
Received July 29, 2020, accepted August 5, 2020, date of publication August 10, 2020, date of current version August 31, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3015278

Structure Electromagnetic Force Analysis
of WPT System Under Fault Conditions
XIAN ZHANG, FENGXIAN WANG , XUEJING NI, YANAN REN, AND QINGXIN YANG
Tianjin Key Laboratory of Advanced Electrical Engineering and Energy Technology, Tianjin Polytechnic University, Tianjin 300387, China

Corresponding author: Fengxian Wang (wfx_tjpu@yeah.net)

This work was supported by the National Natural Science Foundation of China under Grant 51677132 and Grant 51977147.

ABSTRACT In the high-frequency electromagnetic field, the coupling of the wireless power transfer (WPT)
system is affected by the electromagnetic force (EMF). The fault conditions will strengthen the influence,
cause the damage of magnetic shielding structure, coil deformation, insulation damage and so on. In order to
ensure the safe and stable operation of the WPT system, it is necessary to study the local EMF distribution
of the coupling mechanism under the fault condition of WPT system. In this paper, the series to series
(SS) compensation structure is taken as an example to analyze the changes of electrical parameters of WPT
system under typical faults, and determines that the open load fault has the greatest impact on the system.
TheWPT system with groove-shaped magnetic shield structure is selected as the research object. Establish a
mathematical model for calculating the EMF of theWPT system combining the field-path coupling time-step
finite element method and the Maxwell stress method, the distribution law of local EMF of magnetic
shielding structure when the load is open is analyzed and calculated. At the same time, an experimental
platform is built to verify the effectiveness of the method. According to the distribution characteristics of
EMF, the smoothing scheme based on variable-turn-pitch planar coil is proposed. The new coil structure
obtained by the SNOPT algorithm, compared with the equi-turn-pitch planar coil, the overall force on the
coupling mechanism of transmitting end under the open circuit fault at the receiving end is reduced by
86.24%. This study provides a theoretical reference for the optimal design of coupling mechanism of WPT
system.

INDEX TERMS Wireless power transfer, failure analysis, electromagnetic force, stress distribution,
smoothing scheme.

I. INTRODUCTION
Wireless power transmission (WPT) technology overcomes
the shortcomings and limitations of contact power transmis-
sion, and draws wide attention of the commercial electric
vehicle industry [1], rail transportation industry [2], port
container transportation industry and other fields [3]–[5].
WPT technology realizes the WPT through the coupling
of high-frequency electromagnetic field between coupling
mechanisms. The high-frequency electromagnetic field will
produce electromagnetic force (EMF) on the coupling mech-
anism and metal foreign matters in the system [6]. The failure
of the WPT system will increase the impact of EMF, leading
to the damage and fatigue of coupling mechanism compo-
nents, and affecting the safe operation of the system.

The associate editor coordinating the review of this manuscript and
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Theoretical analysis and calculation methods of EMF have
been developed at home and abroad. In reference [7], the dis-
tribution of EMF on the coil of dry-type transformer under
short-circuit fault is studied. In reference [8], the character-
istics of EMF considering different types of resonant current
are derived, and the multi physical field model of PMSM is
established. In reference [9], the phenomenon of transformer
vibration caused by EMF is rated by the method of sound
pressure. In reference [10], the influence of the material
characteristics and geometric structure of the iron core on
the stress of the winding of the intermediate frequency trans-
former is analyzed. In reference [11], an improved superpo-
sition method is proposed to measure the unbalanced EMF of
PMSM under eccentric rotation. At present, the analysis and
calculation of EMF are mainly focused on common electrical
equipment. The research on WPT system is mainly focused
on impedancematching [12], coil structure optimization [13],
transmission distance [14], etc. The research on EMF ofWPT
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system is still in its infancy [15]–[18]. In reference [17],
a design scheme of micro robot for WPT is proposed, which
can supply wireless power and provide propulsion force for
micro robot by using electromagnetic moment. In reference
[18], a launch coil structure composed of three pairs of
Helmholtz coils is designed to realize omnidirectional rota-
tion of micro robot. In reference [15], [16], the problem of
EMF on WPT system is studied, and preliminary and clear
conclusions are obtained. The coupling coil and shielding
material are mainly affected by the EMF in the vertical direc-
tion, and the steady-state EMF on them is in the opposite
direction and repels each other. The long-term vibration will
cause structural fatigue of the coupling mechanism of the
WPT system, and fault conditions will exacerbate this effect.
However, there is no literature analysis on the local EMF of
the coupling mechanism when the WPT system breaks down
suddenly.

In this paper, the local EMF distribution of the coupling
mechanism under the fault condition of the WPT system
is taken as the research object. It analyzes and compares
the impact of various typical faults on the WPT system,
and determines that the open circuit fault at the receiver
has the greatest impact on the WPT system. The numerical
analysis and calculation of electromagnetic field are carried
out, and the mathematical model of EMF calculation of
WPT system is established by combining the field-circuit
coupling time-step finite element method and Maxwell stress
method. The magnetic shielding structure of theWPT system
is usually a multi strand groove structure, which provides
wire inlay support and magnetic flux channel to enhance the
coupling effect. Through the finite element software to build
the simulation model of the multi strand groove structure,
the local EMF of the couplingmechanism and the distribution
and change rule of the local EMF in the key area of the groove
wall are obtained. Finally, an experimental platform is built to
verify the correctness of the theoretical model. In this paper,
the EMF distribution and change rule of coupling mechanism
in case of sudden failure of WPT system are studied, which
can provide guiding role in the structural optimization design
of coupling mechanism.

II. FAILURE MODE OF WPT SYSTEM
A. FAILURE ANALYSIS OF WPT SYSTEM
Typical faults of WPT system include: ground and discon-
nection of bus at transmitting end, damage of inverter bridge
at transmitting end, open circuit of bus ground and load

at receiving end, damage of rectifier bridge at receiving
end [19]. By summarizing the fault characteristics, the fault
of WPT system can be regarded as any periodic combination
of open circuit and short circuit at transmitting end and
open circuit and short circuit at receiving end. In this paper,
the series to series (SS) compensation structure is taken as
an example to analyze the changes of electrical parameters of
WPT system based on the SS type under typical faults.

When an open circuit fault occurs, the system can be
regarded as a second-order underdamped system because the
unilateral circuit is in case of open circuit. Figure 1 is the
topological structure of the system in case of open circuit
fault, in which t1 and t2 respectively correspond to the open
circuit fault of the transmitting end and the open circuit fault
of the receiving end.

FIGURE 1. Topology diagram of WPT system based on the SS type under
fault.

Assuming that the output of inverter bridge is an ideal
sine wave with amplitude Um, the attenuation coefficient of
resonant circuit on the transmitting side is defined as α1, the
attenuation coefficient of resonant circuit on the receiving
side as α2, and the resonant frequency as ω, where αi =
Ri/2Li,(i = 1, 2). When the system has an open circuit
fault, the coil current value at the fault end is zero, and the
compensation capacitance voltage value at the non fault end
is respectively (1) and (2), as shown at the bottom of the page.

In the formula, L1, R1 andC1 are the inductance, resistance
and compensation capacitance of the transmitting coil; L2,
R2 and C2 are the inductance, resistance and compensation
capacitance of the receiving coil; uc1(0+), ic1(0+) are the volt-
age value of the compensation capacitance at the transmitting
end and the current value of the coil at the transmitting end
in case of fault; uc2(0+), il2(0+) are the voltage value of the
compensation capacitance at the receiving end and the current

uc1 (t)= e−α1t

uc1 (0+) cos(√ω2 − α21 t
)
+
il1 (0+)+ αC1uc1 (0+)

C1

√
ω2 − α21

sin
(√

ω2 − α21 t
)+ Um√L1C1

R1C1
sin (ϕ − ωt) (1)

uc2 (t)= e−α2t

uc2 (0+) cos(√ω2 − α22 t
)
+
il2 (0+)+ αC2uc2 (0+)

C2

√
ω2 − α22

sin
(√

ω2 − α22 t
) (2)
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value of the coil at the receiving end respectively in case of
fault. uc1(t) and uc2(t) are the voltage values of compensa-
tion capacitance at the transmitting end and receiving end
respectively.

When the short-circuit fault occurs, the system can be
regarded as a fourth-order damped system because the
two-sided circuits are in the cascade state, and the receiving
end has the source term when the short-circuit fault occurs.
Figure 1 shows the topological structure diagram of system in
the case of short circuit fault, in which t3 and t4 respectively
correspond to the short circuit fault at the transmitting end
and the short circuit fault at the receiving end. After the
short-circuit fault at the transmitting end, the system can be
regarded as a closed fourth-order system. Under the damping
effect, the oscillation attenuation of the coil current at the
transmitting end and the coil current at the receiving end is
zero. In the dynamic process, the current value is lower than
the stable operation value. In the case of short circuit fault
at receiving end, the coil current of receiving end containing
source term will oscillate and detuning, and it will be stable
finally under the damping effect. Under stable state, the cur-
rent value of the receiving end coil is:

i2 = −
1
M

∫ t

t0
us (ξ) dζ (3)

In the formula, M is the mutual inductance between the
transmitting coil and the receiving coil, and us(ζ ) is the output
voltage value of the inverter bridge. Assume that the system
electrification parameters are as shown in Table. 1.

TABLE 1. Electrical energy parameters of the WPT system.

In this case, the waveforms of the coil current at the trans-
mitting end and the coil current at the receiving end are as
shown in Figure 2. As shown in Figure 2(a), the transmitting
end is a second-order underdamped oscillation circuit. After
the fault occurs, the coil current at the transmitting end is zero,
and at the same time, the coil current at the receiving end is
reduced to zero after two oscillation periods; when the receiv-
ing end is under open circuit fault, as shown in Figure 2(b),
it is a second-order underdamped oscillation circuit. After
the fault occurs, the coil current at the receiving end will be
zero instantly, and the coil current at the transmitting end will
reach the maximum amplitude after 20 oscillation periods,
which is about 4 times of the current amplitude under steady-
state operation; when the short-circuit fault at the transmitting
end is as shown in Figure 2(c), it is a fourth-order damped
oscillation circuit. After the fault occurs, the coil current

FIGURE 2. Typical failure of the WPT based on the SS type system: (a)
Open circuit fault at transmitting end, (b) Open circuit fault at receiving
end, (c) Short circuit fault at transmitting end, (d) Short circuit fault at
receiving end.

oscillation of the transmitting end and the receiving end atten-
uates and reaches a stable state after three oscillation periods;
when the receiving end is under short circuit fault, as shown
in Figure 2(d), it is a fourth-order damped oscillation circuit
with source term. After the fault occurs, the system appears
the phenomenon of detuning, after seven periods of detuning,
it reaches a stable state, and the dynamic process will produce
the phenomenon of overshoot which is about three times of
the current amplitude under the steady-state operation.

Therefore, for the coil of the system, the biggest impact
fault is the open circuit fault of the receiving end. After the
fault occurs, the current of the receiving coil drops to zero
and the current oscillation of the transmitting coil surges.
The current variation during the damage period is related
to the electrification parameters of the system. After about
3/α1 oscillation, the fault system enters into the steady state.
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The steady current variation amplitude of the transmitting end
before and after the fault is related to the primary resistance
R1 and L1/C1.
When the receiving end of the system is under open circuit

fault, a large current impact will occur in the coil. In order
to ensure the stable operation of the system, it is necessary
to consider the local EMF distribution law of the magnetic
shield structure when the receiving end is under open circuit
fault condition.

B. CALCULATION METHOD OF EMF
In order to provide wire inlay support and magnetic flux
channel to ensure the coupling effect between the two coils,
the magnetic shielding structure of theWPT system is usually
a multi strand groove structure. The coupling mechanism of
the multi strand groove type WPT system described in this
paper is composed of a magnetic conducting shielding layer
constructed of soft magnetic materials and a multi strand
coil as shown in Figure 3(b). The EMF it receives is shown
in Figure 3(a). These forces can be divided into the following
two types:

FIGURE 3. The coupling mechanism of the multi groove WPT system:
(a) Schematic diagram of EMF on coupling mechanism, (b) Schematic
diagram of the composition of coupling mechanism.

1) Electromagnetic forces ft,m and fn,m on the groove wall
of the magnetic shielding layer.

2) Electromagnetic forces ft,j and fn,j on the coil.
In reference [20], Calculate the EMF density of magnetic

shielding layer by the magnetizing current method:

f m = Jm × Bm (4)

In the formula, Jm is the surface magnetization current den-
sity caused by the magnetization effect, Bm is the magnetic
induction strength near the magnetic shielding layer, Hm is
the magnetic field strength near the magnetic shielding layer,
M is the magnetization vector, and vectors n and t are the unit
normal vector and unit tangential vector of the closed surface.
And satisfy the constitutive equation:

Bm = µ0M + µ0Hm

Jm = ∇ ×M
∇ · Bm = 0

(5)

Substitute equation (5) into equation (4)

f m = Jm × Bm
= ∇ ×M × Bm

= ∇ (M · Bm)− (∇ ·M)Bm
= (Bm ·M)n− (n ·M)Bm (6)

Under two-dimensional field conditions

Bm = ∇ × Am =
δAm
δy

i+
δAm
δx

j

= Bn,mi+ Bt,mj (7)

In the formula, Am is the magnetic vector potential near
the magnetic shielding layer, Bn,m and Bt,m are the normal
component and tangential component of magnetic induction
strength respectively.

Substitute equation (7) into equation (6), the EMF density
of the magnetic shielding structure are obtained as follows:

ft,m =
B2t,m − B

2
n,m

2µ0

fn,m =
Bn,m · Bt,m

2µ0

(8)

In the formula, ft,m and fn,m are the tangential component
and normal component of EMF density of magnetic shielding
layer.

Calculate the EMF density of the coupling coil by Lorentz
force law:

f j = SjJL× Bj (9)

In the formula, J is the current density of the coupling coil,
Bj is the magnetic induction strength near the coupling coil,
Sj is the cross-sectional area of the coupling coil, and L is the
line element.

Under two-dimensional field conditions

Bj = ∇ × Aj =
δAj
δy

i+
δAj
δx

j

= Bn,ji+ Bt,j j (10)

In the formula, Am is the magnetic vector potential near
the coupling coil, Bn,j and Bt,j are the normal component
and tangential component of magnetic induction strength
respectively.

Substitute equation (10) into equation (9), the EMF density
on the coil unit is: {

ft,j = Bn,jSjJL
fn,j = Bt,jSjJL

(11)

In the formula, ft,j and fn,j are the tangential component and
normal component of EMF density of the coupling coil.

It is assumed that the coupling mechanism of WPT sys-
tem is completely elastic and obeys Hooke’s law [21].
When the coupling mechanism is subjected to an external
force, the deformation of the coupling mechanism will dis-
appear completely if the external force is cancelled. The
two-dimensional mechanical vibration of the coupling mech-
anism of wireless charging system is calculated. The stress-
strain relationship at any point is

σ =

 σx
σy
τxy

 = Dε
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=
E

(1+ α) (1− 2α)

1− α α 0
α 1− α 0

0 0
1− 2α

2


 εxεy
γxy


(12)

In the formula, σx , σy is the normal stress and τxy is the
shear stress. Corresponding to stress, εx , εy is normal strain,
γxy is shear strain. D is the elastic matrix, E and α are the
elastic model and Poisson’s ratio of the elastomer material
respectively.

III. SIMULATION ANALYSIS
Front section discusses the changes of the electrical param-
eters of the WPT system under various fault conditions,
and determines that the open load fault has the greatest
impact on the WPT system. Selecting the WPT system
with groove-shaped magnetic shield structure as the research
object. At the same time, combines the field-path coupling
time-step finite element method and the Maxwell stress
method to establish a mathematical model for calculating
the EMF of the WPT system. To discuss the local EMF
distribution of the groovedmagnetic shielding structure when
the load is open, Field-circuit coupled time step model of the
multi groove WPT system is built through the finite element
analysis software, which is shown in Figure 4. As shown
in Table. 2, the parameters of the coupling mechanism of the
simulation model are shown.

FIGURE 4. Field-path coupled time step model for WPT system.

TABLE 2. Field-path coupling time step model coupling mechanism
parameters.

Figure 5 shows the chart of magnetic induction strength
distribution of WPT system. In the stable state, the magnetic
induction strength distribution of WPT system is as shown
in Figure 5(a). There is a strong distribution of magnetic
induction strength at the back plate of magnetic conduction
shielding layer, and the maximum value of magnetic induc-
tion strength is 116.5mT. At the same time, there is a strong

FIGURE 5. Magnetic induction strength distribution of WPT system: (a) In
normal state, (b) After open circuit fault at receiving end.

magnetic induction strength force on the side wall of the edge
groove due to multiple coils; the distribution of the magnetic
induction strength after the open circuit fault at the receiving
end reaches a stable state, which is shown in Figure 5(b).
The distribution of the magnetic induction strength before
and after the fault is similar, and the maximum value of the
magnetic induction strength is 514.2mT.

The surface stress distribution is positively correlated with
the coil current at the end, so the surface stress amplitude
of the coupling mechanism at the transmitting end is higher
than that of the coupling mechanism at the receiving end.
This paper only discusses the surface stress distribution of
the coupling mechanism at the transmitting end. As shown
in Figure 6, the surface stress distribution of the coupling
mechanism at the transmitting end of the WPT system is
shown. The surface stress distribution of the coupling mech-
anism at the transmitting end of the WPT system in the
stable state, which is shown in Figure 6(a). The surface stress
of the system is jointly contributed by Maxwell force and
Lorentz force. In the multi strand groove structure, there is
a strong stress distribution on the side wall surface of the
edge groove and the tip of each groove. At the same time,
the contact between the strand forming coil and the groove
side wall and the contact between the strand forming coils in
the same groove produce extrusion, as shown in Figure 6(b).
The surface stress distribution of the coupling mechanism
at the transmitting end is similar before and after the fault.
The amplitude ratio of the surface stress of the coupling
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FIGURE 6. Surface stress distribution diagram of the coupling mechanism
at the transmitting end: (a) In normal state, (b) After open circuit fault at
receiving end.

mechanism before and after the sudden open circuit fault at
the receiving end of the WPT system is 1:16 square of the
fault current ratio.

Figure 7 shows the stress of the magnetic shielding layer at
the transmitting end and the magnetic shielding layer at the
receiving end after the open circuit fault at the receiving end.
The amplitude of the EMF on the magnetic shielding layer
at the transmitting end is about 2.9N under the steady-state
operation. The increase of the coil current oscillation at the
transmitting end after the fault causes the EMF on the mag-
netic shielding layer at the transmitting end to rise until it
is stable, and its steady-state amplitude is about 19 times of
that under the normal state; The amplitude of the EMF on
the magnetic shielding layer at the receiving end is about
0.8N under steady-state operation. The increase of the coil
current oscillation at the transmitting end after the fault
causes the increase of the amplitude of the high-frequency

FIGURE 7. Force of the transmitting end magnet and the receiving end
magnet.

magnetic induction strength. Therefore, the EMF on the mag-
netic shielding layer at the receiving end reaches to a stable
state, and its steady-state amplitude is about 6 times of the
steady-state amplitude under normal state.

FIGURE 8. Force of the transmitting end coil and the receiving end coil.

Figure 8 shows the stress of the coil at the transmitting end
and the coil at the receiving end after the open circuit fault at
the receiving end. The amplitude of the EMF on the coil at the
transmitting end under steady-state operation is about 2.5N.
After the fault occurs, the EMF oscillation on the coil at the
transmitting end tends to a stable state, and its steady-state
amplitude is about 20 times of that under normal state. The
amplitude of the EMF on the coil at the receiving end under
steady-state operation is about 0.5N, and the current of the
coil at the receiving end drops to zero after the fault occurs,
so the EMF of the coil at the receiving end after the fault is
zero.

Through the simulation of the stress of the coupling struc-
ture before and after the open circuit fault of the receiving
end of the multi channel WPT system, it can be seen that
the surface stress of the system is jointly contributed by
Maxwell force and Lorentz force, and the distribution of the
surface stress before and after the fault is similar. The EMF
distribution of the coupling mechanism is consistent with
that of the spatial magnetic induction strength. Due to the
particularity of the multi strand groove structure, the mag-
netic induction strength distribution on the groove wall of
the magnetic shielding layer is strong, resulting in a strong
surface stress on the inner groove wall. At the same time,
the magnetic induction strength at the tip of the groove is
higher than that in the adjacent area, resulting in a strong
stress distribution. Under the action of Lorentz force in the
alternating magnetic induction strength, the coil shows con-
traction and expansion movement in the horizontal direction,
which produces extrusion on the groove wall; in the vertical
direction, it presents vibration phenomenon, collides with the
coil in the groove, and produces extrusion on the groove wall
at the bottom of the groove. The surface stress amplitude ratio
of coupling mechanism before and after fault is about the
square of fault current ratio.

After the open circuit fault occurs in the receiving end of
themulti channelWPT system, the spatial magnetic induction
strength increases due to the surge of the coil current oscilla-
tion at the transmitting end. The EMF on the electromagnetic
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shielding layer of the transmitting end and the receiving end
will oscillate and increase with it. After about 40 oscillation
periods, the EMF will tend to be stable, and the vibration
period of the EMF is twice of the resonant vibration frequency
of the system. Before and after the fault, the steady-state
amplitude increase rate of the EMF applied on the magnetic
shielding layer of the transmitting end is about the square of
the current increase rate. After the open circuit fault occurs
in the receiving end of the multi channel WPT system,
the change rule of the EMF on the transmitting coil is the
same as that on the magnetic shielding layer, which is stable
after about 2 times of the fault vibration current cycle. The
current in the receiving coil will be zero due to the open
circuit fault of the receiving end, so the EMF received will
be reduced to zero.

IV. EXPERIMENTAL RESULTS
In order to verify the distribution of EMF under the worst
fault condition of the above-mentioned multi channel WPT
system, a test platform for theWPT systemwith the electrical
parameter index and the structural parameter index consistent
with the field-circuit coupled time step model parameter
setting is built as shown in Figure 9(a), and the open circuit
fault of the receiving end is simulated. The high frequency
dynamic force sensor is used to measure the test point of
coupling mechanism of the transmitting end as shown in
Figure 9(c) and the stress of the coupling mechanism of the
multi groove WPT system is analyzed. Figure 9(b) shows a
mechanical probe signal acquisition device.

FIGURE 9. WPT system test platform. (a) WPT system, (b) Mechanical
probe signal acquisition device, (c) Test point.

The surface stress of the coupling mechanism under the
worst fault condition is simulated by the test platform of the
WPT system. The figure shows the forces on the coupling
mechanism of the transmitting end at different test points.
It can be seen from Figure 10 that at a certain time after the
open circuit fault occurs at the receiving end of the system,
the EMF on the surface of the coupling mechanism at the
transmitting end surges sharply. After about 2ms, the force
on the coupling mechanism tends to be stable. The phases
of the EMF at different test points at the same time are the
same. The EMF distribution on the surface of the coupling
mechanism has the rule of high in the middle and low in both
sides. The simulation results are consistent with those of the
WPT system under the fault condition at the same test point.

FIGURE 10. EMF at different test points.

FIGURE 11. Spectrogram of EMF at different test points.

Figure 11 shows the spectrum diagram of EMF after open
circuit fault of load end of multi strand groove type WPT
system at different test points. The main frequency of EMF
of coupling mechanism is 21.78kHz, which is twice of the
resonant frequency of the system. The EMF of the coupling
mechanism mainly includes the fundamental and even fre-
quency components, which is consistent with the simulation
results.

As shown in Figure 12, the RMS comparison of the EMF
before and after the open circuit fault of the load end of the
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FIGURE 12. RMS value of EMF at different test points before and after
failure.

multi channel WPT system at different test points is made.
Before the open circuit fault at the receiving end occurs, test
point 4 is the place of the maximum force with the value
of 0.065N. As the test point moves to both sides, the EMF on
the part near the outside decreases. Due to the asymmetry of
the structure of the magnetic shielding layer, the descending
rate of the moving direction near the outside of the coupling
mechanism is smaller than that near the inside of the coupling
mechanism. After the open circuit fault at the receiving end
occurs, the EMF at each test point increases significantly, and
the increase rate of the EMF at the same test point before and
after the fault is about 7 times. Among them, test point 4 is
the place of the maximum force with the value of 0.487N.
The distribution of EMF at different test points is consistent
with that before fault occurs.

In order to verify the EMF distribution of the coupling
mechanism after the open circuit fault of the front section to
the multi strand groove type WPT system, the open circuit
fault simulation test platform of the WPT system is built,
and the surface stress of the coupling mechanism of the WPT
system ismeasured by high frequency force probe. According
to the analysis of the experimental data, the amplitude of the
EMF on the couplingmechanism is proportional to the square
of the coil current. The distribution of the EMF on one side
of the coupling mechanism is high in the middle and low on
both ends. At the same time, the descent rate near the outside
of the coupling mechanism is lower than that near the inside
of the coupling mechanism. This phenomenon is consistent
with the surface stress distribution of the couplingmechanism
at the transmitting end of the front section of the multi strand
groove typeWPT system. TheMaxwell force on themagnetic
shielding layer of the coupling mechanism is closely related
to the magnetic induction strength distribution. The asym-
metry of the spatial magnetic induction strength distribution
results in the asymmetry of the surface stress distribution.

V. SMOOTHING SCHEME
A. VARIABLE-TURN-PITCH PLANAR COIL
By analyzing the characteristics of EMF, the distribution
of EMF is related to the distribution of magnetic induction
strength. At the same time, the magnetic induction strength
distribution is related to the material properties, winding
mode, shape structure and relative position of the coil.

To constrain the magnetic induction strength, a variable-turn-
pitch planar coil structure is proposed. By optimizing the
design of the turn pitch of the coil, the constrained control
of the magnetic induction strength is realized, and the EMF
on the coupling mechanism is weakened. Figure 13 shows the
variable-turn-pitch planar coil proposed in this paper.

FIGURE 13. Variable-pitch planar coil diagram.

To simplify the analysis, the coil can be equivalent to a
group of concentric square coils nested with each other, and
the distance between adjacent square coils is a non-fixed
constant. Name the coils in turn from the outside to the inside,
and define the distance between the (n − 1)-th turn and the
n-th turn of the square coil as dn, and specify d1 = 0, then the
side length of the i-th square coil meets:

2li = 2l1 −
i∑

n=1

2dn (13)

In the formula, 2l1 is the side length of the outermost square
coil.

According to Biot-Savart law, the magnetic induction
strength of the i-turn square coil at any point P (x, y, z) in
space is obtained as follows:

Bi =
µI
4π
χi (li, x, y, z) (14)

In the formula, I is the coil current, li is the side length of the
i-th turn square coil.

According to the superposition theorem, the magnetic
induction strength intensity of the variable-turn-pitch planar
coil at any point P (x, y, z) in space is obtained as follows:

B =
µI
4π
χ (x, y, z, l1, l2, l3 · · · ln)

=
µI
4π
δ (x, y, z, d1, d2, d3 · · · dn) (15)

According to the inductance formula of the coil, the induc-
tance of the variable-turn-pitch planar coil is obtained as
follows:

L =
8

I
=

∑ Bil2i
I

=

∑ µl2i
4π

χi (li, x, y, z)

=
µ

4π
γ (d1, d2, d3 · · · dn) (16)
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The mutual inductance between the i-th turn square coil on
one side and the j-th turn square coil on the other side can be
expressed as:

Mij =
8ij

I
=

2µ0

π
αij
(
z, li, lj

)
(17)

In the formula, z is the vertical distance between the coils
According to the superposition law, the mutual induc-

tance between the transmitting coil and the receiving coil is
obtained as follows:

M =
N∑
i=1

N∑
j=1

Mij = α (z, l1, l2, l3 · · · ln)

= β (z, d1, d2, d3 · · · dn) (18)

When the turn pitch variable of variable-turn-pitch pla-
nar coil changes, on the one hand, the magnetic induction
strength in the coupling space changes, on the other hand,
the coil electrical parameters also changes.

B. EMF SMOOTHING MODEL
From the previous analysis, it can be known that optimizing
the turn pitch of the variable-turn-pitch planar coil can realize
the constrained control of the spatial electromagnetic field,
and further weaken the EMF of the coupling mechanism.
Aiming at the problem of the EMF of the coupling mecha-
nism under failure, the equi-turn plane coil with multi strand
groove structure is used as the initial optimization object to
smooth the EMF of the coupling mechanism under failure.

FIGURE 14. Schematic diagram of optimization model.

Figure 14 is schematic diagram of smoothing model. The
tangent line L0 parallel to the plane coil is used as the opti-
mization area. The movable position of the i-th coil is 1Xi,
and the wire diameter of each coil is r . At the same time,
considering the coil processing size limit and the use site
limit, specify the minimum inner diameter and maximum
outer diameter of the target coil as xmin and xmax, respectively.

TABLE 3. Optimization model indicators.

TABLE 4. Optimization results.

To ensure the sequence between each turn of the coil after
optimization, the minimum interval between adjacent coils
is specified as G0, and ηmin is specified as the minimum
transmission efficiency aims.The optimization goals and con-
straints can be expressed as (19), shown at the bottom of the
page.

Table. 3 shows the optimization model indicators. The
tangent line at 0cm from the surface of the transmitting coil
is selected as the optimization area.

C. THE SUM OF MAGNETIC INDUCTION STRENGTH
The SNOPT algorithm is used to optimize the turn pitch of the
variable-turn-pitch planar coil. Before optimization, the cou-
pling coil is equi-turn-pitch distribution. After optimization,
the turn pitch of the coupling coil is re-arranged. As shown
in Table. 4, the coil position of each turn is optimized.
Figure 15 shows the distribution of magnetic induction
strength of the optimized system under the open circuit
fault at the receiving end, the sum of the magnetic induc-
tion strength is significantly improved compared to before
optimization.

Figure 16 shows the distribution of the magnetic induction
strength on L0 under the open circuit fault at the receiving

minimize:
d1,d2,d3,··· ,dn

1
L0

∫
L0

Bdl

subject to: (2i− 1)r − xi − xmin ≤ 1Xi ≤ xmax − xi − [2(n− i)+ 1]r (i = 1, 2, 3, · · · , n)

G0 ≤ (d +1Xi+1 −1Xi) (i = 1, 2, 3, · · · , n− 1)

η ≥ ηmin (19)
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FIGURE 15. Magnetic induction strength distribution after optimization.

FIGURE 16. Magnetic induction strength distribution on tangent line.

end before and after optimization. The maximum magnetic
induction strength on the tangent line before optimization
is 11.72mT, and the maximum magnetic induction strength
after optimization is 9.83mT. After optimization, the maxi-
mum magnetic induction strength decreased by 16.16%. The
average values of the magnetic induction strength on the
tangent line before and after optimization were 5.84mT and
4.71mT, respectively. After optimization, the average value
of the magnetic induction strength decreased by 19.32%.

D. EMF OF COUPLING MECHANISM
Figure 17 shows the comparison of EMF on the coupling
mechanism of transmitting end under the open circuit fault
at the receiving end before and after optimization. After opti-
mization, the EMF on the coil of transmitting end decreased
by 21.83%. The EMF on the magnetic shielding layer of
transmitting end decreased by 27.41%. For the EMF of the
entire structure of the coupling mechanism, the EMF of

FIGURE 17. Comparison chart of EMF of coupling mechanism.

the coupling mechanism on the transmitting end is reduced
by 86.24%.

By optimizing the structure of the variable-turn-pitch pla-
nar coil, the EMF of the coupling mechanism under the open
circuit fault at the receiving end is significantly weakened.
Combined with the performance of the sum of magnetic
induction strength in the coupling space of the system under
the open circuit fault at the receiving end before and after
optimization, the feasibility of the EMF smoothing scheme
based on the variable-turn-pitch planar coil is verified.

VI. CONCLUSION
In this paper, the local EMF distribution of the coupling
mechanism under the worst fault condition of the multi
groove WPT system is studied, and propose an effective
smoothing scheme. The main results are as follows.
• the change of coil current under the typical fault of WPT
system based on the SS type is analyzed, and the worst
fault condition for the coil of the system is determined
to be the sudden open circuit at the receiving end, when
the coil at the transmitting end will produce a large
current impact. The time constant of the dynamic circuit
is related to the attenuation coefficient α1 of the trans-
mitting end, and the amplitude change of the steady-state
current of the transmitting end before and after the fault
is related to the primary resistance R1 and L1/C1.

• The field-circuit coupled time step model of multi chan-
nel WPT system is built to obtain the spatial magnetic
induction strength distribution and the surface stress
distribution of the coupling mechanism before and after
the fault. The distribution of the two is consistent. The
inner groove wall and the tip of each groove have
strong magnetic induction strength distribution, and the
surface stress is strong. At the same time, in the hor-
izontal direction, the multi coil continues to contract
and expand in the high-frequency alternating magnetic
induction strength, showing zero. In the vertical direc-
tion, the multi coil vibrates, collides with the groove
coil, and compresses the groove wall at the bottom of
the groove.

• Use the WPT system test platform to simulate the open
circuit fault of the burst receiving end. The coupling
mechanism is divided into test areas and the force infor-
mation of the coupling mechanism surface is collected
through the high frequency force probe. The distribution
law of EMF on the surface of coupling mechanism is
high in the middle and low in both ends. The vibration
period of EMF is twice of the resonant vibration fre-
quency of the system, and the increase rate of EMF on
the same test point before and after the fault is about
7 times.

• Through the SNOPT algorithm, the optimal solution
of each turn pitch variable is obtained, and the degree
of restraint of the magnetic induction strength after
optimization is increased by 19.32%. For the EMF of
the entire structure of the coupling mechanism under the
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open circuit fault at the receiving end, the EMF of the
coupling mechanism on the transmitting end is reduced
by 86.24%.
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