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Abstract—Ferrite plates are essential elements in wireless
power transmission systems. Their presence is critical to achiev-
ing adequate magnetic coupling and minimizing the stray
magnetic field. At the same time, reducing the volume of ferrite
used in the vehicle assembly (VA) offers significant benefits
in terms of cost and weight reduction. Topology optimization
(TO) methods are particularly effective tools for applications
like wireless power transfer (WPT), where the magnetic field
is not confined to a well-defined volume, unlike in classical
electrical machines. In the present work, the solid isotropic
material with penalization (SIMP) method is used to achieve an
optimized reduced-volume design of the VA ferrite plate of an
SAE-compliant system. The optimized plate was manufactured
and its performance was experimentally validated and compared
to the original VA. The results show that the fabricated plate
is able to maintain a mutual inductance reduction of less than
10% with a 55% reduction in material volume. The impact of
the material reduction on the system’s losses was also evaluated,
revealing that the proposed solution results in a 3% increase in
losses when tested on a 3.4-kW test bench.

Index Terms— Electric vehicles, electromagnetic modeling,
inductive power transfer, topology optimization (TO), wireless
power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is a rapidly advancing
Wtechnology that enables devices to charge without
physical connections to a power source, eliminating the lim-
itations of traditional wired systems. This flexibility makes
WPT systems a promising solution for a wide range of civil
and industrial applications [1], [2], [3], [4], [5].

The growing interest in WPT is reflected in the rapid
development of standards, with SAE J2954 [6] emerging as
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the most mature international reference [7]. It defines the
implementation and operational requirements for static WPT
systems and also proposes reference designs for the coils in
the so-called ground assembly (GA) and vehicle assembly
(VA). These design examples are based on ferrite tiles forming
a continuous plate beneath each coil. Ferrite remains the
most widely adopted material due to its high permeability
and low losses at the typical operating frequencies and mag-
netic flux densities. However, it presents significant critical
issues in terms of cost, weight, and fragility [8]. Moreover,
its production entails carbon dioxide and greenhouse gas
emissions. Although less impactful than other ferromagnetic
materials, reducing ferrite use can enhance the sustainability
of WPT systems by lowering their carbon footprint [9], [10],
[11]. On the vehicle side, minimizing ferrite volume also
contributes to reducing weight, supporting the vehicle’s range
extension [12].

Several works have addressed the optimization of the ferrite
plates with the main objective of maximizing the magnetic
coupling between the coils. Such optimizations are conducted
through simple parametric sweeps, like in [13], [14], [15],
and [16] or using optimization algorithms, like in [17], [18],
and [19]. However, all of these works approach the optimiza-
tion problem by starting from predefined shapes of ferrite tiles
or bars and then repeating these shapes according to prede-
termined geometries and patterns that tend to trace the shape
of the coils. Therefore, this approach relies on a qualitative
assumption about the distribution of the magnetic field in the
vicinity of the coils. This clearly limits the exploration of
novel shapes that cannot be identified on the simple basis of
experience.

Topology optimization (TO) can overcome such limitations.
Indeed, this method aims to identify the optimal distribution
of the material in a given domain by minimizing a cost
function while accounting for constraints, without imposing
a priori initial shapes or material distributions. Originally
developed for solid mechanics engineering problems, TO has
recently become attractive also in the design of electromag-
netic devices [20], [21], [22], and some recent works have
applied it to WPT applications. These works employ various
TO approaches, which differ in the mathematical space where
the design variables are defined. Some works adopt continuous
type variables as in [23], [24], and [25], while others, such
as [26], [27], [28], and [29], employ binary type variables.
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The binary approach has the advantage of directly identifying
where the material is placed. However, its discrete nature
makes it computationally challenging. It may also result in
designs with isolated patches of solid or empty material. Con-
versely, continuous methods distribute the material throughout
the entire optimization domain, enabling gradient-based opti-
mization algorithms. This allows for more efficient and robust
optimization, though it does not provide a clear distinction
between the presence or absence of material in the domain.
[30].

TO-generated structures often have complex and irregular
shapes that are difficult to manufacture. Thus, TO is frequently
adopted as a preliminary design step to locate the distribution
of the ferrite [23], [24]. In other cases, as also done in the
present work, the shape obtained from the TO is simplified to
allow for its manufacturability [25].

To date, few studies apply TO to the ferrite plate of
an SAE-compliant WPT system, and even fewer validate
designs experimentally under nominal power conditions. For
instance, works [24], [29] focus on WPT for consumer
electronics, while works [23], [26], [27] address electric
vehicle applications but without full-power testing. Although
work [25] reports 2-kW tests, the proposed system lacks
SAE-compliance. Specifically, it assumes an axially symmetric
coil configuration, which simplifies the analysis by considering
only a single slice of the design domain and a lower frequency
than that prescribed by the SAE standard. Similarly, work [28]
includes tests at 10 kW using a non-SAE-compliant scaled-
down coil pair based on the mixed use of ferrite and soft
magnetic composites.

Compared to the reviewed studies, this work applies a
continuous TO method to redesign the VA ferrite plate in an
SAE-compliant 3.4-kW system made of the reference univer-
sal GA and VA provided by the standard. The plate obtained
significantly reduces ferrite usage, resulting in a lighter assem-
bly that can be directly substituted for the original plate while
maintaining interchangeability. The magnetic characteristics
of the new VA assembly are experimentally evaluated, and
the performance of the system with the optimized plate is
tested comparatively with the original system at the rated
power. Finally, a comparative analysis between the proposed
system and the reference configuration is conducted to evaluate
their respective robustness against misalignment and their
leakage magnetic flux density in the presence of the additional
conductive shield and the vehicle mimic plate according to the
recommendations of the SAE standard. To better highlight the
contribution and novelty of this work, a quantitative compar-
ison with the examined existing literature is summarized in
Table 1.

The remainder of this article is organized as follows.
Section II describes the SAE-compliant WPT system adopted
as the reference for this work. Section III outlines the basic
concepts of the TO approach used. In Section IV, the numeri-
cal results from the performed optimization are presented and
discussed. Section V details the experimental validation of
the optimized VA, while Section VI compares the robustness
against misalignment and the leakage magnetic flux density
of the reference system and the optimized one, respectively.
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(a) (b)
(a) VA coil and (b) VA ferrite plate suggested by the SAE standard
taken as reference for the TO.

Fig. 2.

The main outcomes of the work are finally summarized in
Section VII.

II. REFERENCE WPT SYSTEM

The analysis in this article is based on a system that
complies with the guidelines provided by the SAE J2954
standard. Specifically, on the transmitter side, an assembly
is used that responds to the characteristics of the assembly
referred to as the universal GA. As the name suggests, such
a GA is designed to be cross-compliant among the different
power classes defined by the SAE [7]. In fact, it serves as
the transmitter-side reference for building the test bench for
commercial VA validation. As illustrated in Fig. 1, the coil
of this GA consists of eight turns, which are created by
paralleling two Litz wire conductors with a net diameter of
4.7 mm. The spacing between these turns is 5 mm. The ferrite
plate is positioned 4 mm beneath the coil and separated by a
coil tray.

The VA is also constructed in accordance with one of the
reference designs proposed by the SAE standard, as illustrated
in Fig. 2. The coil comprises 16 turns of Litz wire, identical
to that utilized in the GA. The fully filled ferrite plate is
fabricated by bonding 16 tiles, each measuring 100 x 100 mm
and with a thickness of 3 mm, made of KP95 ferrite. The
ferrite used in this assembly has an initial relative magnetic
permeability of 3500 and a saturation induction of 510 mT
at 25 °C. The coil and ferrite plate are separated by a 2-mm
layer of bakelite, which is covered with a Mylar sheet. This
ferrite plate is not mechanically constrained to the coil, thereby
allowing it to be replaced with a different plate without
necessitating any alterations to the remainder of the assembly.
An aluminum shield is positioned above the ferrite plate.

The main design parameters of the two assemblies are
summarized in Table II together with the measured values of
self-inductances and mutual inductance.
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TABLE I
COMPARISON AMONG THE RECENT WORKS ON TO APPLIED TO WPT SYSTEMS

Work TO approach Transmitted | Operating | Experimental test SAE compliance Notes
power frequency at rated power
[23] Continuous 2.5 kW 85 kHz X X
[24] Continuous ~10 W 100 kHz v X
[25] Continuous 2 kW 20 kHz v X
[26] Binary 7 kW - X X
[27] Binary - 85 kHz X X
[28] Binary 10 kW 85 kHz v X Ferrite and SMC, no shield
[29] Binary - 100 kHz X X
This work Continuous 3.4 kW 85 kHz v v Ferrite and shield
TABLE II Iteration 0 Tteration 1 Final solution

MAIN PARAMETERS OF THE REFERENCE GA AND VA ASSEMBLIES

Item

Value

GA ferrite plate size
GA ferrite thickness
VA ferrite plate size

650 mm x 500 mm
10 mm
350 mm x 350 mm

VA ferrite thickness 3 mm

Ferrite relative permeability 3500

VA aluminum shield size 350 mm X 350 mm
VA aluminum shield thickness 5 mm

GA coil number of turns 8 turns (2 wires in parallel)
VA coil number of turns 16

Litz wire characteristics 0.1 x 1200
Rated air-gap 180 mm
GA coil self-inductance 47.9 pH
VA coil self-inductance 125 uH
Mutual inductance 11.1 pH

The TO process is intended to replace the ferrite plate
in Fig. 2(b) with a lighter plate to obtain a VA that is
interchangeable with the previous one.

The current version of the SAE standard does not provide
specific guidelines on interchangeability. For this reason, the
verification criterion adopted in this study is based on the
criteria for magnetic interoperability, as defined in the SAE
standard [6, Appendix K]. Since the number of turns of the
GA and the VA remains constant, the interchangeability of the
two VAs is considered verified in this work if the variation
in the mutual inductance value with respect to the same GA
remains within a deviation of no more than 10%.

III. ADOPTED TO APPROACH

TO has recently gained increasing interest in various elec-
tromagnetic applications due to its unique ability to find the
optimal distribution of a given amount of material within a
design domain (D). This capability is particularly valuable
in applications where the optimal arrangement of material
within the device is unknown. In particular, applying this
technique to the design of electromagnetic components with a
reduced material volume can yield performances comparable
to those of the full-volume case. In this section, the TO concept
is briefly recalled; the interested reader can find detailed
information in [30] and [31].

TO is formulated as a constrained minimization problem

min £(§) under G(8) <0 (1)

where 6 is the design variable (also called density), f is the
objective function, and G is the constraint. A natural constraint
appearing in TO problems is the final amount of material
with a prescribed property that must be kept below a given

Constraint G, (60)
not satisfied

Constraint G4 (0) Constraint G, (0) satisfied
not satisfied -f»(6) maximized

— — O @O m——p x
Perform n iterations . ‘
fo(®) L - _] fu(®) L _] /(0)
Go(o) v PN =1 ) H
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Fig. 3. Conceptual representation of the TO iteration process.

value. In particular, a constraint on the ratio between the actual
volume of material distributed in D, i.e., V (@), and the entire
volume of D, i.e., Vp, is applied

V(0)
Vb

where Vi, is the target fraction of material. Without this
constraint, the trivial optimal solution would often be to fill the
entire domain with material, which is generally neither mean-
ingful nor practical. Therefore, imposing a volume constraint
is a natural and essential part of TO formulations and is widely
used across fields, including structural mechanics and elec-
tromagnetics [22], [32], [33]. The minimization problem (1)
is typically solved with deterministic iterative optimization
strategies, where the sensitivity of the objective function with
respect to the design variable is computed to iteratively update
the material distribution within the domain [31]. Fig. 3 gives
a conceptual representation of the logic of the TO algorithm.

In this study, the solid isotropic material with penalization
(SIMP) approach [31] is used to find the optimal distribution
of the relative magnetic permeability within the optimization
domain D corresponding to the ferrite of the VA.

Given a subdivision of D into finite elements, the TO
assigns to each element of the mesh a density 0 < 6; < 1 such
that the material property w,; assigned to the ith element
is reconstructed through the following material interpolation
scheme (MIS):

- Vfrac = 0 (2)

Uri = Krair + (Mr - Mr,air)eia 3)

where [, and p, are the relative permeability of air and
ferrite, respectively, and « is the penalization parameter. The
correspondence between 6; and the distributed material can
be argued from Fig. 4. To clarify, when 6; = 0, the relative
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Fig. 4. Conceptual representation of the SIMP approach.
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Fig. 5.

Flowchart of TO based on SIMP method presented in this work.

permeability of the element is 1, indicating that the equivalent
material can be assumed to be air. Conversely, when 6, = 1,
the equivalent permeability corresponds to p,, indicating that
the material is ferrite.

In this work, the TO process is carried out using the
finite element method (FEM). Specifically, the optimization
module of the commercial FEM software COMSOL has been
employed, where the SIMP approach is implemented. The
TO procedure follows the flowchart illustrated in Fig. 5.
The optimization algorithm adopted is the method of moving
asymptotes (MMA), which is particularly tailored for solving
this kind of problem [34].

Optimizing the GA and VA of WPT systems is, in general,
a multiobjective optimization problem, where several aspects
are considered as objective functions [18], [35]. It is worth
noting that, due to the high dimensionality of TO and its
reliance on gradient-based methods, implementing a full mul-
tiobjective framework remains challenging and is an active
research topic in the field [36], [37]. In this article, a single-
objective optimization with constraints is therefore adopted,
and the resulting topology is evaluated against all relevant key
performance indicators to ensure a comprehensive a posteriori
assessment. The objective of the optimization problem is to
maximize the mutual inductance M while constraining the
volume fraction of the ferrite VA plate to remain under a
predetermined threshold.

In the SIMP approach, since the design variable 6; is
continuous, “grayscales” arise; for intermediate values of
6;, the equivalent relative permeability does not correspond
strictly to either air or ferrite. Cutting the grayscales at the
end of the optimization process is required since, for the
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Aluminium Shield

VA Ferrite Plate: domain of I

optimization 7

VA Coil: 16 turns

GA Coil: 2 wires in
parallel, 8 turns each

GA Ferrite Plate

Fig. 6.  Geometry implemented to perform the TO simplified through
symmetry strategy and massive conductor equivalent description.

physical realization of the device, it is necessary to decide
whether or not to insert the material. In this work, an accu-
rate choice of the parameters [e.g., o in (3)] and numerical
techniques, such as the Helmbholtz filter and the hyperbolic
tangent projection, were applied at each iteration to reduce
the grayscale phenomenon as discussed in [30] and [38].
Specifically, in the Helmholtz filtering stage, the filter radius
was set equal to the maximum element size of the mesh, while
for the hyperbolic tangent projection, a projection slope of
B = 8 and a projection point of 8, = 0.5 were used. Finally,
a value of « = 7 was adopted for the MIS. Furthermore,
at the end of the optimization, all elements with 6, > 0.5 were
assigned to ferrite.

Since TO involves a large number of variables, equal to
the number of mesh elements in the optimization domain,
it is important to employ strategies that allow for reducing
the computational cost while maintaining accurate results
when creating the FEM model of the device under study.
In the FEM model, a simplified massive conductor equivalent
description is used for both the receiver and transmitter coils.
This geometric simplification enables the use of a symmetry
strategy where the simulation is performed on only a quarter
of the total geometry, and symmetry is subsequently applied
to reflect the results across the entire structure.

The geometry of the model implemented to perform the
optimization is shown in Fig. 6.

The problem is treated as a magneto quasi-static problem
and solved via the magnetic vector potential A formulation.
Therefore, the mutual inductance, which is the objective
function of the optimization problem, is computed from the
magnetic vector potential through the relationship

/ A-vdV
Vva

Svalca

M = 4
where the volume integral is performed along the VA coil, v
is a versor indicating the winding direction, Sy is the section
of the massive conductor that simplifies the VA coil, and Iga
is the current flowing in the transmitter coil that generates the
magnetic field assumed equal to 1 A for the computation of M.
This current value is chosen to avoid introducing nonlinearities
into the model. Consequently, magnetic saturation is addressed
through a constraint on the normalized maximum magnetic
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TABLE III

OBTAINED VALUES OF MUTUAL INDUCTANCE FOR DIFFERENT
CONSTRAINED FRACTIONS OF VOLUME

Fraction of Volume | M | Reduction in M

25% 93 pH | 16%
40% 10.5 pH | 5%
55% 10.8 pH | 2%
70% 11.0 pH | 04%

flux density. If this constraint is violated, the optimization
algorithm adjusts the magnetic core geometry, avoiding sat-
uration while maintaining the linearity of the overall problem.
To avoid nonlinearities, the relative magnetic permeability
of the ferrite is also assumed constant with respect to both
temperature and frequency.

Preliminarily to its use for the TO, the model was validated
by obtaining a mutual inductance value of 11.06 puH that
deviates from the measured value by only 0.4%.

IV. TO RESULTS

Equation (2) outlines the TO problem as a constrained one,
where the applied constraint is the ratio between the actual
volume of material distributed in D and the entire volume of
D. To investigate the effects of different material distributions,
the optimization process in this work has been performed by
imposing different maximum allowable volume fractions for
the material.

The optimization results, along with the final proposed
design, are detailed in Section IV-A. Additionally, the method-
ology used for estimating and analyzing losses in the
optimized plate is presented in Section IV-B. The optimization
was performed on a workstation equipped with an Intel Xeon
processor (16 cores, 3.10 GHz) and 128 GB of RAM. The
total computation time was approximately 10 h and 30 min
for each imposed material fraction case.

A. TO Results

The resulting shapes for the different maximum amounts of
material imposed as constraints in the TO are finally presented
in Fig. 7, while the corresponding values of M are summarized
in Table III. It is worth noting that the shapes obtained cannot
be correlated with any information that could be evaluated
a priori. This characteristic highlights the strength of TO as
a powerful tool for identifying entirely new and nonintuitive
optimal geometries.

From Table III, it can be observed that reducing the material
volume by 30% results in a negligible reduction in mutual
inductance. Furthermore, it can be observed that it is possible
to use half, or even less, of the original material volume
and still achieve acceptable performance in terms of mutual
inductance.

As discussed in Section II, the optimized VA is considered
interchangeable with the original VA if their mutual inductance
with respect to the GA remains the same within a tolerance
of 10%. Among the identified solutions, the one that allows
for compliance with this constraint by achieving the greatest
volume reduction is the solution with a ferrite volume fraction
of 40%, which results in a mutual inductance reduction of
about 5%.
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Fig. 7. VA ferrite after TO with a material fraction of volume of (a) 25%,
(b) 40%, (c) 55%, and (d) 70%.
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Fig. 8. (a) Optimized VA ferrite plate with simplified shape and
(b) comparison between the shape resulting from TO and simplified one.

It is evident that the final shape of this VA plate appears
critical from a fabrication point of view, as it exhibits uneven
geometries with jagged edges. For this reason, this geometry
is simplified as shown in Fig. 8(a). To make the simplifica-
tion introduced better appreciable, the simplified geometry is
superimposed in transparency on the geometry obtained from
the TO process in Fig. 8(b). It is possible to appreciate how
the simplified geometry aligns with the original one. However,
it is also evident that the proposed final plate presents a
slightly increased volume of ferrite compared to the original
TO solution, along with a modified material distribution in the
central region. In particular, the volume of the simplified plate
is about 45% of the full ferrite plate. Hence, the proposed
solution results in a reduction in ferrite of approximately
55% compared to the starting SAE-compliant VA plate. The
numerical evaluation of the mutual inductance related to this
final shape provides a value of 10.20 pH, which is slightly
lower than the value obtained for the nonsimplified geometry
due to the manufacturing simplifications introduced.

By analyzing the optimized shape obtained through TO,
it can be observed that when the available material volume is
significantly constrained, the TO algorithm tends to prioritize
the creation of a low magnetic impedance path from the center
to the outer edges of the plate, rather than directly across
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the windings as might be intuitively expected. This results
in the “arms” of the structure. When the material is removed
from a region, this indicates that the area does not contribute
effectively to guiding the magnetic flux and is therefore more
likely to be excluded during optimization. This behavior is
particularly evident in the central region, where the magnetic
flux density is nearly zero and does not influence the mutual
inductance, as also demonstrated in previous studies [13]. This
ultimately leads to the formation of the central cross.

B. Losses’ Estimation Methodology

The reduction in mutual inductance, albeit slight, and the
reduction in the volume of material in the VA ferrite plate
can result in a reduction in the efficiency of the WPT system.
In fact, a lower M implies an increase in the GA coil current
to maintain the same transferred power, which increases Joule
losses in the coil. At the same time, the reduction in ferromag-
netic material decreases the flux-carrying cross section. This
can result in increased magnetic flux density in the ferrite
and a possible consequent increase in losses within the ferrite
material itself. Therefore, it is important to take loss aspects
into consideration in order to ensure a comprehensive and
systematic evaluation of the optimization outcome.

The losses in the GA and VA assemblies can be categorized
into coil losses, losses in the ferromagnetic materials, and
losses in the aluminum shields. Given that this work focuses on
analyzing the effects of material reduction on the ferrite plate,
particular attention has been placed on isolating and estimating
the losses specifically associated with the ferrite. However,
experimentally separating the contributions of the plate losses
from the others is very challenging, as the current density
distribution in the conductors is influenced by the surrounding
materials.

To achieve this, the ferrite plate losses were estimated using
the Steinmetz model, which relies on simulated magnetic flux
density values. In such systems, the currents in the coils,
particularly on the receiver side, can be assumed sinusoidal
with a good degree of accuracy [39]. Therefore, no advanced
ferromagnetic loss calculation methods are required [40], and
the use of the Steinmetz model is fully justified.

The core loss was then evaluated numerically by integrating
over the volume of each core the loss density peore, €Xpressed
in W/m? and defined according to the Steinmetz equation

pcorezk'fa'éﬂ (5)

where the parameters k, o, and g are the Steinmetz parameters
of the core material; f is the frequency expressed in hertz; and
B is the peak value of the magnetic flux density, expressed in
tesla. The value of B was obtained by imposing the rms value
of the first harmonic of the coil currents measured during the
full-power test. For the KP95 ferrite used in this work, the
parameters are derived from the core loss behavior provided
in the ferrite manufacturer’s datasheet. The adopted parameters
are: k =197, « = 1.5, and g = 3.22.

The losses in the aluminum shield were also evaluated
numerically by simulating the induced power dissipated in
the shield when the coils were supplied with the currents
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Fig. 9. Manufactured VA ferrite plate for the SAE-compliant WPT system.

TABLE IV

COMPARISON BETWEEN SIMULATED MUTUAL INDUCTANCE AND
MEASURED ONE

Simulated M/  Measured M | Relative error
Reference plate 11.06 uH 11.10 pH 0.4%
Optimized plate | 10.20 uH 10.23 pH 0.3%
Difference in M | 8% 8% -
TABLE V
PERFORMANCE TEST AT 3.4- kW AND EFFICIENCY EVALUATION

Parameter Reference plate  Optimized plate

Output Power 3.43 kW 3.39 kW

Input Power 3.70 kW 3.78 kW

Rga 50 m$2 50 m$2

Rva 150 m$2 170 mQ2

Iga 30 A 33.75 A

Iya 19.6 A 194 A

Total measured losses 270 W 390 W

Evaluated coils losses 102.6 W 121 W

Simulated ferrite losses | 3.15 W 57 W

Simulated shield losses 1.1W 5 W

DC-DC Efficiency 93% 90%

measured during the full-power test. Regarding the coil losses,
the resistances of the coils were measured using an LC R meter
with a measurement current limited to 1 mA at 85 kHz. This
limited value of the current allowed for considering the effect
of the ferrite on the current density distribution, but, at the
same time, to minimize the induction value in the ferrite and
therefore neglect its losses. The resistance values obtained
through the measurement were multiplied by the square of
the rms values of the currents measured in the coils during
full-power tests, thus obtaining values representative of Joule
losses.

The outcome of these evaluations is presented in direct com-
parison with the experimental efficiency results in Section V.

V. EXPERIMENTAL VALIDATION

The simplified geometry obtained from the TO process was
applied to the construction of the ferrite plate shown in Fig. 9.
Most of the structure was obtained by assembling standard
elements, while the more complex part was creating the cut
in the center, which was done using waterjet cutting, a rapid
process involving minimal material waste. This optimized
plate was compared through various tests and measurements
to the original plate of the system described in Section II.

The first comparative test was conducted by measuring the
mutual inductance value through an LC R meter measurement.
The result was also related to the values obtained through
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Fig. 11. Optimized SAE-compliant proposed system. The aluminum shield

is not present to better appreciate the shape of the ferrite plate.
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Fig. 12. Source dc/ac converter output voltage (orange trace), current (light
blue trace), and VA coil current (green trace) waveforms for the system with
(a) reference plate and (b) optimized one.

the numerical model and reported in Table IV. The exper-
imental results show good agreement with the numerically
simulated values. Minor discrepancies may be due as much
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Fig. 13. Measured value of M as a function of the misalignment along
(a) X-axis and (b) Y-axis.

to the approximation introduced for conductor modeling as to
machining tolerances and tolerances on coil placement during
measurements. Additionally, the experimental measurements
confirm that the variation in mutual inductance M remains
well below 10%, confirming the interchangeability of the two
assemblies.

Having verified the compliance of the optimized VA plate,
the two assemblies were deployed in the same WPT system
and operated to obtain the same output power of 3.4 kW.
The operating frequency in both cases remained unchanged
and equal to 85 kHz by modifying only the compensation
capacitors connected to the VA coil. The system employs
an LCC compensation topology for the GA and a series
compensation topology for the VA. The LCC-S compensation
was chosen since it offers advantages in terms of control of
the charging process and ensures inherent operational safety
even in the case of sudden and unexpected disconnection of
the load [41]. However, it is worth noting that the method-
ology used in this work, which focuses solely on the mutual
coupling between the coils, remains valid regardless of the
compensation topology adopted.

The transmitted power is regulated by modifying only the dc
voltage of the source dc/ac converter. A simplified scheme of
the resonant system with LC C-S topology is drawn in Fig. 10.

The assembly of the GA coil, which remains unchanged,
and the optimized assembly can be seen in Fig. 11. The dc/ac
output voltage and current waveforms for both the system with
the reference plate and the optimized system are shown in
Fig. 12. It can be observed that the difference in M between the
two systems necessitates an adjustment of the source voltage.

The obtained results are presented in Table V, where Iga
and Iyp are the measured rms current values in the coils.
Efficiency was calculated as the ratio of the power measured at
the system input dc bus to the dc power output of the system,
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Fig. 14. Leakage B-field for the system with (a) reference plate, (b) optimized
one, and (c¢) relative difference between the two.

while the total losses were derived by subtracting the output
power from the input power. Along with the efficiency values,
the losses in the coils, ferrite plates, and aluminum shields,
calculated as described in Section IV-B, are reported.

Experimental results show that the use of the optimized
plate does indeed result in a 3% reduction in efficiency.
However, this reduction in efficiency corresponds to a volume
(and therefore weight) reduction of 55%. The results obtained
through numerical models indicate precisely how the increase
in losses is related to the reduction in material cross section,
leading to an increase in magnetic flux density compared with
the starting configuration with a full ferrite plate. At the same
time, the 8% reduction in mutual inductance is compensated
for by an increase in current on the primary coil, which also
causes an increase in losses in the conductor. In an engineered
application, it is possible to operate iteratively, i.e., gradually
relax the volume fraction imposed for the TO and evaluate the
effect on losses until a suitable tradeoff is found.

VI. MISALIGNMENT AND LEAKAGE MAGNETIC FLUX
DENSITY ASSESSMENT

Once the simulation results were validated and the power
transmission capability of the proposed system was con-
firmed, further evaluations were required to assess the
system’s compliance with SAE standard requirements. There-
fore, an additional analysis of the proposed system under
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misalignment conditions is presented in Section VI-A, while
a comparative analysis of the leakage magnetic flux density
(B-field) is provided in Section VI-B.

A. Misalignement Analysis

In accordance with the SAE standard, which specifies a
maximum misalignment of 75 mm along the X-axis and
100 mm along the Y-axis [6], the measurements of mutual
inductance were carried out at five equally spaced positions
along each direction, ranging from O to the respective max-
imum misalignment values. The measured values of M as a
function of misalignment along the two axes are presented in
Fig. 13, for both the reference plate and the optimized one.

It is important to note that the adoption of the optimized
ferrite plate does not lead to a more rapid decrease in M
under misalignment conditions. The difference in M between
the reference plate and the optimized configuration remains
approximately constant across the tested misalignment range.

B. Leakage B-Field Analysis

A further comparison between the reference plate and the
optimized one deals with the evaluation of the leakage mag-
netic flux density (B-field). According to the SAE standard [6],
the B-field must be evaluated at a distance of 20 cm from the
vehicle chassis (i.e., any conductive or ferromagnetic element)
to avoid edge effects. The application is considered compliant
if the field remains below the reference level of 27 uT.

In this study, the vehicle is emulated through the steel
vehicle mimic plate defined in the test bench reported in the
SAE standard. This plate has dimensions 1.5 x 1.5 m and is
placed directly above the aluminum shield as visible in Fig. 14.

Fig. 14 reports the distributions of the B-field evaluated
over three perpendicular observation planes positioned at the
prescribed distance from the mimic plate. The relative dif-
ference between the case with the reference plate and the
one with the optimized plate is reported in Fig. 14(c). This
figure demonstrates that the adoption of the optimized ferrite
plate has only a marginal effect on the leakage magnetic
flux density. The reference level of 27 uT prescribed by the
standard is never exceeded in any of the observation planes
for both cases with reference and optimized plate, allowing
both solutions to be considered compliant.

VII. CONCLUSION

This article proposed and analyzed an innovative design
of the ferrite plate of an SAE-compliant system obtained
through the application of a dedicated topological optimization
technique. The aim was to achieve a design with as little
system weight as possible while maintaining compliance with
the design proposed by the standard and full interchangeability
with the latter.

The proposed design was developed using the SIMP
approach, framing the problem as a constrained optimization
task. The objective function aimed to maximize the mutual
inductance, while the constraints ensured the ferrite volume
remained within a predefined limit.
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A novel configuration has been derived from the TO and
subsequently manufactured for experimental validation.

A 3.4-kW test bench has been implemented to validate
the numerical results and compare the novel solution with
the initial design. The work’s outcomes demonstrate that an
optimized material reduction of approximately 55% led to
only an 8% decrease in mutual inductance, highlighting the
effectiveness of the proposed approach in maintaining system
performance while significantly reducing material usage. The
experimental results at the rated power level demonstrate that
a 55% reduction in ferrite material results in a 3% decrease
in dc—dc efficiency. This difference is due to the increase
in current in the transmitter coil caused by the reduction in
mutual inductance and the increase in losses in the ferrite due
to the reduction in the cross section of the ferrite, which causes
an increase in the induction level.

The optimized system has also been compared with the
reference configuration in terms of robustness against mis-
alignment and leakage magnetic flux density, following the
assessment guidelines prescribed by the SAE standard. These
comparative analyses demonstrated that the adoption of the
optimized ferrite plate does not result in a more rapid decrease
in mutual inductance under misalignment conditions and has
only a marginal effect on the leakage magnetic flux density,
which remains well below the reference limit specified by the
standard.

Finally, it is worth mentioning that the primary objective at
this stage of the research was to experimentally validate the
numerical results of the TO. Thus, the manufactured ferrite
core was designed to replicate as closely as possible the shape
obtained from the optimization algorithm. Future research will
be aimed at exploring solutions to take into account potential
industrial cost constraints.
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