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Abstract—This article presents an integrated approach for
achieving simultaneous battery charging and balancing in wireless
power transfer (WPT) systems, unifying both functions within a
single, compact circuit topology. The proposed design repurposes
the receiver-side compensation inductor as the primary winding of
a multiwinding transformer, enabling the balancing function to be
realized without introducing additional magnetic components or
control circuits. Balancing voltages and accurate intercell energy
redistribution are governed by the transformer’s turns ratio, allow-
ing precise regulation without auxiliary converters or switch matri-
ces. Consequently, the system avoids the multiple receiver coils and
complex switching networks typical of conventional WPT equal-
izers, leading to notable reductions in cost, volume, and control
complexity. Furthermore, the topology ensures accurate balancing
without stringent coupling consistency and remains stable under
coil misalignment, highlighting its robustness to mutual inductance
variations. These attributes make the system particularly suitable
for dynamic or mobile energy storage applications. Experimental
results validate the proposed equalizer, demonstrating a charging
efficiency of 81.5% at a 19 W load while maintaining intercell
voltage deviations below 0.02 V. These results demonstrate that the
proposed method offers a compact, reliable, and scalable approach
for integrated battery management in WPT-enabled systems.
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wireless power transfer (WPT).
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I. INTRODUCTION

W IRELESS power transfer (WPT) has emerged as a
transformative solution for powering autonomous and

unattended systems, including applications such as long-range
drones operating in remote or inaccessible environments [1]. By
enabling contactless and automated energy replenishment, WPT
effectively extends mission duration and reduces the dependence
on manual intervention. However, the demanding operational
conditions and frequent charge–discharge cycles inherent in
such applications accelerate the development of battery volt-
age imbalances within the energy storage system [2]. These
imbalances significantly compromise energy utilization, system
performance, and safety, posing increasing challenges as bat-
tery pack sizes grow and charge–discharge rates become more
aggressive. Consequently, a reliable cell balancing mechanism
is crucial for mitigating these issues and ensuring the stability,
safety, and optimal performance of energy storage systems in
WPT-powered autonomous applications [3].

To address the challenge of maintaining consistent cell volt-
age, various active balancing techniques have been developed.
These methods redistribute energy from cells with higher states
of charge to those with lower states, thereby improving pack ca-
pacity utilization and extending lifespan. Balancing systems are
generally categorized into two primary approaches, standalone
and integrated balancing systems [4].

Standalone balancing systems operate independently of the
main charge–discharge circuit, often utilizing external compo-
nents, such as inductors [5], capacitors [6], [7], [8], or switch
matrices [9], to transfer energy between cells during various
operating states [10]. While these systems provide flexibility
in design and control, they often require multiple switches
and peripheral components. These limitations are especially
problematic in compact, weight-sensitive applications, such as
WPT-powered applications, where minimizing weight and vol-
ume is critical for optimal performance [11].

In contrast, integrated balancing systems embed the balancing
function into the power conversion stage, reducing hardware
overhead and simplifying the overall design [12]. By exploit-
ing voltage or current ripples in the converter stage, or using
multiwinding transformers, these integrated systems reduce the
number of components required, improving efficiency and com-
pactness [13], [14]. As WPT systems inherently involve high-
frequency power conversion, integrating the balancing function
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within the WPT architecture has emerged as a promising ap-
proach [15]. Examples of such designs include multireceiver
WPT systems that use multiple secondary coils to achieve uni-
form voltage outputs [16], voltage multipliers that regulate mul-
tiple ports [17], and switch-matrix-based designs that enhance
scalability and current throughput [18]. Multicoil systems, in
particular, have been proposed to address the scalability and
high-voltage demands of WPT charging and balancing systems,
offering a potential solution for handling larger battery packs
and higher power levels.

Despite these advances, multicoil systems often struggle with
performance degradation under practical conditions, such as
coil misalignment or geometric inconsistencies. Maintaining
uniform coupling between coils in real-world environments is
challenging, and variations in mutual inductance can result in
unequal voltage outputs and inefficient balancing [19], [20]. To
address these challenges, Zhang et al. [21] proposed a dual-
layer structure that facilitates both intragroup and intergroup
balancing, enhancing misalignment tolerance, although precise
coil parameter matching remains a requirement. Alternatively,
single-coil configurations reduce hardware redundancy but often
reintroduce switching elements, complicating the circuit design
and control.

Motivated by the demand for compact, scalable, and
misalignment-tolerant balancing architectures in WPT-based
energy systems, this paper proposes a novel scheme that re-
purposes the receiver-side compensation inductor to implement
integrated cell balancing. This approach eliminates additional
magnetic components and control circuitry, resulting in a sim-
plified and robust system architecture.

The salient aspects of this work are summarized as follows.
1) The receiver-side compensation inductor is repurposed

as the primary winding of the equalization transformer,
eliminating any standalone balancing transformer and its
high-frequency driver. By exploiting the intrinsic high-
frequency excitation of the WPT link, the design reduces
magnetic parts, volume, and cost.

2) Energy redistribution is regulated solely by the trans-
former turns ratio on the shared core. This single-core
topology maintains accurate balancing despite coupling
variations and spatial misalignment, avoiding the sensi-
tivity typical of multicoil schemes.

3) Unlike multireceiver and conventional transformer-based
designs that dedicate one coil to each cell, the proposed ar-
chitecture supports two additional cells with only one extra
secondary winding, thus reducing the coil count by half
while keeping the diode configuration unchanged. This
plug-and-play expansion streamlines the construction of
large battery packs.

The rest of this article is organized as follows. Section II
introduces the proposed integrated equalization scheme and de-
tails its operating principle. Section III presents the experimental
prototype and analyzes its performance, including experimen-
tal validation of voltage balancing, efficiency, and robustness.
Section IV provides a comparative analysis and discussion
against existing WPT-based balancing circuits across key per-
formance metrics. Finally, Section V concludes this article.

Fig. 1. Schematic diagrams of two charging and equalization architectures.
(a) Conventional architecture with separate transformer-based equalization. (b)
Proposed WPT-based architecture integrating charging and equalization via a
shared compensation inductor.

II. PROPOSED INTEGRATED EQUALIZATION SCHEME USING

SHARED COMPENSATION INDUCTOR

Fig. 1(a) depicts a conventional transformer-based equaliza-
tion architecture. In this configuration, battery cells B11–B32 are
charged from a dc sourceUin via the circuit on the right side. The
equalizer, positioned on the left, employs a single primary wind-
ing realized by inductor Lo and six dedicated secondary wind-
ings, each corresponding to an individual cell. An inverter S1
provides high-frequency ac to Lo, facilitating magnetic energy
transfer to each cell through its respective winding. While this ar-
chitecture achieves effective balancing, the requirement for mul-
tiple isolated magnetic paths increases the system’s volume and
complexity, particularly in space and weight constrained WPT
applications.

A. Operating Principle

The proposed WPT-based equalizer, as shown in Fig. 1(b), in-
tegrates the balancing function into the receiving-side Inductor-
Inductor-Capacitor (LCC) compensation network. This is
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achieved by repurposing the receiving-side compensation in-
ductor Lo to serve as the primary winding of a multiwinding
balancing transformer. This eliminates the need for a separate
equalization transformer or additional dedicated high-frequency
power source for balancing.

The system’s primary side is driven by an ac source Uf

through a compensation network (Lf , Cf , Lp, and Cp). Energy
is magnetically coupled to the secondary coil Ls and processed
by the secondary-side LCC compensation network (Cs, Lo, and
Co). This network is designed to ensure a constant current (CC)
output at the resonant frequency f .

A core innovation involves repurposing the compensation
inductor Lo on the receiving-side LCC network. This inductor
serves a dual purpose. It functions as part of the LCC resonant
circuit for WPT power transfer. Simultaneously, it acts as the
primary winding for a multiwinding balancing transformer. The
high-frequency ac power across Lo is derived directly from
the WPT flow. Half-bridge rectifiers are connected to the sec-
ondary windings of Lo to perform energy redistribution. Each
rectifier balances two adjacent cells. By leveraging the shared
compensation inductor, the proposed design reduces the number
of secondary windings required for balancing by half compared
to the conventional architecture in Fig. 1(a), thereby enhancing
circuit compactness and integration.

B. Balancing Principle of the WPT-Based Equalizer

Mode I [nT ∼ nT + T
2 ]: Fig. 2(a) depicts the circuit behav-

ior in Mode I. During this half-cycle, the inverter conducts in
the backward direction, driving the primary resonant network
(Cf , Lf , Cp, and Lp). Magnetic coupling transfers energy to the
receiving coilLs, inducing the secondary current Is. This current
passes through the secondary resonant components (Cs, Lo, and
Co) and the rectifier, charging the battery string and contributing
to the output current Iout. Simultaneously, during this half cycle,
the voltage across the repurposed inductorLo acts as the primary
for the multiwinding balancing transformer. Energy is coupled
to the secondary windings L1–L3, denoted as Ln. The voltage
induced in secondary winding Ln drives a balancing current to
the even-indexed cell Bn2 through its associated diode Dn2.

Mode II [nT + T
2 ∼ (n+ 1)T ]: Fig. 2(b) shows the oper-

ation in Mode II, where the inverter commutates and conducts
in the reverse direction. The primary side operates identically
to Mode I. On the secondary side, the reversed polarity of the
voltage across Lo couples energy to the secondary windings
L1–L3, driving a balancing current to the odd-indexed cell Bn1

through its associated diode Dn1.
To facilitate analysis, the secondary-side equivalent circuit is

presented in Fig. 3. The charging resistance of the battery string
is

R0 =
Uout + 2UD

Iout
(1)

where Uout is the string terminal voltage and UD is the forward
voltage drop of each rectifier diode.

Waveforms shown in Fig. 4 corroborate the preceding anal-
ysis. The output voltage Uout alternates between two levels at
t = T/2 and t = T , corresponding to Modes I and II operation.

Fig. 2. System operating conditions under different modes: (a) Mode I and
(b) Mode II.

Fig. 3. Equivalent resistances referred to the receiving coil: charging resistance
R0 and balancing resistances R1, R2, and R3.

The balancing currents I1–I3 appear as unidirectional pulses
with varying amplitudes, reflecting the initial voltage differ-
ences among the corresponding cells, larger imbalances result
in higher current magnitudes. This voltage-dependent behavior
demonstrates effective passive balancing without additional con-
trol complexity. For illustration purposes, the current amplitudes
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Fig. 4. Balancing operation of the proposed circuit for the energy storage cells.

in Fig. 4 are exaggerated to highlight this principle. In practical
operation, the waveforms converge as the cell voltages become
balanced.

Analytical expressions for the balancing current, power, and
equivalent resistance in each mode are derived. In Mode I, the
balancing current for battery Bn2 is denoted as In_I and can be
expressed as

In_I =
ULo

/n− UDn2
− UBn2

RLn

(2)

where ULo
is the terminal voltage of the inductor Lo, n is the

transformer turns ratio, UDn2
is the forward voltage drop across

diodeDn2,UBn2
is the terminal voltage of batteryBn2, andRLn

represents the equivalent internal resistance of the inductor Ln.
The power consumption of this balancing loop in Mode I,

denoted as Pn, is given by

Pn_I =

(
ULo

n − UDn2
− UBn2

RLn

)
· ULo

n
. (3)

Referred to the output side, the equivalent resistance becomes

Rn_I =
Pn_I

I2out
. (4)

In Mode II, the balancing current of cell Bn2 is

In_II =
−ULo

n − UDn2
− UBn2

RLn

(5)

with power dissipation

Pn_II =

(
−ULo

n − UDn2
− UBn2

RLn

)
· ULo

n
(6)

and equivalent resistance

Rn_II =
Pn_II

I 2
out

. (7)

The effective voltage ULo
originates from a symmetrical ac

excitation, and the transformer turns ratio n is fixed across

Fig. 5. Equivalent circuit of the WPT system.

modes. Since identical components are used in both modes,
the balancing currents In_I and In_II are mainly determined by
the corresponding cell voltages UBn1

and UBn2
. A higher cell

voltage reduces the potential difference across the conduction
path, thereby lowering the resulting balancing current. This
enables voltage-dependent energy redistribution and effective
cell balancing without the need for additional control circuitry.

C. Operating Principle of the WPT System

Fig. 5 illustrates the employed compensation network topol-
ogy, which is a structural variation of the standard LCC–LCC
network. A key difference lies on the secondary side, whereCo is
positioned closer to Lo than in a symmetric LCC configuration.
This arrangement enables more flexible tuning, particularly
with respect to the transformer-side inductance Lo, which typ-
ically requires greater design freedom. Although the structure
introduces asymmetry, the network preserves the fundamental
operating principles of a symmetric LCC–LCC topology. As a
result, it retains the key advantages of the LCC configuration,
zero-phase-angle operation across a wide load range, inherent
CC output behavior, and ease of gain tuning through discrete
component selection.

To analytically verify these claimed characteristics, particu-
larly the CC output behavior, we apply the fundamental har-
monic approximation. Assuming that the system is perfectly
tuned to the operating angular frequency ω = 2πf such that the
following resonance conditions are met:{

ωLf =
1

ωCf
, ωLs =

1
ωCs

ωLp − 1
ωCf

= 1
ωCp

, ωLo − 1
ωCo

= 1
ωCs

.
(8)

The reactive impedance components of each resonant tank are
effectively canceled, resulting in a purely resistive impedance at
the operating frequency. By treating the power coils Lp and Ls

as an ideal transformer with mutual inductance M = k
√

LpLs

and applying Kirchhoff’s voltage law to the resonant network
under these conditions, the branch currents at the fundamental
frequency can be deduced as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

If =
M2UinRL

ω2L2
f L

2
s

Ip = −j Uin
ωLf

Is =
MUinRL

ω2LfL2
s

Io = −j MUin
ωLfLs

.

(9)

Specifically, the expression for the output current delivered to
the rectifier, corresponding to Io in (9), is independent of the
equivalent load resistance RL. This analytical result confirms
the inherent CC output characteristic predicted by the topology.
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The rectifier converts the ac current Io into dc power, operating
with an ac input voltage Uout. The resulting dc output voltage
is applied to the energy-storage cells. The relationship between
this voltage, the cell string voltage UB, and the diode voltage
drop is as follows:

Uout = UB + 2UAD + 2RADIDC (10)

where UAD and RAD are the forward voltage drop and dynamic
resistance of each diode, respectively, and IDC denotes the
magnitude of the dc output current, ideally proportional to the
rms value of the AC current Io from (9).

D. System Efficiency and Loss Analysis

The overall system efficiency is evaluated by considering both
the power delivered for charging the battery string and the energy
redistributed among unbalanced cells through the embedded
equalizer. The total effective output power therefore consists
of two components, direct charging power and balancing power.
Based on this, the system efficiency is defined as

η =
UBIo +

∑n
n=1

∑m
m=1 UnmIn

UinIin
(11)

where UB and Io represent the voltage and current delivered
to the battery string. Unm and In are the voltage and balancing
current of the mth cell in module n. Uin is the dc input voltage of
the inverter and Iin is the primary-side resonant inductor current.

To elucidate the underlying factors governing the system’s
energy conversion efficiency, this section establishes a compre-
hensive theoretical loss model. The objective of this model is not
to provide a quantitative breakdown, which is challenging due to
the inherent difficulty in accurately measuring high-frequency
pulsed currents, but rather to offer a qualitative analysis of the
principal loss mechanisms. This analysis serves as a crucial
theoretical framework for guiding high-efficiency design and
parameter optimization. The total system loss is decomposed
into four primary components: inverter loss Pi, balancing circuit
lossPB, main rectifier lossPR, and resonant network conduction
loss Pres.

The inverter loss Pi within the full-bridge inverter originate
from three distinct phenomena: MOSFET body–diode conduction
PcondD, switching transitions PSWMOS, and ON-state conduction
PcondMOS. The body–diode loss is formulated as

PcondD=
2
√
2

π
UfIin

(
1−sin

(ϕp

2

))
+

1

π
rDI

2
in (π−ϕp − sinϕp)

(12)

whereUf and rD are the diode’s threshold voltage and equivalent
ON-state resistance, Iin is the inverter input current, and ϕp is the
phase angle of the input equivalent impedance. The switching
loss is given by

PSWMOS =
√
2UinIf cos

(ϕp

2

)
fsw

(
ESWON + EOFF

URIR
+

QRR

IRD

)
(13)

where ESWON and EOFF are the turn-ON/OFFenergy loss param-
eters, UR and IR are the reference voltage and current for those

parameters, QRR is the reverse recovery charge, and IRD is the
reference current for the reverse recovery characteristics. The
ON-state conduction loss is determined by

PcondMOS =
1

π
rDSI

2
in(π − ϕp − sinϕp) (14)

where rDS is the MOSFET’s ON-state resistance.
The power loss in the embedded balancing circuit, PB, is a

composite of resistive losses in the windings and diode forward
voltage drops

PB =

N∑
n=1

M∑
m=1

(I2nmrnm + InmUD) +

N∑
n=1

I2n rn (15)

where rnm is the resistance of the balance loop,UD is the diode’s
forward voltage drop, Inm is the balancing current for cell Bnm,
In is the current in winding Ln, and rn is the resistance of
winding Ln.

Finally, the losses from the main power path include the
rectifier loss, PR, and the conduction loss, Pres. The rectifier
power loss is expressed as

PR = 2IoutUD (16)

where UD is the forward voltage drop of the rectifier diodes. The
conduction loss is given by

Pres = I2p rT + I2s rR (17)

where Ip and Is are the rms currents in the primary and secondary
resonant tanks, and rT and rR are the equivalent series resistances
of the primary and secondary resonant networks, respectively.

The complex dependencies on phase angle ϕp and the func-
tional form of the current, as captured in (12)–(14), reveal that
inverter efficiency is highly sensitive to the resonant condition
and any deviation from soft-switching operation. Likewise, (17)
mathematically confirms that the quality factor of the resonant
tanks, which is inversely related to their equivalent series re-
sistance, is a fundamental determinant of the WPT efficiency.
Therefore, this model provides the theoretical foundation that
explains the efficiency characteristics observed in Section III and
validates the component selection strategy for the experimental
prototype.

III. PROTOTYPE DESIGN, IMPLEMENTATION, AND

PERFORMANCE ANALYSIS

A prototype equalizer was initially developed and evaluated
using a string of six Ultracapacitor (UC) cells (CHP5R5L405R-
TWX, 5.5V/4F) to enable swift experimental validation, par-
ticularly due to their inherent rapid charging characteristics.
Subsequent to the UC validation, the system’s performance was
additionally verified with battery strings. The physical realiza-
tion of the prototype is illustrated in Fig. 6.

The equalizer’s primary-side topology featured a full-
bridge inverter, implemented with N-channel MOSFETs
(IRF3205, 55V/110A). Rectification was accomplished utiliz-
ing MBR20100CT diodes, complemented by SSB43L-E3/52T
diodes within the rectifier stage. A dedicated voltage acquisition
system was employed for the real-time monitoring and recording
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Fig. 6. Experimental platform of the proposed integrated equalizer for a UC
string: (a) system overview, (b) identical transmitting and receiving coils, and
(c) integrated transformer combining Lo with L1–L3, where the secondary
windings consist of six taps formed by cowound enameled wires.

Fig. 7. Waveforms of Up, Ip, Uout, and Io in charging mode.

of individual energy storage cell voltages. For the battery-based
experimental validation, the setup incorporated Camelion 18 650
lithium-ion batteries (2200 mAh). Table I details the pertinent
parameters of the integrating voltage equalizer.

A. System Performance Under Various Initial Conditions

Figs. 7 and 8 illustrate typical operating waveforms of the
proposed system. Fig. 7 depicts the WPT charging phase, show-
ing the output voltage Uout, output current Io, input voltage Uin,
and resonant inductor current If . Fig. 8 highlights the balancing
phase, presenting the voltage across Lo and the corresponding
balancing currents I1–I3.

To evaluate the equalizer’s performance under varying initial
conditions, four test cases were conducted using UC cells. The
corresponding results are shown in Fig. 9(a)–(d), where each
subfigure illustrates the voltage balancing process for a distinct
initial voltage distribution. In Case 1, cell voltages ranged from

TABLE I
PARAMETERS OF THE INTEGRATED VOLTAGE EQUALIZER

Fig. 8. Waveforms of ULo, I1, I2, and I3 in balancing mode.

2.1 to over 3.6 V, and the equalizer reduced the deviation to
below 0.02 V within 50 s. Case 2 involved higher voltage levels
with significant mismatches, while Cases 3 and 4 featured more
complex imbalances, including high-voltage cells and uneven
distributions. In all cases, voltage convergence was achieved
within approximately 75 s, with the final deviation remaining
below 0.02 V, demonstrating the equalizer’s robustness across
diverse imbalance scenarios.

To better reflect practical charging scenarios, battery cells
were used in place of UC cells. As shown in Fig. 10, the
initial cell voltages ranged from approximately 2.6 to over
3.3 V. Due to the higher capacity and slower dynamics of
battery cells, the proposed equalizer required a longer balancing
period, achieving convergence within 2000 s and reducing the
maximum voltage deviation to below 0.03 V. Fig. 11 presents the
measured overall system efficiency across output power levels
from 10 to 25 W, where an efficiency of approximately 81.5%
was achieved, indicating effective energy transfer under typical
operating conditions.
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Fig. 9. Voltage balancing waveforms of the UC cells under four random initial
voltage conditions. (a) Case1. (b) Case2.(c) Case3. (d) Case4.

Fig. 10. Voltage balancing waveforms of battery cells with varying initial
voltages.

B. Performance Under Coil Misalignment

To evaluate the resilience of the proposed equalizer to coil
misalignment, experiments were conducted with a 40% dis-
placement along the x-axis, which is representative due to the
geometric symmetry of the coils. As shown in Fig. 12, despite
this significant offset, the cell voltages converged smoothly

Fig. 11. Overall system efficiency with varying output power.

Fig. 12. Voltage balancing waveforms of the UC cells under 40% coil mis-
alignment.

within 200 s, reducing the initial voltage spread of approximately
0.3 to below 0.02 V. These results confirm that the equalizer
maintains effective balancing performance under misaligned
conditions.

This robust performance arises from the transformer-based
balancing mechanism, where the balancing voltage is deter-
mined solely by the turns ratio. Unlike multicoil architectures
that are sensitive to coupling consistency under misalignment,
the proposed design avoids such constraints by using a shared
compensation inductor. This inherent decoupling from mutual
inductance variations allows stable voltage convergence even
under significant positional offsets, highlighting the simplicity
and practicality of the topology for real-world WPT applications.

IV. COMPARATIVE ANALYSIS AND DISCUSSION

Table II benchmarks the proposed equalizer against represen-
tative WPT-based balancing circuits using five metrics: simul-
taneous balancing capability, control logic (C-L) complexity,
efficiency, and scalability. Performance levels—excellent (E),
good (G), satisfactory (S), and moderate (M)—follow the rubric
in [23]. Key observations are outlined below.

1) Simultaneous balancing capability: Unlike multireceiver
topologies requiring one coil per cell, the proposed design
utilizes each secondary winding to concurrently balance
two cells. This enables rapid convergence for extended
strings without duplicating receiver coils.

2) C-L: The proposed design employs a voltage-based, self-
adaptive control strategy. This approach reduces hardware
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TABLE II
COMPARISON OF WPT-BASED EQUALIZERS IN TERMS OF BALANCING PERFORMANCE AND FUNCTIONALITY

TABLE III
COMPONENT COUNT COMPARISON WITH REPRESENTATIVE UC-BASED EQUALIZERS

complexity and permits adaptive balancing thresholds,
resulting in lower cost and predictable control.

3) Efficiency: Regarding system efficiency, the proposed cir-
cuit achieves 81.5% . This is attained by routing energy
through shared windings and limiting each equalization
path to a single diode per cell, minimizing resistive losses.

4) Scalability: Regarding scalability, the proposed circuit
demonstrates an excellent rating. Unlike multireceiver
architectures requiring a dedicated coil per cell, adding
two additional cells in the proposed design necessitates
only one extra secondary winding and two diodes. This ef-
fectively halves the magnetic hardware requirement com-
pared to baseline architectures, significantly simplifying
integration for large-scale systems.

The proposed equalizer demonstrates the highest efficiency
81.5% among surveyed solutions. This performance, combined
with its shared-inductor architecture, ensures excellent scalabil-
ity. The design effectively eliminates redundant magnetic paths,
leading to significant reductions in volume, cost, and misalign-
ment sensitivity compared to multicoil systems. Furthermore, its
self-adaptive voltage-based control simplifies implementation
and facilitates precise regulation.

Table III offers a thorough economic viability assessment
of the proposed equalizer by comparing it against a range
of established topologies. The proposed architecture uses 33
components. While this is one more component than the design
in [24], a closer look at the component types reveals a significant
cost advantage: the proposed design only needs four MOSFETs,
compared to the 16 used in [24]. This substantial reduction
in high-cost active devices is key to its affordability. When
benchmarked against other diverse topologies, which feature
component counts ranging from 47 to 102, the proposed design
stands out for its simplicity. The two coils are unique to the
WPT architecture, enabling its distinct energy transfer process.

In essence, the proposed equalizer boasts a highly economical
component structure. Its minimal reliance on expensive active
devices confirms its potential as a robust, low-cost solution ideal
for various applications.

Despite these advancements, it is crucial to acknowledge the
system’s current boundaries. While the proposed topology was
experimentally validated at 19 W with a charging efficiency of
81.5%, a key avenue for future investigation is scaling the system
to medium power levels (e.g., up to 120 W). Such an enhance-
ment would significantly broaden its range of potential appli-
cations but presents considerable challenges in thermal man-
agement and maintaining high efficiency, particularly within
compact drone designs. Moreover, the current design primarily
focuses on balancing during charging; extending self-balancing
capabilities to active discharge cycles is another critical area
for future refinement. These identified limitations are vital for
framing the technology’s current scope and directing future
research efforts.

Ultimately, these combined attributes demonstrate the fun-
damental viability of the proposed topology. Addressing the
aforementioned challenges will be paramount in realizing its full
potential as a highly practical and scalable solution for integrated
battery management in WPT-enabled systems, especially where
compactness and robustness are required.

V. CONCLUSION

This article presents a WPT-based equalization topology
that offers a compact, scalable, and robust solution. The cell
balancing function is directly integrated into the receiver-side
compensation network by reusing the compensation inductor
as the primary of a multiwinding balancing transformer. This
architecture eliminates bulky magnetic components and com-
plex switching circuits, resulting in a simplified and compact
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design. Accurate energy redistribution is achieved through turn-
ratio control, and the system is inherently resilient to magnetic
nonidealities, eliminating the need for tight parameter matching.

Experimental validation was conducted on both UC and bat-
tery strings, demonstrating reliable balancing performance. The
system achieved an overall power transfer efficiency of 81.5%
at 19 W output under simultaneous charging and balancing.
Intercell voltage deviation was reduced to below 0.02 V. Notably,
the equalizer maintained stable operation even under 40% coil
misalignment, confirming its robustness for practical deploy-
ment. These results verify the effectiveness of the proposed
architecture for high-performance, cost-sensitive WPT-enabled
energy storage systems, especially in dynamic or mobile appli-
cations.
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