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Abstract — In the practical application of wireless power
transfer (WPT), an offset between the coupling mech-
anisms can lead to an increase in harmful leakage of
magnetic fields around the system and a decrease in the
efficiency of energy transfer. In this paper, we propose
to use the uncertainty quantitative surrogate model to
guide optimal design of the shielding structure in order
to reduce the leakage magnetic field and improve energy
transfer efficiency, taking into account the positional
offsets of the WPT system in use. In this paper, the
uncertainty of the leakage magnetic field and the energy
transfer efficiency of the WPT system is quantified based
on the improved Transformer surrogate model of the
Kolmogorov-Arnold Network, and computational time
cost is reduced by 90.97%. The multi-objective expo-
nential distribution optimizer is combined with a surro-
gate model to obtain the robust optimal structure under
the influence of bias. Finally, it is experimentally verified
that the robust optimal structure is able to maintain both
low leakage magnetic field and high energy transfer
efficiency under the influence of offset. Compared with
the traditional deterministic optimal structure, the mean
of the energy transfer efficiency of the robust optimal
structure is increased by 4.95%, and the probability of
overrun is reduced to 0. Experiments demonstrate that
the robust structure can improve the offset tolerance of
the system more effectively and ensure the electromag-
netic safety of users at the same time.

Index Terms — Exponential distribution optimizer,
robust optimization, transformer, uncertainty quantifica-
tion, wireless power transfer.

I. INTRODUCTION
Electromagnetic safety issues generated during the
operation of wireless power transmission (WPT) are
current research hotspots in the field of WPT. WPT
technology realizes safe and convenient charging, which
is widely used in the fields of medical devices [1],
electric bicycles [2], unmanned aerial vehicles [3], and
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electric vehicles [4—6]. However, the energy transfer
structure of the WPT system is a loosely coupled
form, which inevitably generates leakage electromag-
netic fields (LMF) during operation, thus the energy
transfer efficiency becomes lower. In addition, due to
the effect of offset uncertainty between the coupling
mechanisms of the WPT system in the actual appli-
cation process, the operating state of the system also
has uncertainty [7, 8]. To ensure the safety of WPT
products in use, the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) and the Institute
of Electrical and Electronics Engineers (IEEE) have
developed LMF standard limits for WPT systems to
guide electromagnetic safety assessment [9-11]. Among
them, ICNIRP uses the operating frequency of WPT
systems as the basis for division and establishes limit
values for different frequency bands for guidance. The
WPT system used in this paper operates at a frequency of
85 kHz, with magnetic flux density B in the environment
serving as the evaluation target for the electromagnetic
safety of the WPT system. Therefore, it is necessary to
design a reasonable electromagnetic shielding structure
so as to limit the LMF caused by the uncertainty of the
operating state of the WPT system, in order to improve
the electromagnetic safety and energy transfer efficiency
of the WPT system [12, 13].

Various electromagnetic active and passive shield-
ing measures have been proposed for LMF of WPT sys-
tems. Among them, passive shielding is highly flexible,
secure, adaptable to the environment, and used in a wide
range of scenarios [14, 15]. The use of transmitting or
receiving coils in combination with aluminum plates and
ferrite materials is the most common passive shielding
measure. Fu et al. [16] proposed a new ferrite composite
structure that can effectively control the magnetic flux
and improve efficiency. Covering a large area with ferrite
poses a challenge in designing a compact WPT system
since ferrite is limited by its weight, fragility, and large
variation of magnetic properties with temperature. Li
et al. [17] considered nanocrystalline as an alternative to
ferrite cores because of the superior magnetic properties
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and mechanical properties. Gaona et al. [18] utilized
nanocrystalline cores to design magnetically conductive
structures, achieving higher efficiency and power den-
sity with lower LMF compared to ferrite cores. The
electromagnetic shielding structures in the above studies
are usually designed based on deterministic state opti-
mization. However, since the offset uncertainty between
coupling mechanisms of WPT systems is unavoidable,
the traditional optimization method is not applicable
to cases where there is an offset between coupling
mechanisms, resulting in an incomplete analysis of the
above results. Therefore, the optimization design work
of shielding structures considering the effect of offset
uncertainty between coupling mechanisms of WPT sys-
tems is necessary.

The idea of optimizing the design while considering
the uncertainty factors of the actual operating state of
the system is called robust design optimization (RDO).
The uncertainty quantification method based on agent
model can solve the problems of the many variables
involved in the RDO process and the high optimization
costs. Lagouanelle et al. [19] considered the uncertainty
of WPT systems and evaluated the uncertainty of the
LMF of WPT systems using Kriging and the polyno-
mial chaotic unfolding agent model, which helps in
the design of shielding structures for EV-WPT systems.
However, PCE will be limited by the probability-driven
limitation, and the accuracy of the realized surrogate
model is somewhat insufficient. In recent years, deep
learning-based surrogate modeling methods have been
widely used. Wang et al. [20] proposed a Bayesian
neural network-based uncertainty quantification method
to realize electromagnetic safety assessment of a human
body containing medical implants around WPT systems.
Transformer architecture is widely used in the solution
of various nonlinear problems and is able to achieve
accurate surrogate models using fewer training samples
and training time [21, 22]. However, the above stud-
ies did not incorporate the uncertainty factor into the
robust optimization design. Since the offset between the
coupling mechanisms of WPT systems will lead to an
increase of LMF and decrease of energy transfer effi-
ciency at the same time, this paper considers the effects
of the uncertainty of the offset between the coupling
mechanisms of the WPT system in the optimization
design of the shielding structure of the WPT system,
which can strengthen the offset tolerance of the WPT
system, and it is of great significance to enhance the
stability of the energy transfer efficiency and electro-
magnetic safety. The main contributions of this paper are
as follows.

Firstly, a WPT electromagnetic shielding structure
with the combined effects of ferrite cells, aluminum
plates and nanocrystals are proposed to realize the
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shielding of LMF with high efficiency energy trans-
fer. Further, an uncertainty quantification method based
on the Kolmogorov-Arnold Network (KAN) improved
Transformer (K-Trans) surrogate model is proposed to
realize the quantification of offset uncertainty among
coupled bodies of WPT systems. Finally, combining
the K-Trans surrogate model with the multi-objective
exponential distribution optimizer (MOEDO) optimiza-
tion algorithm for the robust optimization of the elec-
tromagnetic shielding structure of the WPT system.
Experimental results show that the LMF of the WPT
system is significantly reduced under the influence of
offset uncertainty, while the energy transfer efficiency
is significantly improved.

The main contents of this paper are as follows.
Section II describes the working principle of WPT
systems and the mechanism of shielding structures. Sec-
tion III describes the mechanism of implementing the
multi-objective robust optimization algorithm based on
the K-Trans surrogate model combined with MOEDO.
Section IV introduces the combined shielding structure
proposed in this paper and implements the robust opti-
mization of the shielding structure based on K-Trans
combined with MOEDO and compares the shielding
effect of different optimized structures under the influ-
ence of offset uncertainty. Section V describes the exper-
imental part of this paper and verifies the superiority of
the robust optimal structure of this paper by building the
experimental platform of the WPT system. Section VI
summarizes the work in this paper.

II. WPT SYSTEM AND
ELECTROMAGNETIC SHIELDING
A. WPT system

The overall structure of the WPT system is shown
in Fig. 1. The WPT system established in this paper
is realized based on the principle of magnetic coupling
resonance, where a current flows in the coupling coil
and, since the transmitting coil and the receiving coil
have the same resonance frequency, a resonant elec-
tromagnetic field can be generated to realize efficient
wireless transmission of electric energy through the
electromagnetic field. In order to ensure maximum effi-
ciency of the WPT system during normal operation, a
bilateral S-S compensation circuit is used in this paper,
as shown in Fig. 2, where Uy is the excitation source,
Rg1 is the equivalent resistance of Tx, Cg; is the series
compensation capacitor at the 7x end, L; and L, are
the coil self-inductance at the Tx and Rx ends, M is
the coil mutual inductance between Tx and Rx, Cs is
the series compensation capacitor at the Rx end, Rg»
is the equivalent resistance of Rx, and Ry is the load
resistance. To ensure the transmission efficiency of the



WPT system, the S-S compensation circuit should be in
resonance. The circuit parameters at the transmitter and
receiver ends are shown in equations (1) and (2).

1
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where o is the resonant angular frequency, @ = 27f,

and f is the resonant frequency. In this paper, f is chosen
to be 85 kHz for the WPT system, which is the most
likely candidate frequency for the WPT system [22].

B. Electromagnetic shielding

In the WPT system, the coupled electromagnetic
field between the coupling coils is the core of realiz-
ing energy transfer. The shielding structure directs the
electromagnetic field through the nature of the material,
increasing the efficiency of energy transfer and simul-
taneously weakening the electromagnetic field in non-
operating areas. Electrical shielding materials exploit
their high electrical conductivity to induce eddy currents
when exposed to a magnetic field. These eddy currents
generate an opposing magnetic flux that suppresses field
leakage and simultaneously dissipates energy as Joule
heat, thereby attenuating the LMF.

The equation for the eddy current induced electro-
motive force E generated by the alternating electromag-
netic field on the outside of the shielding material is:

JdB
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The density of eddy currents generated by the
induced electromotive force is:
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Fig. 1. WPT system schematic.
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Fig. 2. S-S compensation circuit.
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where ¢ represents the electric potential, A is magnetic
vector, 0 is material conductivity, u is relative perme-
ability of the material, € is dielectric constant, and j is
an imaginary unit. The eddy currents generated in the
shielding mechanism can be expressed by the volume
fraction:

I= / (—V¢ — jwA)(o + jwe)dV. ®)
4

From equation (5) it can be seen that eddy currents
are affected by the system operating angular frequency
®, the conductivity ¢ and dielectric constant € of the
shielding material. However, electrical materials also
have drawbacks, such as affecting the magnetic field
state around the receiving coil, and eddy currents gen-
erate heat, which not only increases transmission losses
but also causes safety hazards. Therefore, the current
WPT shielding structure is usually a combination of
electrical and magnetic materials, which reduces energy
loss and improves system efficiency to have better
shielding performance.

The location, shape and size of the shielding mate-
rial can be varied during design to suit the actual applica-
tion. Because magnetic field lines naturally form closed
loops and cannot be directly blocked, we can design
specialized magnetic conduction pathways to keep the
magnetic field primarily circulating within the equip-
ment. This significantly reduces magnetic field leakage
to the outside, achieving effective shielding. There is a
relationship in the magnetic field:

o= 1n (6)

R

where ® is magnetic flux, F;,, is the magnetomotive
force, which is determined by the product of the number
of turns of the coil and the current, and R,, is the
magnetoresistance, which represents the hindering effect
of the magnetic circuit on the magnetic flux. Analysis
of the relationship between the quantities in equation
(6) shows that magnetic flux mainly passes through
the shielding material with low reluctance and high
relative permeability, which reduces magnetic leakage
into the air. In constructing the magnetic field shielding
mechanism, the low magnetoresistance path is shown in
Fig. 3.

In the design of the magnetic shielding mechanism,
in addition to considering the shielding effect, it is also
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Fig. 3. Magnetic flux path.
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necessary to synthesize the requirements of the use
of the environment to make changes to the shape and
weight of the shielding mechanism. The WPT system in
this paper operates at 85 kHz, mainly utilizing a high
relative permeability shield to shunt the magnetic flux
and improve coupling between the transceiver coils. It
can be seen that magnetic induction intensity inside the
high relative permeability shield is much larger than that
outside, while the magnetic lines of force in the low
relative permeability material are almost perpendicular
to the high relative permeability material. In this way
most of the low-frequency magnetic field energy is
constrained to pass inside the shield, thus providing
shielding.

III. ROBUST OPTIMIZATION BASED ON
K-TRANS SURROGATE MODEL

The core of solving robust optimization problems
is to take offset uncertainty into account in the optimal
design in order to attenuate the effect of offset uncer-
tainty. Existing methods usually require a large number
of samples and are usually handled in a probability-
driven manner, which may lead to an increase in compu-
tational time cost with large errors in the results. Consid-
ering the complexity and high simulation cost of WPT
systems, this paper adopts the K-Trans based method to
realize the embedding of the effect of offset uncertainty
among coupled mechanisms of WPT systems to achieve
robust optimization.

A. K-Trans surrogate model

Transformer is able to react more sensitively to
changes in the dataset due to the remote dependency
of its multi-head self-attention mechanism, providing
better adaptability for regression tasks [23, 24]. The
traditional Transformer has a multi-layer perceptron
(MLP) layer after the self-attention layer. In MLP, the
neuron connections are usually a real value representing
the weights, and the neuron itself is equipped with a non-
linear activation function, usually a sigmoid function.
The computation process of MLP is to first weight the
inputs of the weights weighting and then introducing
nonlinearity through the activation function. KAN is
realized based on the Kolmogorov-Arnold (K-A) rep-
resentation theorem, which shows that any continuous
function f(xj,...x,) can be represented as a nested
combination of finitely many univariate functions:

2n+1

f) =) & <Z éq,p<xp)>, @

where 9, , and 6, are univariate functions. KAN uti-
lizes the K-A representation theorem to represent the
weight parameters as a kind of B-spline. The B-spline
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function connects the two neurons directly and is essen-
tially a segmented polynomial function that achieves a
high degree of smoothing where the polynomial blocks
intersect. The K-A theorem states a high-dimensional
function through equation (7), which can be reduced
to learning one-dimensional functions of polynomial
order. These one-dimensional functions are not always
smooth functions that are easy to learn, and thus high-
dimensional decomposition is achieved by parameteriz-
ing each one-dimensional function as a B-spline func-
tion [24]. In Transformer, by replacing the MLP with
KAN, we can take advantage of the better interpretabil-
ity of KAN to achieve self-learning of the activation
function while moving the activation function to the
“edge”, so as to realize the smooth processing of the
data, which not only learns the features, but also opti-
mizes these learned features with high accuracy, thus
obtaining a smooth function that approximates the data.
This not only ensures the accurate approximation ability
of high-dimensional functions but also decomposes the
multi-dimensional function into a univariate function
combination to simplify computational complexity. The
improved model structure is shown in Fig. 4.

As can be seen from Fig. 4, the K-Trans model
consists of four parts: model input, encoder, decoder and
model output. The model input data x = (x1,x2,...,%,)
integrates the offset uncertainty of the WPT system with
the design parameters of the shielding structure, and the
maximum value of the magnetic field strength B, and
the system transmission efficiency 1 at the four fixed
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Fig. 4. K-Trans model.
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observation points around the WPT system are used
as the model outputs to realize the construction of the
surrogate model under the uncertainty scenario.

Through the training of the above model, the LMF
and energy transfer efficiency surrogate model of the
WPT system containing the effect of the offset uncer-
tainty between the coupling mechanisms of the WPT
system is obtained. By calling the surrogate model
through the MC method, the corresponding outputs are
obtained, which are used to assist the optimization.
Based on these samples, simulation can be replaced thus
saving the time cost of the optimization process. The
accuracy of the surrogate model in this paper is verified
by comparing it with the MC method.

B. Optimization design method

Based on the above K-Trans uncertainty surrogate
model, we quantify the effect of uncertainty surro-
gate into the optimization design process, and in the
optimization stage we only consider the optimization
of the design parameters, while the offset uncertainty
is embedded into the optimization process, which is
regarded as the optimization background factor, so as
to achieve robust optimization. To address the above
problems, this paper adopts an intelligent optimiza-
tion algorithm for computation. MOEDO is a heuristic
method [25] that utilizes the theory of exponential distri-
bution combined with the idea of dynamic optimization.
It integrates an information feedback mechanism (IFM)
and transforms a multi-objective task into a single-
objective sub-task, thereby overcoming the local opti-
mum. The pseudo-code of the MOEDO algorithm is
shown in Algorithm 1.

In the embedding operation of offset uncertainty, the
design variables are always the same in both the robust
optimization process and the traditional deterministic
optimization process, the offset uncertainty variables are
only used as stochastic inputs to the model, and the
Pareto frontier searched by MOEDO is always for the
optimization results with the design factors as variables.
The optimization in the deterministic case and the robust
optimization of the WPT system considering the effect
of offset uncertainty can be achieved by the aforemen-
tioned MOEDO optimization method combined with the
K-Trans surrogate model proposed in Appendix A.

IV. OPTIMIZED DESIGN OF SHIELDING
STRUCTURE
A. Structural design
In the design of shielding structure, this paper adds
ultra-thin single-layer nanocrystalline material with high
relative permeability to realize the composite shielding
structure based on the combination of aluminum plate

and ferrite unit. The nanocrystalline material used in
this study exhibits a relative permeability of 22,000
at room temperature and 85 kHz, whereas the ferrite
component shows only 3300 under identical conditions.
In the shielding design, inner peripheral nanocrystalline
strips guide magnetic leakage from the coil center
into coupling paths, while outer strips redirect leak-
age from non-operating regions back to active areas.
Where the ferrite unit is used to compensate for the
nanocrystalline material shielding loophole, and finally
the aluminum plate is utilized for electrical shielding,
and the three materials are placed in layers, as shown
in Fig. 5.

Compared with the traditional shielding structure
covered by a large area of ferrite, the use of nanocrys-
talline to replace part of the ferrite can achieve Com-
pared with the traditional shielding structure covered
by a large area of ferrite, the use of nanocrystalline to

Algorithm 1: MOEDO

Input: population size (N), maximum time (Maxtime),
dimension (d), lower bound (/b) and upper bound (ub).

Output: Optimal solution X S;fltm,m .
1. Initialize population of N solutions:

Xinners (@), 1=L2,..,N.

2. Define Fitness vector to store the fitness of all solutions.
3. Construct the memoryless matrix such that
memoryless=X,ipmers o

4. while (time<Maxtime)

5. Define J matrix of size 5. Rank the solutions in X,;,,eys.
best1 best2 best3
Calculate Xtime _ Xwinnen\' + Xwimwn\' + Xwinner.\' .
6. guide — 3
Define the EDO adaptive parameters a,b,c,d and f.

7. | fori=l:N

8. if (0<0.5)
Generate &, update V;ﬁmﬁl ,according to ¢ to
selection formula

9. et = g (memoryless!™ —o*)+b- X e
or
Ve = b- (memoryless™ - *) +log(g)- X" -
else:

10. time+1 time time
v =X imers — M +(cZ, +(1-¢)Z,).

11. end

12. | end for

13 Copy V'to memoryless. Define new fitness vector to

" | store the fitness.
14. | Find the bestfitness. Updating the Fitness;.

15. end while

. . best .
16. time=time+1. Return Xw,-nnm solution,
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replace part of the ferrite can achieve the effect of reduc-
ing the overall weight of the WPT system, saving the
space occupied by the shielding structure and improving
the robustness of the overall structure. However, since
the ferrite compensation unit in this paper is not symmet-
rically placed, the magnetic field distribution around the
system is not symmetrical. In addition, the offset uncer-
tainty between the coupling mechanisms also affects
the overall shielding effect. Therefore, it is necessary to
design the most suitable combination of shielding mate-
rials and placement form to ensure the best performance
of the whole WPT system under the influence of offset
uncertainty.

The WPT system in this paper consists of a trans-
mitting coil Tx, a receiving coil Rx, two end-to-end
shields and a converter circuit. The dimensions of both
Tx and Rx are 200 x 200 cm, and the cross-sectional
area of the coils is 1.3 x 107> mm?. Both coils are
composed of 15 turns coil, and the coil wires are made
of metallic copper wrapped with an insulating layer
on the outside. When Tx and Rx are aligned and the
spacing between the coils is 5 cm, the system operates
under ideal conditions, and the system input power of
the WPT is 300 W with an operating frequency of
85 kHz. the distribution of the magnetic flux density
B around the WPT before and after the addition of
the shielding structure is shown in Fig. 6. Group 1
represents no shielding, Group 2 represents aluminum
plate and ferrite combination shielding, and Group 3
represents aluminum plate, ferrite and nanocrystalline
combination shielding before optimization. As shown
in Fig. 6, during normal operation of the WPT system,
the magnetic field distribution in the cross-sectional
plane exhibits an outward dispersion pattern, with higher
magnetic flux density concentrated at the coil center.
After implementing the shielding structure, the magnetic
field is effectively confined to the operating region,
while the leakage fields on the upper and lower surfaces
of the WPT system are significantly attenuated, thereby
enhancing operational safety.

-

7 ,
N

TN

- ~Nanocrystalline

Fig. 5. WPT system combined shield structure.
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The shielding structure design parameters and off-
set uncertainty tolerance range of the model in this
paper are shown in Tables 1 and 2. Among them,
the aluminum plate and the ferrite unit play a role
in compensating the nanocrystalline shielding layer, so
the material parameters and placement of the two are
crucial. Therefore, the thickness of the ferrite unit #1,
the distance of the ferrite unit from the center of the
WPT system d, the relative angle o of the upper and
lower ferrite layers, and the thickness of the aluminum
plate #, are taken as the optimization variables in this
paper, so as to achieve the best matching effect with the
nanocrystalline shielding layer. Since the offset between
the coils of the WPT system is equiprobable in all
directions, it is usually regarded as a uniform distribution
in engineering applications, and U denotes a uniform
distribution.

Currently, the most widely used electromagnetic
exposure standard for WPT systems is the ICNIRP 2010
guideline, which divides different limit values for differ-
ent WPT frequency ranges. The ICNIRP 2010 clearly
states that, in order to ensure that the human body is
not subjected to neurostimulation, in the frequency range
of 3 kHz—10 MHz, the limit of the public’s exposure
to the time-varying magnetic field is 27 uT. The WPT
system developed in this study operates at 85 kHz,
with electromagnetic exposure compliance based on the
ICNIRP 2010 occupational reference level of 27 uT for
magnetic flux density. Since the magnetic flux density
is higher at the vertical center located between the
coils, this paper establishes four fixed observation points
V1,V2,V3, and Vj in four directions in the middle of
the vertical direction between the coupling mechanism,
20 cm from the center of the coils, for evaluating the
shielding effect, as shown in Fig. 7.

Fig. 6. Magnetic flux density distribution. (a) Group 1,
(b) Group 2, (c) Group 3.

Table 1: Design variables and distribution parameters

Design Variables | Distribution Parameters | Unit
1 U [0,0.04] m
d U [0.002,0.004] m
) U [0.001,0.003] m
o U [0,72] °




Table 2: Uncertainty factors and distribution parameters

Uncertainty Distribution
Factors Parameters Unit
Horizontal offset AX | U [-0.05,0.05] m
Vertical offset AY U [-0.05,0.05] m
Coil distance AZ U [0.04,0.06] m

B. Shielding performance

The magnetic field strength distribution and the
energy transfer efficiency 1 of the WPT system at the
four observation points with and without the shielding
mechanism are shown in Fig. 8 and Table 3. Before and
after adding Group 2 shielding to the WPT system in
this paper, the maximum reduction of the B value at the
four observation points reaches 85.19% but, at the same
time, the system efficiency decreases by 7.2%, which
is due to the fact that after adding the shielding layer,
although the ambient leakage magnetic field becomes
less, a part of the electrical energy is converted into
thermal energy due to the eddy current effect of the
aluminum plate, thus leading to a reduction of efficiency.
The maximum value of the magnetic field strength at the
four observation points is noted as Bj,4x, Which will be

1 V}
Vs | Vs
———— e = - -
! 20cm
2
V. — — V-
4 V- Vs 2

100

el
>

93.81%

O
(=]
Efficiency (%)

%0
v

Group 1

Group 2

Group 3

Fig. 8. Observation point indicators.
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used as an indicator of the shielding effect of B,,,,, in this
paper because the shielding structure is asymmetric.

After adding the nanocrystalline shielding layer,
compared with the form of Group 2 combination,
the energy transfer efficiency of the WPT system is
improved by 8.58% while By, is reduced by 30.05%,
which shows that the nanocrystalline material is able to
improve the degree of system coupling due to its high
relative permeability, resulting in the efficiency of the
WPT system being elevated. In the optimization process
of shielding structure design, what we need to find is
the optimal thickness of the aluminum plate and ferrite
unit as well as the optimal placement of the ferrite
compensation unit, so as to achieve the optimal way of
combining with nanocrystalline.

Considering the practical applications of the WPT
system, according to the uncertainty factors and their
distributions in Table 3, a random sampling method is
used to sample and calculate the probability distribution
function (PDF) of the energy efficiency of the original
system and the maximum value of the magnetic field
strength By, at a fixed observation point. In order to
validate the Transformer surrogate model before and
after the improvement, the results are compared with
the pre-improvement Transformer and MC calculations.
Considering the cost of simulation computation, the MC
method with 10,000 simulations can provide enough
accuracy to meet the needs of most engineering prob-
lems. Comparison results are shown in Fig. 9. As can
be seen from Fig. 9, the computational results of the
K-Trans are basically consistent with those of the MC,
and the computational accuracy is slightly improved
over the MC and the Transformer. Under the presence
of uncertainty, the mean value of the WPT system
efficiency predicted by the surrogate model is 78.83%,
and the mean value of the magnetic field strength B,
is 22.64 uT. As shown in Fig. 9 (a), the original structure
of the WPT is subject to the possibility of transgressing
the limit under the influence of the offset uncertainty,
with a probability of 27.34%, and therefore the shielding
structure needs to be optimized so as to reduce the
transgressing probability.

Table 3: Observation point value

Group 1 | Group 2 | Group 3
Vi/uT 54.42 8.06 12.17
Vo/uT 56.26 12.53 12.68
V3/uT 58.27 18.07 12.64
Va/uT 54.39 11.02 12.61

Table 4: Calculation time
MC Transformer
22833 2290

K-Tran
2062

Time/min
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In addition, in terms of computation time, the time
required to calculate the WPT system operation for a
single scenario using the multi-physics field simulation
software is 2 minutes and 17 seconds, and the computa-
tion time for the three methods in this paper for a single
structure is shown in Table 4. It shows that under the
condition of calculating the same WPT system structure,
the calculation cost of 10,000 times MC method is very
high, while the calculation time cost of K-Trans saves
90.97% compared to the MC method. Thus, the K-
Trans method can ensure the realization of improved
computational efficiency while guaranteeing accurate
calculation results.

In the optimization process, determining the opti-
mum does not consider other factors and is calculated
directly through optimization. While robust optimiza-
tion needs to consider the offset uncertainty among the
coupled mechanisms of the WPT system, in this paper,
the uncertainty effect is embedded into the optimization
as a data background to realize robust optimization. For
the WPT system, the B,,,, of the observation point is
optimal while the system works efficiently. The design
variables corresponding to the target points in the Parato
solution set are shown in Table 5.
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Table 5: Optimal design variables

ti/m d/m tr/m o/m
Deterministic 0.003 | 0.032 | 0.0019 7
optimum
Robust 0.004 | 0.025 | 0.0028 | 35
optimum
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Table 6: Statistical parameter

Original | Deterministic | Robust
Structure | Optimum | Optimum
Meanof n/% | 78.83 80.73 86.60
Mean of 22.64 20.63 13.42
Bmax/ I»LT
Transgression| 27.34 19.09 0
probability
Pl!%

In order to verify the improvement effect of the
energy transfer efficiency and shielding performance of
the WPT system under the influence of offset uncer-
tainty, according to the parameter settings in Table 2
and the optimized parameters in Table 5, the probability
distribution curves of 1 and By, are calculated using
the agent model and compared with the pre-optimization
PDF, as shown in Fig. 10 and Table 6.

Results demonstrate that the robustly optimized
system achieves a mean efficiency of 86.60% with
an associated magnetic field strength of 13.42 uT. In
contrast, the deterministically optimized structure shows
significantly degraded performance, with mean effi-
ciency dropping to 80.73% and magnetic field strength
increasing to 20.63 uT. In addition, analyzing from the
perspective of the transgressing probability, the trans-
gressing probability of the deterministically optimal
structure reaches 19.09%, whereas the robustly opti-
mized structure demonstrates an overshoot probability
of 0. The transgression probability of magnetic leakage
of the WPT system is reduced to O, and there is no
possibility of transgression, which ensures the safety
of electromagnetic exposure of the users. Therefore,
the robust-optimized WPT system’s offset resistance is
improved, and the RDO method assisted by the K-
Trans surrogate model can effectively cut down the
negative impact caused by the offset uncertainty of the
WPT system, and improve the stability of the system’s
electromagnetic shielding, transmission efficiency and
safety of the users.

V. EXPERIMENTAL RESULTS

In order to validate the RDO method proposed in
this paper, a 300 W, 85 kHz system is constructed to
verify the effectiveness of the proposed method, and
the system is shown in Figs. 11 and 12. The system
consists of a coil, converter circuit, shield and resistive
load. In this paper, the coil spacing adjustment is realized
using acrylic pads that do not have any effect on the
electromagnetic field. In the experiment, the measure-
ment device of magnetic field strength is based on the
ELT-400 series probes used for safety assessment of
human exposure to magnetic fields under the German
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company Narda, which meets the measurement stan-
dards of ICNIRP 2010.

From the simulation results in section IV, it can be
seen that the shielding effect of deterministic optimal
structure in the deterministic case is superior to that of
the robust optimal value, which is verified in the follow-
ing based on the experimental build. In the process of
verifying the effect of robust optimal shielding structure,
in this experiment, the step of the three uncertainty
factors AZ, AX and AY are all set to 1 cm, the numerical
planes of AZ with different coil spacing are used as a
differentiation, and the data of AX — AY corresponding
to the efficiency and the magnetic field strength under
the case of AZ with different coil spacing are obtained
to chart the four-dimensional response surface plots to
verify the two kinds of structures under the influence
of the uncertainty factors’ shielding performance. From
the distribution parameters of the uncertainty factors
in Table 2, it can be seen that there are 363 possible
combinations of the three uncertainty factors for each
shielding structure in the experimental process at a step
of 1 cm, and the response surface plots are realized at
the resulting 363 points.

As shown in Figs. 13 and 14, the 3D response
surface plots reveal significant differences between the
robustly optimized structure and deterministic structure
under asymmetric shielding conditions. The three
coordinate axes represent positional offsets, with dual
color scales indicating maximum magnetic flux density
Buax and transfer efficiency 7). Key findings include: at
AZ = 4 cm, the system achieves optimal performance
balance, with the robust structure demonstrating 86.6%
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efficiency (4.95% improvement over deterministic
design) and 13.4 uT By (5.17 uT reduction).
This enhancement stems from adaptive coupling
spacing adjustment in the robust framework, which
simultaneously improves magnetic coupling efficiency
through reduced coil separation and confines magnetic
fields within operational zones. Under misalignment
conditions, the robust design reduces By, leakage by
34% while lowering exceedance probability from 12.3%
to 0%, fully complying with ICNIRP 2010 27 uT safety
limit. Statistical data in Table 7 confirm that, under
various uncertainty factors, the robust optimization
framework not only improves average efficiency by
4.95% but also ensures zero magnetic exceedance,
providing an effective solution for handling positional
offsets in practical deployments.

Experimental validation confirms that the robustly
optimized structure significantly enhances both the
offset resistance and shielding performance of the WPT
system. Leveraging the K-Trans surrogate model, our
methodology quantifies positional uncertainty impacts
by constructing shielding performance surrogate models
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Fig. 13. Response surface plot B, (a) deterministic
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Table 7: Statistical parameter

Deterministic | Robust
Optimum Optimum
Mean of /% 79.84 84.79
Mean of B, /uT 23.22 18.05
Transgression 27.55 0
probability P/%
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and deriving statistical parameters, while simultaneously
enabling multi-objective robust optimization through
MOEDO to improve shielding effectiveness and
positional tolerance.

Comparative analysis reveals that, under posi-
tional uncertainty conditions, the K-Trans framework
accurately captures shielding behavior patterns, and
MOEDO achieves Pareto-optimal designs with 15.7%
higher shielding efficiency and 42.3% greater positional
tolerance compared to deterministic methods.

VI. CONCLUSION

The objective of this paper is to design highly
offset-tolerant WPT shielding structures to counteract
the negative effects of the offset uncertainty existing
between the coupled mechanisms of the system and
to improve the electromagnetic safety of the system.
This paper proposes a robust optimization method
based on the combination of K-Trans surrogate model
and MOEDO. Its computational accuracy is basically
the same as that of the MC method, and it notice-
ably saves the computational cost. From experimental
results, K-Trans computational time cost is reduced by
90.97% compared with the MC method. The mean value
of system efficiency with robust optimal structure is
improved by 4.95% compared with the deterministic
optimal structure, which effectively improves energy
transfer efficiency. Mean of B, is reduced by 5.17 uT,
and the probability of system overrun is reduced to
0, which effectively protects the user’s electromagnetic
exposure safety. Therefore, the scheme proposed in this
paper can provide an efficient and feasible solution
for an optimized design of the shielding structure of
WPT systems. Considering that the variables involved
in practical applications are more complex, in future
research we will look for more suitable methods for
high-dimensional calculations to improve the safety and
stability of WPT systems.
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