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Multifrequency and Multiload WPT System Based on
Cascade H-Bridge Multilevel Inverter

Chenyang Xia"”, Member, IEEE, Tao Lu

Abstract—To address the issues of limited output power and har-
monic interference in existing multifrequency and multiload mag-
netic coupling resonant wireless power transfer (MFML-MCR-
WPT) systems, this article proposes a MFML-MCR-WPT system
based on a cascaded H-bridge multilevel inverter (CHB-MLI). The
system utilizes the phase disposition multifrequency modulation
technique, achieving arbitrary frequency and quantity power out-
put and control through the design of modulation wave quantity,
frequency, and amplitude. First, the structure of the CHB-MLI-
based MFML-MCR-WPT system is proposed, and the working
principle of the multifrequency modulation method is analyzed.
Subsequently, a five-level dual-frequency and dual-load system is
taken as an example to establish the mathematical model. Then,
system parameter optimization is conducted to suppress cross-
coupling and interfrequency interference. Furthermore, to address
the power and loss imbalance among H-bridge units under multi-
frequency low modulation indices, a carrier reconstruction method
is adopted to balance power distribution and switching losses.
Finally, an experimental platform is constructed to validate the
proposed theory. Simulation and experimental results demonstrate
that the system achieves multilevel multifrequency power output
with continuous power and frequency control, maintains minimal
interchannel interference, and achieves H-bridge unit balancing
ratios of 1:1.19, while exhibiting excellent system compatibility and
controllability.

Index Terms—Carrier reconstruction, cascaded H-bridge
multilevel inverters (CHB-MLI), multifrequency and multiload
magnetic coupling resonant wireless power transfer (MFML-
MCR-WPT), phase disposition multifrequency modulation.

I. INTRODUCTION

AGNETIC coupling resonant wireless power transfer
M (MCR-WPT) technology has been extensively studied
and applied in electric vehicles [1], drones [2], underwater
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equipment [3], portable devices [4], and implantable medical de-
vices [5], owing to its contactless energy transmission capability
between power sources and receivers, which ensures enhanced
charging safety, operational convenience, and system flexibility.

Multifrequency and multiload wireless power transfer

(MFML-WPT) systems have attracted significant research at-
tention due to their capability to simultaneously deliver multi-
frequency power to multiple loads. Current research on MFML-
WPT technology primarily focuses on: multifrequency power
generation, power distribution control, decoupled coil design,
multifrequency resonant network synthesis, and system pa-
rameter identification. Significant research efforts have been
conducted on multifrequency power generation, yielding es-
tablished methodologies that can be categorized into: stacked
inverter configurations, harmonic utilization schemes, time-
division multiplexing approaches, and various multifrequency
modulation strategies.

1) The stacked inverter configuration achieves multifre-
quency power output through superposition of multiple in-
verters operating at distinct frequencies. As demonstrated
by Liu et al. [6], two independent inverters generating
different frequency outputs were implemented, with en-
ergy transmission realized through dedicated transmitting
coils. In [7], the outputs of half-bridge inverters operating
at different frequencies were superimposed on a shared
transmitting coil via multiple transformers, where power
distribution is regulated by controlling the value of the
primary-side capacitor Cp,.

2) The harmonic utilization scheme leverages the fundamen-
tal and harmonic components of inverter outputs to achieve
multifrequency power transmission. As demonstrated by
Liu et al. [8], superposition of the fundamental compo-
nent with the fifth and seventh harmonic components was
implemented, enabling a single transmitting coil to power
receiving circuits tuned to corresponding frequencies. Uti-
lizing the sinusoidal component and switching-frequency
component in the inductor of a Buck converter, Wang et al.
[9] achieved simultaneous wired charging and dual-band
wireless power transfer.

3) The time-division multiplexing approach enables mul-
tifrequency power delivery by outputting distinct fre-
quencies in different time intervals to satisfy diversified
load requirements. As implemented in [10], three receiv-
ing circuits with different frequencies were powered in
time-allocated slots. This method eliminates interchannel
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interference while achieving power distribution through
temporal control.

4) Pulsewidth modulation (PWM) based multifrequency
modulation schemes have been extensively explored in
recent studies. In [11], a hybrid amplitude-frequency
modulation control technique was developed to indepen-
dently regulate output power across distinct frequencies.
Qi et al. [12] proposed a delta-sigma modulated mul-
tifrequency approach by synthesizing hybrid-frequency
driving voltage pulses from predefined multifrequency
components. Further advancements in [13] integrated op-
timized selective harmonic elimination PWM, effectively
reducing switching frequency while maintaining inde-
pendent voltage control capabilities. A composite mod-
ulation wave-based unipolar frequency-doubling method
was introduced in [14] for multifrequency energy deliv-
ery, with subsequent work in [15] addressing reactive
power challenges through a variable resonant network
design. Additionally, hysteresis current-tracking modula-
tion in [16] endowed systems with load-agnostic current-
source characteristics, while Xia et al. [17] implemented
a blocking-delay switching strategy to minimize inverter
switching frequency. Furthermore, for this current-source
system, a parameter identification method is proposed in
[18], enabling precise identification of complex system
loads and mutual inductance. Liu et al. [19] utilized a
neutral-point-clamped multilevel inverter structure with
triangular carrier wave control to achieve independently
adjustable multifrequency power output. A neutral-point
voltage balancing strategy is incorporated, and a vector
control-based approach is proposed for power distribution.

However, through a comprehensive analysis of existing re-

search, it has been identified that current multifrequency power
generation methodologies exhibit inherent limitations requiring
resolution.

1) Stacked Inverter Configurations: The requirement for ad-
ditional inverters and transmitting coils under multifre-
quency operation significantly compromises economic
viability while increasing system complexity.

2) Harmonic Utilization Schemes: The integer multiple re-
lationship between harmonics and the fundamental fre-
quency substantially reduces system compatibility.

3) Time-Division Multiplexing Approach: This method-
ology cannot provide simultaneous power delivery to mul-
tiple frequency-specific receiving circuits. As the number
of frequencies increases, the power delivery rate decreases
proportionally.

4) Other Multifrequency Modulation Schemes: Certain im-
plementations employing simplified compensation struc-
tures exhibit excessive reactive power, where dynamic re-
active power compensation adversely affects active power
delivery. Additionally, output power capacity is reduced
in some modulation strategies to prevent overmodulation.
Furthermore, high computational demands on processors
result in suboptimal dynamic performance, particularly
manifesting as performance degradation at elevated oper-
ating frequencies.
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To address the aforementioned limitations, this article pro-
poses a MEML-MCR-WPT system based on cascaded H-bridge
multilevel inverter (CHB-MLI) controlled by a hybrid modu-
lation wave phase disposition PWM (HMW-PD-PWM) strat-
egy. The HMW-PD-PWM-controlled CHB-MLI generates su-
perimposed multifrequency power outputs, enabling arbitrary
frequency, and arbitrary number configurations. By adjusting
the amplitude of modulation waves at different frequencies,
independent power control for each frequency is achieved. The
power output limitation caused by overmodulation is addressed
by increasing the number of H-bridge units in the CHB-MLI
topology. Furthermore, a multifrequency resonant compensation
(MFRC) network ensures high power factor operation. Simul-
taneously, a carrier reconstruction mechanism resolves power
and loss imbalance among H-bridge units under low modulation
indices, thereby enabling independent regulation across a wide
power range.

The rest of this article is organized as follows. Section II
presents the structure and operating principles of the proposed
HMW-PD-PWM controlled MFML-WPT system. Section III
establishes the mathematical model of the system, taking a
dual-frequency dual-load scenario as an example. Section IV in-
troduces the parameter design methodology for the primary and
secondary resonant networks. Based on the designed parameters,
Section V analyzes four key characteristics: 1) cross-coupling
suppression; 2) interfrequency interference suppression; 3) inde-
pendent power regulation; and 4) system efficiency. Section VI
optimizes the power balance among the H-bridge units of the
CHB-MLI inverter under low modulation indices. Section VII
presents the experimental validation based on the constructed
prototype platform. Finally, Section VIII concludes this article.

II. STRUCTURE AND OPERATIONAL PRINCIPLE OF THE
HMW-PD-PWM-CONTROLLED CHB MULTILEVEL
INVERTER-BASED MFML-WPT SYSTEM

A System Structure

The MFML-WPT system employing the HMW-PD-PWM-
controlled CHB-MLI is shown in Fig. 1.

The MFML-WPT system in Fig. 1 comprises: dc sources
(Vdac1s Vae2s--Vden), an n-module cascaded H-bridge multi-
level inverter, primary-side multifrequency resonant compen-
sation networks (Cp1,Cp2,:-- Cpi, Lp1,--Lp;), transmitting coil
with self-inductance (L), receiving coils with self-inductances
(Ls1,Ls2,-+ Lg;), mutual inductances (Mg, Mgap, -+ Mg;p),
secondary-side compensation capacitors (Csi, Cgso,+ Csy),
notch filters with inductors (Ls1¢1,Ls2t1, - Lsiti), and capacitors
(Cs141,Cs2t1,+Csiv4), loads (Rp1,Rp2,++ Ry;) and HMW-PD-
PWM controller.

B System Operational Principle

As shown in Fig. 1, the HMW-PD-PWM-controlled CHB-
MLI-based MFML-WPT system generates multilevel volt-
age outputs through the superposition of each H-bridge’s
output voltages. The number of output voltage levels N is
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Fig. 2. Operational principle of the HMW-PD-PWM multifrequency modu-
lation scheme.

determined by

N =2n+1. (1

Although an increase in n leads to a greater number of
switching devices, it correspondingly increases the number of
output voltage levels produced by the inverter, thereby reducing
the harmonic content of the output voltage. Furthermore, by
controlling the number of activated H-bridge units, the overall
maximum output power of the system can be regulated to meet
the demands of multifrequency, high-power loads.

To achieve both multifrequency output and optimal harmonic
performance, this article proposes the HMW-PD-PWM multi-
frequency modulation scheme, as depicted in Fig. 2.

Asillustrated in Fig. 2, the resonant frequencies f1, f, ..., f; are
determined based on the specific load requirements, while the
corresponding modulating wave amplitudes (a1, as, ..., a;) for
each resonant frequency are assigned according to the individual
load power requirements. These frequency-specific modulating
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waves are then superimposed, as formulated in
Up = Up] + Uy + +*+ + Upp,
= a1 sin(27 f1t + 01) + ag sin(27 fot + 02)+
ceapsin(2w fit + 6;). 2)

The specific implementation process of the five-level con-
verter is demonstrated in Fig. 3.

The composite modulating wave u, is compared with four-
layer in-phase carriers. Specifically, the PWM signals generated
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by the carrier pair u.1 and u.. control the upper H-bridge out-
put voltage uynit1, While those produced by the corresponding
carriers uco4 and uco- regulate the lower H-bridge output volt-
age Uynit2. Through voltage superposition, the CHB multilevel
inverter achieves multifrequency voltage u,,¢ output.

To compensate for reactive power in the system and enhance
power factor, this article adopts a MFRC network on the primary
side, as illustrated in Fig. 1. This augmented compensation
structure integrates multiple parallel LC branches in series with
the fundamental compensation circuit, thereby increasing the
network order to achieve multifrequency resonance. Simulta-
neously, a notch filter is implemented on the secondary side to
suppress cross-coupling and interfrequency interference.

The aforementioned HMW-PD-PWM multifrequency modu-
lation scheme exhibits the following advantages in MFML-WPT
systems.

1) The adoption of a CHB-MLI structure significantly mit-
igates low-order harmonic interference in the receiving
circuit and EMI issues caused by high-order harmon-
ics. Furthermore, its inherent modular architecture en-
ables seamless scalability for higher power transmission
capacity.

2) By increasing the number of modulating waves and adjust-
ing their frequencies, this methodology enables superim-
posed power output with arbitrary quantity and frequency
combinations, thereby significantly enhancing the com-
patibility of MFML-WPT systems.

3) By adaptively adjusting the amplitudes of corresponding
modulating waves according to individual load power
requirements, the output power of loads in different reso-
nant frequency branches can be independently controlled
without introducing cross-interference to power delivery
in other receiving branches. This amplitude-frequency
decoupling strategy significantly enhances the controlla-
bility of MFML-WPT systems.

4) Compared to traditional multifrequency multiload WPT
systems based on multiinverter superposition, the pro-
posed scheme eliminates issues related to complex cross
mutual inductance and associated reactive power com-
pensation challenges. Furthermore, it offers superior eco-
nomic efficiency, as the number of components does not
increase with the number of loads.

III. SYSTEM MODEL OF MFML-WPT UNDER
HMW-PD-PWM CONTROL

A System Model

This section develops a system model for the MFML-WPT
system under HMW-PD-PWM control, taking a five-level dual-
frequency and dual-load configuration with two cascaded H-
bridges as a case study. Following the system architecture shown
in Fig. 1, the equivalent circuit model is established, as depicted
in Fig. 4.

The analytical approach decomposes the multifrequency
power output from the inverter into a superposition of individual
frequency components. The voltages U;, 'V, U;,®, correspond-
ing to the resonant frequencies of Channel 1 and Channel 2,
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respectively, are explicitly expressed, as given in
1 [e78 Vdc
Ul = 2 de, 3)

V2

The system dynamics are governed by Kirchhoff’s voltage
law equations formulated for both the primary and secondary
side networks, as mathematically represented in

U = 2018 4 g Moo I + juw; Mg I8
0= 201 + o M It + jw; Mo ID )
0= 201 + ju Mop It + jw; MaeI P

In (4), the terms Z,", Z3 @, and Zy»”, denote the input
impedances of the primary side and secondary side at distinct
frequencies, as explicitly defined in

(1) _  jwilpz 1 .
2y = LG T Gmcy; T Iwilpr + Ry
(1) _ 1 s JwiLsie1
ZSl T jwiCs1 +jwilst + 1-w?Ls1t1Cs101 + Ra + R
(i) _ 1 - JwiLsat1
252 T jwiCs2 +jwilsz + 1—w? Lg2¢1Csat1 + Rz + Rio
Q)
where
w; =27 f;. (6)

B Efficiency Analysis

By rearranging (4), the current expressions in the transmitting
circuit and individual receiving circuits are derived as presented
in

Zéi)zs(;)"‘wizMslez

(i) _ jwiﬂ'[slpzs(;)+wi2M5152]\/[s2p (i)
Iy = — Iy

I(L) _ jwiMsgngi)+wi2Msls2Mslp . I(L)
s2 72D 7O 2012 p
s1 4s2 "M g0

II()Z) — U(U/(z}(f) + (wi2M2 Z(l) + waZ Z(l)_

in slp“s2 s2p“sl

j2w§M1pMSZpM1S2 ) /ZS(P Zs(é) + (wiM1s2)2 ).
@)
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Consequently, the output power in Channels 1 and 2 can be
calculated, as shown in
. 12
Py = ’fﬁ)‘ R
- (Ul(rf) (]wiMslpZEE;) + wi2MslsQM52p)/

Z9(ZD 79 4 w2 M2 ,))? - Ry ®)

. 2
P(;) — . RL2

O.

15

- (Ul(rf) (jw’LMSQPZEE;) + wiQMslsQMslp)/
(202929 + w2ME)))?  Ria.  (9)

Additionally, the system input impedance can be derived
based on (5), as shown in
Zi(ri) = Z;(j) + wizMszlsz(;) + W?Ms22sz(?
— 2} Maap Maop Marsa /(245 25 + wF My).
(10

The reactive power in the system primarily originates from
the inductors, capacitors, and cross mutual inductance between
receiving coils. Thus, the total reactive power can be quantified,
as formulated in

, L2 ,
QU = 19| tm(2)). (11)
The system’s active power loss is shown in
. L2 12 e
P, = |1 Ry + |1 R + 19 R (12)

Therefore, the transmission efficiency of the system can be
derived, as formulated in

)
INECRE R

loss )

n= . (13)

Meanwhile, the power factor of the system is expressed, as
formulated in
Ly (P + Py + P

i i i i)\ 2 j 2
VL, (B9 + PR + P + (21, QW)
(14)

PF =

IV. PARAMETER DESIGN METHODOLOGY FOR MFML-WPT
SYSTEMS BASED ON HMW-PD-PWM

The research focus of this article lies in achieving synchro-
nized wireless power transmission for multiple loads with ar-
bitrary frequencies, while enabling independent control of the
output power for loads at different frequencies and ensuring
mutual non-interference between frequency channels. Since
cross-coupling between receiving coils and frequency-selective
characteristics of the secondary-side network will affect precise
power control and system reactive power compensation, this
study designs the primary and secondary network configurations
to mitigate the influence of cross-coupling and interfrequency
interference on system output power.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Fig. 5. Configuration of the primary-side resonant compensation network.

A Primary Side Parameter Design

The primary-side MFRC network employed in this work,
as illustrated in Fig. 5, simultaneously compensates reactive
power generated by multifrequency energy transmission. Fur-
thermore, considering the significant variation of inductor re-
sistance at high operating frequencies, the proposed design
methodology explicitly incorporates inductor resistance into the
multifrequency resonant network design criteria. Consequently,
compared with the approach in [20], this article proposes a
simplified yet more accurate parameter design methodology for
multifrequency resonant networks.

As observed from Fig. 5, Ly, represents the self-inductance
of the transmitting coil. Since, its value is generally determined
by practical coil design, L, is treated as a fixed parameter.

Consequently, there remain three unknowns: Lo, Cp1, and
Cp2. The dual-frequency resonant network must operate in res-
onant states at angular frequencies w; and ws, thereby requiring
the following relationships among the three parameters to be
satisfied:

w1 Lpa(1-w?Cpa Lps)—wi Cpa R? 1

p2 —

wily — —— =
(lfwaszpz)Q+(w10p2RP2)2 +wilp w1Cp1 0 (15)
w2 Lpa(1-w5CpaLp2) ~w2Cp2 Ry bl — —L —0
(17w§Cp2Lp2)2+(w2Cp2Rp2)2 25pl 7 50 :

Since matching capacitance values are more readily ad-
justable and less prone to variation compared to matching in-
ductance, the compensation inductance Ly is fixed to enable
the solvability of (15). This reduces (15) to a system of bivariate
functions, allowing the determination of Cp, and Cp.

However, this does not imply that all L,» values satisfy prac-
tical constraints. As shown in Fig. 5, the parallel configuration
of L,o and Cp» exhibits a resonant angular frequency w,,. If
w,, approaches wi or ws, the parallel structure will demonstrate
extremely high impedance, resulting in excessively high voltage
division that may exceed the capacitor’s rated voltage. Concur-
rently, the inductor current risks exceeding its operational limits,
potentially causing device failure. Therefore, during the design
of Ly and Cpo, the following conditions must be considered:

%525%2 ¢ (wl AS +A1) U (wg — Ao, w2+A2)
p2~'pP

(16)
where A denotes the adjacent frequency range around w; and
wo. The magnitude of A is determined by the voltage withstand
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Fig. 6. Configuration of the secondary-side resonant compensation network.

capability and current withstand rating of the capacitors and
inductors in practical circuit components.

While the preceding analysis ensures resonant operation at
two fixed frequencies, the system compatibility is enhanced to
achieve primary-side resonance under arbitrary dual-frequency
conditions. This is accomplished by implementing a variable
resonant network design referenced from [15], which uti-
lizes switched-capacitor and switched-inductor configurations.
Specifically, capacitors Cp,; and Cp2 are designed as tunable
components, enabling dynamic adjustment of the network’s
resonant frequencies.

B Secondary Side Parameter Design

Furthermore, the structure of the secondary-side resonant
compensation coils is depicted in Fig. 6. This configuration plays
a crucial role in mitigating cross-coupling between receiving
coils and compensating reactive power on the secondary side.

In contrast to the primary-side resonant network, the
secondary-side LC parallel network is specifically designed
to block interference from other frequency channels on the
current channel’s output. Consequently, the parameters of the
secondary-side LC parallel network must satisfy the following
constraints:

Le1t1—Csiv1 Re1e1

w =
2 L2, Cs101

(17)
Lsot1 —Chaop1 Rso1 )

wi =
! Lfmcsm

In the secondary-side circuit, capacitors Cs; and Cgo are
designed to serve the purpose of reactive power compensation.
Given that the self-inductances Lg; and Ls of the secondary-side
coils are predetermined parameters, the values of Cg; and Cgo
must satisfy the following conditions:

2
Csi = [(1 = W} L1 Csin1)” — wiCZi1 R21]/ [Lsitr
2
—w? L2 1 Csit1 — Csiv1 R0 + L (1= w? Lyis1 Csinn )
—wiCh R3] (18)

C Multifrequency Parameter Design Procedure

To demonstrate the scalability and effectiveness of the param-
eter design method presented in this article, we further investi-
gate the system parameter design approach for multifrequency
scenarios, assuming Nj,,q load frequencies.
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The impedances of the LC parallel units on the primary side
and secondary side are given by (19) and (20), respectively, as
follows:

() w;Lpj (1 — szcijpj) - WiCpJ'R2

) - h 2 (19)
(1—- Wi ijij) + (wicijpj)
. wiLsz’ (1 — w-QCSi L sitj ) — wiC'ﬂ RSQl :
Zs(;t)j _ t]( i tyHs tJ) tg tj (20)

(1 = w?Clity Lsitj)” + (wiCrit Ryyy;)’

Following the approach of first determining the self-
inductance of each coil and then solving for the capacitance, the
parameters of the primary-side multifrequency resonant network
are derived by solving the system of

Nicaa 1)
Z Zj +W1Lp171/w10p1:0
2

Nioad (2)
Z Z; —|—0J2Lp1 — 1/w20p1 =0

7 2n

Nioad (’L)
Z Zj + winl — 1/wiC’p1 =0.
2

The simultaneous solution must satisfy the following con-
straints:

7\ < oo. 22)

If the system of equations yields no solution, the inductance
parameters must be redefined, and through iterative recalcula-
tion, compliant capacitance values can be determined.

For the secondary-side parameter design in multifrequency
systems, the capacitance values for the notch filter Z;;Vare
determined based on the known secondary resonant frequencies,
followed by calculating the resonant capacitance Cs; using

Nioaa —1 )
Z Z:Zt)J +wiLgi —1/wiCys; = 0.

j=1

(23)

Similarly, if the equations yield no solution, the inductance
parameters must be redefined, and an iterative refinement loop
is executed. Based on the methodology above, a multifrequency
parameter design flowchart has been developed, as illustrated in
Fig. 7.

V. PERFORMANCE ANALYSIS OF THE
HMW-PD-PWM-CONTROLLED MFML-WPT SYSTEM

The MFML-WPT system should demonstrate excellent cross-
coupling suppression, interfrequency interference rejection,
and independent power regulation capabilities among multiple
loads. Additionally, the energy efficiency characteristics of the
system require thorough analysis.

A. Cross-Coupling Suppression Characteristics

As analytically derived from (8), (9), and (14), the cross
mutual inductance Mg between receiving coils introduces ad-
verse impacts on the output power of individual frequency trans-
mission channels while increasing the system’s reactive power.
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To address this challenge, notch filters are strategically imple-
mented in the secondary circuits to suppress cross-coupling
effects. Leveraging the established system model and param-
eters detailed in Section III, the dynamic influence of M4
variation on both output power distribution and power factor
characteristics is systematically investigated, with quantitative
results presented in Fig. 8.

As evidenced in Fig. 8, the output power of both transmission
channels remains virtually unaffected with increasing cross mu-
tual inductance M52, demonstrating the system’s capability to
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effectively suppress cross-coupling interference in independent
power regulation. Simultaneously, the system power factor ex-
hibits negligible variation under Mo perturbation, indicating
that the reactive power remains stable despite mutual coupling
fluctuations. These analytical results conclusively validate the

proposed system’s robust cross-coupling suppression character-
istics.

B Cross-Frequency Interference Suppression Characteristics

To characterize the system’s interfrequency interference re-
jection performance, this work analyzes the frequency-selective
characteristics of individual channels by deriving the transfer
functions G (s) and Gy(s), defined in (24) and (25), respectively.
These transfer functions are calculated as the ratio of each
channel’s output voltage to the system’s input voltage

1 (s)
L) = Ly
Uin (8)
SMslsz2(5) - 32Msls2Ms2p
p— _— - R Z
Zsl(S)ZSQ(S) - S2Ms2152 Ll/ p(S)
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_ SMS .
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Fig. 9 magnitude-frequency response characteristics of
20 kHz and 85 kHz transmission channels.

As demonstrated in Fig. 9(a), the 20 kHz resonant channel
exhibits a voltage gain of 0.454 dB relative to the 20 kHz
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fext

voltage component of the CHB output. Conversely, the 20 kHz
resonant channel achieves —50.2 dB gain against the 85 kHz
voltage component from the CHB output, confirming its effec-
tive suppression of 85 kHz energy. Similarly, Fig. 9(b) indicates
that the 85 kHz resonant channel attains —30.5 dB gain for
the 20 kHz CHB output component and —4.98 dB gain for its
native 85 kHz component. These results demonstrate superior
suppression effectiveness of the 85 kHz resonant channel against
20kHz interference. Consequently, the proposed system exhibits
excellent interfrequency interference suppression capabilities.

C Independent Power Regulation Characteristics

As proposed in Section II, the output power of individual
frequency channels in the HMW-PD-PWM scheme can be in-
dependently regulated by controlling the amplitudes a; and as
of their corresponding modulating waveforms. The relationship
between the output power of each frequency channel and the
modulating wave amplitudes is governed by

, 2
P('L) _ Vdc(.jwiMslpZéé) +wi2]\43152M52p) . RLl . a2
ol \/EZ'M(ZS(;)ZS(;) Fwi? M2 ) ‘

in

] 2
i Vac (jwi Msa Z 40,2 Moo My ) 2
P(l): Vs2p Zs1 T - P - Rio-as.
o =\ VR A v z
(26)

As indicated by (26), the output power of each channel is
related to a; and as. Calculations under varying a; values
reveal the output power characteristics of individual channels,
as demonstrated in Fig. 10.

As observed from Fig. 10(a), when the modulating amplitude
as corresponding to 85 kHz remains constant, the output power
Po1V of the 20 kHz channel increases proportionally as a;
varies from O to 1, while Po»® remains essentially unchanged.
Similarly, Fig. 10(b) demonstrates that adjusting as exclusively
induces a corresponding increase in P, @, whereas P,; " main-
tains stable operation. These results conclusively validate that
the proposed system achieves precise independent control of out-
put power by solely modifying the modulating amplitude of the
corresponding frequency channel, without mutual interference.

D System Power Transfer Efficiency

Based on (8), (9), and (13), this study analyzes the power
transfer efficiency characteristics of the system under load and
mutual inductance variations during operation. The trend of
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overall system efficiency versus load and mutual inductance
variations is demonstrated in Fig. 11.

As shown in Fig. 11(a), the system maintains high power
transfer efficiency 7 across a wide range of mutual inductance
variations. The efficiency 7 is significantly influenced by My,
thus, Mg, should not be excessively small to ensure high
efficiency. Additionally, Fig. 11(b) indicates that the system
efficiency is minimally affected by load variations, i.e., even
when the impedances Ry,; and Ry, vary during wireless power
transfer, the system consistently sustains high efficiency. There-
fore, the proposed system achieves highly efficient operation
under mutual inductance and load parameter perturbations.

VI. CHB-MLI BALANCING OPTIMIZATION
A Imbalance Phenomena and Root Cause Analysis

As discussed in the previous section, the power distribu-
tion among frequency channels is achieved by adjusting the
amplitudes of the modulating waveforms. However, when the
superimposed sinusoidal wave amplitude decreases, particularly
when the modulation index drops below 0.5, as shown in Fig. 12.

The uppermost carrier u.;+, and the lowermost carrier u.;
no longer intersect with the composite modulating waveform u,..
Under this condition, the upper switches of the upper H-bridge
cell remain continuously ON, while the lower switches remain
OFF, resulting in zero output voltage from the upper H-bridge
cell. Consequently, the total output voltage of the CHB-MLI is
solely provided by the lower H-bridge cell.

This leads to imbalanced output power between the upper
and lower H-bridge cells, concentrates switching losses pre-
dominantly in the lower H-bridge cell, significantly reduces the
lifespan of the lower switches, increases fault risks, and degrades
system reliability. Additionally, the irregularity of the multifre-
quency superimposed waveform causes uneven switching losses
among the power devices.

When the upper-layer carriers u.;+ and u.;— do not intersect
with the modulating wave, and the modulating wave is entirely
contained within the u.o4+ and uco_ carrier layers, the equivalent
modulating waves for the upper and lower H-bridge cells are
expressed as

Upp1 = 0

{urhg = a1 sin(27 f1t) 4+ ag sin(27 fot) @7
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Fig. 12.  Conduction states at modulation index below 0.5. (a) Positive voltage
output conduction mode. (b) No voltage output conduction mode 1. (c) No
voltage output conduction mode 2. (d) Negative voltage output conduction mode.

Fig. 13.  Carrier reconstruction schematic.

Given the low output harmonic content inherent in multilevel
inverters, only the fundamental component of the output voltage
is considered. Therefore, the fundamental output voltages of the
upper and lower H-bridge cells are expressed as

uh1:0

{Uhg = mq Ve sin(27 f1t) + ma Ve sin(27 fot) (28)

As derived from (28), the upper H-bridge cell exhibits zero
power output, resulting in full power transmission through the
lower H-bridge cell. This configuration significantly increases
operational stress on the lower H-bridge cell, adversely affecting
the inverter’s long-term operational reliability.

B Carrier Reconstruction-Based Balancing Optimization

To mitigate the adverse effects of power imbalance and loss
imbalance on system reliability during the multifrequency mod-
ulation process, this article employs a carrier reconstruction
method, as illustrated in Fig. 13.

As shown in Fig. 13, the proposed method relocates k cycles of
the edge carriers u.1+ and u;— to the intermediate carrier layers
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Fig.14.  Dual-frequency dual-load WPT experimental platform for CHB-MLI.

uco+ and uco_, with a k-cycle interval before subsequent relo-
cations. Simultaneously, k cycles from the intermediate layers
uco+ and uco_ are inserted into the vacant segments of the edge
carrier layers uc1 and u.;_, followed by an m-cycle interval
before the next adjustment.

To quantify the system’s power balancing performance, the
power balancing coefficient § is defined as

§ = Lt _ S(Ag, k)

Uynit2

29

where uypnit1 and uynite denote the output voltages of the two
H-bridge cells, and A6 represents the phase difference between
the modulating waves of different frequencies.

Through iterative optimization of Af and k, the power bal-
ancing coefficient S can be driven to approach unity, indicating
balanced output power among H-bridge cells and equitable
distribution of switching losses.

VII. SIMULATION AND EXPERIMENTAL VERIFICATION

To validate the effectiveness of the proposed HMW-PD-
PWM-controlled MFML WPT system, a dual H-bridge cas-
caded experimental platform for dual-frequency dual-load WPT
was constructed, as shown in Fig. 14.

The CHB multilevel inverter employs SiC MOSFETS
(C3M0040120D) featuring a 1200 V drain-to-source voltage
rating and 66 A continuous drain current. The devices’ ultra-
fast switching capability makes them particularly suitable for
high-frequency WPT systems with multiple loads. Switching
signals are generated by a TMS320F28335 controller operating
at 680 kHz switching frequency, with 80 ns dead time imple-
mented to prevent shoot-through faults. Furthermore, the dc
power supplies are galvanically isolated and configured in series
to enable proper CHB-MLI operation. The other experimental
parameters are shown in Table I.

A. Verification of Multifrequency Output Performance in

CHB-MLI

To validate the multifrequency output characteristics of the
CHB-MLI, a dual H-bridge cascaded dual-frequency dual-load
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TABLE I
DESIGNED PARAMETERS OF THE MFML-WPT SYSTEM

Parameter

Resonant Frequencies f1, f>

Primary Compensation Capacitors Cp;, Cp2
Coil Inductances Ly, Ls;, Ls>

Secondary Compensation Capacitors Cyj, Cs»
Mutual Inductances My, Moy, Myis2
Primary Compensation Inductance L,
Loads Ry, Ri»

Resistances Rpi, R, Ry

Notch Inductors Lgjt1, Lo

Notch Capacitors Cgjq1, Cooul

Value

20, 85kHz
280.80, 72.70nF
136.0, 236.7, 233.38uH
192.86, 14.09nF
94.2,64.8,22.3uH
77.11uH

12,20Q
0.18,0.27, 0.32Q
76.18,21.58uH
46.15nF, 2.952uF

Notch Inductor Resistances Rgj(1, R 0.36,0.11Q
Transmit-Receive Coil Distances ds1p, dp 5, 12cm
Input DC voltage Veci,Vac2 100, 100V
20kHz channel output power 223.14W
85kHz channel output power 45.13W

WPT system was configured. The CHB-MLI simultaneously
generates a five-level voltage output combining 20 kHz and
85 kHz components. The modulating wave amplitudes are set
to a1 = 0.45 and as = 0.45. The simulated waveforms and
corresponding fast Fourier transform (FFT) analysis under the
designed parameters are presented in Fig. 15.

As observed in Fig. 15(a), the CHB-MLI under HMW-PD-
PWM control achieves multifrequency power delivery, with the
output voltage spectrum [see Fig. 15(c)] demonstrating exclu-
sive dominance of 20 kHz and 85 kHz frequency components.
The absence of spurious frequency components in the low-
frequency spectrum corroborates the experimental voltage and
current waveforms in Fig. 15(b), confirming that the proposed
HMW-PD-PWM control strategy enables multifrequency power
output in CHB-MLI.

The simulated and experimental waveforms of the system load
current and their FFT analysis are shown in Fig. 16.

As shown in Fig. 16(a) and (b), the consistency between sim-
ulation and measurement is validated. Combined with Fig. 16(c)
and (d), the 20 kHz-resonant transmission channel exclusively
delivers 20 kHz power components, while the 85 kHz-resonant
channel predominantly transmits 85 kHz power. These results
demonstrate the system’s superior frequency-selective charac-
teristics with negligible interchannel interference, Simultane-
ously, the figure reveals that harmonics exhibit negligible effects
on the secondary-side power output, resulting in minimal har-
monic interference. Furthermore, it is experimentally confirmed
that high-frequency electromagnetic interference originating
from the primary side is effectively isolated from the secondary
receiving side through suppression of conductive coupling path-
ways.

B. System Dynamic Response Verification

To validate the system’s dynamic characteristics during power
variation and frequency switching processes, this work investi-
gates the transient behavior during mode transitions between
single-frequency operation and dual-frequency operation under
dual-frequency dual-load conditions, as shown in Fig. 17.
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Fig. 15. Output voltage and current waveforms and FFT analysis of the

inverter. (a) Simulated waveforms. (b) Experimental waveforms. (c) Output
voltage FFT analysis. (d) Output current FFT analysis.

As shown in Fig. 17, prior to #;, the modulating wave am-
plitude corresponding to 85 kHz is a; = 0.45, while the ampli-
tude for 20 kHz is a = 0. Due to the low modulation depth,
the inverter output voltage u;, degenerates into a three-level
waveform and exclusively transmits 85 kHz power components,
resulting in the 20 kHz load current is; approaching zero, thereby
operating in 85 kHz single-frequency mode. During #; to to,
both modulating wave amplitudes (a; and az) for 85 kHz and
20 kHz are set to 0.45. Consequently, the output voltage u;,
regenerates a five-level waveform, inducing currents in both
85 kHz and 20 kHz loads, confirming dual-frequency operation.
After to, the 85 kHz amplitude a; is disabled (a; = 0), while
the 20 kHz amplitude ay remains at 0.45. The output voltage
ui, reverts to a three-level waveform, transmitting only 20 kHz
power components, which reduces the 85 kHz load current is to
near zero, thus establishing 20 kHz single-frequency operation.
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Additionally, the output power of the system under different
modulation indices were compared, as shown in Fig. 18.

From Fig. 18, it can be observed that the power exhibits a
similar trend in variation for both experimental and simulation
results. Dynamically adjusting the amplitude of the modulating
wave allows for dynamic control of the output power, enabling
full-range power adjustment. The discrepancy between the mea-
sured and simulated values is primarily attributed to inverter
losses.

Meanwhile, to evaluate the anti-interference performance of
the system under dynamic variations in mutual inductance, the
range of mutual inductance changes was determined based on
measurements taken under a 4 cm horizontal misalignment and
a vertical misalignment variation of £1 cm in the magnetic
coupler structure. Within this range, tests were conducted to as-
sess the system’s output power performance. The corresponding
results are presented in Fig. 19.
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As can be observed from Fig. 19, It can be observed that
when the mutual inductance My, varies, it primarily affects
the output power P,; of Channel 1, while having almost no
influence on the output power P, of Channel 2. Similarly, a
change in the mutual inductance Mo, influences P, without
significantly affecting P,;. This indicates that the two channels
exhibit strong decoupling characteristics and operate without
mutual interference.

The experimental results of multimode transitions validate
two critical aspects: 1) the proposed HMW-PD-PWM multi-
frequency modulation strategy enables continuous power and
frequency regulation capability through dynamic carrier recon-
struction and 2) the system exhibits superior anti-interference
characteristics against cross-frequency components, providing
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Fig. 20. H-bridge input power analysis before and after optimization.
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Fig. 21.  Inverter gate drive voltage waveforms before and after optimization.
(a) Before optimization. (b) After optimization.

essential conditions for achieving precision power control in
multiload wireless power transfer applications.

C Power and Loss Balancing Verification

To validate the power and loss balancing performance among
H-bridge cells enabled by the proposed carrier reconstruction
method, this study configures both 20 kHz and 85 kHz modulat-
ing wave amplitudes at a; = az = 0.2. The power distribution
before and after optimization is depicted in Fig. 20, where Py
and Pj, 2 denote the input power of the upper and lower H-bridge
cells, respectively.

As shown in Fig. 20(a), without balancing optimization, the
upper H-bridge cell exhibits negligible input power, while the
output power is predominantly concentrated in the lower H-
bridge cell, indicating extremely imbalanced power distribution.
After applying the balancing optimization [see Fig. 20(b)], under
dual-frequency modulation, the input power ratios of the upper
and lower H-bridge cells reach 54.4% and 45.6%, respectively,
significantly mitigating the power imbalance issue.

Furthermore, the switching loss distribution among H-bridge
cells can be characterized by the switching counts per switching
period. The gate drive voltage patterns before and after balancing
optimization are depicted in Fig. 21. Since the two switches in
each bridge leg operate with complementary gate drive voltages,
the figure exclusively illustrates the upper switch drive voltages
of each bridge leg.

As shown in Fig. 21, before optimization, switches S; and
S3 remain in a constantly closed state, while So and S, also
maintain an open state, resulting in concentrated switching
actions in the lower H-bridge unit (S5—Sg). After optimization,
the switching counts of the upper H-bridge switches S;—Sy
increase, whereas the switching frequency of the lower H-bridge
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Fig. 22.  System active power analysis.

switches S;—Sg decreases proportionally. This demonstrates
that the proposed balancing optimization effectively achieves
switching loss equalization across H-bridge cells.

D System Efficiency and Power Factor

System efficiency was analyzed through experimental mea-
surements and calculations on a 300 W output system, with the
power distribution within the system illustrated in Fig. 22.

The total active power in the system is primarily composed of
the total output power P,_,11, active power losses in the primary
and secondary coils (Pcojls_10ss), compensation network losses
(Pcom_loss), and other active power losses (Pother). As shown
in Fig. 19, the system achieves an overall efficiency of 84.8%.
Due to the high-frequency operation and the presence of multi-
ple magnetic components in the compensation network, which
exhibit higher internal resistance, the active power losses in
the compensation network significantly impact the total system
efficiency.

As demonstrated by comparing the phase relationship be-
tween the inverter output voltage and current in Fig. 15, the sys-
tem’s power factor remains elevated after implementing the mul-
tifrequency resonant network, Therefore, the proposed scheme
demonstrates a superior reactive power compensation method,
as compared to the traditional multinverter approach, without
the need to consider the effects of cross mutual inductance.

E Comparison With Previous Work

To demonstrate the advantages of the proposed CHB-MLI
based on MFML-WPT system presented in this article, Table II
summarizes a performance comparison between the proposed
system and prior work.

As shown in Table II, the comparison focuses on key per-
formance aspects including online regulation capability, inde-
pendent power control, output power, power factor, and effi-
ciency. Significant cross-coupling between receiving coils in [6]
prevents independent power control across frequency channels,
while the uncompensated reactive power results in a low system
power factor. The system in [8], utilizing odd-order harmonics
for power transfer, exhibits difficulties in output power con-
trol. The time-division multiplexing approach adopted in [10]
precludes simultaneous power delivery and suffers from low
transmission efficiency. Lack of reactive power compensation
in [14] leads to a low power factor, and the solution in [16] is
suitable only for low-power applications, rendering it inadequate
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TABLE II
COMPARISON OF DIFFERENT MFML-WPT TECHNOLOGIES

Transmission Principle Online Adjustment  Tndependent Power Control ~ Power Factor ~ Output Power 7(%)
Parallel operation of multiple
[6] inverters Yes No low 180 w 73-80
Fundamental and harmonic
(8] components No No low 40 w 64.74
1ol Time-sharing Yes Yes hioh 2w 24-29
141 HMW-PWM Yes Yes low 40 w 65-70
161 HC Control Yes Yes high 15w 80-90
Proposed HMW-PD-PWM Yes Yes high 300 W 84.8

for high-power demands with multiple loads. In contrast, the
MFML-WPT system with HMW-PD-PWM control proposed
in this article enables continuous and independent regulation of
output power across all frequency channels while maintaining
high efficiency and power factor, making it well-suited for
high-power scenarios involving multiple loads.

VIII. CONCLUSION

This article proposes an MFML-WPT system based on CHB-
ML, along with the HMW-PD-PWM multifrequency modula-
tion methodology. First, the system architecture and operational
principles are introduced, where multifrequency power delivery
is achieved through a codirectional carrier disposition method
with superimposed modulating waves. Subsequently, a five-level
dual-frequency and dual-load configuration is established as a
case study, followed by equivalent circuit modeling. The prima-
ryside and secondside parameters are systematically designed,
with thorough analysis of cross-coupling suppression and inter-
frequency interference mitigation characteristics. Furthermore,
the inherent power imbalance and loss imbalance among H-
bridge cells under low modulation indices are investigated, ad-
dressed through an optimized carrier reconstruction strategy to
enhance power distribution uniformity. Experimental validation
confirms the effectiveness of the proposed approach.

Experimental results demonstrate that the proposed CHB-
MLI enables multifrequency power output with continuous ad-
justment of output frequency and power, exhibiting excellent
compatibility. The system shows minimal interference between
receiving channels and strong anti-interference capability, This
offers a novel solution for multifrequency, cluster-based high-
power wireless power transfer scenarios, such as simultaneous
charging of electric vehicles with varying power and frequency
requirements.

However, the proposed system still has some shortcomings,
which warrant further research in the following aspects.

1) To achieve the power quality associated with multilevel
voltage output, the HMW-PD-PWM method employs a
higher carrier frequency, resulting in significant system
switching losses. Further research is needed to reduce
system switching losses and achieve soft-switching op-
eration.

2) The present study has not yet investigated control strate-
gies for maintaining stable system output under variations
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in mutual inductance caused by magnetic coupler mis-
alignment or changes in load conditions. In subsequent
work, we will focus on developing control schemes ca-
pable of achieving constant-current and constant-voltage
output for each channel within the proposed system.
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