuned technique is generalized and applied to other basic com-
pensations and TX systems with multiple coils. The advantages of
the detuned system are demonstrated using a system with five TX
coils. Overall, the detuned compensation technique offers a prom-
ising solution for reducing radiation issues in multicoil systems
without the need for multiple inverters or switches. The results
from the study provide insights into optimizing system perfor-
mance and validating the efficacy of the proposed approach.

II. DETUNED RESONANT TANK

A. Practical Demand

To improve the flexibility of the RX, a widely used strategy
involves employing a multicoil TX. As shown in Fig. 1, a bowl-
shaped TX with four side coils and one central coil is presented
as an example. Notably, all TX coils are designed to be identi-
cal, ensuring uniform performance. The bowl-shaped TX design
serves two key purposes: it minimizes cross coupling between
the TX coils and provides a stable position for the RX. The spe-
cific dimensions of the coils and the bowl are detailed in [9].
When an RX coil is placed on any part of the TX, the correspond-
ing TX coil must be activated to fulfill the power requirements.
The TX-RX coupling is strong enough for effective power trans-
fer, with a coupling coefficient exceeding 0.3. Meanwhile, the
coupling coefficient between adjacent TX coils is approximately
0.0017, and between TX coils along the same axis is about
0.0008. These low values of cross coupling ensure minimal inter-
ference between TX coils, further enhancing the efficiency of the
multicoil design. This article investigates the fundamental princi-
ples of driving multiple TX coils without relying on complex
switching techniques. The bowl-shaped TX is used as a represen-
tative example due to its compact design and minimal TX–TX
cross coupling, but the proposed approach can be adapted to other
TX structures with similarly limited cross coupling.

When the TX coils are connected in series, as depicted in
Fig. 2(a), the RX benefits from the load perspective, as it can

receive power at any position. However, a disadvantage of this
configuration is that all the coils are activated, leading to unnec-
essary conduction losses and radiation issues, especially for the
unloaded TX coils. In high-power applications such as dynamic
charging of EVs, switching techniques are often employed to
selectively activate the corresponding TX coil. This can be
achieved by using multiple inverters or a single inverter with
multiple relays. However, in low-power applications, there is
sufficient design margin to strike a better balance between effi-
ciency and cost performance.

This article aims to investigate a system configuration depicted
in Fig. 2(b), where the TX coils are not directly coupled to each
other (i.e., not connected in series and parallel at their terminals).
Each TX coil is individually compensated and connected in
parallel to the inverter ac output. The objective is to utilize
detuned techniques for TX/RX compensation, allowing for a
natural response where the current of the loaded center TX coil
is significantly higher than that of the unloaded side coils
shown in Fig. 1. This behavior indicates that TX coils with
weak coupling to the RX coil should be deactivated naturally,
without the need for additional sensing, control, or activation
circuits. By operating off-resonance, the detuned techniques
tradeoff conduction loss to reduce radiation, eliminating the
need for complex switching techniques.

B. Steady-State Model

This article aims to investigate the detuned characteristics of a
resonant tank in a two-TX system using series-parallel (S-P) com-
pensation. While the topology is widely used, most previous stud-
ies have centered on fine-tuned networks. This article aims to
introduce a detuning technique to adjust the current distribution.
The findings derived from this basic configuration will be gener-
alized to apply to a broader range of multiple TX scenarios.

The modeling of the entire system aims to analyze the coil
radiation at fundamental frequency and have the following

Fig. 1. Bowl-shape TX.

Fig. 2. Two basic driving schemes for multiple TX coils. (a) Using series
TX coils (benchmark). (b) Using parallel TX compensation (proposed).
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approximation. To accurately obtain fundamental current infor-
mation, the fundamental approximation can be applied. In this
context, the high-frequency parameters of the inverter and reso-
nant tank do not affect the accuracy of the analysis. However,
because the target system requires reactive power and has signif-
icant conduction losses, it is important to fully consider the
impact of parasitic resistances. According to [28], the high-
frequency rectifier model should consider the effects of junction
capacitance. At the selected frequency of 1 MHz in this study,
the input impedance of the rectifier is still dominated by its real
part, allowing it to be modeled as a resistor.

Fig. 3 illustrates the system configuration, where Ltx,1 and
Ltx,2 represent the inductance of the TX coils. Both TX coils are
series compensated with capacitors Ctx,1 and Ctx,2, respectively.
It is important to note that the TX coils and their respective com-
pensations are identical. At the RX side, a parallel capacitor Crx

is introduced to compensate for the RX coil inductance Lrx.
When the RX coil is placed directly above TX1, M1 represents
the mutual inductance between Ltx,1 and Lrx, with the coupling
coefficient denoted as k1 ¼ ðM1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ltx,1Lrx

p Þ. It is worth mention-
ing that there is no coupling between Ltx,2 and Lrx, as the RX
coil only couples with a single TX coil in this configuration.

In the resonant tank configuration shown in Fig. 3(a), the
input voltage and current are denoted as vin and iin, respectively,
while the output voltage is represented by vo. The currents flow-
ing through the two TX coils and the single RX coil are denoted
as itx;1, itx;2, and irx. The equivalent ac load resistance is denoted
as RL, and r with different subscripts refers to the equivalent
series resistances (ESRs) of the coils. Under the fundamental
approximation, a phasor analysis is applied to the resonant tank,
where all time-varying state variables are expressed in their pha-
sor form. For example, Itx;1 represents the phasor form of itx;1,
and Itx;1 represents the magnitude of the corresponding current.
In this context, a current attenuation factor, denoted as G, is
introduced to evaluate the relationship between the main energy
transfer coil and the other coil. It is defined as follows:

G¼ Itx;1
Itx;2

: (1)

The main objective is to design the compensations Ctx;1 (equiva-
lent to Ctx;2) and Crx in such a way that a high value of G is
achieved.

On the TX side, the coil impedance Ztx ¼ jxLtx;1 serves as a
reference for normalization. For instance, the overall impedance
of Ltx;1 and Ctx;1 is given by jxLtx;1 þ ð1=jxCtx;1Þ, which equals

zero under perfect resonance. A detuning factor, denoted as atx,
is introduced to evaluate the residual imaginary part after com-
pensation. It is defined as

atx ¼
xLtx,1 − 1

xCtx,1

� �
Ztx

¼ 1−
1

x2Ltx,1Ctx,1
(2)

where a zero value of atx indicates perfect resonance.
For the RX side, the RX coil inductance Zrx ¼ jxLrx is used as

the reference for normalization. Unlike the series compensation in
the TX circuit, the parallel compensation in the RX circuit does not
directly define the detuning factor [29]. Therefore, the parallel cir-
cuit consisting of Crx and RL is equivalently transformed into a
series circuit, as shown in Fig. 3(b), according to the voltage source
model. In this transformed model, the imaginary part of the RX cir-
cuit is represented by arxZrx, and the real part corresponds to the
equivalent load RL, eq. Similar to atx, the relationship between the
imaginary and real parts of the impedance can be derived as

arx ¼ 1−
CrxR2

L

Lrxð1þx2C2
rxR

2
LÞ

RL,eq ¼ RL

1þx2C2
rxR

2
L

8>>><
>>>:

(3)

where x is the angular frequency. The impedance of the mutual
inductance is denoted as Zm ¼ jxM, and the two induced voltage
sources are represented as ZmIrx and ZmItx,1. Zin is the impedance
seen by the inverter.

The circuit shown in Fig. 3(b) leads to the following set of
Kirchhoff’s voltage law (KVL) equations:

ðatxZtx þ rtxÞItx,1 þ ZmIrx ¼ Vin

ðatxZtx þ rtxÞItx,2 ¼ Vin

ZmItx,1 þ ðarxZrx þ rrx þ RL,eqÞIrx ¼ 0:

8><
>: (4)

Based on the previously mentioned formulas and calculations,
the expressions for determining the coil currents can be deduced
as follows:

Itx,1 ¼ arxZrx þ rrx þ RL

−Z2
m þ ðatxZtx þ rtxÞðarxZrx þ rrx þ RLÞ

Vin

Itx,2 ¼ 1
rtx þ atxZtx

Vin

Irx ¼ −Zm

−Z2
m þ ðatxZtx þ rtxÞðarxZrx þ rrx þ RLÞ

Vin:

8>>>>>>><
>>>>>>>:

(5)

The overall efficiency of the resonant tank can be expressed
as the ratio of the output power (Po) to the input power (Pin).
Mathematically, it is given by

g¼ Po

Pin
¼ I2rxRL

I2rxRL þ Itx,12rtx þ Itx,22rtx þ Irx2rrx

¼ −k2QtxQrx

−k2QtxQrx − k2QtxQL − a22QrxQL þ rrx
RL

þRL

rtx
þ 2

Qtx ¼ xLtx;1
rtx;1

,Qrx ¼ xLrx
rrx

,QL ¼ xLrx
RL,eq

:

8>>>>>>>>>>><
>>>>>>>>>>>:

(6)

Fig. 3. System using two TX coils. (a) Resonant tank. (b) Equivalent cir-
cuit model using detuning factors.
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The efficiency also depends on arx, which is related to the RX
ESR. Notably, the efficiency does not change with atx. In practi-
cal scenarios, where the ESR values are relatively small com-
pared to the branch impedance, the ESRs (rtx and rrx) can be
neglected. This simplification allows for the derivation of the
input impedance of the two TX tanks

Zin,1 ¼ Vin

Itx,1
¼ k2QL þ jðatx þ atxa2rxQ

2
L − arxk21Q

2
LÞ

1þ a2rxQ
2
L

xLtx

Zin;2 ¼ Vin

Itx,2
¼ rtx þ atxZtx:

8>>><
>>>:

(7)

The input impedance Zin can be obtained by taking the paral-
lel combination of Zin;1 and Zin;2. From (5), the current attenua-
tion factor can be derived as follows:

G¼ Itx,1
Itx,2

¼ 1þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−1þatxarx

k21
þ 1
k21QtxQL

� �2

−
atx

k21Qrx
þ atx
k21QL

þ arx
k21Qtx

� �2
s :

(8)

C. Design of Detuned Factors

The S-P compensations demonstrated in the article have two
design variables, atx and arx, which play a crucial role in achiev-
ing the desired objectives. The main objectives include maxi-
mizing the current attenuation factor (G), improving the overall
efficiency (g), and achieving an inductive input impedance (Zin)
to ensure zero-voltage switching (ZVS) operation.

To validate the proposed compensation method, a practical
coupler configuration depicted in Fig. 1 is fabricated and utilized
in the experiment. The relevant coupler parameters are listed in
Table I. Based on these parameter and the mentioned equations,
simulations were conducted in advanced design system (ADS),
and the results were obtained. Specifically, when the coupler is
configured with one central coil and one side coil, the values of
G, g, and Zin can be calculated and evaluated based on different
combinations of atx and arx.

During the evaluation process, several constraints were defined,
including a minimum value ofG greater than 5, a minimum effi-
ciency (g) requirement of 80%, and a positive phase of Zin for
the specified range of RL values between 25 and 200 X. In Fig. 4,
the influence of atx and arx on G is depicted for RL ¼ 200 X. The
color region represents the surviving points that satisfy the afore-
mentioned constraints. The color intensity corresponds to the

value ofG, with brighter colors indicating higher values. Notably,
there is a point that maximizes the current attenuation factor (G).
When the two coils are connected in series, the value ofG is equal
to 1. This result confirms that the detuning factors atx and arx nat-
urally select the loaded TX coil that is strongly coupled to the RX
coil, while deactivating the unloaded TX coils.

Similarly, an efficiency map can be plotted as shown in
Fig. 5. From (6), it can be observed that the coupler efficiency is
only affected by arx and is independent of atx. For convenience,
the information from Figs. 4 and 5 can be merged into a single
plot as shown in Fig. 6. The desired design point should lie on
the pink line, which represents the tradeoff between G and g. In
this case, point P is selected to maximize G. Fig. 7 demonstrates
the performance of the coupler within the target load range of
20–200 X. It is important to note that during the selection of atx
and arx candidates, a range of RL values is already considered.
Therefore, the resulting G and g values would not violate the
given constraints ofG> 5 and g> 80%.

TABLE I
COUPLER PARAMETERS

Symbol Value Symbol Value

Ltx 31 lH Lrx 34 lH

rtx 648 mX rrx 762 mX

M 12.5 lH fs 1 MHz

Fig. 4. Influence of atx and arx onG.

Fig. 5. Influence of atx and arx on g.

Fig. 6. Performance of G and g of all design points.

LI et al.: LOW-RADIATION MULTIPLE-COIL WIRELESS CHARGER USING DETUNED COMPENSATION 12669

Authorized licensed use limited to: ShanghaiTech University. Downloaded on December 08,2025 at 06:27:00 UTC from IEEE Xplore.  Restrictions apply. 



III. EXTENSION OF DETUNED TECHNIQUES

A. Detuned Mechanism

Figs. 2(b) and 3 illustrate that the multiple TX tanks in a par-
allel configuration are effectively decoupled. Therefore, the cur-
rent flowing through each TX coil is primarily influenced by the
coupling condition. The phenomenon of current attenuation can
be explained through a simplified one-TX one-RX scenario, as
depicted in Fig. 8.

In the absence of an RX load, there is no reflected impedance
at the TX coil. A detuned TX tank presents a high reactive
impedance, resulting in a small current. When an RX coil is
strongly coupled to the TX coil, a detuned RX introduces a reac-
tive component that reflects back to the TX side, effectively
reducing the net reactance of the TX tank. As a result, the TX
coil is activated, and a current flows through it. In this detuned
compensation approach, a detuned TX tank is used to attenuate
the current in the absence of an RX load, while a detuned RX
coil is employed to cancel out the large reactance introduced by
the detuned TX coil. It is important to note that this effect cannot
be achieved with perfect resonance conditions. However, this
detuned system does result in higher conduction losses.

B. Comparison of Basic Compensations

The detuned compensation technique proposed in this article is
applicable to various basic compensation configurations, includ-
ing series–series (S-S), series–parallel (S-P), parallel–series (P-S),
and parallel–parallel (P-P). These configurations all exhibit simi-
lar detuned effects. The simulated and calculated coupler values
are based on the data in Table I. To ensure consistency, the paral-
lel compensations are first transformed into a series circuit as
shown in Fig. 9 and then normalized with respect to the coil

impedance. This transformation has been applied to the RX side
of the example S-P system.

When parallel compensation is applied to the TX side, it is
crucial to avoid using a clamped voltage source as the input
excitation, as this would prevent the resonance effect of the
shunt capacitors. Instead, a current source should be used.
Despite this, the system can still be represented using a uniform
equivalent circuit model, as shown in Fig. 9. The model parame-
ters for all compensation configurations are derived and summa-
rized in Table II for reference and comparison.

Similar to the detuning effect curve shown for the S-P com-
pensation in the pink curve of Fig. 6, the other three compensa-
tions (S-S, P-P, and P-S) also offer similar benefits. However,
since the voltage source is more commonly used, the tradeoff
curve for S-S compensation is initially compared with the S-P
compensation. Based on the parameters provided in Table I, if
the load resistance RL is within the range of [25, 200] X, there
are no feasible design points for the S-S compensation. Alterna-
tively, when RL is in the range of [5, 10] X, a case design curve
can be obtained as shown in Fig. 10. For this specific load range,
the S-P compensation does not have any design points, indicat-
ing that the target detuning effect is dependent on the load range.
Therefore, there is no universal conclusion for selecting the
compensation technique.

Furthermore, in Fig. 10, the P-P and P-S compensations are
also used to design a detuned system, but the suitable load
ranges differ significantly. In this article, the S-P compensation
is still utilized for further discussion and analysis.

C. Influence of TX-Coil Numbers

The conclusion drawn from the two-coil case can be directly
extended to the N-coil case due to the parallel connection of the
TX tanks. Assume that the RX coil is placed on the ith TX coil,
and its current is the same as Itx;1 given by (5)

Itx;i ¼ a2Zrx þ rrx þRL

−Z2
m þ ða1Ztx þ rtxÞða2Zrx þ rrx þRLÞ : (9)

For the rest of the coils, their current is equal to Itx;2 [as given
by (5)]. Therefore, the current attenuation factor can be defined
as the ratio between Itx;i and the average current of the

Fig. 7. G and g of point P under different load conditions.

Fig. 8. Detuned mechanism.

Fig. 9. Normalization model of detuning compensation network.
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remaining TX coils, which is the same as (8). The efficiency of
the resonant tank is then updated as

g¼ Po

Pin
¼ Irx2RL

Irx2RL þ Irx2rrx þ
Pn

i¼1Itx,i
2rtx

: (10)

Equation (10) shows that the efficiency will decrease with an
increase in the number of coils.

In the case of the S-P compensation example, this article eval-
uates its performance by sweeping the load resistance, as shown
in Fig. 11. The blue line in Fig. 11 represents the performance of
the selected design point P in Fig. 10, and it contains the same
information as Fig. 7. To compare the performance of the
detuned system with a system without detuned techniques, it
considers the scenario where two TX coils are connected in
series, as depicted in Fig. 2. This configuration serves as a
benchmark with no current attenuation effect, and thus the

current attenuation factor (G) is equal to 1. The efficiency varies
with changes in the load resistance, resulting in a straight green
line in Fig. 11. In most cases, the benchmark system achieves
higher efficiency. However, as the number of TX coils
increases, the benchmark system experiences a rapid drop in
efficiency, while the proposed detuned system maintains similar
performance regardless of the number of coils. This indicates
that the detuned system is more suitable for multicoil cases.

D. Magnetic Field Attenuation

To compare the magnetic field distribution between the pro-
posed detuned system and the benchmark system, a simulation
is performed under the same output power condition. In the sim-
ulation, the coupler shown in Fig. 1 with N ¼ 5 coils is used,
and only one RX coil is placed in the center region.

Fig. 12(a) illustrates the magnetic field distribution of the
benchmark system, where each TX coil carries the same current.
Both the top view and side view show the high radiation of the
benchmark system. The bottom-loaded coil is activated for
power transfer, and the side unloaded coils are also activated
with the same current, which leads to unnecessary radiation. In
contrast, Fig. 12(b) shows the magnetic field distribution for the
detuned system. Due to the high current attenuation effect
achieved by the detuning techniques, the current-induced mag-
netic fields are dramatically reduced, resulting in a significant

TABLE II
NORMALIZED MODEL PARAMETERS OF FOUR BASIC COMPENSATION NETWORKS

Compensation Vin atx arx RL,eq

S-S Vin 1−
1

x2LtxCtx
1−

1
x2LrxCrx

RL

S-P Vin 1−
1

x2LtxCtx
1−

CrxRL
2

Lrxð1þx2Crx
2RL

2Þ
RL

1þx2Crx
2RL

2

P-S
Iin

jxCtx
1−

1
x2LtxCtx

1−
1

x2LrxCrx
RL

P-P
Iin

jxCtx
1−

1
x2LtxCtx

1−
CrxRL

2

Lrxð1þx2Crx
2RL

2Þ
RL

1þx2Crx
2RL

2

Fig. 10. Comparison of different compensations at different load ranges.

Fig. 11. Influence of coil number.

Fig. 12. Magnetic field distribution comparison. (a) Benchmark system.
(b) Detuned system.
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reduction in overall magnetic field radiation. Additionally, the
system ensures power transfer capability by enhancing the mag-
netic field of the corresponding TX coil when the RX position
changes or when multiple RX devices are present. For the multi-
ple RX condition, the TX coils, without detuning, produce simi-
lar magnetic fields due to the consistent current distribution.
This design allows for efficient power transfer to multiple devi-
ces while maintaining magnetic field homogeneity.

IV. EXPERIMENT VERIFICATION

As shown in the setup of Fig. 13, a prototype of a bowl-
shaped charger was constructed according to Fig. 1. The system
is driven by a half-bridge inverter with a constant dc input volt-
age of 20 V and tested under different load conditions. The TX
series compensation capacitor and the RX parallel capacitor are
1 and 3 nF, respectively, both of which are NP0 standard
ceramic capacitors. Using the same bowl-shape TX, two types
of systems are built according to the configuration of Fig. 2
when using S-P compensation. The detailed coupler parameters
are the same as the simulation in Table I. Additionally, a rele-
vant field testing system was used for measurements. The
compensation capacitors are chosen according to the design
point P on the tradeoff curve in Fig. 4, where atx ¼ 0:185 and
arx ¼ 0:771. The charger operates at a frequency of 1 MHz,
driven by a half-bridge inverter. A bridge rectifier and an elec-
tronic load are employed on the RX side. The cross-coupling
coefficient between the TX coils is less than 0.002.

The terminal waveforms of the system using the proposed
detuned design are recorded and displayed in Fig. 14. The
smooth voltage waveform (vin) indicates that the inductive input
impedance (Zin) assists in achieving ZVS in both light and

heavy load conditions. At the RX side, the rectifier terminal
voltage vrx is also measured, and the voltage distortion is mainly
due to the junction capacitance. The current waveform of itx,1 is
significantly larger than that of itx,2, demonstrating the achieve-
ment of a high current attenuation factor (G). Overall, the
recorded waveforms validate the effectiveness of the proposed
detuned design in achieving the desired objectives.

As shown in Fig. 15, the overall efficiency and gain G of the
system with the proposed detuning design were measured under
various load conditions, with the corresponding power levels also
provided. The results are consistent with the simulation results
shown in Fig. 7. It is worth noting that the overall system effi-
ciency is lower than the tank efficiency in the simulation results.
This can be attributed to the additional losses introduced by the
inverters and rectifiers in the overall system. The loss breakdown
of the proposed system is shown in Fig. 16, and the RX coil and
rectifier would still dominate the loss from the system perspective.

A benchmark system is also constructed to compare with the
detuned system. The comparison is shown in Fig. 17, where both
systems exhibit similar peak efficiencies. However, the detuned
system demonstrates superior current attenuation capability. This
experiment result is consistent with the simulation of Fig. 11.

The space-magnetic field visualization system (EPS-02Ev3,
NoiseKen Inc.) can effectively measure the field distribution as
shown in Fig. 18. With the help of a spectrum analyzer (FSV7,
Rohde&Schwarz Inc.), the probe is able to detect the field mag-
nitude for any position above the bowl [refer to Fig. 13]. Mean-
while, the camera is able to detect the position of the colored

Fig. 13. Test setup for a bowl-shape TX.

Fig. 14. Typical waveform of a detuned system. (a) Light load condition.
(b) Heavy load condition.

Fig. 15. MeasuredG and g under different load conditions.

Fig. 16. Power loss distribution at peak efficiency point.

12672 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 72, NO. 12, DECEMBER 2025

Authorized licensed use limited to: ShanghaiTech University. Downloaded on December 08,2025 at 06:27:00 UTC from IEEE Xplore.  Restrictions apply. 



probe. Finally, all these field and position information will be
synchronized through the laptop to give a visualized field distri-
bution. The experimental results are consistent with the simula-
tion results in Fig. 12, confirming the effectiveness of the
detuned design in reducing magnetic field radiation.

A detailed comparison is provided in Table III. For applications
that require a high level of power, efficiency takes precedence,
making it beneficial to incorporate more passive components such
as coils or shielding to diminish radiation. Concurrently, additional
control is essential to adequately disable those TX coils associated
with weak TX–RX coupling. As the power level falls, the appeal
of using fewer additional components (comp.) or control (cont.)
grows. The suggested methodology does not necessitate any extra
comp. and cont. to effectively disable weakly coupled TX–RX
channels. The proposed approach attempts to strike an attractive
balance between radiation, efficiency, complexity, and cost.

V. CONCLUSION

This article proposes a detuned compensation technique to
address the issue of radiation in unloaded coils in a multiple-coil
system. The concept of current attenuation is introduced to
quantify the degree of radiation reduction achieved by the
detuned design. The analysis of the circuit model reveals the
impact of the system detuned factors on both efficiency and cur-
rent attenuation effect. The detuned design effectively utilizes
the reactance resulting from the detuning to selectively activate
the loaded TX coil, thereby reducing radiation. The current
attenuation effects observed in this study can be easily extended
to other compensation techniques and systems with a greater
number of TX coils. The final prototype of the bowl-shaped
charger demonstrates a current attenuation factor exceeding 6
and achieves a peak efficiency of 72.6% when charging a 10-W
RX. The method proposed in this article is better suited for low
to medium power applications. It naturally suppresses radiation
by introducing reactive power, making it ideal for systems
where simplicity is a priority over maximum efficiency.
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