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Abstract: In order to explore the influence of the electromagnetic force (EMF) on the coupling
mechanism in a high-power wireless power transfer (WPT) system, the characteristics of the EMF
are investigated by theoretical calculation and simulation. The expressions of the EMF on the WPT
structure with magnetic shielding are derived in time domain and frequency domain, respectively.
The EMF is divided into Lorentz force and Kelvin force. The distribution and changing regularity of
the EMF on the coil and the magnetic shield under different exciting currents are solved by the finite
element model, and the harmonic of the EMF is analyzed in detail. The results show that the coil is
subjected to the EMF in both radial and axial directions. The EMF on the magnetic shield is opposite
to the EMF on the coil, and the force between the transmitting coil and the receiving coil is repulsive.
The frequency of the EMF is twice that of the system resonant frequency. An experimental prototype
is built to prove the correctness of the predicted characteristics. It is shown that the EMF should be
carefully considered in the application of high-power WPT systems.

Keywords: electromagnetic force (EMF); wireless power transfer (WPT); high-power; coupling
mechanism; high-frequency current

1. Introduction

Wireless power transfer (WPT), because of its convenience, safety, flexibility, and some other
advantages, has been extensively used in many fields such as mobile phones, biomedicines, smart
homes, and communication [1-4]. In recent years, with the gradual growth of the global energy
revolution, WPT technology has been progressively developing to high-power applications from the
kilowatt to the megawatt power level. As an emerging technology, wireless charging for electric
vehicles could solve the drawbacks of low battery capacity and time-consuming and labor-intensive
plug-in charging [5-7]. Considering the fact that high-speed train pantograph is easy to wear and
produce electric arc, which leads to unreliable power supply, WPT used in high-speed rail is also a hot
research topic [8,9]. Moreover, inductive power transfer for marine mechanisms such as ships could
reduce the impact of extreme weather at sea and of limited berthing time [10].

However, the coupling mechanism in WPT systems, owing to the existence of inductive current
and time-varying electromagnetic fields, is inevitably affected by the electromagnetic force (EMF).
With the increase of transmission power, the excitation current and space-coupling magnetic field will
be increased. Thus, the EMF in high-power WPT systems has not to be ignored.

EMF has been researched by several methods in numerous fields [11]. An improved superposition
method was proposed to predict the unbalanced magnetic force of permanent magnet machines.
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In reference [12], the cross-frequency of EMF in the induction heating application of a linear induction
motor, which could improve the stability of the system, was investigated.

For WPT systems, a study [13] proposed a type of micro-robot, which could transmit energy
through a magnetic field, and the EMF on the receiving coil also provide a driving force to the robot.
To precisely control turning and tracing of the robot, a study [14] floated the receiving coil on water,
and the characteristics of EMF were obtained by calculating the drift velocity of the coil. The authors
assumed that the magnetic field was perpendicular to the receiving coil and only generated a tangential
force on the coil.

However, the EMF of a high-power WPT system has rarely been analyzed. In practical
applications, the magnetic field is alternating, which will generate EMF in various directions, and most
of the EMF has negative effects rather than being a driving force [15,16]. Generally, EMF is the main
inducer of a continuous periodic vibration causing the braking of the mechanism. Under the long-term
action of the EMEF, service life, security, and reliability of WPT system will deteriorate. In addition,
the EMF also produces noise pollution in the surrounding environment [17]. The characteristics of EMF
on a ferromagnetic material in a WPT system were analyzed in reference [18], which only considered
the receiver and did not obtain exact conclusions on the effects of the EMF on the WPT system.

In this paper, on the basis of the high-power wireless power transfer system, detailed
characteristics of the EMF on the coupling mechanism with magnetic shielding in WPT are revealed.
The paper is organized as follows. Section 2 will classify the EMF in a WPT system on the basis of the
traditional Korteweg—Helmholtz force density method of EMF. In Section 3, this paper will deduce the
analytic expressions of the EMF on the coupling mechanism of a high-power WPT system and obtain
the theoretical distribution characteristics and frequency characteristics of the EMFE. At the same time,
the magnitude of the EMF will be solved by means of the finite element method, and the correctness of
the theoretical analytic results will also be verified by the simulation. In Section 4, an experimental
prototype will be built to verify the correctness of the characteristics. Further, the change regulation of
the EMF will be discussed. Section 5 will draw conclusions about this paper.

2. Classification and Model of EMF in WPT

The structure of the commonly used coupling mechanism in a WPT system is presented in Figure 1.
I is the exciting current of the transmitting coil (Tx-coil), generating magnetic flux density B in the
coupling domain. The magnetic field produces inductive current I, in the receiving coil (Rx-coil),
which is rectified and inverted to supply load, delivering energy without any electrical connection.
Considering the location in which the WPT system is installed in high-power applications, a square
coil has been used to improve space utilization. The magnetic shielding is ferromagnetic material,
added to optimize the distribution of the magnetic field and improve the transmission efficiency in the
WPT system.
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Figure 1. Schematic and two-dimensional section of the wireless power transfer (WPT) system.

The exciting current of the WPT system is sinusoidal and alternating, thus the displacement
current can be ignored, and the magnetic field generated by the coupling mechanism can be
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equivalent to the magnetoquasistatic field. Meanwhile, because the materials of WPT system are linear
and incompressible, the Korteweg—Helmholtz force density method [15] is used to investigate the
characteristics of the EMF coupling coils and magnetic shielding materials, neglecting magnetostriction.
The EMF density f on the unit volume of the mechanism is expressed as:

f:]xB—%H-HVy:fﬁ—fM 1)

where ] is the current density in the coils, B refers to the magnetic flux density, H denotes the magnetic
field intensity, u is the permeability of the shielding. The relationship between B and H of magnetically
linear materials is B = ug(H + M) = uH.

It can be seen that the EMF in the WPT system consists of Lorentz force fj and Kelvin force fa. fm
is produced by the interaction between the magnetic field and the magnetizing current. The material of
coupling coils in WPT is copper, whose permeability almost nears 1, so the coils cannot be magnetized
but only subjected to Lorentz force fj. Generally, magnetic shielding materials in WPT are linear soft
magnetic materials, the conductivity of which is very small, and the eddy current of which can be
ignored. Thus, Kelvin force fa is just acting on the magnetic shielding.

In order to study the characteristics of the EMF on the WPT mechanism, a finite element analysis
model is built according to Figure 1. The important parameters of the coupling mechanism are given
in Table 1. In order to reduce the alternating current (AC) resistance loss of the coils in the high-power
system, a 10.89 kHz frequency is adopted. The transmission distance is set to 20 cm according to the
actual electric vehicle or high-speed rail chassis height. The exciting current is adjustable for simulating
the states of different output powers, with an initial value of 171.8 A.

Table 1. Parameters of the electromagnetic force (EMF) model.

Parameters Value
Resonant frequency 10.89 kHz
Exciting current amplitude 171.8 A
Wire radius 0.4 cm
Ferrite relative permeability 2500
Transmission distance 20 cm

3. Electromagnetic Force Calculation and Analysis

3.1. Current Calculation in WPT with Magnetic Shielding

Figure 2 illustrates the most basic series—series compensated topology of the WPT system with
magnetic shielding, in which r; is the sum of the resistances of the source Us and the transmitting
coil, 7, is the sum of the resistances of the receiving coil and the load, and L; and L, represent the
transmitting coil and the receiving coil, respectively. M is the mutual inductance of the coils, and
Arq, Arp, AM are the additional resistances and mutual-inductance caused by the magnetic shielding,
respectively. Because the resonant capacitors, C; and C, matched the inductance, making the system
work at resonance frequency w, the additional inductance is ignored. Equation (2) shows Kirchhoff’s
voltage equation of the system.
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Figure 2. Series-series compensated topology of the WPT system with magnetic shielding.
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The exciting current Iy and inductive current I, can be obtained, as shown in Equation (3). It can
be shown that the amplitude of the currents is related to the increments of the resistances and mutual
inductance, which depend on the shape and location of the magnetic shielding. Figure 3 shows the
currents of the coupling coils in the simulation.
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Figure 3. Waveforms of the resonant currents in the analysis model.
3.2. Magnetic Field Calculation in WPT

The magnetic field in WPT is regarded as a two-dimensional axisymmetric field, as shown in
Figure 4. Firstly, only considering the coils in the system, the magnetic flux density B at any position
in the coupling domain is generated by the exciting current J; and the inductive current J, together:

_ MoN /IixeRi _ WoN ‘ / 1
B= " i:Zl;Z VR dV = - izzl;zhx VVRidV (4)

where dV is the unit volume of the coils, R is the distance from field point to dV, N is the number of
coil turns.

Magnetic Shielding W Receiving

By N
Jz R JZ

B

?\\ \ N .

~ ~B, Rx-Coil
R.Z,P 2 .
/V// B, ‘T}-Conl

Jq // /R’ Ji
®® // @@
0 .

u
W e, /' Transmitting
L

Figure 4. Diagrammatic sketch of magnetic flux density and EMF.
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However, magnetic shielding materials, such as Mn-Zn ferrite and other materials with high
permeability, are often used in practical applications. Since the coil is closely attached to the magnetic
shielding, the magnetic field in the coupler can be equivalent to a semi-infinite field, calculated by the
image method. Normally, the magnetic shielding in a WPT system is unsaturated, and the magnetic
flux lines can be completely closed through the magnetic shielding, thus the thickness of the magnetic
shielding can be ignored.

Because the permeability of the magnetic shielding ., is much larger than yg, the mirror current
J1' is similar to J; with the same direction and size and can be derived from Equation (5)

) MHfer. — MO
S 5
L= i +V0I N )

The magnetic flux density at point P is expressed in Equation (6). Figure 5 shows the distribution
of B in the coupling domain.
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Figure 5. Distribution of magnetic flux density of the coupler in (a) 3D, (b) 2D.

3.3. Calculation of the Electromagnrtic Force on the Coils

The EMF density exerted on the unit volume of the coils can be obtained from:

fi =T xB=fex+ fryey < (1+k) @)
f]xzijBy 8
{ 1y = JBx ®

where f}, and f}, are the x- and y-axis components of the Lorentz force on the coils, respectively, and
k=w(M+ AM)/(ry + Arp) is the ratio of the currents in the coils. Thus, we can obtain the EMF on
the coils by the volume integral of the force density f:

F= [ fav ©

The EMF is of the unidirectional pulsating type because it is proportional to the current squared.
Taking a one-turn transmitting coil as an example, the direction of the EMF can be determined by the
left-hand rule, as shown in Figure 6. It can be seen that two tangential forces on the same section of the
one-turn coil, Fjy, and Fjy, are equal in magnitude and opposite in direction. Since the coils in WPT
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can be regarded as closed coils, the EMF on the coils in the x-axis cancel each other out [14]. Therefore,
for the whole closed coil, the EMF in the x direction is zero. However, the long-term action of the force
will make the coil expand or contract gradually, which has a negative influence on the shape and life
of the coil. The normal components on the one-turn coil, F Jya and F Jybs are a constant throughout in the
same direction. The variation of the force with time is shown in Figure 7.
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Figure 6. Schematic of the EMF on a one-turn transmitting coil in a 2D section.
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Figure 7. EMF on a one-turn transmitting coil in a 2D section.

For the whole series-series compensated coupling multi-turn coils, the EMF acting on the coils is
the resultant force of Fj on each one-turn coil. However, because the magnetic field is not uniformly
distributed in the coupling space, Figure 8 shows the EMF on each turn of multi-turn coils. It can be seen
that Fj, on the middle turn is the largest, and Fj, on the transmitting coil is always downward. However,
the values of Fj, on the side turns are larger, and the directions are inconsistent. By integrating the
results of Figure 8, the EMF of the whole multi-turn coils can be obtained, as shown in Figure 9.
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Figure 8. EMF on each turn of multi-turn transmitting coils.
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Figure 9. The resultant EMF on multi-turn coils.

As aresult of the cancellation of Fj, on each turn of the coil, Fj, on multi-coils is still zero. However,
expansion or compression in the radial direction of the coils still exist, which will cause deformation
and fracture of the coils. In the commonest WPT systems, the amplitude of the inductive current J; is
less than that of the exciting current Jq, k < 1, and the magnetic field near the Rx-coil is lower than that
near the Tx-coil. Thus, F Jy on the Rx-coil is less than F Jy on the Tx-coil. F ]y—Tx and F ]y—Rx are —10.3 N
and 6.2 N, respectively, which is consistent with the rule of Equation (9). Note that, considered from
the direction of the magnetic field, Fj,-Tx is vertically downward, and Fj,-Rx is vertically upward,
so their directions are opposite, that is, there is a repulsive force between the transmitting and the
receiving coil.

3.4. Electromagnrtic Force on Magnetic Shielding Calculation

From Maxwell theory, the EMF is delivered through the space medium. So, fjs from Equation (1)
could be calculated by the Maxwell stress method. The EMF acting on the unit surface area of magnetic
shielding is

_ 1 L)
p—%(n B)B T}loB n (10)

1
Px = %B B Y
where p is the Maxwell tensor, and # is the normal unit vector of the surface.
Kelvin force fy; is caused by the change in the magnetic permeability u at the interface of
the ferromagnetic materials and the direction of f) is from large permeability to low permeability.
In a WPT system, the permeability of magnetic shielding ., is about 2500-3500 times ug, thus B

is perpendicular to the magnetic shielding surface. The EMF on the magnetic shielding is shown in
Equation (12), and its direction is also perpendicular to the surface.

(11)

_ I A 2
Fop = /S pdS — /S S o (12)

From Equation (12), the amplitude of Fj; only depends on the strength of the magnetic field and
the shape of the shielding. Since most of the magnetic flux lines go through the shielding, the amplitude
of Fy is larger than that of F;. Figure 10 shows that F); on the transmitting shield is 12.28 N, while
Fj,-Tx is only —8.2 N. The direction of Fjs should point to the source of the magnetic field, thus Fy,
points to the coil: in other words, the directions of Fj; and F; on the transmitting mechanism or the
receiving mechanism are opposite.
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Figure 10. EMF on the magnetic shielding of the WPT system. Relative permeability y is 2500.

3.5. Electromagnetic Force Analysis in Frequency

In the time-varying electromagnetic field with resonance angular frequency w generated by the

WPT system, when J and B are considered as standard sine functions, expressed by
J(t) = V2] sin (wt + @)

. (13)

B(t) = v/2Bsin (wt + ¢p)

the EMF density f; exerted on coils and the surface tensor p of magnetic shielding could be obtained

as follows:

fr < J2(H) + T1 Ji(t) = 2JF sin*(wt + ¢p;) +2 T]_Jisin(wt + ¢f)
i=1,2 i=1,2

J? cos(2wt + 2¢;)+

= [J2 4 iJ2cos(¢j, — ¢p,)] — [ (14)

J1]2 cos (2wt + ¢, + @f,)

p= ﬁB(t)zn - [%BZ — PLOB2 cos(2wt + ZQDB)}?I

It can be seen that both Lorentz force and Kelvin force have a steady component and a periodic
component. The amplitude of f}; and p relate to the phases of the currents, ¢;1 and ¢j,. As the
WPT system resonates at the operating frequency w, the phase difference of the currents is about
90 degrees [19]. From Equation (14), because [1]1 > J1]2 > J2/2, the directions of the periodic components
of fj1 and f), are opposite, which conforms to the conclusion of Section 3.3. Comparing Figures 9
and 10, the directions of the steady components of F; and Fj; are opposite, which means that they
can cancel each other out by using appropriate structure parameters of the system, while the periodic
components cannot cancel each other out because of the phase difference between F; and Fy;. Thus,
the influence of the EMF on the WPT system is mainly caused by the periodic components.

Note that, in Equation (14), the frequency of the periodic force is 21.78 kHz, which is twice
that of the system. However, the exciting current often has harmonic components in the actual case,
expressed as

J(t) =Jo + i V2] sin (nwt + ?1,) (15)
n=1

where ]y is the steady component of J, and |, and @, are the effective value and phase of the harmonic
components, respectively. Referring to (14), when the currents have harmonic components, the EMF
is represented by the interaction of each harmonic. Figure 11 shows that the currents in the WPT
mainly contain fundamental and odd harmonics, such as third harmonic and fifth harmonic, and the
fundamental is the biggest component. Thus, the main frequencies of the EMF harmonic components
are 21.78 kHz, 43.56 kHz, 65.34 kHz, as shown in Figure 11. Meanwhile, the component of the EMF at
21.78 kHz frequency is still dominant.
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Figure 11. Frequency spectrums of the current and EMF on the coil and the magnetic shielding.

4. Experiment and Discussion

4.1. Experiment Verification

In this section, an isometric experimental prototype is built to verify the characteristics of the
EMEF described in the former sections, as shown in Figure 12a. In order to simulate the high-power
wireless supply with different powers, an adjustable high-frequency current was supplied to the
transmitting coil.

J_ AC Power

Supply

High Frequency

Inverter Power ! ; Rectifying
Supply = Receiver

(b)

Figure 12. Prototype of the high-power WPT system and data acquisition device. (a) Prototype of
high-power WPT system, (b) acquisition system, (c) measuring points on the transmitting coil.
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Because the common vibration acceleration sensor dos not allow to meet the requirements of
the resonant frequency of the WPT system, we have used a high-frequency dynamic force sensor to
measure the EMF on the different positions of the coupling mechanism. Because of the complexity of
the EMF and of its structure, only the resultant forces of F; and Fy; on the transmitting or receiving coils
could be measured. The measuring points are indicated in Figure 12c. Considering that the current
density at the corner of the square coil is nonuniform, the point d was selected as the measuring point.
On the basis of the interpretations above, the EMF values in the xz plane will cancel each other out, and
the EMF on the whole mechanism will be finally reflected in the y direction; therefore, the following
measure mainly focuses on the EMF in the y-axis of the coupling mechanism.

When the amplitude of the exciting current was set to 171 A and 215 A respectively, the measured
resultant values of EMF on the transmitting coil were determined and are shown in Figure 13.
The values only represent the local EMF at the position of the sensor, and the EMF on the whole
structure should be obtained by integration. Since the accurate measurement of the EMF is quite
hard, it can be considered that both magnitude and tendency are in good agreement. From Figure 13,
the EMF will increase 2—4 times rapidly when the current increases 1.26 times. It is obvious that the
growth rate of the EMF is much larger than that of the current, because the increase is due to the
combination of the current and the magnetic field. The position on the whole coupling mechanism
with the largest EMF was point b, which is the middle turn of the coil.
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(c) (d)
Figure 13. EMF on the measuring points of the transmitting coil. (a) Point a, (b) point b, (¢) point c,
(d) point d.

Because the structure of the coupling mechanism is symmetrical, the distribution and variation
of the EMF on the receiving coil are the same as those of the transmitting coil. Figure 14 shows
the amplitude of the EMF on the receiving coil with different current. It can be seen that the EMF
on the receiving coil is less than that of transmitting coil, demonstrating the consistency of the
simulation experiment.
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Figure 14. EMF on the measuring points of the receiving coil.
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Figure 13 also reveals that there are both a steady component and a periodic component in the
EMF, and the steady component of the resultant force is smaller, as a result of F; and F partially
canceling each other out. Figures 15 and 16 display the frequency spectrums of the currents and
the EMF on the different measuring points. It can be seen that the major frequency of the EMF was
21.78 kHz, which is twice the system resonant frequency. The frequency of the EMF mainly contains
the fundamental and the even component, which once again verifies the correctness of the theory.

4.2. Discussions
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Figure 15. Frequency spectrum of the exciting and inductive currents.
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Figure 16. Frequency spectrum of the EMF on the measuring points.

The distribution and direction of the EMF were described in the previous sections, but the
amplitude of the EMF depends on the current, the magnetic field, and the structure of the coupling
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mechanism. With the increase of wireless transmission power in recent years, with the charging power
of an electric vehicle being 7 kW and the traction power of a high-speed train being about 8.8 MW, it is
difficult to meet the power demands of this kind of high-power systems by adopting a 6-turn coil. We
have calculated the EMF when using coils with a higher number of turns in the basis of the previous
model. The exciting current still set to 171 A, the EMF in the y-axis on the 10-turn coil and the 15-turn
coil were 18.88 N and 24.85 N, respectively, while the EMF on the 6-turn coil was only 10.3 N. It can
be seen that the EMF will increase rapidly with the increase of the number of coil turns, and, as the
current continues to increase, the EMF will keep enlarging. Meanwhile, when a sudden short circuit or
open circuit occurs on the receiving coil, an enormous transient EMF will be generated, which will
impact the stability of the structure. Therefore, the EMF cannot be ignored in high-power applications.
However, using the laws mentioned above, a reasonable design of the coil and a magnetic shielding
can reduce the steady component of the EMF to enhance the reliability of high-power WPT systems.

5. Conclusions

In this paper, the characteristics of the EMF in a high-power WPT system were studied by
theoretical analysis and simulation. The coils will keep expanding or compressing in the radial
direction and repel each other in the axial direction because of the effect of the EMF. The EMF on a
multi-turn coil is represented by the superposition of different forces on each turn, and the EMF on the
coils and the magnetic shielding are in opposite directions. By frequency-field analysis, the resultant
EMEF on the coupling mechanism contains a steady component and a periodic component, and the
periodic component mainly contains the fundamental and the even frequency. The amplitude of the
EMF can be solved by the finite element method, which will increase rapidly with the increase of
the current and the magnetic field. When the exciting current is 171A, the EMF values on the 6-turn,
10-turn, and 15-turn coil are 10.3 N, 18.88 N and 24.85 N, respectively. In future work, we will propose
a smooth method to reduce the EMF on the coupling mechanism of the high-power WPT system and
explore the effect of EMF on a dynamic WPT system and the EMF on the external metal foreign body
to improve the stability and reliability of WPT systems.
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