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Abstract

Dynamic Wireless Power Transfer (DWPT) represents a promising solution to advance
sustainable electric mobility by reducing vehicle downtime, extending driving range, and
mitigating the need for battery oversizing. However, the lack of integrated and flexible ex-
perimental testbeds still limits the validation of emerging technologies. This paper presents
DEXTER (Development of an Enhanced eXperimental proTotype of wirEless chargeR), a
1:2-scale open platform specifically designed for research on DWPT systems. The setup
integrates a three-axis motion control for coil misalignments and trajectory emulation, digi-
tally regulated TX/RX converters, a programmable battery emulator, and electromagnetic
shielding coils equipped with field probes. A MATLAB-based interface enables automated
testing and Hardware-in-the-Loop (HiL) integration. By combining modularity, scalability,
and reproducibility, DEXTER provides a comprehensive framework for experimental opti-
mization of power electronics and electromagnetic design while ensuring compliance with
international safety standards. The case studies analyzed here demonstrate the capability of
such a platform to validate and optimize the DWPT design choices, checking their impact
on the overall performance of these systems. The platform constitutes a reference envi-
ronment for both academia and industry, supporting the development of next-generation
wireless charging systems and contributing to the sustainability and reliability of future
electric mobility infrastructures.

Keywords: Wireless Power Transfer (WPT); dynamic wireless charging; Electric
Vehicles (EVs); power electronics; electromagnetic shielding; mutual inductance modeling;

Hardware-in-the-Loop (HiL); sustainable mobility

1. Introduction

Wireless Power Transfer Systems (WPTSs) are increasingly recognized as key enablers
of sustainable technologies, allowing contactless energy exchange in several domains, from
biomedical implants and portable devices to large-scale transportation systems [1]. In the
context of electric mobility, wireless charging eliminates the need for physical connectors
and enables Dynamic Wireless Battery Charging (DWBC), where electric vehicles (EVs)
can recharge while in motion. This paradigm can substantially reduce vehicle downtime,
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extend driving range, and mitigate the environmental and economic costs associated
with oversized battery packs [2]. In the broader context of sustainable mobility, Fuel Cell
Vehicles (FCVs) also address range limitations and battery weight constraints through
hydrogen-based energy storage and rapid refueling strategies, particularly in long-haul
applications [3]. While FCVs rely on dedicated hydrogen infrastructure, DWBC offers an
alternative electrification pathway that ensures energy in motion through grid-connected
systems, potentially reducing battery oversizing without requiring on-board fuel storage.

Despite these advantages, achieving high system-level performance in terms of effi-
ciency, compactness, and reliability remains challenging [4]. Dynamic charging infrastruc-
ture requires costly, complex installations, while the overall energy-efficiency-size-weight
trade-off must be carefully optimized [5]. Advances in wide-bandgap (WBG) semicon-
ductor devices, coil optimization, adaptive control, and electromagnetic shielding have
significantly improved transfer efficiency, alignment tolerance, and electromagnetic com-
patibility. However, further progress requires a systemic approach that links device-level
behavior with system-level design and control. In this regard, theoretical modeling must be
complemented by experimental validation through hardware platforms that can reproduce
realistic operating conditions. Such platforms should enable flexible test configuration,
real-time parameter measurement, and integration of Hardware-in-the-Loop (HiL) logic to
bridge the gap between modeling and experimentation. Most existing prototypes address
only isolated subsystem issues, such as power electronics or coil design [6].

Most Wireless Power Transfer (WPT) prototypes reported in the literature focus on
isolated subsystems rather than on end-to-end DWBC integration [7]. For instance, several
prototypes are specifically designed for mutual-inductance optimization and coil design [8],
receiver-side active power conditioning [9,10], or capacitive and hybrid compensation archi-
tectures, often validated only under simplified operating conditions [11]. Other platforms
target individual functionalities, such as automated alignment [12], fault detection [13],
thermal management [14], or electromagnetic compatibility (EMC) assessment [15,16], but
still remain confined to subsystem-level evaluations. Consequently, the literature still
lacks open, modular, and fully equipped testbeds that enable reproducible experiments
on DWBC control strategies, behavioral models of magnetic components, and shielding
solutions under realistic conditions.

This work presents the DEXTER platform (Development of an Enhanced eXperimental
proTotype of wirEless chargeR), developed within the Italian PNRR Program MOST—
Sustainable Mobility Center [17]. DEXTER provides a next-generation testbed for DWBC
research, supporting comprehensive test scenarios such as resonance frequency detection,
mapping of self- and mutual-inductance, and dynamic charging under controlled trajectory
and speed profiles. The platform synthesizes and integrates the outcomes of several re-
search activities developed over recent years on wireless power transfer systems, including;:

e  coil design and ferrite optimization, to improve coupling and reduce leakage flux [18-20];
e  behavioral modeling of mutual and self-inductances, supporting data-driven parame-

ter identification and model-based control [21-24];

e  control-setting methodologies for system-level optimization and adaptive regulation

under dynamic operating conditions [25-27];

e numerical shielding design, optimization, and prototyping [28,29].

DEXTER therefore establishes a unified experimental environment that supports
the validation of analytical and numerical models, the development of advanced control
strategies, the assessment of electromagnetic compliance and safety, and, more generally,
the optimization of design choices with respect to targeted performance indicators.

Unlike commercially available wireless charging development kits, which are typically
optimized for fixed coil geometries and predefined operating conditions, the DEXTER
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platform has been conceived as a fully reconfigurable research-oriented testbed. Both
the TX and RX control stages are digitally programmable and allow wide adjustment of
switching frequency, RMS current reference, duty cycles, and equivalent load resistance,
enabling systematic exploration of different performance targets. Furthermore, the plat-
form supports automated 3D motion control for spatial mapping of resonance frequency
and mutual inductance, integrated acquisition of electrical and magnetic-field quantities
during dynamic operation, and Hardware-in-the-Loop (HiL) integration for behavioral
model validation.

This high degree of configurability makes DEXTER suitable not only for functional
validation but also for co-design studies involving electromagnetic modeling, control
strategies, duty-cycle saturation analysis, and shielding optimization under realistic dy-
namic conditions.

Accordingly, the main contributions of this paper are: (i) to describe the architecture
and functionalities of the DEXTER prototype; and (i) to discuss experimental results vali-
dating both device-level and system-level models of DWBC systems. By providing an open,
modular, and reproducible research framework, DEXTER supports both academia and in-
dustry in advancing the understanding and optimization of wireless charging technologies,
thereby contributing to more efficient and sustainable electric mobility infrastructures.

The paper is organized as follows. Section 2 recalls the general aspects of DWBC sys-
tems, introducing a reference architecture and discussing the primary challenges associated
with their design and analysis. Specific topics addressed include system-level modeling
and performance-based design, electromagnetic behavioral modeling, and shielding de-
sign, as well as human exposure assessment. Section 3 presents the DEXTER prototype
in detail, describing its architecture, experimental setup, and software-hardware integra-
tion. The subsequent sections illustrate selected experimental applications that demon-
strate the capabilities of DEXTER. Section 4 focuses on validating the resonance frequency.
Section 5 reports the validation of self- and mutual-inductance behavioral models. Section 6
presents the system performance validation results. Section 7 discusses the validation of
the shielding coils. Finally, the concluding remarks summarize the main findings and
outline future directions for extending the DEXTER platform to support advanced studies
on electromagnetic exposure and sustainable e-mobility infrastructure.

2. Fundamentals of DWBC

To provide a reference framework for the design and analysis of DWBC systems,
Figure 1 illustrates the schematic of a series—series compensated architecture, which has
also been adopted in the development of the DEXTER prototype. This configuration,
in fact, represents one of the most widely used topologies for both static and dynamic
WPT applications.
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Figure 1. Reference DWBC architecture. The specific component values and electrical parameters
adopted in the DEXTER experimental setup are detailed in Section 3.
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In this reference system, the transmitter (TX) section includes a DC-AC inverter (TX
INV) that regulates the root-mean-square (rms) current ITx flowing through the TX coil,
in order to achieve the desired reference value Ity ref. On the receiver (RX) side, a DC-
DC post-regulation converter (RX POST-REG) controls the equivalent input resistance
Rac = (8/7)Ry. seen by the rectifier (RX RECT), driving it toward a reference value R, ref
corresponding to the selected load condition. The inductances of the TX and RX coils (Ltx
and Lrx) are compensated by capacitors Ctx and Cryx, respectively, to ensure resonance at
the operating frequency fs set by the TX inverter. The total series resistances Rtx and Rrx
include the coil ohmic losses and the equivalent series resistance of the compensation ca-
pacitors. This reference model provides the analytical basis for the performance evaluation
and experimental validation discussed in the following sections.

2.1. System-Level Modeling

The key aspects concerning the performance analysis and design of a DWBC system
based on the reference series-series compensated architecture, as shown in Figure 1, were
thoroughly discussed in [27]. That study introduced the fundamental equations describing
the constraints among the main reference parameters: the transmitter current setpoint
ITx ref controlled by the TX INV converter and the receiver equivalent load reference
Rac ref regulated by the RX POST-REG converter (see Figure 1), the spatial map of mutual
inductance between TX and RX coils, the trajectory and speed of the moving RX coil, and the
target performance indices in terms of transferred energy and overall charging efficiency.

The fundamental contribution of [27] was the formulation of performance-based
design criteria derived from a behavioral mathematical model of the mutual inductance
M(x) between the TX and RX coils. These criteria enable the definition of design targets
depending on specific goals, such as maximizing efficiency, energy throughput, or charging
efficacy, while accounting for the geometric and electromagnetic characteristics of the
coupling system.

Figure 2 schematically illustrates the relative motion of an RX coil (red rectangle)
hosted by the vehicle with respect to a TX coil (blue rectangle), assuming the reference
motion (nominal trajectory) for which the RX coil center moves along the longitudinal
axis of the TX one (here denoted as the x-axis). Specifically, the figure shows three relative
positions: in two, the RX coil is completely outside the TX coil, and in the third, the
coils’ centers are perfectly aligned. As the TX moves along this nominal trajectory, the
mutual inductance M(x) varies continuously, generating characteristic profiles whose shape
depends on the coil geometry, number of turns, and the material and configuration of the
other elements of the pads, such as magnetic ferrites and/or conducting shields [19,20].

In [27], the following dimensionless parameter was introduced to normalize the
coupling behavior:

27 fM(x))

M) = R Rex ©)
where m(x) represents the normalized mutual inductance, defined as the ratio between the
position-dependent mutual inductance M(x) and the TX and RX series resistance Rtx and
Rgrx (including the ESR of coils and compensation capacitors). This parameter was used to
establish the performance-based design equations of the DWBC system, showing that its
peak and mean values, mpy and may, along the RX trajectory must be properly correlated
with the normalized load resistance 7, ref = Ryc ref/ Rrx, the transmitter current reference
ITx ref, and the RX motion speed sgx.

https://doi.org/10.3390/su18073506


https://doi.org/10.3390/su18073506

Sustainability 2026, 18, 3506 5o0f 32

40

- ==
. T | : T
=) 1
8 0 : 1 >
EN |
|
OURX| JTX | | )
-40
-120  -80  —40 0 40 80 120
x [em]
(a)
300
250
200 IT"
£ 150 Pk
100
50
0
-120  -80  -40 0 40 80 120
x [em]
(b)

Figure 2. (a) TX and RX coils reciprocal position during RX coil motion over TX coil, assuming the
nominal trajectory, and (b) typical resulting mutual inductance profile.

These correlations determine the attainable trade-off among efficiency, energy transfer,
and charging performance. Furthermore, all the parameters influencing m(x), namely the
operating frequency f;, the mutual inductance M, and the equivalent resistances Rtx and
RRyx, are subject to inherent uncertainties arising from material properties, manufacturing
tolerances, temperature variations, and the accuracy of the power converter regulators.
These uncertainties directly affect predictions of resonance and efficiency, making experi-
mental validation on controlled test platforms essential for verifying theoretical models
and optimizing system-level design settings. In addition to these uncertainties, analyt-
ical modeling of WPT systems typically relies on simplifying assumptions that further
affect the accuracy of performance predictions, namely, perfect resonance and unsaturated
inverter operation.

A first common assumption in the modeling of WPT systems is, in fact, that the res-
onance condition is perfectly satisfied throughout operation. In practice, however, this
assumption is only approximately valid. The self-inductances of the TX and RX coils, Ltx
and Lry, exhibit unavoidable variations caused by both their physical characteristics and
the relative position of the RX coil with respect to the TX coil. Similarly, the compensation
capacitors, Ctx and Crx, show parameter drift due to temperature, frequency, and voltage-
dependent behavior. As a result, the actual resonance frequency f» of a WPT system is
affected by a non-negligible degree of uncertainty influenced by these factors. Ensuring
that a DWBC system truly achieves the intended performance targets, therefore, requires
experimental validation of the models for M(x), Ltx(x), and Lrx(x), as well as verification
of the corresponding compensation capacitances Ctx and Crx. These validations can be
carried out through precise experimental measurements of the spatial profiles of the reso-
nance frequency f,(x) and mutual inductance M(x), as enabled by the DEXTER prototype
described in Section 3.

A second fundamental assumption affecting the system-level performance of a DWBC
system concerns the operation of the TX INV converter, specifically the possibility of
duty-cycle saturation. Figure 3 shows the representative waveforms of the inverter output
voltage and current.
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Figure 3. Waveforms of the inverter output voltage and current.
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The TX INV converter sets the switching period Ttx = 1/f,, where f, denotes the
common resonance frequency of the TX and RX circuits, and regulates the amplitude of the
sinusoidal current Itx to achieve the reference value Ity ,f corresponding to the desired
DWBC performance target. The condition Itx = Ix ref can only be achieved if the inverter
duty-cycle satisfies 0 < Dtx < 1. According to [27], the duty-cycle Drx varies along the RX

trajectory as given in (2):
RTxI
TXTXref (4 + m(x) )
4V, 1+ Tacref

This expression highlights that, for given system parameters and converter ratings,

2 .
Drx(x) = —arcsin

D1x may reach its upper limit (Dtx = 1) during certain intervals of the RX motion, leading
to inverter control saturation. Therefore, in real DWBC systems, the condition Dx < 1 may
be violated: local peaks of m(x) or high current settings can push Drx to reach its upper limit
(D1x = 1), resulting in saturation and loss of current regulation. This phenomenon directly
affects power transfer and efficiency and can therefore be experimentally characterized.

The RX load regulation is achieved through the RX POST-REG converter, which sets
the duty-cycle Drx according to the desired normalized load reference 7, ref- Regulation is
maintained if 0 < Drx < 1.

According to [27], for the RX POST-REG buck converter, we have:

4 Viyu 1 1 m(x) )
Drx = — 1+ if Drx <1 (3a)
7 It ref VRTxRRrx \/m(x) ( Tac,ref /
Viar | RTx 1 1+ m(x) .
Drx = — 1+ —= if Drx =1 3b
Rx Vin \| Rrx /m(x) ( Tac,ref f Prx 58

where Vy,; is the battery voltage. Finally, the power delivered to the battery and the DWBC
efficiency are given by [27]:

Pyt = 8 Vot Vin [Rrx sin(5Drx) m(x) )
ot us Rrx  Drx  14m(x) 4 racref

. Mgy Vac,ref
(1 + Mgy + rac,ref) (1 + rac,ref)

where m1,, is the average value of m over the vehicle trajectory. In fact, during the vehi-

)

cle transit over the TX coil, the value of m(x) varies from a minimum value (when the
RX coil starts overlapping the TX coil) to a maximum value (named as peak value, ),
and returns to a minimum value again (when the RX coil ends overlapping the TX coil).
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Equations (2)—(5) show that the saturation of Drx directly influences Drx and the battery
power rate. Figure 4 compares the variations of Drx (blue) and Drx (red), as given by (1)
and (7), along the RX trajectory for two different combinations of Itx ref and 7, ref: ONe pre-
venting and one inducing duty-cycle saturation. When Drx remains below saturation (see
Figure 4a), both converters exhibit smooth control behavior, simplifying system regulation.
Conversely, when Dtx reaches its limit (see Figure 4b), steeper transients occur in both
duty cycles, leading to reduced controllability and reduced efficiency.

/" \

@) (b)

Figure 4. D7y (blue line) and Dry (red line) while the RX coil moves over the TX coil, in the case of
(a) non-saturated Drx and (b) saturated Dry.

Based on the analytical relationships above, the following observations can be made.

e  Dryx increases with Itx ref (see Equation (2)): hence, for higher mpy, a lower Itx rf must
be selected to avoid saturation.

e Higher Dy increases Py, (see Equation (4)); thus, slight saturation can be beneficial
for maximizing instantaneous power transfer. Accordingly, it might be advantageous
to set Itx ref higher, so that Drx saturates for values of m(x) lower than .

e  Lowering 7, rf appears to increase the battery power rate (see Equation (4)), but may
raise Drx (see Equation (3)), which in turn reduces the battery power rate.

e  Increasing Itx of reduces Drx (see Equation (3a)) and consequently enhances power
transfer (see Equation (4)), provided Dtx does not saturate.

e Maximum efficiency is achieved when 74 ot = /1 + 1z (see Equation (5)).

The management of TX inverter duty-cycle saturation definitely represents a key
design aspect for system-level optimization. If the design priority is to maximize the
charging power rate, it is advantageous to select Itx rof and 7, ref SO that Drx remains
saturated for as long as possible during the RX coil transit, while keeping Drx unsaturated
and as low as feasible. By taking the optimal settings identified in [27] as a reference solution
for the performance trade-off, the DEXTER platform enables experimental verification
of this operating condition and supports fine-tuning of the reference pair {I1x ref, 7acref}
required for real DWPT implementations to achieve the desired system-level objective.
Indeed, given uncertainties in system parameters (such as variations in resonance frequency
along the trajectory, parameter tolerances, and practical limits on Dtx imposed by MOSFET
drivers), the actual performance may deviate from model predictions. Therefore, the
optimal settings of switching frequency and reference control pair {ITx ref, 7ac ref} can only
be determined and validated through experimental testing.

The DEXTER prototype enables automated execution of such tests, as illustrated in
Section 3.

2.2. Electromagnetic Behavioral Modeling

The mutual inductance M plays a crucial role in determining both the energy transfer
and efficiency of a DWBC system [27]. Its spatial profile M(x) along the RX nominal
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trajectory over the TX coil also affects the bandwidth requirements of the control systems
that drive the duty cycles of the TX INV and RX POST-REG converters [22].

The most relevant features of the M(x) curve are the rising and falling slopes when
the RX coil approaches and leaves the TX coil and its flatness while the RX coil transits
over the TX region. These characteristics depend on the geometry of the two windings
(width, length, number of turns) and on the presence, shape and distribution of the other
components of the magnetic pads, such as ferrite beds or conducting shields. TX and RX
coils in air (without ferrites and shields) typically exhibit a wavy shape of M(x), as shown
in Figure 5a, whereas the adoption of magnetic pads yields a smoother mutual inductance
profile, as shown in Figure 5b and discussed in [18]. Furthermore, segmented ferrite pads
can be arranged to reduce the slope of the rising and falling edges of M(x), improving
coupling uniformity and reducing dynamic variations [20].

=50 —40 -30 -20 -10 0 10 20 30 40 50 =50 —40 -30 -20 -10 0 10 20 30 40 50
x [em] x [em]

(@ (b)

Figure 5. Plot of m(x) coil during the RX coil motion over TX coil: (a) coils without ferrites, (b) coils
with ferrites.

Sharper variations and oscillatory profiles of M(x) increase the dynamic range of the
coupling coefficient, complicating the regulation of ITx and R,c, especially at high RX coil
speeds sgx. Consequently, a wider control bandwidth is required for both converters (TX
INV and RX POST-REG) to maintain regulation during motion. To support control design,
a behavioral mathematical representation of M(x) is required, enabling the fine-tuning of
control laws based on realistic magnetic coupling profiles.

Recent works have proposed detailed analytical formulations for computing the self-
and mutual inductances of rectangular coils across a wide range of configurations, including
misalignment scenarios [30,31]. Their main drawback, however, is that these approaches
rely on highly complex multidimensional integrals, which make their practical adoption
challenging and limit their use in WPT design and optimization workflows.

In contrast, the approach presented in [21,22] proposes a behavioral analytical model
that preserves accuracy while drastically simplifying the mathematical structure. Instead
of complex integral formulations, the mutual inductance is expressed through compact
and easily evaluable closed-form expressions, capturing the dependence of M on the real
TX-RX displacement. This yields a model that is straightforward to implement in standard
circuit simulators (e.g., PSIM, Simulink), computationally lightweight, suitable for iterative
design loops, and directly employable in EMC and human-exposure analyses for dynamic
WPT systems. The key advantage, therefore, is the ability to retain the physical behavior of
the magnetic link while avoiding the computational burdens associated with full analytical
or FEM-based formulations.

As a representative case study, the coil pair shown in Figure 6 was analyzed to
characterize the mutual inductance as a function of RX coil displacement. Both TX and
RX coils include ferrite pads placed above the windings, facing each other with the ferrite
layers located on the outer sides of the WPT structure. These coils were designed through a
multi-objective optimization process [20], aimed at achieving a trade-off among minimizing
ferrite volume, obtaining a flat M(x) profile along the RX trajectory, maximizing mutual
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inductance, and minimizing magnetic flux leakage. This optimization was achieved by
segmenting the ferrite pads into small plates, arranged as shown in Figure 6, which, overall,
illustrates the reference geometry of the coil pair in three-dimensional space in an isometric
view. Each RX position can be described by the coordinates (x,y,z) of its center relative
to the TX coil center at (0,0,0). Accordingly, the mutual inductance can be expressed as a
function M(x,y,z) of the three-dimensional relative displacement between the coils.

SN

Figure 6. Coil pair reference geometry, isometric view.

Different case studies were analyzed, including: (a) nominal trajectory, when the
RX coil moves along the TX longitudinal axis x; (b) parallel trajectories, when the RX
coil laterally shifted along the y-axis with respect to the nominal path; and (c) elevated
trajectories, corresponding to (a) and (b) at different vertical separations z between coil
centers [24]. For each configuration, a discrete set of displacements (x,y,z) was used to
compute the reference values of M(x,y,z) for behavioral model identification. The coil
pair was analyzed under Magneto-Quasi-Static (MQS) conditions using Ansys Maxwell
2024 R2. The FEM simulations were performed accounting for the B-H characteristics
of the adopted ferrite material. However, under the excitation levels considered for the
DEXTER prototype, the selected N27 ferrite (relative permeability u, ~ 2000, saturation
flux density Bs ~ 500 mT at 25 °C [24]) operates well below its saturation region. The
resulting flux densities remain far from the magnetization curve’s nonlinear knee, so the
material behaves quasi-linearly over the investigated range. Consequently, no additional
nonlinear correction terms are required in the behavioral inductance models.

The finite-element mesh was refined to ensure a maximum error of less than 3% in the
evaluation of mutual inductance. The simulated data M;;,,(x,y,z) were then used as input
for deriving a behavioral model My, according to the methodology described in [24]. The
behavioral model was identified using MATLAB R2024b’s Curve Fitting Toolbox (CFTool).
Figure 7 presents a representative screenshot of the fitting workflow used to derive the
model from the simulated mutual inductance data Mg, (x,y,z). In fact, Figure 7 is intended
as an overview of the tool interface rather than a detailed view of the results.

The adopted model structure is expressed as:

Myjo(xy,z) = a0 exp (ar|x|™ +asly|™) (6)

where x and y are expressed in meters, and the My, value is expressed in p-Henries. The
numerical coefficients a; (i = 0,. . .,4), estimated using nonlinear least-squares optimization
over the training dataset [24], were then expressed as a function of the vertical displacement
Az according to (7):

a =pio+pnz+pnz 7)
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SSE 143817
R-square 0.9964
OFE 120.0000
Adj R-sq 0.9963
RMSE 0.3462

Figure 7. Overview screenshot of MATLAB CFTool used to perform the behavioral model fitting
based on simulated mutual inductance data Mg;,(x,y,2).

A comprehensive description of the dataset generation procedure, the sampling den-
sity over the displacement space, the nonlinear least-squares fitting methodology, the
validation strategy, and the convergence assessment is provided in [24], where the de-
tailed regression and robustness analyses are extensively discussed. The accuracy of the
proposed behavioral model has been previously assessed through a combined numer-
ical and experimental validation campaign [24]. In particular, coefficient identification
based on FEM-generated datasets yielded R? values close to 0.99 and RMSE values below
1 uH across the investigated displacement range. In the operating region corresponding
to effective power transfer (i.e., moderate longitudinal and lateral misalignments), the
relative errors remain typically within 5-10%. From a control perspective, this level of accu-
racy is compatible with real-time current-regulated control strategies in dynamic DWPT
systems, where regulation loops are activated only above a minimum coupling thresh-
old. The adopted closed-form model, therefore, represents a suitable trade-off between
computational simplicity and predictive reliability for control-oriented applications.

A similar behavioral modeling methodology was applied to the self-inductances of the
TX and RX coils, denoted as Ltx phy and Lrx phy, respectively. These models were derived
using the data-driven nonlinear fitting approach described in [32], which aims to capture
the relationship between self-inductance and the relative coil displacements (x, y, z). The
adopted model structures are expressed as:

LTx bho(xy,z) = bo exp (bl |x|%2 + bs|y |b4) +bs (8a)

LRX bio(xy,z) = Co exp (c1]x|? +es|y[™) +c5 (8b)

where x and y are expressed in meters, and L1y phy and Lrx phy Values are expressed in p-
Henries. The coefficients b; and ¢; (i =0, .. ., 5) were estimated using nonlinear least-squares
optimization over the training dataset [32], and again were expressed as a function of the
vertical displacement Az according to (9):

b; =sjp+si1z +sp Z2 (9a)

ci=tio+ 1ty z+tp 22 (9b)
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The results presented in [32] demonstrate that the proposed behavioral modeling
framework for inductance identification and validation represents an effective and general-
izable tool for supporting the reliable design of WPT systems. Several noteworthy aspects
emerge from the analysis of the models identified for both mutual and self-inductances.
First of all, the mathematical expressions for the mutual and the self-inductances share the
same functional form, differing only in the constant coefficients b5 and c5, which represent
the stand-alone self-inductance values of the TX and RX coils, respectively. This structural
similarity confirms the robustness and generality of the proposed modeling approach,
which can be readily extended to multiple TX-RX coil pairs by simply re-tuning the model
coefficients through nonlinear least-squares optimization using simulation or experimental
datasets. Moreover, the identified models indicate that the self-inductance values increase
when the RX coil is positioned directly above the TX coil, compared to their stand-alone
conditions. Consequently, tuning the compensation capacitors Ctx and Crx solely based
on stand-alone inductance values, as is commonly done in conventional WPT designs, may
result in partial loss of resonance at positions where magnetic coupling is strongest and
accurate tuning is most critical. Considering the nearly standardized spacing between RX
and TX coils in most WPT configurations, the model coefficients of Equations (7) and (9)
can be determined at a fixed vertical displacement z for different winding geometries and
ferrite arrangements. This feature facilitates the identification and optimization of coil
configurations tailored to the performance targets of specific WPT applications.

Overall, extending the behavioral modeling framework to self-inductances signifi-
cantly enhances the predictive capability of the DWBC electromagnetic model. It enables
the accurate estimation of the resonance frequency fr, dynamic coupling coefficients, and
overall energy transfer characteristics, serving as the reference for both control strategy
design and experimental validation using the DEXTER platform.

2.3. Shielding Design

A key challenge in the design of shielding systems for wireless power transfer ap-
plications is reducing magnetic fields in specific regions without compromising power
transfer performance. With specific attention to vehicular systems, the high-power levels
(in the order of kW) and large air gaps (in the order of centimeters) result in significant
Magnetic Flux Leakage (MFL) that extends beyond the power transfer zone. This stray
field, where human operators could be located, poses potential health risks and requires
compliance with safety standards set by organizations such as IEEE and ICNIRP [33,34].
Additionally, the MFL can cause electromagnetic interference (EMI), affecting sensitive
vehicle electronics, external devices, and medical implants, thereby raising significant EMC
concerns [35].

WPT system’s shielding techniques can be grouped into three main categories: passive
methods based on conductive and/or magnetic materials [36], active approaches [37] and
other solutions relying on reactive resonant concepts or hybrid configurations [38]. In the
literature, the use of metamaterials for shielding purposes is also investigated [39]. Ferrites,
commonly used to enhance coupling between the transmitter and receiver, also attenuate
the MFL but come with limitations in terms of weight, cost, and mechanical fragility. In
addition, while both ferrite and aluminum provide broadband attenuation, they introduce
Joule losses, which reduce the overall efficiency of the WPT system.

The shielding-coil design adopted in this work builds upon the methodologies proposed
in [28,29] and in [40—42]. In line with these contributions, the focus is on passive shielding
solutions that do not require an external power supply, thereby enabling a simpler, more
practical implementation for DWBC systems. The shielding concept leverages metamaterial
principles, where an array of resonant elements is engineered to operate as a single shielding
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component and to be integrated into the existing DWPC architecture. The resulting struc-
ture is modular and scalable; moreover, by relying on a resonant array rather than bulky
conductive plates, it may reduce the amount of metallic material required, with potential
benefits for material use and overall shield mass. Such features are particularly attractive for
industrial applications, especially in the automotive sector, where packaging constraints and
component weight are key design drivers. In all the above-mentioned studies, prototyping
and experimental validation are consistently carried out, given the critical role of shielding
solutions in ensuring safety and electromagnetic compatibility. A meaningful assessment
requires the co-presence of both the realistic system to be shielded and the shielding structure
under representative operating conditions. In this respect, the DEXTER platform enables the
replication and systematic investigation of this coupled scenario.

It is worth emphasizing that implementing shielding solutions involves several trade-
offs. A primary limitation of this type of structure is its narrow-band behavior. Therefore,
particular attention should be paid to the self-resonance frequency of each element in the
array and its relationship with the WPT system’s operating frequency. Another key design
parameter is the quality factor of each resonator, which should be as high as possible to
minimize ohmic losses and preserve overall system efficiency. Since the resonator-coil
array operates in the very near-field region, the relative position with respect to the TX
and RX coils, as well as the inter-element spacing, becomes critical. In addition, practical
implementations typically impose compactness constraints, i.e., the shielding-coil array is
arranged to be coplanar with the transmitting coil and to cover its full longitudinal extent.
Finally, in practical vehicular implementations, the presence of the vehicle chassis (typi-
cally made of conductive lightweight materials such as aluminum alloys) may introduce
additional eddy-current effects and slightly modify the local magnetic field distribution.
However, because the ferrite-tile arrangement already mitigates the field above the WPT as-
sembly, the qualitative shielding behavior and relative attenuation trends are not expected
to be significantly altered. A detailed quantitative assessment would require a full-vehicle
electromagnetic model, which is beyond the scope of the present work.

In the configuration considered in Figure 8, the shielding structure consists of an array of
n resonant coils, each tuned by a series-connected capacitor. The array is placed on both sides
of the system, parallel to the direction of motion of the RX coil with respect to the TX coil. The
induced currents in the shield elements can be computed by applying Kirchhoff’s Voltage Law
(KVL), as described in [28], to the equivalent circuit model and its schematic representation
shown in Figure 8a,b. To simplify the analysis, the mutual coupling among resonator coils and
the coupling between each resonator and the receiver coil (M, ) are assumed to be negligible
compared with the mutual coupling between the transmitter and the shield elements (M, ).

K-th shielding coil

TX coil

CI Ck Ch
@) (b)

Figure 8. (a) Equivalent circuit of the WPT system with planar coil array shielding; (b) schematic
representation of the magnetic field leakage suppression.
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Consequently, My and M, with k =1, ..., n are the most relevant quantities for the
shield design, and the system reported in [28] is consequently simplified as in (10):

Zt —jwMt, —jme - —]’(,UMt,n Tt Vin
_jWMtr Z, _jWMr,l ce _jWMr,n I, 0
—jwMtll —].(UM,,,l 71 _jWMl,n L = 0 (10)
: : I
—jwMiy —jwMy, —jwMy, .. Zy In 0

where 4, 1, 1 and ,, are the impedance of the TX coil, the RX coil and the shielding coils,
respectively. Equation (11) provides an analytical expression for the current I flowing in

the kth shielding coil:

_ iwM _
T, = JO K 1, (11)

. w?
Rk +]ka (1 - wg)

where Ry and Ly denote the resistance and self-inductance of the k-th shielding coil, respec-
tively; w is the operating angular frequency of the WPT system and wy = 1/+/LCy is the
self-resonant angular frequency of the k-th shielding coil. Introducing the quality factor
of the k-th resonator Qy = (wyLy)/ Ry and the coefficients ay = M,y /Ly and P = wy/w,
Equation (11) can be rewritten in the compact form reported in (12):

_ X _
Iy=——F—1I; (12)
2 Y
1 — Pf—j Q—’;
Let us consider the simplified arrangement of the transmitting coil and the k-th copla-
nar shielding coil as shown in Figure 8. In the ideal case where the resonator resistance can
be neglected (Ry =~ 0), Equation (11) reduces to:

_ oM _
no=—I7 T, (13)
ijk(1 - :‘J’g)

A normalized form of (13) can be easily represented by varying the normalized angular
frequency factor, as reported in Figure 9. Considering the current directions shown in
Figure 8a, the mutual inductance is positive (M; x > 0). Under this condition, a more effective
shielding is obtained when the induced current in the shielding coil flows as indicated in
the figure. In this case, the magnetic flux density vectors produced by the transmitting and
shielding coils on the observation plane form an angle larger than 90°, leading to partial
field cancellation and, consequently, to a reduced magnitude of the resulting flux density.

Therefore, the shielding performance of the resonant elements is mainly determined
by the phase shift of the induced currents relative to the transmitting-coil current. To
achieve the desired phase relationship, the shielding coils should be tuned to resonate at a
frequency slightly higher than the WPT system’s operating frequency.

In a realistic scenario, ohmic losses cannot be neglected. Accordingly, the main design
parameters of the shielding array can be summarized as «a;, Py and Q. The shielding
array, modeled as a set of resonant coils, can be optimized by maximizing the magnitude of
the induced current I in each element, as indicated by (12), and by adopting the following
design criteria:
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Figure 9. Induced current on the k-th shielding resonator according to the normalized angular frequency.

e  a; should be as large as possible, as it directly scales the induced current strength in
the k-th shielding coil;

e P, the angular frequency ratio, should be close to unity and slightly greater than 1.
This ensures that the induced current I lags the source current I; by approximately
180°. This phase shift can enhance the attenuation of flux density leakage strength.
The value of P is directly related to the choice of the resonating capacitance in the
shielding coil, and even small variations in this parameter can produce large changes
in shielding performance;

e (y, the quality factor of the k-th resonator, should also be maximized to reduce the
power losses and enhance the resonance. A high Qy requires accurate design of the
shielding coils, including material selection, winding geometry, and parasitic loss
(Rf) minimization.

A qualitative yet accurate assessment of the proposed shielding concept can be car-
ried out by applying the design criteria discussed above within a quasi-static system
model [28,40,41]. However, the presence of ferrite bars in the DWPC setup requires
a full-wave numerical analysis of the entire WPT system to identify the most suitable
shielding-coil array configuration. To this end, a Finite Element Method (FEM) model was
implemented in the commercial software Ansys Maxwell. The numerical solution of the
electromagnetic fields was post-processed through two key performance indicators: (a) the
average magnetic flux density magnitude evaluated over a target test plane, as defined in
(14); and (b) the shielding effectiveness computed on the same plane, as given in (15). The
adopted approach relies on a multi-parameter analysis aimed at maximizing leakage-field
attenuation, with particular emphasis on the inter-element spacing and on the position
of the shielding array relative to the TX and RX coils. The numerical results were finally
validated through experimental measurements on the DEXTER platform, as described in
Section 7, which are essential for corroborating the proposed design procedure.

Buug = 5 | s/BldsS (14)

B —|B

avg(with coil matrix)

B

avg(without coil matrix)

K:

(15)

avg(without coil matrix)
where:

e B = (Bxf+ By + B.Z) is the flux density vector;
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e |B| = /B%+ Bj + B2 represents the magnitude of the flux density;

e  Sisthe total surface area of the test plane;
® By is the average flux density strength over the test plane.

In the following sections, the DEXTER platform is described in detail, together with
its application in validating the proposed electromagnetic behavioral models and in sup-
porting the system-level performance characterization of DWBC systems.

3. The DEXTER Prototype

The DEXTER prototype is based on the WDBC series-series compensated reference
architecture shown in Figure 1. It was designed to operate at a maximum power level of
300 W and implemented at a 1:2 scale.

The 1:2 geometric scaling factor was selected as a trade-off between laboratory feasi-
bility and electromagnetic representativeness. From a practical standpoint, the reduced
scale enables safe operation, manageable thermal conditions, and compatibility with the
spatial constraints of a standard university laboratory environment. From a technical
perspective, maintaining realistic air-gap proportions, coil aspect ratios, and operating
frequency (around 85 kHz) ensures that the fundamental electromagnetic coupling mecha-
nisms, resonance behavior, duty-cycle saturation effects, and shielding phenomena remain
physically representative of full-scale Dynamic Wireless Power Transfer systems. Therefore,
the adopted scaling preserves the validity of experimental validation of mutual induc-
tance modeling, dynamic performance analysis, and shielding assessment, while enabling
cost-effective, reproducible prototyping.

The prototype comprises the following parts:

e  two pairs of Transmitter (TX) and Receiver (RX) coils, with different winding configu-
rations and ferrite pad arrangements (Figure 10);

e a 3D motion system capable of moving the RX module, mounted on a trolley with
adjustable height and speed, along arbitrary trajectories above the TX coil, within a
workspace of 200 cm x 150 cm (Figure 11);

e adigitally controlled 300 W TX inverter board, enabling the regulation of the TX
coil current Iy .o up to 8 Arms, with an input voltage Vj, ranging from 12 V to 48 V
(Figure 12a);

e aRX-side power conversion board, including a diode bridge rectifier and a digitally
controlled 250 W post-regulation DC-DC converter, allowing the RX equivalent load
resistance R, ref to be adjusted from 8 () to 50 () with a battery voltage Vi, between
12V and 48 V (Figure 12b);

e  aset of electromagnetic shielding coils and field sensors for electromagnetic exposure
assessment (Figure 13). They were designed to achieve the best possible quality factor,
aiming to minimize ohmic losses and thus the Joule effect. Specifically, the shielding
coils were realized with Litz wires, resulting in a measured Q factor around 40 and a
self-resistance of 10 mQ);

e a MATLAB-based monitoring and control interface, enabling programmable static and
dynamic tests for WDBC performance evaluation, as well as Hardware-in-the-Loop
(HiL) model validation and refinement (Figure 14);
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Figure 10. TX and RX coils used in the DEXTER prototype TX and RX coils: TX coil (a,c) with the RX
coil positioned above it (b,d), and internal ferrite arrangement of the TX and RX coils.

Figure 11. 3D motion system used for dynamic WPT testing. The RX coil is mounted on a motorized
trolley with adjustable height and speed, allowing controlled movement along arbitrary trajectories
above the TX coil.

(b)

Figure 12. (a) TX power electronic board; (b) RX power electronic board.
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Figure 13. Electromagnetic shielding coils and field-measurement setup: (a) example of a shielding
coil used to mitigate the magnetic field around the WPT link; (b) example of a possible measurement
setup, with shielding coils placed beside the TX-RX link and a field sensor positioned for magnetic-
field assessment.
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’ (HoO initaiization ) (Ps settings ] (" 30mover: reset ] __RX: Rcref set ] ( dynamic charging | (HDO iniiaization ) (s settings ) (“30mover: reset ) (_RX: Racref set ] [ dynamic charging |
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Figure 14. MATLAB-based user interface of the DEXTER platform, enabling configuration of test

parameters, with (a) real-time monitoring of electrical quantities and coil position, and (b) automated
execution of static and dynamic DWBC experiments.

e a Keysight Technologies E36731A programmable battery emulator with dedicated
management software;

a T3PS30721P DC power supply, rated at 72 A/800 V /720 W;

a Teledyne LeCroy T3PM1100 digital power meter;

a Teledyne LeCroy HDO6454 digital oscilloscope;

a PICOSCOPE 3000 Series USB oscilloscope;

a Narda EPH200 electromagnetic field probe.

An overview of the entire system is provided in Figure 15, which presents a block dia-
gram summarizing all the components described above. The DEXTER digital architecture
is organized into a distributed, low-level, real-time digital control layer and a centralized,
high-level setting and monitoring interface layer. The real-time digital control layer is
implemented on the TX inverter and RX rectifier /post-regulator boards using two Texas
Instruments TMS320F28069M 90 MHz microcontrollers, while configuration and moni-
toring functions are handled via a MATLAB-based interface running on a laptop. The TX
microcontroller implements a PI controller with bandwidth > 10 Hz, whose primary task is
to regulate the TX coil RMS current to the reference value Iy rf. The RX microcontroller
implements a PI controller with bandwidth > 100 Hz, regulating the input impedance of
the RX post-regulator to a reference value r,. . The controller bandwidths depend on
the TX inverter DC input voltage, the RX battery voltage, and the selected reference pair
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{ITX refs Tacref}- The worst-case bandwidth supports dynamic tests with RX speeds up to
10 m/s; for safety reasons, laboratory tests were performed at speeds up to 10 cm/s.

battery emulator RX power electronics

.....

}' ' 'TX'coiI I
DCpower supply power meter 1y power electronics

Figure 15. Block diagram of the DEXTER prototype. The figure provides an overview of the complete
system architecture, including the TX and RX power stages, the motion platform, the shielding and
sensing units, the control and monitoring interfaces, and the measurement equipment.

During dynamic testing, the reference commands Itx ref and r,c ref are transmitted
to the TX and RX microcontrollers via ESP32-53-DevKitC-1 Wi-Fi communication boards
before the RX motion starts, enabling closed-loop regulation. Since the references remain
fixed during each test, the control task does not incur additional latency once motion begins.
The TX microcontroller acquires the TX RMS current in real time through one of its 12-bit
ADC channels with a sampling frequency equal to one-third of the TX inverter switching
frequency, while the RX microcontroller acquires the post-regulator input voltage and
current through two 12-bit ADC channels sampled at one-third of the RX post-regulator
switching frequency. All digital signals are low-pass filtered with a 1 kHz bandwidth.

The MATLAB interface also manages runtime acquisition of oscilloscope signals from
the TX and RX boards at 1 Hz, ensuring reliable sampled data transfer for monitoring.
These signals are not used for real-time control, as both microcontrollers independently
acquire the required feedback signals through their local ADC channels.

To evaluate the performance of the DEXTER platform under both static and dynamic
operating conditions, the system supports a broad set of programmable tests that cover
motion control, power electronic regulation, sensing, and EMC-relevant measurements.

The main tests currently implemented to verify the prototype’s functionalities are
the following:

1.  Static positioning tests: placing the RX coil at a specified location (X,Y,Z) relative to
the TX coil;

2. Point-to-point motion: moving the RX coil from an initial position (X1,Y1,Z;) to a
final position (X3,Y?,Z,) with predefined acceleration and speed profiles;

3. Stop-and-go trajectory execution: driving the RX coil through a sequence of N
arbitrary spatial points (X, Yy, Zi), k=1, ..., N, each with configurable acceleration,
speed, and dwell time;

4.  TX-side inverter control: setting the input voltage Vi,, the switching frequency fs,
and the operating mode of the TX inverter, either (a) open-loop, with a fixed duty
cycle DTX, or (b) closed-loop, with regulation of the TX coil RMS current to a reference
value I yef;

5. TX current verification: checking the achievement of I ,.f and capturing the corre-
sponding waveform and parameters using the LeCroy HDO6054 oscilloscope;
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10.

11.

12.

13.

14.

RX-side converter control: selecting the operating mode of the RX POST-REG con-
verter, either (a) open-loop, with a fixed duty cycle Drx, or (b) closed-loop, with
regulation of the equivalent load resistance to a reference value R, ref;
RX load verification: validating the achieved RX load value and acquiring voltage
and current waveforms using the PicoScope 3000 Series USB oscilloscope;
Battery emulation: selecting and configuring the battery model parameters via the
Keysight E36731A battery emulator and its management software;
Battery-side signal acquisition: verifying the emulator operation and measuring
voltage and current waveforms using the PicoScope 3000 Series USB oscilloscope;
Magnetic-field measurement: evaluating the magnetic flux density around the TX
coil using the Narda EPH200 field probe and its dedicated software interface;
Resonance frequency mapping: performing a frequency sweep of the TX coil current
over a set of discrete switching frequencies (fs1, ..., fsn) at a fixed RMS current
reference, using a stop-and-go algorithm along the nominal RX trajectory. For each
frequency, the input voltage and current waveforms are captured, the TX inverter
duty cycle Dtx is computed, and the resonance frequency is identified as the value of
fs for which Dtx reaches its minimum;
Mutual inductance mapping: measuring the TX-RX mutual inductance over a grid
of N RX positions (Xj,Yx) at a fixed height Z, using a stop-and-go algorithm. At each
position, the RX open-circuit RMS voltage V5 yms(Xk, Yy) is acquired with the TX coil
driven at the resonance frequency fres and at a fixed RMS current I; ,t. The mutual
inductance is then computed as:

- VZ,rms (Xk/ Yk)

M(Xp, Yi) = 27 freshpef "

The procedure may be repeated by changing the vertical distance between coils (height
Z), obtaining, in fact, a 3D mapping of the relative positions;

Dynamic performance testing: recording voltage and current waveforms at the input
and output of both the TX power stage and the RX POST-REG converter while the
RX coil moves continuously along a linear trajectory from (Xi,Y1) to (Xp,Y?) at a fixed
height Z. Tests are repeated for different combinations of RX load resistance and
TX current reference. Waveforms are captured periodically along the path, with the
sampling rate automatically adapted based on the trajectory length and the configured
acceleration and speed;

Shielding efficacy: performing magnetic-field measurements around the WPT link
using the Narda EPH200 probe, which, through its dedicated software, allows acquir-
ing the three orthogonal components of the magnetic flux density (By, By, B;) along
the chosen spatial coordinates (x,y,z).

Beyond the functionalities currently implemented, the modular structure of the DEX-

TER platform enables the integration of additional tests in the future, including advanced

magnetic-field mapping procedures. These extensions will support deeper experimental in-

vestigations, particularly those related to human exposure assessment and electromagnetic

compatibility, by enabling accurate spatial characterization of the field in realistic dynamic
WPT conditions.

Several of the experimental procedures described above are examined in detail in the

following sections. In particular, we focus on the last four tests listed previously, namely,

the resonance frequency mapping (Test 11, see Section 4), the mutual induction mapping

(Test 12, see Section 5), the dynamic performance testing (Test 13, see Section 6) and the

magnetic-field measurement (Test 14, see Section 7), as they constitute the core validation
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tools of the proposed WPT characterization framework. All tests are carried out using the
same reference configuration of the DEXTER prototype, realized with the coil pair shown in
Figure 10c,d. Table 1 summarizes the main electrical parameters of the DEXTER prototype
used in the experimental validation campaigns presented in Sections 4-7.

Table 1. Main electrical parameters of the DEXTER experimental setup.

Parameter Symbol Value Unit Notes

TX self-inductance Lrx 108 nwH Measured at nominal configuration
RX self-inductance Lrx 58 wH Measured at nominal configuration
TX series resistance Rrx 55 mQ) Including ESR of coil and Crx

RX series resistance Rrx 32 mQ) Including ESR of coil and Crx

TX compensation capacitor Crx 33 nF Selected for nominal resonance

RX compensation capacitor Crx 60 nF Selected for nominal resonance
Nominal resonance frequency fr 85 kHz Nominal value

Maximum TX RMS current ITX max 20 A Converter limit

RX equivalent load range Rae 8-50 Q Programmable

TX input voltage range V; 12-48 \Y% DC input

Maximum output power Piax 300 4 Rated system power

Operating switching frequency fs 80-90 kHz Sweep range

To explicitly address measurement uncertainty and instrument accuracy, Table 2
summarizes the sensing and measurement systems implemented in the DEXTER platform,
along with their worst-case accuracy specifications.

Table 2. Accuracy parameters of the DEXTER sensing and measurement system.

Measurement Quantity

ADC

Resolution Notes

Instrument/Sensor Worst Case Accuracy

Real-time digital-control layer

1/50 current transformer,
10 Q) sensing resistor (+0.1% tol.),

The peak detector includes

Pt e it Gt 0w
12-bit ADC integrated in the TX low- filter
TMS320F28069M pC board ow-pass fuite
RX post-regulator input Res.lstlve d}Vlder (:I:O§ % tol.), +05% It includes 2 resistors with
voltage 12-bit ADC integrated in the RX ~800 uV 4800 uV 40.5% tolerance
(Vae) TMS320F28069M nC board H e
5 mQ)/+0.5% shunt resistor,
RX post-reeulator input INA293A3 (£0.15% acc.),
p %r nt p Resistive divider (+£0.5%/ 800 LV +0.8% The current monitor includes a
C‘ZI e) +0.1% tol.), H + 800 pV 1 kHz low-pass output filter
de 12-bit ADC integrated in the RX
TMS320F28069M nC board
high-level monitoring interface layer
TX voltage +0.5% FS +100 mV =+ 800 uV at 5 V/div
(Vrx) Teledyne LeCroy HDO6454 12-bit +800 uV +200 mV 800 uV at 10 V/div
TX current (500 MHz) (~800 uv) +0.5% FS .
() 800 v +40 mV 4800 uV at 5 V/div
RX voltages +3% FS +600 mV +13 mV at5 V/div
(Vder Viatt) PicoScope 3403D (50 MHz) 8-bit +13 mV 41200 mV +£13 mV at 10 V/div
on-board moving trolle ~13 mV 0
RX current ( g trolley) ( ) +3% FS 4240 mV413 mV at 2 V/div
(Tge) +13 mV
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4. Resonance Frequency Mapping

This test is essential in practical DWBC systems to evaluate coil tolerances and com-
pensation accuracy, as well as to determine the optimal switching frequency of the TX
inverter to achieve optimal operational performance.

Figure 16 illustrates the magnitude of an R-L-C impedance as a function of the oper-
ating frequency f, plotted on a double-logarithmic scale. For f < f,, where f, denotes the
resonance frequency, the impedance is dominated by the capacitive term, and its magnitude
decreases with a slope of —20 dB/decade. Conversely, for f > f,, the impedance becomes
inductive, and its magnitude increases with a slope of +20dB/decade. At resonance,
the impedance magnitude reaches its minimum value, which coincides with the resis-
tance R. The relationship between the voltage and current phasor magnitudes is given by
V(f) = Z(f)I(f). Therefore, if the current magnitude is kept constant while its frequency
is swept across the resonance frequency f;, the resulting voltage magnitude follows the
impedance profile and achieves its minimum at resonance. Accordingly, the resonance
frequency of the TX coil has been identified by performing test 11 on the DEXTER platform,
with the RX coil kept open-circuited while the TX inverter (TX INV) regulates the TX coil
current to a fixed reference value Ity of. During this procedure, the switching frequency
is swept over a range [fs min,fsmax] centered around the nominal resonance frequency of
85 kHz. Under these conditions, the TX inverter effectively drives an impedance composed
of the series combination of Ryy, Ltx, and Cx.

log Z(Q)

1

1
2nfC (’ aC ) ZII/L (=wl)
R -
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Figure 16. Resonance frequency of a series R-L-C impedance.

Figure 17 shows the voltage and current waveforms of both the TX and RX coils at
different switching frequencies f5, obtained during the sweep while regulating the TX coil
current to a constant value. In Figure 17a, the sinusoidal TX current leads the square-wave
TX voltage, a condition occurring when fs < f;, indicating a capacitive behavior dominated
by Crx. In Figure 17¢, the current lags behind the voltage, as expected when fs > f, and
the behavior becomes inductive, dominated by Ltx. In Figure 17b, the voltage and current
waveforms are nearly in phase, indicating operation close to the resonance frequency f,
where the circuit behaves predominantly as a resistance governed by Rry.

Figure 17. Voltage and current waveforms of the TX and RX coils with the RX coil open-circuited,
captured at different switching frequencies: (a) fs < f; (b) fs = fr; and (c) fs > f;. Cyan = TX voltage,
yellow = TX current, magenta = RX voltage.
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Moreover, the TX voltage waveform exhibits a minimum value of the on-time f1x on
when f; is close to f,. This behavior arises from the relationship between the voltage first
harmonic Vrx(fs) generated by the TX inverter and the on-time of the applied square wave:

Vrx(fs) = %Sin(fstTX,on) (17)

Consequently, the resonance frequency can be detected by executing an automatic
stop-and-go frequency sweep while regulating the TX coil current to a constant value and
monitoring the on-time of the TX voltage. The resonance frequency corresponds to the
switching frequency at which t1x on reaches its minimum.

Test 11 was carried out with the RX coil open-circuited and positioned 10 cm above
the TX coil, considering two different (x,y) locations relative to the TX coil: (a) far from
the TX coil (x = —60 cm,y = —40 cm), and (b) centered above it (x = 0,y = 0). During
the test, the TX coil was driven by the TX INV converter with Vi, = 18 V, Itx 1ef = 5 A,
and a switching-frequency sweep over the range [84 kHz, 89 kHz]. The TX coil was
compensated using capacitors selected according to the expected resonance frequency and
the nominal stand-alone self-inductance LTX. Figure 18 reports the measured values of the
duty cycle DTX required by the TX INV to regulate the TX current to 5 A for the two RX
coil positions (a) and (b). As previously discussed, the resonance frequency corresponds to
the switching frequency that minimizes the duty cycle. The resulting resonance frequencies
are approximately 86.5 kHz when the RX and TX coils are aligned and 87 kHz when the TX
coil operates alone, neither of which matches the nominal 85 kHz value.

100

|— TX stand alone — TX-RX aligned‘

8.4 8.5 8.6 8.7 8.8 8.9
7. [Hz] x10%

Figure 18. Duty cycle DTX set by the TX INV converter to regulate the TX coil current to 5A,
measured during the switching-frequency sweep for the two RX coil positions considered in Test 11.

5. Mutual Inductance Mapping

This test is crucial in DWBC systems for comprehensive characterization of the spatial
variation in the mutual inductance between the TX and RX coils, especially under misalign-
ment and trajectory-dependent operating conditions. This test also indirectly demonstrates
that the DEXTER platform can function as an effective generator of experimental datasets,
enabling the derivation of behavioral models directly from measurements rather than
relying solely on simulated data [21]. This capability is particularly valuable for captur-
ing real-world effects, including nonidealities, construction tolerances, and magnetic-core
imperfections, that may not be fully represented in full numerical models.

Measurement campaigns were performed by executing Test 12 with the DEXTER plat-
form, operating the coils directly within the WPT prototype and controlling the procedure
via the integrated MATLAB interface. The experimental mapping was conducted over
a 3D grid of N = 697 RX coil positions, obtained by combining 41 values of longitudinal
displacement Ax (from —40 cm to +40 cm, in 2 cm steps) and 17 values of lateral displace-
ment Ay (from —16 cm to +16 cm, in 2 cm steps), for two vertical distances between the coil
planes: Az =7.5 cm and Az = 10 cm. At each grid point (X, Y%), the TX coil was driven at
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the resonance frequency f; identified from Test 11, with the TX coil RMS current regulated
to a fixed value I; ;s = 3 A. The TX inverter input voltage was set to Vi, =5 V. The RX
coil was left open-circuited, and the induced RMS voltage V5 ms(Xy,Yx) was measured
using the LeCroy HDO6454 oscilloscope. The mutual inductance at each position was then
calculated using (16), which derives directly from the definition of the open-circuit induced
voltage in the secondary coil of a transformer excited by a sinusoidal primary current. It is
worth noting that the experimental estimate in (16) is in good agreement with the mutual
inductance computed using a full 3D electromagnetic model implemented in Ansys.

Figure 19a,b compare the mutual inductance maps obtained experimentally with those
predicted by the behavioral model in (6) and (7). The close correspondence between the
two confirms not only the accuracy of the adopted model but also the capability of the
DEXTER platform to generate precise, repeatable datasets suitable for behavioral model
identification and refinement.

“20 N -20
Ax [ecm] -40 -20 Ay [em] Ax [cm] -40 -20 Ay [em]

(a) (b)

//////7%\

i

20

(o) (d)

Figure 19. TX-RX mutual inductance surface plots for (a) Az = 7.5 cm and (b) Az = 10 cm: DEXTER
experimental measurements on the left, behavioral model results on the right. TX-RX mutual
inductance surface plots for (a) Az = 7.5 cm and (c) Az = 10 cm: DEXTER experimental measurements
(left) and behavioral model predictions (right), corresponding respectively to subfigures (b,d).

6. Dynamic System Performance Testing

Dynamic performance testing plays a crucial role in assessing the real operating behav-
ior of a WPT system. Unlike static characterization, dynamic tests enable the evaluation of
how the converter control loops, resonant behavior, and power-transfer capability respond
to time-varying coupling conditions induced by motion. Test 13, therefore, provides a
comprehensive end-to-end validation of the mathematical model presented in Section 2.1,
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confirming its ability to predict system behavior under realistic operating conditions. Fur-
thermore, this test enables verification of the interaction between the TX inverter, the RX
post-regulator, and the battery load during continuous coil motion, thereby assessing
overall system stability, efficiency, and power-handling capability.

Test 13 was executed by programming a linear trajectory of the RX coil with the
following motion and system settings:

e RX motion along the x-axis, from an initial displacement of x = —40 c¢m to a final
displacement of x = +40 cm relative to the TX coil;

constant motion speed: 2 cm/s;

fixed lateral displacement: y = 0 cm;

fixed vertical displacement: z = 10 cm;

TX inverter input voltage: Vi, = 18V;

e  TXcoil current reference: Ity rof = 5.6 A;

e  RXDC load reference values: Ry ref = {10, 20} (), equivalent to R, ref = {8.1, 16.2} ();
e  battery model: 12V, 7.35 Ah.

During the RX motion along the programmed trajectory, the following quantities
were recorded:

e input voltage V4. and input current I, of the RX DC-DC post-regulator operating in
buck mode;

battery voltage Vbat and battery current Ibat at the output of the RX post-regulator;
effective DC input resistance of the RX regulator Rq. = V4c/I4c;

duty cycle Dtx of the square-wave output voltage of the TX inverter;

duty cycle Drx of the RX post-regulator in buck mode.

Figure 20 reports the results of Test 13 for the case Ryc ref = 10 Q2 (Ryc ref = 8.1 Q) and
Tacref = 253). The horizontal time axis spans from 0 s to 40 s, corresponding to the spatial
range from —40 cm to +40 cm given the constant speed of 2 cm/s, according to the law
x(t) = —40 + 2 t, with x in cm and ¢ in seconds. As shown in Figure 20a,c, the RX DC-
DC post-regulator begins regulating the input resistance R4, as soon as the input voltage
V4. rises sufficiently above the battery voltage V1, enabling operation in buck mode
(Vpat < V4c)- This transition occurs when the RX coil reaches positions where the mutual
inductance M(x) exceeds the threshold required to induce an adequate voltage on the RX
side. Once this condition is met, Ry, is driven toward its reference value Ry ,ef = 10 (),
maintaining closed-loop regulation throughout most of the coil transit.

The waveform of Figure 20d shows that, in the central region of the trajectory (when
the RX coil is aligned with the TX coil), the duty cycle of the TX inverter reaches its
maximum value (Dx = 100%). This saturation limits the inverter’s ability to maintain
the reference TX current, leading to a slight de-rating of the TX coil current amplitude
with respect to Itx ref. The saturation of Dtx also forces the RX-side duty cycle Drx to
increase, as seen in Figure 20d, to compensate for the reduced transmitted power. The
corresponding reduction in both the DC input power P4, and the battery charging power
Pyt is visible in Figure 20b, where the efficiency of the RX DC-DC converter is also plotted
along the trajectory.

Similarly, Figure 21 presents the results of Test 13 for the case Ry ref = 20 () (R, ref = 16.2 0
and 7,.ref = 506). As expected, the general behavior is similar, but with key differences
attributable to the lighter RX-side load. Figure 21c confirms that the RX post-regulator can
still maintain an extended regulation interval of Ry, since V4. again exceeds the battery
voltage early enough along the trajectory due to the given TX current reference. However,
Figure 21d shows that the TX inverter duty cycle does not reach saturation in this case: the
reduced load demand requires a smaller D1y to sustain the target TX current, avoiding
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the clipping observed with Ry ref = 10 Q). Finally, Figure 21c also shows that both Py, and
Ppat reach lower peak values than in Figure 20. This is consistent with the higher RX-side
impedance, which results in reduced energy transfer despite stable regulation conditions.
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Figure 20. Results of Test 13 with I7x yof = 5.6 A, Re,ref = 10 Q (Rye,ref = 8.1 0, 7y ref = 253). Rectifier
output and battery (a) voltages and currents and (b) power and battery efficiency; (c) estimated DC
resistance and its reference; (d) TX and RX duty cycles.

s lbai (dashed) [A]

100

100

v, (solid) , V, (dashed) [V]

)
N
7
Ly (solid)

P, (solid), P_ (dashed) [W]

time [s]
(a) (b)
= 100
c 200
2 150 2
= e}
~ 50
<) 100 >
e =
g 50 a
& 0 0
0 10 20 30 40 0 10 20 30 40
time [s] time [s]
(9 (d)

Figure 21. Results of Test 13 with Iy yer = 5.6 A, Ry ref = 20 Q2 (Rye,rer = 16.2 €0, 75 o = 506). Rectifier
output and battery (a) voltages and currents and (b) power and battery efficiency; (c) estimated DC
resistance and its reference; (d) TX and RX duty cycles.

7. Shielding Efficiency

Based on the design guidelines described in Section 2.3, the final shielding configu-
ration consists of 10 resonant coils per side. On each side, the coils are arranged into two
adjacent sub-arrays of 5 elements, forming a 2 x 5 matrix, as shown in Figure 22. Owing to
the symmetry of the system and considering that the reaction field generated by the shield
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Ansys
& 2024 R2

located on the opposite side of the TX—RX coils is negligible with respect to the source field
produced by the TX-RX pair, only one side of the setup was equipped with the shielding
array in order to simplify the experimental arrangement and the measurements.

Shielding coils

RY coil TX coil

Field probe

Figure 22. Measurement setup of Test 14: the flux density probe is positioned at a distance L =41.5 cm
from the TX coil. The TX and RX coils are placed in a centered configuration. The 2 x 5 shielding coil
array is placed at a variable distance d from the TX coil.

The 2 x 5 array was positioned at a variable distance 4 from the TX coil, which was
the only parameter swept during the analysis. The inter-element spacings dy and dy were
kept constant, as determined through a preliminary optimization. The experimental setup
and the main geometric parameters are summarized in Figure 23, including dy and dy, the
distance between the shielding array and the TX coil (d), and the distance between the
observation plane and the TX coil (L).

l-!‘<

E) 60 em)

(b)

Figure 23. (a) Overview of the 2 x 5 array configuration inside the WPT system. (b) Ansys CAD
dimensions description: inter-elements spacing along X axis (dx) and Y axis (dy) respectively, distance
between the shielding array and TX coil (d), distance between the observation plane and TX coil (L).

The symmetry of the configuration suggests a symmetric magnetic flux-density dis-
tribution on the ZX plane, which was confirmed by FEM simulations performed with the
complete 3D Ansys Maxwell model of the WPT system, including the integrated 2 x 5
shielding array, as shown in Figure 24. The simulated field map was also used to select the
probe location at the point of maximum flux density on the observation plane, constrained
by the DEXTER platform’s clearance constraints.
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Figure 24. Magnetic flux-density distribution |B| on the observation plane located at L = 41.5 cm from
the TX coil, for the 1:2-scale DEXTER prototype operating at f, = 83.4 kHz, ITx = 5 Arms, R, =40 Q),
Az =7.5 cm, and zero lateral misalignment (y = 0): (a) unshielded configuration; (b) configuration with
2 x 5 resonant shielding-coil array placed at d = 23 cm from the TX coil.

Test 14 was carried out by keeping the RX coil fixed and applying the following
operating conditions:

e shielding-array displacement along the y-axis: d swept from 5 cm to 23 cm with respect
to the TX coil;

RX vertical offset: z="7.5 cm;

TX coil current reference: ITx =5 Aims;

RX load: Ry =40 O

inter-elements spacing along x-axis: dy = 6.3 cm;

inter-elements spacing along y-axis: d, = 2 mm;

magnetic field probe distance from the TX coil: L = 41.5 cm;

resonance frequency f, = 83.4 kHz.

The x-, y- and z-components of the magnetic flux density at the probe location were
recorded for each shielding-array position. The array position was swept along the y-axis
by varying the distance d from 5 cm to 23 cm in 1 cm increments. The resulting flux-density
amplitude |B|, plotted as a function of d and compared for the cases with and without the
shielding coils, is shown in Figure 25 for both measurements and FEM simulations.
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Figure 25. Flux density B amplitude plotted by changing the distance d for the setup described in
Figure 23 with and without the presence of the shielding coils: (a) measurements; (b) simulations.

For clarity, the corresponding normalized trend of the flux-density amplitude |B| in

the shielded configuration, as a function of d, is reported in Figure 26, where measurements
are directly compared with FEM simulation results for the setup described in Figure 23.

Flux density B [normalized]
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Figure 26. Normalized behavior of flux density B amplitude with the presence of shielding coils
plotted by changing the distance d for the setup described in Figure 23. Comparisons between
measurements and simulations.

By observing Figures 24 and 26, the following observations can be drawn:

Both measurements and simulations confirm that the proposed shielding-coil array, in
the considered position and configuration, reduces the magnetic flux-density ampli-
tude over the entire investigated range of distances.

The FEM simulations indicate an almost distance-independent shielding behavior,
showing a nearly constant attenuation as the array-to-TX distance varies. However, the
experimental results show stronger attenuation at greater distances from the TX coil,
suggesting a distance-dependent effect in the measured setup. The slight differences
are likely due to uncertainties in the manufacturing process. However, where the
difference is present, the real-world shielding coils exhibit better shielding perfor-
mance than simulations, suggesting that the design method remains reliable. The
maximum shielding effectiveness obtained experimentally occurs at d = 22 cm, corre-
sponding to K = 31.48%. The numerical simulations predict the optimal performance at
d =23 cm, with K = 34.68%, indicating good agreement between experimental and
simulated outcomes.

Overall, the experimental campaign confirms the proposed design procedure. Nev-

ertheless, the performance of resonant shielding arrays is highly sensitive to fabrication
tolerances; therefore, accurate coil winding and tight capacitor tolerances are required to
ensure consistent tuning and repeatable shielding performance.
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From a safety perspective, the measured magnetic flux density levels can be directly
compared with international exposure guidelines. In the unshielded configuration, the
measured magnetic field at 25 cm from the WPT system is approximately 3 pT, which is
below the first public exposure limit of 6.25 uT specified by the ICNIRP guidelines at the
prototype’s operating frequency. The introduction of the resonant shielding array results in
approximately 31% attenuation at the same distance, further increasing the safety margin.
Since the leakage field rapidly decays with increasing distance from the transmitting and
receiving coils, the most critical exposure region is near the vehicle. In this area (where
passengers, drivers, or nearby pedestrians may be present), the reduction in magnetic
flux density achieved by the proposed shielding solution helps improve compliance with
international safety recommendations.

8. Conclusions and Future Directions

This paper presents a comprehensive theoretical and experimental investigation of
Dynamic Wireless Battery Charging (DWBC) systems, addressing design, control, elec-
tromagnetic, and safety aspects at both component and system levels. Specifically, the
analysis highlighted how coil geometry, power-electronics regulation, and electromagnetic
shielding jointly influence both the energy-transfer performance and electromagnetic safety
of dynamic wireless charging infrastructures.

To support the design and optimization of such systems, the DEXTER platform, a 1:2-
scale open and modular experimental prototype developed within the POC-MOST project,
was introduced. The platform integrates a three-axis motion system, digitally controlled
TX/RX power converters, a programmable battery emulator, and a dedicated shielding
and field-measurement setup, all coordinated through a MATLAB-based interface enabling
automated testing and Hardware-in-the-Loop (HiL) integration. This platform enables
reproducible, systematic experimentation under realistic, dynamic operating conditions.

Experimental campaigns demonstrated DEXTER’s capability to validate key DWBC
models and behaviors, including resonance frequency identification, spatial mutual induc-
tance mapping, and end-to-end dynamic charging performance along controlled trajectories.
The results confirmed the accuracy of behavioral electromagnetic models and revealed the
impact of converter duty-cycle saturation on power regulation during motion. Further-
more, shielding measurements, supported by FEM simulations, verified the effectiveness of
resonant coil-array shielding solutions and highlighted their sensitivity to manufacturing
tolerances and tuning accuracy. Since industrialization efforts aim to design solutions
that are easy to replicate and manufacture, thereby minimizing fabrication uncertainties,
a PCB-based implementation of the shielding coils could offer improved reproducibil-
ity in future developments. Another advantage of the PCB version is reduced material
dispersion and potential weight optimization. However, achieving comparable electrical
performance in terms of quality factor may result in a significant increase in manufacturing
costs compared to the current Litz-wire implementation, which serves as a cost-effective
proof-of-concept solution.

Beyond serving as a validation tool, the DEXTER platform represents a unified research
environment for co-designing power electronics, magnetic structures, and shielding solu-
tions for dynamic wireless charging systems. By enabling integrated performance, EMC,
and exposure assessments, it contributes to the development of safer, more efficient, and
more sustainable e-mobility infrastructures. Furthermore, the DEXTER platform provides a
flexible experimental platform for future quantitative sustainability assessments, enabling
systematic comparisons of alternative coil designs, converter architectures, and control
strategies in terms of efficiency, material use, and potential impacts on battery downsizing.
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In line with the adopted 1:2 geometric scaling, the current DEXTER implementation is
limited to 300 W and is intended for model validation and system-level experimentation
rather than direct kW-scale operation. One aspect that falls outside the present scope of
DEXTER concerns the power converter architecture and the specific technologies adopted
for power MOSFETs and passive components in the TX inverter and RX rectifier/post-
regulator, along with all related design considerations. Scaling the platform to higher
power levels would require a dedicated redesign of the power stages, including selecting
appropriately rated components, enhancing thermal management of power MOSFETs and
magnetic and shielding elements, increasing conductor cross-sections to limit ohmic losses,
and reinforcing structural management. Future developments will focus on: (i) extending
the platform toward higher power levels and more complex dynamic scenarios, including
adaptive and predictive control strategies robust to misalignment and trajectory uncertain-
ties; (ii) implementing automated co-design workflows for shielding arrays under realistic
manufacturing constraints; and (iii) performing systematic EMC and electromagnetic-field
exposure assessments in compliance with evolving international standards.
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