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Abstract

Flexible soft magnetic materials represented by nanocrystalline have been widely used in magnetic couplers of wireless power transfer systems due to their
superior electromagnetic properties and mechanical flexibility in recent years. However, the high conductivity characteristics and thinner material unit
thickness of nanocrystalline materials expose additional issues. This article first proposes a general modeling and analytical calculation method for shielding
energy efficiency and loss of the nanocrystalline laminated magnetic core structure. Then, a novel hybrid multi-permeability Fe-based flexible
nanocrystalline laminated ribbon magnetic structure is proposed. By multi-objective optimization of the permeability, the additional eddy current loss has
been significantly reduced. In addition, the transmission performance of the proposed magnetic structure is compared with five similar structures in
experiments. Results show that the system transmission efficiency is higher than 93.8% when transmitting 3 kW power and has a superior electromagnetic
shielding effect. The proposed structure leads to a significant reduction in weight and volume, which is conducive to the lightweight design and efficient
operation of the system. The novel structure achieves a uniform distribution of magnetic flux density while enabling effective thermal management and
electromagnetic compatibility of the magnetic coupler, which contributes to the long-term reliable operation of the WPT system.
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Introduction

The magnetic coupling resonance wireless power transfer (MCR-
WPT) system is considered an effective solution for wireless power
transfer (WPT) systems with power levels of hundreds of watts, kilo-
watts, or even higher due to its advantages of long transmission
distance, high transmission power level, and high system
efficiency!’l. Soft magnetic materials represented by Mn-Zn power
ferrites are often added as magnetic cores to the magnetic coupler
of WPT systems to enhance the performance of magnetic couplers,
achieve magnetic concentration, increase coupling coefficients, and
thus improve transmission efficiency. However, with the increasing
demand for power density and the diverse adjustment of WPT tech-
nology application scenarios, the low saturation magnetic flux
density, low thermal conductivity, low thermal stability, and
mechanical mechanism brittleness of traditional Mn-Zn ferrites are
gradually exposed and become potential bottlenecks for the further
development of WPT technology.

In recent years, flexible amorphous and nanocrystalline materials,
especially Fe-based flexible nanocrystalline materials, have received
increasing attention in the application of MCR-WPT systems!2.
Compared with ferrites, nanocrystalline materials have greater flexi-
bility and superior electromagnetic properties in the design of
magnetic cores for WPT system magnetic couplersBl. Fe-based
nanocrystalline materials have significant differences in material
properties from Mn-Zn ferrite, mainly reflected in high conductivity,
high magnetic permeability, and low hysteresis loss. Table 1 shows
the comparison of basic parameters of nanocrystalline and Mn-Zn
ferrite from two typical manufacturers. Specifically, the displayed
nanocrystalline materials are the thin ribbon units that have not
undergone fragmentation treatment. Higher conductivity and
magnetic permeability enable Fe-based nanocrystalline materials to
have better electromagnetic shielding ability and enhanced mutual

© The Author(s)

inductance of magnetic couplers. However, nanocrystalline
magnetic cores with high conductivity will generate eddy currents
opposite the coil currents in WPT systems, resulting in additional
eddy current losses. Therefore, it is necessary to model and calcu-
late the shielding efficiency and additional eddy current losses of Fe-
based nanocrystalline magnetic core couplers to evaluate the appli-
cation requirements of nanocrystalline materials in WPT systems.

From the perspective of material properties and nanocrystalline
applications, compared to ferrites, flexible nanocrystalline materials
exhibit higher relative permeability and maximum saturation flux
density, enabling electromagnetic gain and shielding while effec-
tively avoiding magnetic saturation issues in the core region of
magnetic coupling resonance wireless power transfer technology.
Currently, one of the most prominent applications of nanocrys-
talline materials in WPT technology is in electric vehicle magnetic
couplers, as exemplified by the SAE-J2954 standard, where they are
paired with DD coils to enhance transmission efficiency!-7. Lever-
aging the unique flexibility and mechanical deformation resistance
of nanocrystalline materials, recent research has increasingly
applied them to WPT systems with special-shaped enclosures, such
as submersibles and drones, achieving excellent conformability,
lightweight design, and integration8-'3. Additionally, in WPT
compensation network inductors, nanocrystalline ribbons and rings
have become a key improvement measure for reducing parasitic
internal resistance losses!'6.171,

From the perspective of material structure applications, existing
research has primarily developed two typical approaches. On the
one hand, composite magnetic shielding structures can be created
using two or more magnetic materials combined with shielding
materials to improve shielding efficiency!'8-201, On the other hand,
optimized magnetic structures using the same nanocrystalline
material can be employed to enhance specific magnetic properties
of traditional magnetic structures2'-231,

www.maxapress.com/wpt
WWw.maxapress.com


mailto:wangdean@hit.edu.cn
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
mailto:wangdean@hit.edu.cn
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
https://doi.org/10.48130/wpt-0025-0010
http://www.maxapress.com/wpt
http://www.maxapress.com

Wireless Power
Transfer

A novel nanocrystalline WPT core structure

Table 1. Comparison of basic parameters between typical Fe-based nanocrystalline and Mn-Zn ferrite materials.

Symbol Parameter Fe-based Nanocrystalline @ YuNeng Tecu106 ~ Mn-Zn Ferrite @ TDK PC95
B, (T)@25°C&H=1,194 A/m Saturation magnetic induction 1.25 0.53

Ho (Gs/Oe) Initial permeability 100,000 3,300

Hmax (Gs/Oe) Maximum magnetic permeability 1,000,000 6,000

Hc (A/m) @ 25°C&H = 1,194 A/m Coercivity 1.60 9.5

T.(°C) Curie temperature 570 215

pp (kg/m3) Bulk density 7,200 4,900

PLoss (kW/m3) @ 100 kHz & 25°C & 0.2 T Core loss 250 350

Ploss (kW/m3) @ 100 kHz & 100°C & 0.2 T Core loss 180 290

Pg (Qm) Volume resistivity 1.1x107° 6

From the standpoint of magnetic coupler modeling, the precise
analytical modeling of magnetic couplers remains a critical and hot
topic in WPT technology. Accurate modeling of WPT magnetic
couplers allows for the determination of system coupling perfor-
mance, coil resistance, self-inductance, and coupling coefficients
during the early design phase without relying on finite element soft-
ware. This is highly beneficial for quickly assessing whether the
design parameters of the magnetic coupler meet expectations
during the initial design stages. Current research primarily focuses
on the development of analytical models for coreless, infinitely large
core, and finite-sized core configurations?4251, Many studies have
adopted approaches similar to laminated silicon steel modeling to
analyze the anisotropy of nanocrystalline cores in thin ribbon lami-
nations!29l, However, few studies have addressed the modeling of
multilayer shielding efficiency and eddy current losses.

However, current research on the application of Fe-based flexible
nanocrystalline ribbons primarily focuses on addressing the inher-
ent limitations of traditional ferrites in terms of magnetic properties
and mechanical structures. Most studies have concentrated on the
straightforward substitution of magnetic core materials in couplers,
with limited attention dedicated to the modeling and magnetic
circuit analysis of laminated flexible nanocrystalline materials specif-
ically for WPT system applications. To address the limitations of
traditional power ferrites in improving the power density of WPT
systems and overcoming their mechanical brittleness, and to tackle
the current challenges of parasitic eddy current losses and associ-
ated thermal imbalance issues in WPT nanocrystalline materials, this
study proposes to conduct research from the perspectives of
magnetic material design and magnetic structure optimization. The
main contributions of this paper are as follows:

(1) A comprehensive evaluation was conducted on the applica-
tion requirements of magnetic materials and magnetic structures
for the magnetic coupler of high-efficiency and high-power density
WPT systems, and the process characteristics and general applica-
tion methods of Fe-based flexible nanocrystalline ribbon magnetic
materials were summarized.

(2) A general modeling method for Fe-based flexible laminated
ribbon nanocrystalline magnetic core structure was proposed, and
the modeling and analytical calculation of its shielding energy effi-
ciency and additional eddy current loss were completed.

(3) A hybrid multi-permeability nanocrystalline magnetic core
structure was proposed for typical unipolar WPT magnetic couplers.
After optimizing the design with multi-objective conditions using
finite element and analytical methods, the novel structure achieves
better coupling performance, shielding energy efficiency, and
thermal characteristics compared to the traditional flat laminated
structure.

(4) A 3 kW unipolar WPT system experimental testing platform
was designed and built, while comprehensively tested and
compared the proposed magnetic structure with five traditional
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ferrite and nanocrystalline structures, verifying the superiority of the
proposed substructure.

Flexible nanocrystalline magnetic core and its
application evaluation in WPT systems

Requirements of flexible nanocrystalline magnetic
cores for WPT applications

Soft magnetic materials have high magnetic permeability electro-
magnetic properties, which can effectively concentrate and guide
magnetic fields, achieve spatial reshaping of magnetic flux, and
improve the magnetic circuit distribution of the surrounding envi-
ronment of the material. High-performance magnetic materials,
such as magnetic core structures integrated into wireless energy
transmission magnetic couplers, can effectively improve the quality
factor and mutual inductance coupling coefficient of coils, which is
crucial in improving system power levels and output efficiency. In
addition, the beam and aggregation effects of magnetic materials
can effectively improve the electromagnetic leakage of magnetic
couplers, reduce the electromagnetic radiation interference of wire-
less energy transmission coils on power electronic devices and the
surrounding environment, and achieve electromagnetic compatibi-
lity design and electromagnetic shielding effect of the system!27.281,
Generally, for the application of magnetic couplers in WPT systems,
more stringent design requirements are required for the magnetic
materials and structures used, which can be considered from the
following perspectives.

Efficient and high power density

The application objects of WPT systems usually have limited load
capacity, so it is necessary to provide the highest possible power
density and transmission efficiency. For magnetic core design, on
the one hand, it is necessary to use magnetic materials with high
permeability and low conductivity to achieve high coupling charac-
teristics while minimizing the additional eddy current losses caused
by parasitic internal resistance to choose the highest saturation
magnetic flux density possible to avoid magnetic saturation. On the
other hand, the design of magnetic structures should also be opti-
mized based on the optimal direction for achieving magnetic circuit
closure, utilizing the deformability of magnetic materials to achieve
magnetic aggregation and constraint design, and enhancing the
coupling capability of magnetic couplers.

System thermal stability and electromagnetic compatibility

In addition to the WPT system, electric carriers also integrate a
large number of electrical components, which place high demands
on their internal thermal stability and electromagnetic compatibil-
ity. The magnetic core of the magnetic coupler should achieve as
little heat generation as possible, and the magnetic structure should
achieve a good electromagnetic shielding effect to ensure the relia-
bility of the electromagnetic compatibility design of the internal
electrical system of the power carrier.

Wang et al. Wireless Power Transfer 2025, 12: €014
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Structural conformance and system integration

Taking unmanned underwater vehicles as an example, modern
unmanned equipment usually has irregular mechanical shell shapes
and narrower installation spaces compared to electric vehicle chas-
sis, which requires the strict design of magnetic couplers, including
coils and magnetic cores, from the aspects of conformity and inte-
gration. Conformal deformation is primarily evident in the assembly
of the magnetic coupler, ensuring that it does not compromise the
structural and mechanical properties of the carrier. Therefore, the
magnetic core must possess a certain degree of bendability and
flexibility. Additionally, due to the limited installation space within
the carrier, it is essential to design the magnetic core to be as thin
and lightweight as possible, to meet the demands of integrated
installation and lightweight design.

Flexible nanocrystalline unit and its fragmentation
process characteristics

Generally, the thinner the processed nanocrystalline ribbon, the
smaller its eddy current loss and the better its transmission perfor-
mance. The current nanocrystalline ribbon technology can roll
materials into 15-30 um. This article selects Fe-based nanocrys-
talline ribbon products with a unit profile thickness of 18 um and a
bandwidth of 65mm. The grain fragmentation of nanocrystalline
materials can be achieved through heat treatment and mechanical
crushing processes. The heat treatment process includes annealing
in a nitrogen environment and crystallization of nanocrystalline
particles on an amorphous substrate, thereby forming an amor-
phous nanocrystalline biphasic structure. This biphasic structure has
excellent electromagnetic properties. The mechanical crushing
process decomposes nanocrystalline alloy materials into a series of
small fragmented nanocrystalline particles through a crushing
device and rolls them into the precise thin flexible ribbon materials,
as shown in Fig. 1.

The nanocrystalline fragmentation process can increase the resis-
tivity of nanocrystalline ribbons by blocking the eddy currents of
nanocrystals on the XOY plane, as shown in Fig. 2. After fragmenta-
tion, the tiny nanocrystalline particles will form many air gaps, which
confine the vortex elements to smaller areas and effectively block
them. The finer the grain size, the more significant the eddy current
blocking effect and the higher the electrical resistivity.

However, while the fragmentation process increases the resistiv-
ity and reduces eddy current losses, it also reduces the magnetic
permeability of nanocrystalline materials. As the degree of fragmen-
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decreases. Due to the establishment of an air gap caused by the
demagnetization field, the magnetization of the nanocrystals is
hindered, and the saturation magnetic field strength Hm increases.
This is beneficial for avoiding the problem of magnetic core satura-
tion caused by the increase of winding current in WPT systems. Still,
it may also affect the transmission performance of WPT systems.

The permeability of the nanocrystalline ribbon material will indi-
rectly affect the additional eddy current loss of the core, so it is
necessary to determine the lower limit of the relative permeability
of the core of the magnetic coupler(?9l, As shown in Fig. 3, the fluctu-
ation of self-inductance and coupling coefficient of 200 mm * 200
mm circular magnetic coupler is simulated in ANSYS Maxwell with
the change of permeability, which shows that although the high
permeability property of the nanocrystalline can better suppress the
leakage, it does not significantly improve the coupling. When the
relative permeability decreases from 3,000 to 20, the coupling coef-
ficient first decreases slowly, and the slope starts to increase near
1 =600 and then decreases sharply at u = 400. In addition, although
the core greatly reduces the reluctance around the receiver coil,
most of the surrounding space is still occupied by air, which causes
the coil self-inductance to decrease first gradually and then rapidly
with decreasing permeability, similar to the change in the coupling
coefficient. Therefore, the improvement of self-inductance, coupling
coefficient, and leakage flux of the WPT system by the increase of
magnetic permeability when the core permeability is not lower than
600 is not so significant, but the additional eddy current losses
induced by the nanocrystalline material still need to be considered.

Lamination and transmission characteristics analysis
of flexible nanocrystalline

The magnetic core is typically positioned close to the Litz coil in
the WPT system magnetic coupler. To prevent magnetic saturation
caused by the ribbon nanocrystals when operating in high-power
systems, it is beneficial to use multiple layers of ribbon cores that are
rolled and bonded together. This approach enhances the core abil-
ity to tolerate higher levels of magnetic flux density before satura-
tion occurs. Figure 4 illustrates the process of laminating a 1-mm-
thick nanocrystalline ribbon core. In this design, 18-um nanocrys-
talline ribbon units are held in place with a 2-uym adhesive and an
insulating film is attached to the exterior of the finished core. The
stacked and rolled configuration, along with the application of
adhesive, helps to limit eddy currents around the sides of the

tation increases, the magnetic permeability of nanocrystals  nanocrystalline ribbon cores. This results in a fragmentation-like
fﬁ .
Molten alloy ) Amorphous Nanocrystalline Fre}gment nanocr.ystallme
alloy alloy ribbon magnetic core
Molten alloy- Amorphous Nanocrystalline ) )
N alloy Heat treatment allo Nanocryst.alllne nbl?on
L -,ﬁj.-.';j—‘,;f;'g 9 iivi . m R magnetic core unit
T 000 @
: = \
W Crystal grain < 100 nn}"v
[OND); ‘ Preliminary Random Laminated
) . i | fragmentation fragmentation rolling
id cooling and cooling o
% .oling rate >10° ‘C/s} L ) .
: Jmsulation
e = plastic film
Interlayer
adhesive
Fig.1 Schematic diagram of the fragmentation process of nanocrystalline ribbon core.
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effect that confines the eddy currents to a smaller area, thereby
reducing additional eddy current losses.

The coil surface of the magnetic coupler is used as the reference
plane, and the lamination direction can be either perpendicular or
parallel to the reference plane, as shown in Figure 5. The thickness
of the nanocrystalline ribbon is t, and the thickness of the adhesive
is t,q- The nanocrystalline share in the laminated ribbon core can be
defined by the lamination factor F, with:

I
= m 1)

The commonly used flat and vertical laminated nanocrystalline
structures currently do not fully account for the magnetic reluc-
Fig. 2 Schematic diagram of the fragmentation process of tance distribution in unipolar coil designs. Figure 6 illustrates the
nanocrystalline ribbon core. application of laminated ribbon nanocrystalline cores in unipolar
coils. Specifically, the flat laminated nanocrystalline core structure,
while straightforward and easy to implement, considers the distribu-
tion of self-coupling paths but weakens the mutual-coupling paths.
On the other hand, the vertically laminated nanocrystalline struc-
ture facilitates magnetic flux transmission along the cutting direc-
tion, making it more suitable for bipolar coil structures, such as the
DD coill,

However, due to the electromagnetic properties of nanocrys-
talline materials with high permeability and high electrical conduc-
tivity, the addition of adhesive causes the magnetic path of the core
to be cut along the normal direction. In other words, when a flat
laminated structure, as shown in Fig. 7, the magnetic core has differ-
ent electromagnetic properties in the tangential and normal direc-
tions. That is, for the inside of the nanocrystalline ribbon material,
b and the fundamental magnetic properties of the material are

60 T T T T T T 05 isotropic. However, for the lumped nanocrystalline core as a whole

50 f““’* e ke ek ke e o ke A after being laminated, the material properties are anisotropic, the
- 00 G O -0 -0 0- 0 -0-0- -0 -0- 004 ; permeability and conductivity are different in the normal and
240 _*f@ 2 tangential directions.
E ¢ = The Fe-based nanocrystalline ribbon unit possesses magnetic
g 30! ro03 § permeability p,, and electrical conductivity o,. The equivalent
§ : L & magnetic core can be approximated as a monolithic solid structure
g 201 Wxxm DX e e e 'x_ 05 “é under the assumption that the magnetic permeability and electrical
'§ 10_:5 - #- Primary inductance L, - S conductivity of free space are zero. However, the model captures
- : z: fs:‘li’lln“"cl‘;?f;“c‘i:ﬁ the anisotropy of the laminated structure by introducing distinct

0 1) e F0.1 permeability and conductivity parameters, ., o, and u,, o, in the

T UV tangential and normal directions, respectively!26l, Based on the
500 1,000 1,500 2,000 2,500 3,000
Relative magnetic permeability of the material

o 4

)
=

Fig. 3 Simulation results and simulation modeling of the relationship
between inductance values, coupling coefficients and relative per-
meability of materials. (a) Maxwell finite element simulation model. (b)
Relationship  between inductance, coupling coefficient, and

— ]|
|

b

Lamination
direction
tC
Z
3

permeability. | \
|
| \{l_l
000000 RR®®® -
The coil plane is parallel to Litz coil
the laminated plane
Nano - b
Layer #1 _§
Nano a
Layer #2 ‘55 o
. o5 |
=0
25
: 2
Nano ~
Layer #50 (P | ) The coil plane is perpendicular Litz coil
to the laminated plane
Fig. 4 Schematic diagram of 1 mm thickness laminated nanocry- Fig. 5 Two typical lamination process approaches for nanocrystalline
stalline magnetic core structure. ribbons. (a) Flat laminated. (b) Longitudinal laminated.
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Fig. 6
nanocrystalline. (b) Application of vertical-laminated nanocrystalline.

uniform medium analysis, the conductivity and permeability para-
meters of the nanocrystalline core block model in different
directions can be calculated using Eqns (2) to (5).

M = Fpay + (1= Fpo 2
HmHo
p= 3
1= Frg+(1— Py ®
o =Foy 4)
d 20',,,
o~ (5] 5 ©

Hos am\ B,

N-layerd
Lamination structure

’ Approximation
.

_____________ I

. . ﬂ(’ Ut Bt
Anisotropic structure u,, g,

Fig. 7 Magnetic structure approximation by homogenization
modeling method.
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Schematic diagram of laminated nanocrystalline ribbon core structure applications in unipolar coils. (a) Application of flat-laminated

where, d and D are the thickness and width of the laminated
nanocrystalline ribbon, respectively. At this time, the equivalent
skinning depth of the laminated nanocrystalline material is:

/ 1
Onano eq = | ———— 6
e T fpopin0 ©

The flux and reluctance distributions into the n-layer laminated
ribbon core structure are shown in Fig. 8 and denote the reluctance
of the Fe-based nanocrystalline ribbon and the interlayer binder,
respectively. y denotes the magnetic flux generated by the trans-
mitter coil and entering the Fe-based nanocrystalline core material
and ¥, > ¥, > ¥; > ¥,. The higher the magnetic flux density, the
higher the hysteresis loss. Because R, > Ry, the first layer of
nanocrystalline tape closest to the coil will absorb most of the
magnetic flux, and subsequent ribbons of nanocrystals will carry less
and less flux.

%@ﬁs

Insulation
1* layer —
RN, @\1\ Nanocrystalline
2 layer " ¥ ribbion
31 Jayer — .
p— Adhesive
I —J
n-layer
lanmination . m
R, D )
n' layer —}
Fig. 8 The magnetic flux and magnetic reluctance distributions

entering the n-layer laminated magnetic core structure.
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Modeling of Fe-based nanocrystalline laminated
ribbon core and the energy efficiency loss
calculation methods

Modeling of WPT coupler with Fe-based
nanocrystalline ribbon core

Figures 9 and 10 show the general view of the magnetic shield-
ing structure with multi-layer Fe-based nanocrystalline ribbons and
the circular coil. The plane of the circular coil is parallel to the
nanocrystalline core. The spatial Cartesian coordinate system (x, y, z)
and polar coordinate system (p, ¢, z) are established in the Fig. 9. To
characterize the attenuation of electromagnetic fields and waves in
laminated nanocrystalline cores, the following assumptions are
made regarding electromagnetic waves in an unbounded, linear,
and conductive medium:

(1) The components of the electric field intensity E and magnetic

field intensity H exhibit no directional dependence. In other words,
for all regions within the transmission medium e 6_y =0, the

fields are uniform in all directions.
(2) The transmission medium satisfies the charge continuity equa-

tion V.J = —%(A/mﬁ, and the free charge density p within the
medium is zero.

1

N

Transmitter coil

I
|
\J
Region
A
|

I AN n-layerd lamination structure
N
l layer 1% ~ layer n® Observation
. Region 1 ~ Region n _ —~ Point
Region m -

Fig. 9 Model establishment of the magnetic coupler with multi-layer
laminated nanocrystalline ribbon core structure.

el e

\ | /Fe-based nanocrystalline shelding pad

L —— Eega i
[ _ . e — =
Crushing
process .
Nano ribbon
z
Adhesive
Lamination y
Lrano nano pad /ff
X

Fig. 10 Magnetic flux and electric field intensity analytical model.
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The space can be divided into three parts according to different
planes. Region 0 is the air gap distance between the coil and the
shielding layer, Region n is the shielding magnetic core composed
of Fe-based nanocrystalline ribbons of n layers, named layer 15t ~ nth,
respectively®?l, Region m is the outer area of the shielding layer.
The permeability, conductivity, and dielectric constant of the Fe-
based nanocrystalline material in Region n are i, g, and ¢.

Since the magnetic vector potential only contains the ¢ direction
component, the magnetic vector potential in the non-eddy current
region can be expressed as:

ViA, =0 (N

The magnetic vector potential in the eddy current region can be
expressed as:

V2A,—7IA, =0 ©)

where, y; = \fjwouug is the propagation constant, and y; is the
relative permeability. In the polar coordinate system, there is:

# 10 &
VA, = [ o + =+ — | A, = jopucA
- (0/) DAY P BZZ) P TIHTR ©)
. 0 (A 1)
XA, = —€,—2 +e,[ — +—
(3 eﬂ F) €; ap p

Firstly, assume that the coil in Fig. 9 is a single turn. The magnetic
vector potential in the Regions 0, n, and m can be expressed as Eqn

(10) by the Fourier-Bessel integral separating variables
methodB1-33],
A, )_"‘0“1 I —J(/la)J(/lp)(e‘TUZ+CoeTUZ)d/l
(n) ﬂnal —Tnz TnZ
AP (p,z) = = [ —J(/la)](/lp)(De " 4 Che™?)d A (10
AL (p, )—"—0“' A T—J(/la)J(/lp)Cme’()zd/l

where, 1, is the relative permeability of the n-layer shielding material, &
is the electrical conductivity, ¢ is the vacuum permittivity, po is the
vacuum relative permeability, 2 is the Hankel transform integral
variable, and a is the outer radius of the single turn coil. There are only
forward waves in the free space electromagnetic field, and reverse
waves will appear when the high conductivity shielding layer exists.
D;e " is the forward wave parameter, and C;e" is the reverse wave
parameter, where i =0, 1, 2, ..., n, m. J stands for a Bessel function of
the first order.

Shielding effectiveness calculation of the Fe-based
nanocrystalline ribbon core

According to Maxwell's equation as shown in Eqn (11), the elec-
tromagnetic field expression of Region 0 can be obtained.

B=uH=VxA
{ E=-jwA an
74 )
B = ’%e‘, fo AJ(Aa)J(Ap) (€70 ~ Coe™) dA
ﬂOaI 1 /12 il (12)
_— _ —70l2] T0Z
+E e || I T (p) (7O + Coe™)dd
jwuoal © A —T0z T0Z
Eo= - ewj 2 J(Aa)J(Ap) (e + Coe™)dA (13)
2 0 79

Among them, 7y = [A2—k2,k2 = w ey, Mo is the vacuum
permeability, B is the magnetic induction intensity, and E is the elec-
tric field intensity. Furthermore, taking C, = 0 in Egns (12) and (13),
the electromagnetic field distribution in space without shielding,
that is, the electromagnetic field generated by the ring coil alone in
free space can be obtained in Eqns (14) and (15).
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al 00 .
Bnoshielding = Tep J;) AJ(Aa)J(Ap)e 0%dA
(14)
poal o A2 .
+e JO I
jwpoal o A s
Enoshiclding = = #20 6¢L T—OJ(/la)J(/lp)e %dA (15)

For each boundary of the laminated nanocrystalline magnetic
core, it is required that the tangential components of the electric
and magnetic field strengths are equal, that is, the ¢ component of
the electric field on both sides of the boundary is equal, and the
p component of the magnetic field is equal. Then, for Region n
there are both forward waves and reverse waves, which can be
analogized as follows:

Hnal
2
N pnal

2

B, = X2 fom ()T (Ap) (Dye™™ — Cre™) dA

(16)

0 22
e j 2 J(Aa)J(Ap) (Dae™™ + Cpe™) dA
0 7

jwpnal
2

o A
E,=- ewj ZJAQ) ) (Dpe™™ + Coe™)dA  (17)
0 7
In Eqns (16) and (17), 7o = V2 =K, & = (20 = 22 ), as the
w
permeability of the nth layer nanocrystalline shielding magnetic
core, ¢, is the dielectric constant of the nth layer nanocrystalline
shielding magnetic core, ¢, is the conductivity of the nth layer
nanocrystalline shielding magnetic core, n =1, 2, 3, ..., n. Similarly,
for Region m, there are only forward waves, so the analogy can be
obtained as Eqns (18) and (19).

7 )
Bo = 2%, [ A1) (4p)Dne ™ dA
(18)
Hoal o 2 -7z
+ Tezfo I ()DL
jopeal e A oz
E, =— e¢J Z J(Aa)J(Ap)Dme~%d A (19)
2 0 719

For the upper and lower boundaries of the n-layer nanocrys-
talline shielding magnetic core, the tangential components of the
electric and magnetic field strength are required to be equal. Thus,
the ¢ component of the electric field on both sides of the boundary
is equal, and the p component of the magnetic field is equal. There-
fore, at the boundary of Regions n and m, E¥) =E% H® =HY . In
this way, D,,, can be solved in Eqn (20).

Dy = ”_nem—fn)z(@ + @)Dn v ﬂ_nemw)z(:o - @)cn 20)
2u0 T Hn 249 Tn  Hn

Similarly, for the boundaries of Region 0 and Region 1, there is
Eff) = E(l"), H&‘) = H(f). Region 1 represents the first layer of the n-
layer nanocrystalline laminated ribbons and it is the boundary of the
Region n. Then, D; and C; can be obtained in Eqns (21) and (22).

D, - ﬂe(n—m)Z(T_‘Jr"ﬁ)

+”_06(T1+To)2(ﬂ_/ﬂ)co @1
2pan To Mo To  Ho

2/1]

¢ = &e—wo)z(ﬂ . &) . ﬂe-m-fo)z(ll s ‘ﬂ)co @2)
24y To Mo 24 To Mo

The above derivations are based on the premise that the single-
turn energized circular coil works independently. In actual working
conditions, the coils of the WPT magnetic coupler are usually M-turn
densely wound coils structure. Where g; represents the radius of the
i-th coil turn in Fig. 10. To simplify the analysis, it is assumed here
that the core on one side has no crossover effect on the coil on the
other side. Take the transmitter coil side as an example, there is:
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th = Z Brx,i (23)

:#oalzf

Bz, withshielding j(/la[)J(/lp)D’,1e_Tozd/l (24)

ai il —10lzl
Bz, noshielding = /JO Z f —J(/la,)J(/lp)e ol ‘d/l (25)

Then, by selecting the zcomponent of B at the observation point
P, the expression of its shielding effectiveness Sg can be calculated
as Egn (26).

s c= 20 lg Bz .noshielding

B" wnhshleldmg

= J(/la NI (Ap)e o dA
=201 Z 0

Jo> £.1(Aa)J(Ap)Dye7dA
Magnetic core loss calculation of Fe-based
nanocrystalline ribbon core
In the WPT system with traditional Mn-Zn ferrite material as the
magnetic core, the core loss mainly refers to the hysteresis loss
generated in the core. Due to the low resistivity and high electrical
conductivity characteristics of the Fe-based nanocrystalline material,
the additional eddy current losses should also be considered in WPT
systems containing an Fe-based nanocrystalline core.

(26)

Hysteresis loss

The hysteresis loss can be estimated from FEA simulations using
the Steinmetz method and the Steinmetz equation is shown in Eqn
(27), where a and f3 are Steinmetz coefficients.

Peore = CmfaBmax/j 27

Using the material B-H curve and other information provided by

the Fe-based nanocrystalline material supplier and pouring it into

the magnetic field calculator of ANSYS MAXWELL, the hysteresis loss
of the magnetic core can be quickly simulated and analyzed.

Additional eddy current loss

Considering the influence of the number of turns of the primary
and secondary coils, a; and g; are the radius of the it turn primary
coil or the jth turn secondary coil, there are:

M

Ei= ) Eii (28)
i=1
N

Elrx = ZElrx,j (29)
j=1

Ignoring the cross-eddy current effects of the primary coil on the
secondary magnetic core and the secondary coil on the primary
magnetic core, the additional eddy current loss of the Fe-based
nanocrystalline core can be expressed as Eqn (30). When the system
electrical parameters are determined, g, g, and p will directly affect
the Pegqy-

Pesdy = [ lE1+Einffav
2

I (2
‘”‘“’ LT aJ(/la,)](/lp)(Dle’T‘z+CleT‘z)d/l dedpdz
2
0'110)12 21 or ot N o ] 2 _
+= fo fofo 2, ;-ajl(/laj)J(/lp)(Dle +Cie)d)| dedpdz
=
(30)
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Hybrid and multi permeability nanocrystalline
magnetic structures for unipolar coil applications

Magnetic properties parameter design of
nanocrystalline cores for WPT systems

When there is a high-frequency alternating current or an alternat-
ing electromagnetic field in a conductor, the current is not
uniformly distributed inside the conductor, resulting in a slight
current density or uneven magnetic flux density inside the conduc-
tor, which triggers the skin effect. For WPT systems operating at
medium and high frequencies, on the one hand, the parasitic resis-
tance of the coil will increase, and the power loss will increase, and
on the other hand, this may lead to uneven distribution of the
magnetic flux density in the magnetic core and lead to the
phenomenon of regional magnetic saturation.

To solve the skin effect, the magnetic coupler for WPT systems
can be fabricated by using multi-stranded stranded Leeds wires for
coil fabrication. However, for laminated nanocrystalline ribbon
cores, the relative permeability and conductivity have a direct effect
on the skinning depth, and their electromagnetic properties indi-
rectly affect the electromagnetic field distribution in the core of the
magnetic coupler. To facilitate the analysis, the normalized skinning
depth 6, = 6 / t, is defined, where ¢ is the material skinning depth
and t, is the material thickness. According to the analysis in section
"Flexible nanocrystalline unit and its fragmentation process charac-
teristics”, it can be seen that the magnetic permeability of nanocrys-
talline ribbon is negatively correlated with the degree of fragmenta-
tion, and the relationship between the magnetic permeability and
the skinning depth of different nanocrystalline ribbon materials is
tested under the condition of 85 kHz operating frequency through
Eqgn (6), as shown in Fig. 11.

The skin depth is obtained by utilizing the relationship between
different magnetic permeability and conductivity of nanocrystalline
materials. With the increase of the relative permeability of the
nanocrystalline material, the skinning depth gradually decreases,
and the ratio of skinning depth to thickness gradually decreases.
When the relative permeability is 30,000, the ratio of skin depth to
single-layer nanocrystalline thickness is 0.3. The skin depth is smaller
than the thickness of single-layer nanocrystal shielding. The
magnetic flux is concentrated on the surface of the nanocrystal
shielding layer, which leads to the existence of large flux density in
some areas of the nanocrystalline ribbon cores under practical
working conditions; when the relative permeability is 10,000, the
normalized skin depth d4 = 1, and the skin depth is almost the same
as the thickness. At a relative permeability of 500, the ratio of the
skin depth to the thickness of the single-layer nanocrystal is 39.2,

700 Wi Skin depth
Normalized skin depth

219
16.2

10 10.1

500 800 1,000 1,500 3,000 5,000 8,000 10,00015.00020,000 30,000
Relative magnetic permeability of nanocrystalline ribbon

Fig. 11 The relationship between magnetic permeability and skin
depth of nanocrystalline materials.
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and the skin depth far exceeds the thickness of the single-layer
ribbon nanocrystal, and the magnetic flux in the nanocrystal shield-
ing layer can be approximated to be uniformly distributed.

Figures 12 and 13 calculate and show the skin depth and normal-
ized skin depth inside the nanocrystalline ribbon core for relative
permeabilities from 500 to 30,000 and frequencies from 50 to 200
kHz. As the frequency increases, the skinning depth of the nanocrys-
talline core gradually decreases, and the normalized skinning depth
will gradually decrease, at which time the magnetic flux density will
be more and more concentrated at the edge of the nanocrystalline
ribbon core layer, which will lead to the problem of regional
magnetic saturation and the problem of regional core temperature
rise. In summary, this study selects the fragmented nanocrystalline
thin-ribbon cores in the range of 500~3,000 relative permeability for
the study.

Hybrid nanocrystalline magnetic structure design for
unipolar coils

Typical WPT magnetic couplers can be classified into unipolar,
bipolar, and multipolar types based on the number of magnetic
poles. For instance, the SAE-J2954 international standard for electric
vehicle applications specifies unipolar coils, represented by circular
coils, and bipolar coils, represented by DD coils, which remain the
most widely adopted magnetic coupling structures in WPT systems
across various application scenarios. Among these, unipolar coils, as
the most commonly used winding structure in WPT systems,
demonstrate significant advantages in terms of design complexity,
structural versatility, power density, and transmission efficiency.
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Fig. 12 The trend of normalized skin depth variation under different
operating frequencies and relative magnetic permeability.
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Fig. 13 The trend of skin depth variation under different operating
frequencies and relative magnetic permeability.
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As described in section "Lamination and transmission characteris-
tics analysis of flexible nanocrystalline”, the current common longi-
tudinal and flat laminated nanocrystalline structures still need to
account for the magnetic reluctance distribution of unipolar-type
coils fully. A typical unipolar circular coil magnetic reluctance model
is shown in Fig. 14. Defining R represents the self-coupling reluc-
tance, Ry and Ry represent the mutual-coupling reluctances,
@, denotes the self-coupling magnetic flux, @, denotes the mutual-
coupling magnetic flux, and F; represents the magnetomotive
force generated by the transmitting coil. The magnetic flux distribu-
tion in planar magnetic couplers is generally symmetric, resulting in
a symmetrically structured magnetic circuit model. Based on the
equivalent magnetic circuit model, the expressions for the funda-
mental parameters of the magnetic coupler can be derived as
Eqgn (31).

2
=N 2N
1 %ml +%m2
N®, 2N?
Li=——=
l %S (31)
Ly=Li+M
k:%: y\s//(%ml"'%mZ) - 1
(I)s le + %mZ 1+ m

Specifically, whether flat or vertical laminated structure, the
magnetic field distribution trend of the unipolar-type coil has not
been fully considered. The magnetic flux lines of unipolar coils
exhibit a radially divergent pattern in space. When traditional flat-
laminated nanocrystalline cores are employed in unipolar coils, the
system achieves a relatively low magnetic reluctance distribution in
the XOY plane due to the continuous distribution of the magnetic
core. However, along the z-axis, the presence of adhesive between
laminated cores results in less effective optimization of magnetic
reluctance compared to the XOY plane with a continuous core.
Additionally, the flat-laminated nanocrystalline core structure leads
to a larger eddy current loop area in the XOY plane, which
contributes to significant additional eddy current losses. To further
reduce magnetic reluctance, it is feasible to modify the orientation
of the nanocrystalline laminations such that the optimal magnetic
flux path along the anisotropic direction aligns as closely as possi-
ble with the mutual-coupling magnetic reluctance path. When a
vertically laminated configuration is adopted, low magnetic reluc-
tance paths are achieved along the x-axis and z-axis, while the y-axis
remains a high magnetic reluctance path.

The distribution of magnetic flux density in a typical unipolar coil
magnetic coupler is illustrated in Fig. 15. In a unipolar WPT magnetic
coupler represented by a circular coil combined with a square
magnetic core, the core can be broadly divided into three regions.
Area 1 is the central window area of the core not covered by the
coil, Area 2 consists of the four sides of the core covered by the coil,

Fig. 14  Equivalent magnetic reluctance model of planar unipolar
magnetic coupler.
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and Area 3 includes the four corners not covered by the coil. The
width of Area 2 is determined by the coil geometry and the number
of turns, and the entire core structure can be approximately divided
into a nine-grid pattern. The magnetic cores in these three regions
are designed to optimize the magnetic reluctance along different
coupling paths, exhibiting significant non-uniformity.

Therefore, to circumvent the regional magnetic saturation prob-
lem caused by the uneven flux density distribution of traditional
WPT cores, with the idea of multi-permittivity toroidal core
designB34, this paper proposes a multi-permittivity hybrid nanocrys-
talline magnetic structure for unipolar coils as shown in Fig. 16.
Among them, Area 1 is the main magnetic flux path of mutual
coupling, which needs to focus on taking into account the coupling
performance and shielding energy efficiency. Area 2 is the
secondary magnetic flux region of mutual coupling, which needs to
focus on the reduction of the additional eddy current loss problem,
and Area 3 needs to focus on the regional magnetic saturation,
thermal management, and shielding effect.

It is well known that high permeability cores in WPT systems bring
higher coupling characteristics and potentially higher quality
factors. However, for WPTs under Fe-based nanocrystalline cores,
when the relative permeability is higher than 600, the enhance-
ment of the coupling characteristics by the permeability increase
will become less significant, and the main challenge is the signifi-
cant additional eddy current loss caused by the high permeability.
Therefore, the proposed multi permeability hybrid magnetic struc-
ture is designed to minimize both eddy current losses and core
losses. In Area 2, a longitudinally laminated arrangement is
employed to achieve loss suppression and realize a flux-aligned
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Fig. 15 Distribution of magnetic induction intensity in the magnetic
core of a typical unipolar coil magnetic coupler.
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Fig. 16 Multi permeability hybrid nanocrystalline magnetic structure
for unipolar coils.

Page 90f 15



Wireless Power
Transfer

design for the magnetic field lines. For Areas 1 and 3, the perme-
ability distribution is optimized according to coupling requirements
and electromagnetic shielding specifications, adopting a planar
laminated magnetic structure that better facilitates electromag-
netic shielding. Furthermore, given the polarization characteristics
of the magnetic coupler, higher the magnetic flux density in Area 2
compared to Area 1 allows for the strategic placement of a higher-
permeability core at the magnetic center. This configuration
enhances coupling efficiency while effectively reducing potential
leakage flux. Defining p,, le, @and p. as the magnetic permeability of
the magnetic cores of Area 1, Area 2, and Area 3, respectively,
there are . < iy, < e

Furthermore, to minimize core losses in Area 3 where magnetic
flux density peaks, the planar laminated structure can be subdi-
vided into three sub-planes designated as Area 3-1, 3-2, and 3-3, as
illustrated in Fig. 17. The permeability of the magnetic cores at the
three different positions in Area 3 is denoted as ., e and pes,
with pe < Lo < - A thin-ribbon nanocrystalline core with lower
permeability is positioned closer to the coil, while higher-permeabil-
ity nanocrystalline materials are layered above in a graded arrange-
ment. This stratified arrangement effectively reduces eddy current
losses while maintaining strong overall magnetic coupling. Simulta-
neously, this design achieves a peak-shaving effect on the maxi-
mum loss density distribution, mitigating the uneven loss profile
observed in high-permeability cores shown in Fig. 17. Consequently,
this design achieves a peak-shaving effect on the maximum loss
density, alleviating the uneven loss distribution observed in high-
permeability cores shown in Fig. 16. This approach prevents
magnetic saturation and thermal imbalance within the core region.
The permeability gradient across the three sub-regions ensures opti-
mal magnetic flux guidance, balancing electromagnetic shielding
performance with efficient energy transfer throughout the hybrid
magnetic system.

The design principle of the multi-permeability hybrid nanocrys-
talline magnetic structure is based on reshaping the magnetic flux
density distribution within the core using different permeability
values. This approach ensures shielding efficiency while optimizing
core loss and additional eddy current loss, achieving a balanced
distribution of magnetic flux density, as well as electrical, magnetic,
and thermal equilibrium within the core. To effectively optimize the
permeability design values for each region of the nanocrystalline
core, an objective function and constraint equations targeting
multi-permeability were established, as shown in Egns (32) and (33).
ANSYS Maxwell finite element simulations were employed to
explore different combinations of {u, Mte Hcir Hear B3t Within the
range of p € (500, 3,000). The coupling coefficient k was selected as
the optimization objective, while the average loss per depth (ALD)
and maximum loss density (MLD) were used as constraints to char-
acterize system efficiency and loss distribution. A higher maximum
loss density indicates potential hot spots in the magnetic coupling
core, which could lead to localized thermal runaway due to thermal
stress. For a predefined solution space, multiple optimal solutions
satisfying the target conditions were obtained, as illustrated in Fig.
18 Ultimately, considering the actual operating conditions of the
UWPT system's magnetic coupling, a set of optimal parameters {u,,
Her Herr Bear Bes} = {1,400, 700, 1,000, 1,400, 3,000} was selected as the

Area 3 Ama 3
= HHHHHWH Area3-3 | Area3-3 Mo BHEVES
e A CArca32 4, |
i Mo Area3-1 | H AleaS 1 ey }

Fig. 17 Three-layer structure of the flat-laminated nanocrystalline in
Area 3.
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design parameters for the multi-permeability hybrid core structure
in this study.

1/k = 1/fl(ﬂmv/‘enuclv/lc2=/1(:3)
1/ALD = I/fZ(Hms/Jeuurls/J(‘Zs/lc%N N:slpsls) (32)
I/MLD = l/ﬁ(ﬂm’ﬂe,ﬂcl’ﬂc2,ﬂz‘3sz,Nx,IpaIs)

500 < (ﬂm’,ue,/vlclaﬂd’ﬂﬁ) <3000
/‘18 <#Wl < /‘lC
s.t. Hel < He2 < He3 (33)
Lz o< (Np, Ns,we)
WAZ o« (vaNS! Wr)

It should be further clarified that Eqns (32) and (33) serve to estab-
lish constraint criteria for selecting permeability values in hybrid-
permeability magnetic cores, where the specific constraint thresh-
olds must be determined according to actual engineering require-
ments. For instance, the required coupling coefficient for magnetic
cores in electric vehicle applications is less stringent than that for
aerospace applications. Moreover, these constraint thresholds could
alternatively be defined using other evaluation metrics, such as core
temperature, system mutual inductance, or parasitic resistance.
Regardless of the chosen constraints, the ultimate objective remains
to identify an appropriate set of permeability solutions for optimal
design.

Minimize

Experiments and discussion

Low voltage level measurement test

The proposed hybrid multi-permeability nanocrystalline core pad
is shown in Fig. 19a, the nanocrystalline material ribbon used. with a
minimum unit thickness of 18 pm was produced by Yuneng Tech-
nology Co., Ltd, the material models are u-700, u-1400, and u-3000,
and the tested conductivities are 1.0 x 104 S/m, 5 x 10* S/m, and 8.1
x 10% S/m, respectively. The Dynacool-14T comprehensive physical
property measurement system and four-probe method are used to
measure the conductivity of the proposed nanocrystalline magnetic
core, shown in Fig. 20. By applying a DC between the outer two
probes, the corresponding voltage drop in the inner two probes can
be measured. In this way, the wiring resistance and probe contact
resistance can be excluded from the measurement. The resistivity
value of the core is averaged from measurements in four different
locations along the line.
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Fig. 18  Optimization design of magnetic permeability for multi
permeability hybrid magnetic core structure.
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b Fe-based nanocrystalline
ribbon core material

Thickness

Fig. 19  Hybrid nanocrystalline magnetic core structure and its
material units. (a) Proposed hybrid multi permeability nanocrystalline
core structure. (b) Fe-based nanocrystalline ribbon core unit.

The structures of five different models of laminated Fe-based
nanocrystalline and Mn-Zn ferrite cores as experimental control
groups are demonstrated in Fig. 21. All magnetic materials are
spliced into a 200 mm * 200 mm core pad, and the detailed parame-
ters of the magnetic coupler are shown in Table 2.

The impedance analyzer HIOKI IM3570 was used to measure the
transmitter resistance, self, and mutual inductance of the magnetic
coupler, where the results are shown in Table 3 compared with the
simulated value in ANSYS MAXWELL. The inductance value can be
directly obtained through simulation, while the resistance value
needs to be obtained by using finite element analysis to determine
the magnetic field strength and perform analytical calculations(24.
The resistance contains the DC resistance R.,nq, and AC resistance
Ringu Of the coil®,

To complete the comparative analysis, the ferrite group (b) + (f)
was selected as a reference base with four nanocrystalline combina-
tion pads. Due to the 50 mA limitation of the impedance analyzer in
measuring current, it is difficult to understand the trend of AC resis-
tance variation with coil current through weak current testing. Then,
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the magnetic field strength H can be solved by using a field calcula-
tor in ANSYS MAXWELL and the AC resistance was approximated
using the Kelvin equation to analyze and compare the effects of
different magnetic core combinations on AC resistances!?%,

By adjusting the input DC current, the fluctuation of the AC resis-
tance of the transmitter coil under different input DC current condi-
tions are shown in Fig. 22. To compare the fluctuations in resistance,
defining the AC resistance fluctuation rate (RFR) to characterize the
variation in internal resistance under different test current condi-
tions. The RFR is calculated as Eqn (34), where R, is the minimum
resistance value within the test range, and R,, and R, are the aver-
age and maximum values of the AC resistances, respectively.

Ronax = Ruin 10509
av

As can be observed, as the test current increases, the magnetic
field intensity H in the coil-covered region increases, leading to a rise
in Ri,q,- AMong the several types of magnetic cores, vertical lami-
nated nanocrystalline (a) and the proposed diagonal laminated
nanocrystalline structure (c) exhibit RFR values of 15.80% and
13.10%, respectively. The proposed multi-permeability hybrid
magnetic structure (p) showed a superior RFR of 11.88%., indicating
that the parasitic resistance is less affected by fluctuations. Although
the coil of Mn-Zn ferrite core has a small AC resistance, its RFR is rela-
tively high due to the average value. This indicates that as the coil
current increases, that is, as the power increases, the magnetic
density distribution in the magnetic core of the magnetic coupler
begins to become very uneven. So, it causes significant fluctuations
in parasitic resistance and an imbalance in thermal distribution.

In contrast, the other two flat laminated nanocrystalline struc-
tures (d) and (e) show higher RFR fluctuations, their AC resistance
values have exceeded DC resistance and occupied the main part of
copper loss, becoming very uncontrollable. All resistance calcula-
tions are based on the primary side, and due to the symmetry of the
magnetic coupler, the characteristics of the receiving coil can be
considered similar to of the transmitter. It is important to note that
due to the complexity of the magnetic structure errors, the approxi-
mation errors in the homogeneous medium method, and the finite
element simulation errors caused by neglecting thermal effects,
there may still be some discrepancies between the actual Ri.q,
values and the estimated values.

In the nanocrystalline group, the proposed multi permeability
hybrid magnetic structure has high self-inductance, low resistance,
and low RFR with high coil quality factor, which is favorable for the
high-efficiency design of the system in S-S topology. The measured
conclusions are consistent with those obtained from the magnetic
reluctance analysis in previous section.

RFR = (34)
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Fig.20 The Dynacool-14T comprehensive physical property measurement system and four-probe method.
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Fig. 21

Schematic of different magnetic cores and coupler.

Table 2. Parameters of the core and coil in the experiment.

Label Material Single size Parameters

(@)  Vertical cutting 50 mm width, multiple layers sheets, p=1,000
nanocrystalline 2 mm thickness

(b)  PC95 ferrite 50 mm * 50 mm * 5 mm pn=3,300

(c) Diagonal cutting 50 mm width, multiple layers sheets, = 1,000
nanocrystalline 2 mm thickness

(d)  Flatlaminated 50 mm width, multiple layers,2mm  p = 1,000
nanocrystalline thickness

(e) Flatlaminated 50 mm width, multiple layers, w=1,000
nanocrystalline 0.5 mm thickness

(p)  Hybrid multi 200 mm * 200 mm * 2 mm n=700
permeability p = 1,400
nanocrystalline w = 3,000

(f)  Copper coil with  0.05 mm * 2,500 strands, spiral tight N=14
resin shell winding

Table 3. Impedance analyzer measurement and finite element simulation

results of multiple sets of magnetic core pads,.

Magnetic ¢ L L R Ry M M

coupler Simulated Measured Simulated Measured Simulated Measured
value (uH) value (uH) value (mQ) value (mQ) value (uH) value (uH)

Only (f) 31.8 33.6 22.5 25.8 9.2 9.6

(a) + () 49.8 47.4 47.1 43 21.5 21.9

(b) + (f) 58.4 543 33.1 33.9 26.1 26.7

() +(f 519 50.5 42.8 394 23.8 24.4

(d) + (f) 44.5 519 87.5 77.8 21.7 20.1

(e) + (P 414 47.1 102.7 97.9 19.1 18.6

(p) + (f) 533 51.7 40.1 38.8 24.0 24.9

Development of the experimental platform and 3-kW
power experiments

To further verify the superiority of the proposed structure, a 3-kW
magnetic coupler prototype, and a WPT system platform are
constructed, as shown in Fig. 23, with a transmission distance of 50
mm for the magnetic coupler. The system is based on an S-S topol-
ogy design, and the electrical schematic and design parameters are
shown in Fig. 24 and Table 4. The STMicroelectronics microcon-
troller STM32F407 is employed to generate 4-channel PWM signals
to drive the SiC MOSFETs in the H-bridge inverter, and the switch-
ing frequency is 85 kHz.

Two pairs of RIGOL RP1025D voltage probes and HIOKI CT6711
current probes are used for waveform acquisition and measure-
ment. Figure 25 shows the voltage-current waveform states of the
input and output ports measured using a Yokogawa DLM3034 oscil-
loscope. The developed MCR-WPT system has good resonance
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conditions when the magnetic coupler is fully aligned. When the
coupler is fully aligned, the phase of U, slightly leads the /;, achiev-
ing zero voltage switching (ZVS). The switching loss of the inverter
MOSFETSs is greatly reduced. Figure 26 shows the system efficiency
under the measurement conditions using the PX8000 power
analyzer, and the system with the proposed hybrid structure can
achieve an efficiency higher than 93.8% when the hybrid core struc-
ture transmits a power of 3 kW in the fully aligned state. The efficien-
cies are 95.1%, 90.1%, and 92.5% when using cores (b), (e), and (c) in
Fig. 21, respectively. The efficiency of the proposed hybrid core
structure is slightly lower than that of ferrite cores but higher than
that of other types of nanocrystalline cores.

Figure 27 shows the simulated and measured values of system
efficiency under different test current conditions. It can be seen that,
despite the continuous increase in system power, the proportion of
total system loss remains stable within a certain range. When the
input current exceeds about 20 A, the system achieves maximum
efficiency and maintains efficient operation, while the trends shown
in the simulations align well with the experimental results.

Shielding energy efficiency and EMC experiments

To verify the shielding effectiveness of the proposed magnetic
structure, magnetic flux density measurements were performed
along the observation line in Fig. 23 using the magnetic field
measurement probe Narda EHP-200. The measurement results
presented in Fig. 28 show that the shielding energy efficiency of the
proposed hybrid core structure is slightly better than that of the Mn-
Zn ferrite core, which complies with the constraints on leakage
magnetic flux density in the ICNIRP guidelines. In terms of dimen-
sions, the proposed hybrid nanocrystalline core reduces the volume
by about 32.5% and the weight by 15.6% compared with the ferrite
core in the control group, which realizes the lightweight design of
the system and improves the power density to a large extent. The
proposed hybrid nanocrystalline cores still have good deformation
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Fig. 22 The fluctuation of the AC resistance of the transmitter coil
under different input DC current conditions.
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capability under the condition of high-performance adhesive, which
is potentially useful in special anisotropic WPT systems, such as
curved or bowl-shaped structures for underwater and aerospace
WPT applications.

Discussion on limitations and future application
potential

From the perspective of current nanocrystalline manufacturing
processes and costs, the proposed multi-permeability hybrid
magnetic structure is undoubtedly complex and expensive. For
most magnetic material manufacturers, nanocrystalline cores are
primarily produced in the form of thin ribbons or magnetic rings to
meet existing application demands. Given the current progress in
WPT engineering, even flat laminations have not yet seen wide-
spread adoption in the context of electric vehicle WPT technology,
with only a few research teams exploring them in prototype studies.
Therefore, although the proposed multi-permeability hybrid mag-
netic structure involves more complex processes and higher manu-
facturing costs, these expenses are inversely proportional to the
scale of production and demand. Once WPT technology becomes

Table4. Electrical parameter values of the experimental platform.

Parameters Description Value
Uge Input DC voltage 160V
f Operating frequency 85 kHz
L, Primary self-inductance 533 uH
G Primary compensation capacitance 65.1 nF
L, Secondary self-inductance 53.7 uH
G Secondary compensation capacitance 65.2 nF
R Load resistance 11Q
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widely adopted, it is believed that these processes will not become a
bottleneck. Similar to the development of smartphone wireless
chargers, as products continue to emerge, their costs have steadily
decreased.

From the perspective of integration and reliability, the proposed
novel magnetic structure undoubtedly exhibits excellent mechani-
cal flexibility and impact resistance, enabling it to adapt to complex
working environments and various enclosure shapes. Combined
with the experimental results, the multi-permeability hybrid design
effectively achieves lower eddy current losses and reduced parasitic
resistance fluctuations. This indicates that as the power of the WPT
system increases the loss distribution and thermal distribution of
the core becomes more balanced. This is highly beneficial for
improving system reliability, adaptability, and thermal equilibrium.

It is worth noting that the proposed multi-permeability hybrid
magnetic core has promising prospects for modular design. The
core can be divided into different modular units, allowing for modu-
lar construction based on power levels, coil dimensions, and shapes.
This has universal significance for its future engineering applica-
tions. Furthermore, with the future integration of advanced tech-
nologies such as 3D printing of composite magnetic materials, it will
achieve a balance between performance and cost-effectiveness for
mass production.

Conclusions

This paper comprehensively analyzes the requirements for the
application of iron-based nanocrystalline flexible thin-ribbon mate-
rials in wireless energy transmission systems and proposes a general
modeling of thin-ribbon laminated nanocrystalline core structures
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and an analytical calculation method for shielding energy efficiency
and losses. On this basis, a novel hybrid multi-permeability Fe-based
flexible nanocrystalline ribbon laminated magnetic structure is
proposed for a typical unipolar coil magnetic coupler, which signifi-
cantly reduces the additional eddy current loss of the traditional
lay-flat laminated nanocrystalline structure and has an excellent
electromagnetic shielding effect. Through multiple comparative ex-
periments and analyses, the proposed magnetic structure achieves
a transmission efficiency higher than 93.8% in the 3 kW WPT system,
and the shielding effect is almost comparable to that of Mn-Zn
ferrite cores and reduces the weight and volume of the cores by
15.6% and 32.5%, respectively, thus realizing the lightweight design
of the system.

In addition to its advantages in volume and weight reduction for
the compact and lightweight design of WPT systems, the proposed
novel magnetic structure undoubtedly exhibits superior mechanical
flexibility and impact resistance, enabling it to adapt to complex
working environments. Secondly, the multi-permeability hybrid
design effectively reduces core eddy current losses and thermal
effects, enhancing the overall efficiency and electromagnetic
compatibility of the system. Finally, its modular design facilitates
customized manufacturing and installation. With the future integra-
tion of advanced technologies such as 3D printing of composite
magnetic materials, it will achieve a balance between performance
and cost-effectiveness for mass production.

In summary, through multi-dimensional performance optimiza-
tion, the multi-permeability hybrid magnetic structure not only
meets the core requirements for power transfer in wireless charging
systems but also achieves significant breakthroughs in key engi-
neering metrics such as reliability, adaptability, and energy effi-
ciency. Currently, the annual global production of Fe-based nano-
crystalline materials has exceeded 1 million kilograms and is still
growing. This unique magnetic structure is capable of adapting to a
wide range of application scenarios, including electric vehicles,
robotics, drones, submersibles, and spacecraft. It offers a highly
competitive solution for next-generation high-efficiency, high-
power-density wireless power transfer technologies.
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