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Abstract

To satisfy the requirements of multi-level power output in wireless power transfer (WPT)
systems, this paper proposes a multi-level power regulation strategy based on primary-side
hardware reuse and inverter mode selection. The proposed approach reduces hardware
complexity and control difficulty under diverse power demands, while eliminating the
performance degradation of inverters induced by wide-range duty-cycle modulation. In
this study, the configuration of the established system is first presented. Maintaining the
inherent output connection of the full-bridge inverter, two operational modes realized via
power device gating control are analyzed and deduced. On this basis, an analytical circuit
model is constructed for the multi-level power output system incorporating primary-side
hardware reuse, and the corresponding static characteristics of the system are investigated.
Combined with the application of receiving coils with different specifications, a refined
multi-level power output scheme relying on inverter mode selection is further formulated.
Finally, experimental validation demonstrates that the prototype system achieves four
discrete power levels simply through primary-side hardware reuse and mode switching,
without modifying circuit connections or adjusting duty ratios. The maximum received
power under each level reaches 405 W, 212 W, 101 W and 51 W, respectively; meanwhile,
the corresponding DC-DC efficiency is maintained at 92.6%, 91.5%, 92.3% and 90.92%.

Keywords: multi-level power output; hardware reuse; inverter mode selection; wireless
power transfer; circuit model
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Compensation circuits are usually adopted in WPT systems to achieve efficient and
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o , controllable energy transmission. The commonly used topologies include S-S, LCC-S, and
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LCC-LCC. Among them, the WPT system with LCC-S compensation topology is more
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In recent years, with the development of WPT systems, to meet the demand for
different output power levels, reduce hardware complexity, control difficulty under var-
ious power requirements, and realize stable and efficient multi-level power transmis-
sion, research on multi-level power output methods for WPT systems has gained great
significance [9-12].

At present, most studies on WPT technology focus on single-load applications, mainly
including inverter control, magnetic coupling mechanism design, compensation circuit de-
sign, and system performance optimization. A negative polarity partial power conversion
method is presented in [13], which reverses the voltage polarity of the DC-DC converter,
allowing a larger proportion of power to be unregulated and thus greatly improving overall
system efficiency. An IPT system based on a clamp circuit and a reconfigurable rectifier is
introduced in [14]. An optimal control strategy based on four full variables is demonstrated
in [15], which achieves peak efficiency by satisfying multiple optimality conditions. A
self-compensating planar coil scheme integrated with a single-switch voltage regulator is
described in [16]. The impact of primary-side compensation inductance misalignment on
the power, efficiency, and input phase characteristics of an LCC-S wireless charging system
is examined in [17]. Dual-side phase-shift control for a strongly coupled series-compensated
WPT system is explored in [18]. A variable-frequency pulse-width modulation circuit for
the input control of a 6.78 MHz resonant WPT system is constructed in [19].

For output power regulation of a single load, common approaches include inserting
a DC voltage conversion stage on the primary side, adding a DC voltage conversion
circuit on the secondary side, adjusting the control angle of the primary-side inverter, or
employing an advanced primary-side inverter topology. A bidirectional DC-DC WPT
system with LCC-C resonant compensation is reported in [20]. A DC-DC converter capable
of three operating modes is proposed in [21]. A frequency design method for mitigating
low-frequency oscillations caused by a post-rectifier DC-DC converter in wireless charging
systems is established in [22]. A hybrid control scheme combining phase-shift modulation
and switched-capacitor regulation is outlined in [23]. A WPT converter that merges a
series half-bridge and an active rectifier is detailed in [24] to reduce switching losses under
light and medium loads. A mode-switching phase-shift control method for WPT systems
is formulated in [25]. An extended hybrid modulation strategy is proposed in [26]. By
expanding the regulation range of phase-shift modulation and applying it synchronously
in both inverters and active rectifiers, up to 16 operating modes are enabled to support
multi-level constant-current output. A dual-side capacitor-tuning and cooperative control
strategy for wireless electric vehicle charging is presented in [27].

Although the above methods can regulate output power within a limited range, sys-
tem efficiency and soft-switching performance are often compromised. In addition, the
power supply demands of loads with different power levels are rarely addressed. Despite
extensive research on WPT systems for various loads, most studies focus on simultane-
ous power supply to multiple loads. These works typically involve multi-transmitter
coil arrays, sophisticated primary-side control algorithms, and coordinated operation of
multiple inverters.

A WPT system is proposed in [28], which passively reshapes the magnetic field into
multiple beams precisely directed toward receivers, allowing a single transmitter coil to
power two receivers independently. A novel single-transmitter multi-frequency multi-
power WPT system is implemented in [29]. A multi-frequency multi-load magnetically
coupled resonant WPT system using a hybrid sinusoidal pulse-width modulation strategy
is investigated in [30]. A novel independently regulated multi-output WPT system is
introduced in [31], consisting mainly of a single main transmission channel, band-pass
filters for each output, and a digital control unit. Each output voltage is regulated by

https://doi.org/10.3390/inventions11040069


https://doi.org/10.3390/inventions11040069

Inventions 2026, 11, 69

30f20

adjusting the frequency and amplitude of the corresponding frequency component in the
digital controller.

In reference [32], a one-to-multiple WPT system with a single-transistor P-type LCC-S
compensation network was studied to address the issues of difficult system decoupling
and limited effective power reception area caused by uncertain load positions and cross-
coupling during the simultaneous charging of multiple loads. Hardware reuse at the
transmitter side has been achieved in this study; however, most of the proposed schemes
still rely on complex control methods. A novel isolated bidirectional single-input multi-
output converter is developed in [33], which supports bidirectional power conversion
between one DC port and multiple AC ports. It features electrical isolation between input
and output stages and inherent bidirectional power flow capability. An innovative WPT
system equipped with a new H6-bridge inverter for multi-output operation is presented
in [34], which enables flexible multi-mode functioning of the WPT system. A bridgeless
single-inductor multi-output AC-AC converter is proposed in [35], which uses only one
inductor in the power stage to generate multiple independent AC output voltages. A
multi-output WPT system that integrates a reconfigurable resonant topology and an in-
teractive power transfer mechanism is described in [36], supporting both uniform and
relay-assisted power delivery modes to extend the voltage gain range for multi-vehicle
charging. A multi-frequency multi-load magnetically coupled resonant WPT system based
on cascaded H-bridge multilevel inverters is established in [37]. Using phase-modulated
multi-frequency excitation, the system supports arbitrary frequency and quantity combi-
nations by configuring the number, frequency, and amplitude of modulation waves. The
WPT system based on a reconfigurable magnetic coupler for AUVs replenishing under-
water energy is proposed in [38,39]. A variable-structure dual-frequency dual-load WPT
system is designed in [40] for multi-frequency multi-load applications, aiming to over-
come unstable voltage, poor load independence, and excessive complexity in conventional
constant-current control schemes.

The non-simultaneous demand of loads with different power levels is rarely involved
in existing studies. In fact, using the same set of transmitting hardware to achieve compati-
bility with different receivers and output different power levels can significantly reduce
system costs and enhance compatibility across different receivers. The different operating
modes of full-bridge inverters and the reuse of primary-side hardware are considered
rarely. Further combination with the design of different magnetic coupling mechanisms at
receiving side will help expand the multi-power-level output capability of WPT systems.

To solve these problems, a WPT system and a multi-level power output method based
on hardware reuse and inverter mode selection at primary side are proposed in this paper.
For the WPT system with LCC-S compensation topology, without changing the output
connection circuit of inverter, two different output voltage values can be realized only
by adjusting the control mode of the full-bridge inverter to operate in full-bridge and
half-bridge modes. Combined with two different coils at the receiving end, four different
output levels are formed.

Compared with existing methods, the proposed method does not require additional
voltage regulation stages to adjust the input or output DC voltage, nor does it need to
adjust the duty cycle of the inverter, which helps to ensure that the inverter always operates
in a soft-switching state. The main contributions of this paper are as follows. Firstly, the
structure of the proposed multi-level power output WPT system is introduced in this paper.
Secondly, two inverter control modes, full-bridge output and half-bridge output, for the
commonly used full-bridge inverter are studied. Through Fourier decomposition, the
expressions of the fundamental output voltage of the inverter and the system output power
are derived. Then, a system circuit analysis model of the LCC-S compensation topology is
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established, through which the expressions of the final output power and efficiency of the
system under the two operating modes of the inverter are derived. Furthermore, combined
with two receiving coils of different sizes, a four-level output method of the WPT system is
formed. Finally, relevant experiments are designed to achieve four power levels of 405 W,
212 W, 101 W and 51 W, with corresponding efficiencies of 92.6%, 91.5%, 92.3%, and 90.92%,
respectively. The correctness and feasibility of the proposed method are verified.

2. Materials and Methods

This chapter begins with an introduction to the circuit structure of the proposed multi-
level power output wireless power transfer system. Theoretical derivations are then carried
out to establish the relationship between the output voltage of the transmitter-side inverter
circuit and the DC input voltage for both full-bridge and half-bridge operating modes.
A general compensation circuit model for multi-level power transfer is subsequently
developed. Finally, based on the output characteristics of the inverter, the relationships
among system output power, efficiency, DC input voltage, mutual inductance between
the transmitting and receiving coils, and load resistance are derived for the two inverter
operating modes.

2.1. Structure of WPT System with Multi-Level Power Output

The circuit structure of the multi-level power output WPT system proposed in this
paper is shown in Figure 1. Upc represents the DC bus voltage. The inverter circuit
supports both full-bridge and half-bridge operating modes. Uj, is the output voltage of
the inverter. Iris the output current of the inverter. The LCC-type compensation circuit
on the transmitter side consists of the inductor Ly, capacitor Cp, and capacitor Cy. Lp is
the self-inductance of the transmitting coil, with its parasitic resistance denoted as R,.
The self-inductance of the receiving coil is denoted as L; and its parasitic resistance as Rs,
while the mutual inductance between the transmitting coil and the receiving coil is M. To
realize the reuse of primary-side hardware for the proposed system with different receiving
coils, the secondary side can selectively adopt a larger square coil or a smaller circular coil
according to the actual load conditions. Among them, the self-inductances of the square
coil and the circular coil are Lg; and L), respectively, and their parasitic resistances are Ry
and Ry, respectively. The mutual inductance between the transmitting coil and the square
coil is marked as Mg, and that between the transmitting coil and the circular coil is Ms;.
Diodes D1—-Dy constitute an uncontrolled rectifier circuit. C is the filter capacitor. and Ry, is
the system load.
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Figure 1. Topology of LCC-S WPT system based on primary-side hardware reuse and inverter
mode selection.
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The two inverter control modes can be freely combined with the two receiving coils in
pairs according to actual conditions. In this way, four different system combinations are
formed without changing the circuit connection structure, realizing the reuse of primary-
side hardware. The following text will conduct an in-depth study on the two operating
modes of the full-bridge inverter circuit and the magnetic coupling mechanisms composed
of different receiving coils.

2.2. Analysis of the Operating Modes of Full-Bridge Inverter Circuits
2.2.1. Full-Bridge Mode

Two control modes are designed for the full-bridge inverter circuit in this paper: the
full-bridge control mode and the half-bridge control mode. The inverter circuit topology
operating in full-bridge mode, along with the inverter’s excitation control signals and
output voltage waveform, are presented in Figure 2.
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Figure 2. (a) Full-bridge controlled mode; (b) excitation signal and output voltage waveform of
full-bridge controlled inverter.

Let the frequency be f and the period be T. When the duty cycle is «, within one period
T, during 0 < t < aT, thyristors V; and V, are in the conducting state while thyristors
V, and Vj are in the off state; during T/2 < t < (1+ 2a)/T, thyristors V, and V3 are in
the conducting state while thyristors V; and V, are in the off state. The magnitude of the
output voltage over one period is

Vpe 0<t< T
Vo(t) =< —Vpe T/2<t<(14+2x)T/2 (1)
0 else

This waveform is a periodic function, and the Fourier series expansion of this wave-

form is as follows:
o0

Vo(t) = ag+ Y _ [an cos(nwt) + b, sin(nwt)] ()

n=1
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The DC component a9 is

1 /T
ap = 7/ Vo(t)dt =0 3)
T Jo
The cosine coefficient a,, is
_ 2 _ n+1] Vbe ..
=7 /0 Vo(t) cos(nwt)dt = [1+ (~1)"""] - 22 sin(27rm) @
The sine coefficient b,, is
2T . _ n+1]  Vbc
by = T/o Vo(t) sin(nwt)dt = {1 +(-1) } -E[l — cos(2rmtnu)] (5)

Substituting Equations (3)—(5) into Equation (2), we can obtain the result

Vo(t) = [1 + (—1)"“} . i %[sin(Znnzx) cos(nwt) 4+ (1 — cos(2mrnw)) sin(nwt)]  (6)
n=1

Let n =1, and take the fundamental component only; then, the amplitude of the output
voltage is

Vi

)

2
_ 2Vbc sin(7a)
T

4
V/sin?(27a) + [1 - cos(27ma)]? = ‘jfc

The phase angle of the output voltage is

1 — cos(27w)

sin(27a) ) = ®)

® = arctan(

Ultimately, the fundamental wave relationship between the inverter output voltage
and the grid-side DC voltage under the full-bridge control mode is derived as follows:

_ 4Vpc

Vo(t)

sin(7ta)

-cos(wt — ma) )

With a duty cycle of 50%, the effective value of the inverter output voltage under the
full-bridge control mode is obtained:

22V,
Uy = =—2¢ be (10)

2.2.2. Half-Bridge Mode

Figure 3 shows the topology of the inverter circuit operating in half-bridge mode, the
excitation control signal of the inverter, and the output voltage waveform of the inverter.
When the duty cycle is «, within one cycle T, Vj remains in the on state and V3 remains in
the off state. In the interval of 0 < ¢t < aT, the thyristor V; is on and the thyristor V; is off;
in the interval of T < t < T, the thyristor V; is on and the thyristor V; is off. The voltage
amplitude of the output voltage within one cycle is as follows.

<t < T
v =14 Vpe Ost=a (11)
0 T <t<T
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Figure 3. (a) Half-bridge controlled mode; (b) excitation signal and output voltage waveform of
half-bridge controlled inverter.

In the same strategy, Fourier decomposition is performed on the waveform, and the
final output voltage of the inverter under the half-bridge mode can be obtained as

Vi(t) = aVpce + i %[sin(me) cos(nwt) + (1 — cos(2mtna)) sin(nwt)) (12)

n=1

Let n =1, and take the fundamental component only; then, the amplitude of the output

voltage is
Vi 2V
1 _ VDC s 2 2 _ DC|_.
V, = T\/sm (27ta) 4+ [1 — cos(2ma)]” = p- sin(7ta) (13)
The phase angle of the output voltage is
P = arctan(i1 — cos(2mx)) = (14)

sin(27a)

Ultimately, the fundamental wave relationship between the inverter output voltage
and the grid-side DC voltage under the half-bridge control mode is derived as follows:

Vi(t) = Z‘Z?C | sin(7ta) |@ cos|wt — ta] (15)

With a duty cycle of 50%, the effective value of the inverter output voltage under the
full-bridge control mode is obtained:

V2Vpc

7T

u, = (16)

These equations indicate that the output voltage of the inverter circuit adopting the
half-bridge control mode contains both an alternating current (AC) component and a direct
current (DC) component. Moreover, the amplitude of the AC component is half of that in
the full-bridge control mode, with the phase angles of the two being consistent.

2.3. General Circuit Model for Multi-Level Power Output WPT System

To obtain the electrical characteristic expressions of the multi-level power output
WPT system, this section establishes a general circuit model for the multi-level power
output WPT system. Based on this model, the general relationships between the inverter
output voltage and the parameters of the magnetic coupling mechanism can be derived.
Combined with the output voltages under the two operating modes of the inverter and
the combination of the two magnetic coupling mechanisms, the relationships between the
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electrical characteristics and system parameters under the four output power levels can be
finally deduced.

Figure 4 shows the general circuit model of the multi-level power output WPT system
constructed in this paper, in which the DC input power supply and the inverter circuit
of the WPT system are equivalent to an AC voltage source U;,. The influences of the
transmitting and receiving coils on each other’s circuits can be equivalently represented
by a voltage source; the connected load and the rectifier circuit are equivalent to an AC
resistance value Ry, which has the following relationship with the DC equivalent resistance
of the battery: R;:Rg = 8Ry /2.

I L, 1, G L,

v, GF

Figure 4. Simplified Diagram 1 of multi-level power output WPT system.

When the system is tuned, it shall satisfy the following relational expressions:

- 1
jwLs+ fwc; 0

: 1 1 _

jwlp + 56¢; + jwe, =0 (17)
jwLs + e =0

Using the loop current method, the KVL equations for the equivalent circuit are listed
as follows:

Uin = (jWLerﬁ)'If—ﬁ'fp

1 1 . . 1
(Rp"’m-i*m-i—]wLp).Ip—](uMIS—W.[f:() (18)
jwMI, — (Rs—kjlu%erijerRO),ls:O

It can be deduced from the relational expressions contained in Equations (17) and (18) that

 (wM)?
Rs + RO P

jwMI; = (19)

2
According to Equation (19), let Z; = % The equivalent circuit of the WPT system

can be further simplified to that shown in Figure 5.

I L, 1, ¢ L,

v

N

@U EES . z,
P

Figure 5. Simplified Diagram 2 of multi-level power output WPT system.
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Combined with the respective expressions in Equations (17) and (18), the respective
current values of the system can be derived as follows:

P jwLs’ f sz]% ’ Rs+Ro  (Rs+Ro)Ly
Thus, the equivalent impedance of the system is obtained:
, w?L2
7, = din _ f 1)

Input power P;, and output power P,;; as well as the transmission efficiency of the

system #7rcc—s:

2 2
P, = Uy _ U (Rp+Zeg)

- Zin w2L2
M2UZ R,
P, = I?Ry = ——in-0_ 22
out s N0 (R5+R0)2L} ( )
TIL — Paut — szzRO
CC=S ™ P~ [Ry(Re+Ro)+w?M2]-(Rs+Ro)

The voltage Uj across the equivalent AC resistance Ry and the voltage gain G are

MRoU;y, Uy MRy
U=LRy= " G=—" =~ 23
07 0T (R + Ro)Ly Uy (Rs+ Ro)Ly @3
When the inverter adopts the full-bridge control mode, the primary and secondary coil
currents and the output voltage at this time can be derived from Equations (10), (20) and (23):

2/2Vpc |sin(a) |
Ip=—

jrwLy
_ 2V/27nMVpc sin(7a) |
Is = (2R, +8R;)L; (24)
_ 16v/2MR Vpc|sin(7a)|
Uo(t) = (mR+87R )Ly

Substituting Equation (10) into Equation (22) and combining the relational expressions
between Ry and Ry, the following relationships can finally be derived between the input
power, output power and efficiency of the system under the full-bridge control mode, and
the DC input voltage and system load:

8V2 - [Ry(m?Rs+8Ry ) +(mwM)?]

e . sin2
Py, (L - (2R, 15R,) sin®(7ra)
_ 64VA MR, .2
Pout = m - sin”(7ta) (25)
fLcc—s = (o M)'Ry
[Rp(72Rs+8Ry)+(mwM)? | -(n2Rs+8R; )

Since the output voltage of the system’s inverter circuit in the half-bridge control mode
is half of that in the full-bridge mode, the primary and secondary coil currents and the
output voltage of the system shall be 0.5 times those in the full-bridge mode, the input and
output power shall be 0.25 times that in the full-bridge mode, and the efficiency will be the
same as that in the full-bridge mode. The relational expressions are as follows:

I, = 31y, I = 31, Uj(t) = 3Uo(t) 26)
Piy = 3Pins Pous = 3Pout, icc s = Nice-s
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In this way, through the modeling and theoretical calculation of the multi-level power
output WPT system, the relational expressions between the relevant parameters (such as
output voltage, output power, and efficiency) of the inverter operating in the full-bridge
mode and half-bridge mode, respectively, and the input DC voltage, primary and secondary
coil parameters, as well as the load, are successfully derived. Then, by substituting the
parameters of the two different types of magnetic coupling mechanisms proposed in this
section (i.e., the two coil combinations shown in Figure 6), the derivation of the four output

power levels is successfully realized.

(@) (b)

Figure 6. Design of magnetic coupling mechanisms under two combination modes: (a) primary
square planar spiral coil and secondary square planar spiral coil; (b) primary square planar spiral coil
and secondary circular three-dimensional spiral coil.

3. Results

This chapter begins with an introduction to the magnetic coupling mechanisms
of the two combination modes, followed by simulations to determine the mutual in-
ductance for each mode. The system parameters are subsequently substituted into
Equations (25) and (26) to obtain the theoretical output characteristics of the four modes.
Next, the variations in system output power and efficiency are calculated under lateral
offset of the receiving coil and load variation. Finally, the proposed method is validated
through experiments.

3.1. Simulation of Multi-Level Power Output Mode
3.1.1. Implementation of the Four Operating Modes

To realize the multi-level power output method proposed in this paper, a three-dimensional
simulation model of the WPT system is first established, as shown in Figure 6. Figure 6a shows
the combination of a primary square planar spiral coil L, and a secondary square planar spiral
coil Ls;, where the two coils have the same parameters: the maximum side length is 32 cm,
the number of turns is 23, the turn-to-turn distance is 3 mm, and the transmission distance
is 12 cm. Figure 6b shows the combination of a primary square planar spiral coil L, and a
secondary circular three-dimensional spiral coil Lgy. The parameters of the primary coil are the
same as those in Figure 6a, while the secondary circular coil has 20 turns, a radius of 10 cm, and
a turn-to-turn distance of 3 mm. Other parameters of the system are listed in Table 1.

When a combination of a square transmitting coil and a square receiving coil is adopted,
with the distance between the transmitting and receiving coils set to 11 cm, the mutual
inductance M between the coils is found to be 39.814 uH and the internal resistance R,
0.367 () via simulation. When a combination of a square transmitting coil and a circular
receiving coil is adopted, with the distance between the transmitting and receiving coils set
to 5 cm, the mutual inductance M5, between the coils is obtained as 27.162 pH and the
internal resistance Ry, 0.147 () through simulation.
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Table 1. System parameter.

System Parameters Parameter Values
DC-side Voltage 80V
System Operating Frequency 100 kHz
Inductance of Square Coil 209.35 pH
Resistance of Square Coil 0.367 Q2
Inductance of Circular Coil 60.702 uH
Resistance of Circular Coil 0.147 O
Load Resistance 300
Inductance Ly 27.75 uH

The four operating modes of the WPT system are defined as follows. Mode 1: the
inverter circuit operates in the full-bridge control mode with a square receiving coil.
Mode 2: the inverter circuit operates in the full-bridge control mode with a circular re-
ceiving coil. Mode 3: the inverter circuit operates in the half-bridge control mode with a
square receiving coil. Mode 4: the inverter circuit operates in the half-bridge control mode
with a circular receiving coil. With the duty cycle « set to 50%, the simulation-derived data
are substituted into Equations (24)-(26). The input-output power, primary and secondary
coil currents and system efficiency of the system under each combination can be obtained
through calculations, as shown in Table 2.

Table 2. System current, power and efficiency under four operating modes.

Operating Mode I, (A) I (A) P;, (W) Py,: (W) nl%
Mode 1 4131 4187 439.00 426.17 97.078
Mode 2 4131 2.882 209.43 201.95 96.426
Mode 3 2.066 2.093 109.75 106.54 97.075
Mode 4 2.066 1.441 52.36 50.49 96.423

The magnetic field distribution nephograms of the four modes are shown in Figure 7,
where the left color legend represents the magnetic flux density magnitude on the surface
and the right color legend represents the magnetic flux density of the arrows on the surface.

Mode 2

Figure 7. Magnetic field distribution nephograms under four modes.
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3.1.2. Analysis of Output Power and Efficiency Characteristics of the System

The following analysis investigates the changes in the output characteristics of the
system under the four modes when the receiving coil undergoes lateral offset. By subjecting
the receiving coil to lateral offset, the variation curves of the system’s output power and
efficiency with the coil offset degree under the four modes are obtained as shown in

Figures 8 and 9.
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Figure 8. Receiving power and efficiency of the system versus horizontal displacement of the square
receiving coil: (a) inverter operating in full-bridge mode; (b) inverter operating in half-bridge mode.
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Figure 9. Receiving power and efficiency of the system versus horizontal displacement of the circular
receiving coil: (a) inverter operating in full-bridge mode; (b) inverter operating in half-bridge mode.

The following presents the variation curves of the output power and efficiency of the
system under four modes with respect to the coil offset distance when the load resistance
changes. The load resistance is varied from 20 () to 40 () with a step of 5 (). The variation
curves of the output power and efficiency of the system under four modes with respect to
the load change are shown in Figures 10 and 11.
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Figure 10. Receiving power and efficiency of the system versus load variation when the receiving end
is a square coil: (a) inverter operating in full-bridge mode; (b) inverter operating in half-bridge mode.
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Figure 11. Receiving power and efficiency of the system versus load variation when the receiving end
is a circular coil: (a) inverter operating in full-bridge mode; (b) inverter operating in half-bridge mode.

3.2. Experimental Verification

To validate the aforementioned theoretical investigations, an experimental prototype
of a multi-output mode wireless power transfer (WPT) system based on transmitter hard-
ware multiplexing and inverter mode selection is established in this paper, as illustrated in
Figure 12. The hardware-multiplexed transmitter is configured with a DC power supply,
a dual-mode full-bridge inverter, an LCC compensation network, and a transmitting coil.
Specifically, the full-bridge inverter is constructed using four MOSFETs (IRFP4227PBF, Infi-
neon Technologies AG, Munich, Germany) (IRFP4227PBF), while a digital signal processor
(TMS320F28335, Texas Instruments, Dallas, TX, USA) is employed as the core controller
to generate four-channel driving signals. The WPT system is operated at a fixed resonant
frequency of 100 kHz, with the DC input voltage of the inverter set to 80 V. For the re-
ceiver side, two types of receiving coils (i.e., square coil and circular coil, as depicted in
Figure 13) are designed, each matched with a dedicated compensation circuit. Furthermore,
the receiver subsystem is integrated with a full-bridge rectifier consisting of four diodes
(DSEP15-06A, IXYS, Lampoldshausen, Germany) and a programmable DC electronic load
for load characteristic simulation and output performance testing.
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Figure 12. Experimental prototype of multi-output mode wireless power transfer system.
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Figure 13. Magnetically coupled mechanism: (a) square receiving coil; (b) circular receiving coil.

After the magnetically coupled mechanism was wound according to the parameters
listed in Table 1, the inductance of each coil was measured. The inductance of the transmit-
ting coil is 203.18 puH, with an internal resistance of 0.18 (). The inductance of the square
receiving coil is 201.31 pH, with an internal resistance of 0.18 (). The inductance of the
circular receiving coil is 58.52 uH, with an internal resistance of 0.074 ().

In the LCC compensation circuit adopted by the multiplexed transmitter, the parame-
ters are Lf =27.75 uH, Cf =91.3nF and Cp = 14.5 nF. Both optional receiving coils employ
a series capacitor compensation topology. The compensation capacitor for the square
receiving coil is 12.5 nF, and that for the circular receiving coil is 43.2 nF.

Based on the aforementioned theoretical analysis, the transmitter-side inverter can op-
erate in either full-bridge or half-bridge inversion mode by controlling the operating states
of the four switching devices. The switching between full-bridge and half-bridge modes of
the inverter is realized only through control of the switching devices, without altering the
connection of the actual hardware circuit. Combined with differently designed receiving
terminals, multi-level power output based on transmitter-side hardware multiplexing and
inverter mode switching is thus achieved.

For the larger receiving coil, different operating modes of the transmitter-side inverter
are adopted. Under the condition that the load resistance is 30 (), the position of the
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receiving coil is varied, and the DC voltage and current at the input side of the inverter as
well as the rectified DC voltage and current at the load side are measured. The characteristic
curves of the received power and the system DC-DC efficiency varying with the receiver
position for the system with the larger receiving coil are obtained, as shown in Figure 14.
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Figure 14. Characteristic curves of the received power and system DC-DC efficiency varying with the
receiver position for the system with the larger receiving coil: (a) transmitter-side inverter operating
in full-bridge mode; (b) transmitter-side inverter operating in half-bridge mode.

The waveforms of the output voltage U;, and output current Iy of the transmitter-
side inverter, together with the load voltage U,,;—pc and current I,,;_pc at the receiving
end, under the aligned position for the two operating modes corresponding to the larger
receiving coil, are illustrated in Figure 15.
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Figure 15. Waveforms of the transmitter-side inverter output voltage U;,, output current I, and
the receiver-side load voltage U,,;_pc and current I,,;_pc at the aligned position with the large
receiving coil: (a) transmitter-side inverter operating in full-bridge mode; (b) transmitter-side inverter
operating in half-bridge mode.

For the smaller receiving coil, different operating modes of the transmitter-side inverter
are also adopted. Under a load resistance of 30 ), the position of the receiving coil is varied,
and the DC voltage and current at the input side of the inverter as well as the rectified
DC voltage and current at the load side are measured. The characteristic curves of the
received power and the system DC-DC efficiency varying with the receiver position for the
system with the smaller receiving coil are obtained, as shown in Figure 16. Figure 17 shows
the waveforms of the transmitter-side inverter output voltage U, output current I, and
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the receiver-side load voltage U,,;_pc and current I,,;_pc at the aligned position for the
two operating modes corresponding to the small receiving coil.
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Figure 16. Characteristic curves of system-received power and system DC-DC efficiency versus
receiver position for a smaller receiving coil: (a) transmitter inverter operating in full-bridge mode;
(b) transmitter inverter operating in half-bridge mode.
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Figure 17. Waveforms of the transmitter inverter output voltage U;, and output current I¢, as well as
the receiver load voltage U,,;—pc and current I;,;_pc at the position where the small receiving coil
is aligned face-to-face: (a) transmitter inverter operating in full-bridge mode; (b) transmitter inverter
operating in half-bridge mode.

4. Discussion

Through simulation of the output characteristics of the multi-level power magnetic
coupling mechanism, it can be seen from Table 2 that the output powers of the system under
the four modes are defined as the first, second, third and fourth power levels, respectively.
That is, the WPT system under the four combinations can achieve the above four levels of
power output separately, with no overload of the primary and secondary currents and a
relatively high system efficiency.

As can be observed from Figures 8 and 9, both the output power and efficiency of the
system under all four modes decrease with the increase in the lateral offset of the receiving
coil. Among them, for Mode 1 and Mode 3, the system efficiency is less affected by the
coil offset degree, and remains high when the lateral offset of the receiving coil is less than
or equal to 10 cm. For Mode 2 and Mode 4, the system’s output power is significantly
affected by the coil offset degree, and the influence of coil offset degree on system efficiency

https://doi.org/10.3390/inventions11040069


https://doi.org/10.3390/inventions11040069

Inventions 2026, 11, 69

17 of 20

is greater than that on Mode 1 and Mode 3. The system efficiency can be maintained stably
when the lateral offset of the receiving coil is less than or equal to 10 cm.

A similar trend is depicted in Figures 10 and 11, where the output power of the
system under the four modes decreases with the increase in the lateral misalignment of
the receiving coil. For Mode 1 and Mode 3, the system efficiency varies slightly with
the resistance, and shows a slight downward trend with the increase in resistance. For
Mode 2 and Mode 4, the system efficiency decreases with the increase in resistance when
the load reaches 40 (), and the output efficiency under the four modes can be maintained
at a high level when the load varies in the range of 20 () to 40 ().

As is shown in Figures 14-17, the experiments verify the effectiveness of the multi-level
power output method for the wireless power transfer system proposed in this paper, which
is based on transmitter hardware reuse and inverter mode switching. Without changing
the hardware circuit connections at the transmitter, four different levels of power output
are achieved only by controlling the switching devices of the transmitter inverter. The
maximum received powers under different modes are 405 W, 212 W, 101 W and 51 W,
respectively. The corresponding system DC-DC efficiencies are 92.6%, 91.5%, 92.3%, and
90.92%, respectively.

By comparing theoretical calculations with experimental results, Table 3 presents a
comparison of the theoretical and experimental output power variations with the receiver
coil offset under four modes. It can be observed that, for all four modes and at each offset
position, the actual output power values are consistent with the theoretical calculations,
with the discrepancies within a controllable range. Table 4 presents a comparison of the
efficiency variations with the receiver coil offset under four modes between theoretical and
experimental results. It can be seen that, for all four modes and at each offset position, the
actual efficiencies are slightly lower than the theoretical calculations. This is because, under
the conditions of theoretical calculations, the additional impedances of the components
in the resonant circuit are simplified, and the switching losses of controllable elements in
the inverter and rectifier are neglected. Additionally, there are minor differences between
the actual component parameters used in the experiment and the simulation parameters.
Nevertheless, the experimentally measured system efficiency can still be maintained above
90% under aligned conditions, demonstrating the feasibility of the proposed method.

Table 3. Comparison between experimental and theoretical output power of the system under
different misalignment degrees of the receiving coil (the horizontal axis represents the offset distance
of the receiving coil relative to the center position).

Mode 1 0cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 426.17W 41431W 380.84 W 33138W 273.12W 213.00 W
Experimental 405.83W 39637 W 36024 W 31253 W 26217W 20820 W

Mode 2 0cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 201.95W 19824 W 18539W 16043 W 123.70W 8134 W
Experimental 212.02W 20512W 18524 W 16253 W 137.17W 105.60 W

Mode 3 0cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 106.54W 10358 W  9521W  8285W  6828W  5325W
Experimental  101.02W 100.15W 9141W  7933W 6646 W 5421 W

Mode 4 0Ocm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 5049 W 4956 W  4635W  4011W  3093W  2033W
Experimental 5198 W  5038W  4574W  3978W  3325W 2676 W
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Table 4. Comparison between experimental and theoretical efficiency of the system under different
misalignment degrees of the receiving coil (the horizontal axis represents the offset distance of the
receiving coil relative to the center position).

Mode 1 0Ocm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 97.08% 97.04% 96.91% 96.69% 96.31% 95.71%
Experimental 92.60% 92.02% 91.19% 90.46% 88.35% 86.21%

Mode 2 0cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 96.43% 96.37% 96.17% 95.69% 94.64% 92.33%
Experimental 91.50% 91.32% 91.09% 90.23% 89.43% 88.21%

Mode 3 0 cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 97.08% 97.04% 96.91% 96.69% 96.31% 95.71%
Experimental 92.30% 92.12% 91.59% 91.10% 88.72% 86.42%

Mode 4 0cm 2 cm 4 cm 6 cm 8 cm 10 cm

Theoretical 96.43% 96.37% 96.17% 95.69% 94.64% 92.33%
Experimental 90.92% 90.68% 90.37% 89.78% 89.02% 88.78%

5. Conclusions

A multi-level power output method for wireless power transfer systems based on
transmitter hardware reuse and inverter mode switching is proposed in this paper, aiming
to address the problems of complex hardware structure and high control difficulty in
traditional multi-power systems. Based on the LCC-S compensation topology, the same
set of transmitter hardware is reused in the proposed method, and the full-bridge inverter
is only switched between full-bridge and half-bridge control modes. Combined with
two receiving coils of different sizes, four different system operating combinations are
flexibly formed. The expressions for the output voltage, primary and secondary coil
currents, input-output power and efficiency under full-bridge and half-bridge control
modes are derived through modeling and calculation of the WPT system. Under constant
DC input voltage and fixed duty cycle, four-level power output is achieved. In addition,
high efficiencies are still retained when lateral offset occurs in the receiving coil. The
experimental prototype of the wireless charging system with the multi-level power output
based on hardware reuse and inverter mode selection at primary side is designed and built.
Four different levels of power output are achieved. The maximum receiving power values
of each output power are 405 W, 212 W, 101 W and 51 W, respectively, while the efficiencies
are 92.6%, 91.5%, 92.3%, and 90.92%, respectively.

Author Contributions: Conceptualization, M.W., X.Y., H.M., H.H. and H.L.; methodology, M.W.,
X.Y. and H.M.; software, M.W., X.Y., H.M. and H.H.; validation, M.W., X.Y., HM., H.H. and H.L.;
formal analysis, M.W. and H.H.; investigation, M.W., X.Y., H.M. and H.H.; resources, X.Y. and
H.L.; data curation, M.W., X.Y. and H.M.; writing—original draft preparation, M.W., X.Y. and
H.M.; writing—review and editing, H.H. and H.L.; visualization, M.W.; supervision, M.W.; project
administration, M.W.; funding acquisition, M.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Science and Technology Project of State Grid Jiangsu
Electric Power Co., Ltd. (J2024211).

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: Author Mingshen Wang, Xiaodong Yuan, Huiyu Miao and Huachun Han were
employed by State Grid Jiangsu Electric Power Co., Ltd. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. The funders had no role in the design of the study; in the

https://doi.org/10.3390/inventions11040069


https://doi.org/10.3390/inventions11040069

Inventions 2026, 11, 69 19 of 20

collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to

publish the results.

References

1. Mabhesh, A.; Chokkalingam, B.; Mihet-Popa, L. Inductive Wireless Power Transfer Charging for Electric Vehicles—A Review.
IEEE Access 2021, 9, 137667-137713. [CrossRef]

2. Alabsi, A.; Hawbani, A.; Wang, X.; Al-Dubai, A.; Hu, J.; Aziz, S.A.; Kumar, S.; Zhao, L.; Shvetsov, A.V.; Alsamhi, S.H. Wireless
Power Transfer Technologies, Applications, and Future Trends: A Review. IEEE Trans. Sustain. Comput. 2025, 10, 1-17. [CrossRef]

3.  Erel, M.Z.; Bayindir, K.C.; Aydemir, M.T.; Chaudhary, S.K.; Guerrero, ].M. A Comprehensive Review on Wireless Capacitive
Power Transfer Technology: Fundamentals and Applications. IEEE Access 2022, 10, 3116-3143. [CrossRef]

4. Ali, A.; Mousa, HH.H.; Shaaban, M.E,; Azzouz, M.A.; Awad, A.S.A. A Comprehensive Review on Charging Topologies and
Power Electronic Converter Solutions for Electric Vehicles. |. Mod. Power Syst. Clean Enerqy 2024, 12, 675-694. [CrossRef]

5. Sagar, A.; Kashyap, A.; Nasab, M.A.; Padmanaban, S.; Bertoluzzo, M.; Kumar, A.; Blaabjerg, F. A Comprehensive Review of
the Recent Development of Wireless Power Transfer Technologies for Electric Vehicle Charging Systems. IEEE Access 2023, 11,
83703-83751. [CrossRef]

6. Lopez, O.L.A,; Alves, H.; Souza, R.D.; Montejo-Sanchez, S.; Fernandez, E.M.G.; Latva-Aho, M. Massive Wireless Energy Transfer:
Enabling Sustainable IoT Toward 6G Era. IEEE Internet Things J. 2021, 8, 8816-8835. [CrossRef]

7. Rajs, V.; Herceg, D.; Despotovi¢, 7. Bogdanovi¢, M.; éiljegovié, M.; Popadi¢, B.; Kiraly, Z.; Vizvari, Z.; Sari, Z.; Klincsik, M.; et al.
Dead-Time Effect in Inverters on Wireless Power Transfer. Electronics 2024, 13, 304. [CrossRef]

8.  Li, W,; Diao, L.; Mei, W,; Dongye, Z.; Qin, X,; Jin, Z. Optimized Resonant Network Design for High Energy Transfer Efficiency of
the WPT System. Electronics 2023, 12, 1984. [CrossRef]

9.  Etta, D,; Rashid, S.S.; Afridi, KK. A 44.3-kW High Performance Multi-MHz Capacitive Wireless Power Transfer System for
Electric Vehicle Charging. In Proceedings of the 2025 IEEE Energy Conversion Conference Congress and Exposition (ECCE),
Philadelphia, PA, USA, 19-23 October 2025; pp. 1-7. [CrossRef]

10. Gao, V,; Yang, A.; Chen, S.; Gu, L. Analysis and Comparison of Compensation Networks for Multi-Megahertz Inductive Power
Transfer. In Proceedings of the 2025 IEEE/ AIAA Transportation Electrification Conference and Electric Aircraft Technologies
Symposium (ITEC+EATS), Anaheim, CA, USA, 18-20 June 2025; pp. 1-6. [CrossRef]

11.  Chevinly, J.; Rad, S.S.; Nadj, E.; Proca, B.; Wolgemuth, J.; Calabro, A.; Zhang, H.; Lu, FE. Gallium Nitride (GaN) based High-Power
Multilevel H-Bridge Inverter for Wireless Power Transfer of Electric Vehicles. In Proceedings of the 2024 IEEE Transportation
Electrification Conference and Expo (ITEC), Chicago, IL, USA, 19-21 June 2024; pp. 1-5. [CrossRef]

12.  Khalid, M.R.; Khan, L A.; Hameed, S.; Asghar, M.S.J.; Ro, ].-S. A Comprehensive Review on Structural Topologies, Power Levels,
Energy Storage Systems, and Standards for Electric Vehicle Charging Stations and Their Impacts on Grid. IEEE Access 2021, 9,
128069-128094. [CrossRef]

13.  Wu, M,; Iam, I.-W.; Lam, C.-S. High Efficiency Three-Coil Wireless Power Transfer for EV Battery Charging Through Negative-
Polarity Partial Power Conversion. IEEE Trans. Power Electron. 2025, 40, 8834-8846. [CrossRef]

14. Chen, Y;; Zhang, Z.; Yang, B.; Zhang, B.; Fu, L.; He, Z.; Mai, R. A Clamp Circuit-Based Inductive Power Transfer System with
Reconfigurable Rectifier Tolerating Extensive Coupling Variations. IEEE Trans. Power Electron. 2024, 39, 1942-1946. [CrossRef]

15. Dong, W.; Madawala, U.K. Maximizing Efficiency of Hybrid Compensated Inductive Power Transfer (IPT) Systems Under Load
and Coupling Variations. IEEE ]. Emerg. Sel. Top. Ind. Electron. 2025, 6, 19-29. [CrossRef]

16. Lee, Y.-D.; Kim, K.-W.; Moon, G.-W. A Self-Compensated Planar Coil with Integrated Single-Switch Regulator for Wireless Power
Transfer (WPT) Systems. IEEE Trans. Power Electron. 2021, 36, 10954-10958. [CrossRef]

17.  Zhang, B.; Cao, Y.; Hou, Y.; Hou, S.; Guo, Y,; Tian, J.; He, X. Analysis and Design Considerations for Transmitter-Compensated
Inductance Mistuning in a WPT System with LCC-S Topology. World Electr. Veh. J. 2024, 15, 45.

18.  Zhang, Y.; Shen, Z.; Wu, Y.; Wang, H.; Pan, W. Dual-Side Phase-Shift Control for Strongly Coupled Series—Series Compensated
Electric Vehicle Wireless Charging Systems. World Electr. Veh. |. 2022,13, 6.

19. Tang, L.-C;Jeng, S.-L.; Chang, E.-Y.; Chieng, W.-H. Variable-Frequency Pulse Width Modulation Circuits for Resonant Wireless
Power Transfer. Energies 2021, 14, 3656. [CrossRef]

20. Jou,H.-L.; Wu,].-C.; Wu, K.-D.; Kuo, C.-Y. Bidirectional DC-DC Wireless Power Transfer Based on LCC-C Resonant Compensation.
IEEE Trans. Power Electron. 2021, 36, 2310-2319. [CrossRef]

21. Kishan, D.; Mallikarjuna, B.; Ahmad, W.; Chub, A. Design of a Multi-Mode DC-DC Converter for High-Power Wireless Charging
of Electric Vehicles. In Proceedings of the 2024 IEEE International Conference on Power Electronics, Drives and Energy Systems
(PEDES), Mangalore, India, 18-21 December 2024; pp. 1-4. [CrossRef]

22. Zhang, B.; Dong, S.; Zhang, H.; Gao, X.; Zhu, C. A Frequency Design Method for Wireless Power Transfer Systems with PostStage

DC-DC Converters. IEEE Trans. Power Electron. 2025, 40, 16096-16099. [CrossRef]

https://doi.org/10.3390/inventions11040069


https://doi.org/10.1109/ACCESS.2021.3116678
https://doi.org/10.1109/TSUSC.2024.3380607
https://doi.org/10.1109/ACCESS.2021.3139761
https://doi.org/10.35833/MPCE.2023.000107
https://doi.org/10.1109/ACCESS.2023.3300475
https://doi.org/10.1109/JIOT.2021.3050612
https://doi.org/10.3390/electronics13020304
https://doi.org/10.3390/electronics12091984
https://doi.org/10.1109/ECCE58356.2025.11260344
https://doi.org/10.1109/ITEC63604.2025.11097953
https://doi.org/10.1109/ITEC60657.2024.10598884
https://doi.org/10.1109/ACCESS.2021.3112189
https://doi.org/10.1109/TPEL.2025.3538756
https://doi.org/10.1109/TPEL.2023.3303487
https://doi.org/10.1109/JESTIE.2024.3502194
https://doi.org/10.1109/TPEL.2021.3066413
https://doi.org/10.3390/en14123656
https://doi.org/10.1109/TPEL.2020.3005804
https://doi.org/10.1109/PEDES61459.2024.10961040
https://doi.org/10.1109/TPEL.2025.3589415
https://doi.org/10.3390/inventions11040069

Inventions 2026, 11, 69 20 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, X.; Xu, J.; Leng, M.; Ma, H.; He, S. A Hybrid Control Strategy of LCC-S Compensated WPT System for Wide Output
Voltage and ZVS Range with Minimized Reactive Current. IEEE Trans. Ind. Electron. 2021, 68, 7908-7920. [CrossRef]

Li, M.; Deng, J.; Li, C.; Wang, S. Optimized Hybrid TPS and EPS Control for Tandem-Half-Bridge WPT Converter to Achieve
Wide Load Range ZVS with Low Switching Loss. IEEE Trans. Ind. Electron. 2025, 72, 7932-7943. [CrossRef]

Zhu, G.; Dong, J.; Shi, W.; Soeiro, T.B.; Xu, J.; Bauer, P. A Mode-Switching-Based Phase Shift Control for Optimized Efficiency and
Wide ZVS Operations in Wireless Power Transfer Systems. IEEE Trans. Power Electron. 2023, 38, 5561-5575. [CrossRef]

Zhu, G.; Zhang, S.; Deng, Z.; Wang, J.; Li, Y.; Dong, J.; Bauer, P. Extended Hybrid Modulation for Multistage Constant-Current
Wireless EV Charging. IEEE Trans. Power Electron. 2025, 40, 10095-10110. [CrossRef]

Zhu, G.; Dong, J.; Soeiro, T.B.; Vahedi, H.; Bauer, P. Dual-Side Capacitor Tuning and Cooperative Control for Efficiency-Optimized
Wide Output Voltages in Wireless EV Charging. IEEE Trans. Ind. Electron. 2025, 72, 2507-2518. [CrossRef]

Yu, ].; Wang, H.; Ye, X.; Chen, Y.-S.; Zhao, Y. Qi Standard Compatible Metasurface for Multi-Device Wireless Power Transfer with
Tunable Power Division. In Proceedings of the 2023 IEEE Wireless Power Technology Conference and Expo (WPTCE), San Diego,
CA, USA, 4-8 June 2023; pp. 1-4. [CrossRef]

Liu, W.; Chau, K.T.; Lee, CH.T;; Jiang, C.; Han, W.; Lam, W.H. Multi-Frequency Multi-Power One-to-Many Wireless Power
Transfer System. IEEE Trans. Magn. 2019, 55, 8001609. [CrossRef]

Xia, C.; Wei, N.; Zhang, H.; Zhao, S.; Li, Z.; Liao, Z. Multifrequency and Multiload MCR-WPT System Using Hybrid Modulation
Waves SPWM Control Method. IEEE Trans. Power Electron. 2021, 36, 12400-12412. [CrossRef]

Thenathayalan, D.; Park, J.-H. Individually Regulated Multiple-Output WPT System with a Single PWM and Single Transformer.
IEEE ]. Emerg. Sel. Top. Power Electron. 2020, 8, 3542-3557. [CrossRef]

Guo, K;; Zhang, X; Yang, Y; Li, J.; Liu, Z. A Research Study on the Effective Power Reception Area of One-to-Many Wireless
Power Transfer Systems. World Electr. Veh. |. 2025, 16, 214. [CrossRef]

Ji, C.; Lee, AT.L; Wu, ]; Tan, S.-C.; Hui, S.Y.R. Isolated Bidirectional Single-Input Multiple-Output Converter for Peer-to-Peer
Wireless Power Transfer. In Proceedings of the 2025 IEEE Wireless Power Technology Conference and Expo (WPTCE), Rome,
Italy, 3-6 June 2025; pp. 1-5. [CrossRef]

Hua, T.; Ye, Z.; Wang, H.; Cheng, K.W.E. Multiple-Input and Multiple-Output Wireless Power Transfer System with Independent
Regulation Capability. In Proceedings of the 2024 10th International Conference on Power Electronics Systems and Applications
(PESA), Hong Kong, 5-7 June 2024; pp. 1-5. [CrossRef]

Wu, J.; Lee, A.-T.L.; Tan, S.-C.; Hui, S.Y.R. A Bridgeless Single-Stage Single-Inductor Multiple-Output (SIMO) AC-AC Converter
for Wireless Power Transfer Applications. In Proceedings of the 2023 IEEE Wireless Power Technology Conference and Expo
(WPTCE), San Diego, CA, USA, 4-8 June 2023; pp. 1-5. [CrossRef]

Huang, S.-J.; Tsai, C.-F; Lee, T.-S.; Hung, T.-C. Multi-Output WPT System with Interactive Power Transmission and Topology
Reconfiguration Considering Wide Voltage Transfer Gain. In Proceedings of the 2025 IEEE Industry Applications Society Annual
Meeting (IAS), Taipei, Taiwan, 15-20 June 2025; pp. 1-6. [CrossRef]

Xia, C.; Lu, T,; Cui, G,; Sun, A.; Li, X.; Wang, X.; Sun, Y. Multifrequency and Multiload WPT System Based on Cascade H-Bridge
Multilevel Inverter. IEEE Trans. Power Electron. 2026, 41, 7146-7159. [CrossRef]

Zhang, B.; Chen, J.; Wang, X.; Xu, W,; Lu, C.; Lu, Y. High-Power-Density Wireless Power Transfer System for Autonomous
Underwater Vehicle Based on a Variable Ring-Shaped Magnetic Coupler. IEEE Trans. Transp. Electrif. 2024, 10, 3061-3074.
[CrossRef]

Zhang, B.; Jiang, C.Q.; Yang, E; Chen, C.; Lu, Y.; Zhou, J. An Antirotation Wireless Power Transfer System with a Flexible Magnetic
Coupler for Autonomous Underwater Vehicles. IEEE Trans. Power Electron. 2025, 40, 2593-2603. [CrossRef]

Zhang, L.; Mao, J.; Ke, Y.; Chen, Y.; Dong, Y.; Zhang, Q. Research on Constant-Voltage/Constant-Current Characteristics of
Variable-Structure Dual-Frequency Dual-Load Wireless Power Transfer Technology. World Electr. Veh. J. 2025, 16, 504.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/inventions11040069


https://doi.org/10.1109/TIE.2020.3013788
https://doi.org/10.1109/TIE.2025.3528479
https://doi.org/10.1109/TPEL.2022.3231451
https://doi.org/10.1109/TPEL.2025.3549840
https://doi.org/10.1109/TIE.2024.3436666
https://doi.org/10.1109/WPTCE56855.2023.10215927
https://doi.org/10.1109/TMAG.2019.2896468
https://doi.org/10.1109/TPEL.2021.3079229
https://doi.org/10.1109/JESTPE.2019.2925190
https://doi.org/10.3390/wevj16040214
https://doi.org/10.1109/WPTCE62521.2025.11062161
https://doi.org/10.1109/PESA62148.2024.10594983
https://doi.org/10.1109/WPTCE56855.2023.10215530
https://doi.org/10.1109/IAS62731.2025.11061423
https://doi.org/10.1109/TPEL.2025.3634405
https://doi.org/10.1109/TTE.2023.3304060
https://doi.org/10.1109/TPEL.2024.3473946
https://doi.org/10.3390/inventions11040069

	Introduction 
	Materials and Methods 
	Structure of WPT System with Multi-Level Power Output 
	Analysis of the Operating Modes of Full-Bridge Inverter Circuits 
	Full-Bridge Mode 
	Half-Bridge Mode 

	General Circuit Model for Multi-Level Power Output WPT System 

	Results 
	Simulation of Multi-Level Power Output Mode 
	Implementation of the Four Operating Modes 
	Analysis of Output Power and Efficiency Characteristics of the System 

	Experimental Verification 

	Discussion 
	Conclusions 
	References

