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Abstract: Wireless power transfer (WPT) is becoming popular increasingly in stationary electric
vehicle (EV) charging. Various coil structures were proposed to improve the coupling characteristics,
and polarized couplers have been proven to have better performance. Considering the varying
spatial scales of transmitting and receiving, coils will alter the mutual inductance, further affecting
the output power and transmission efficiency; therefore, it is crucial to calculate the mutual inductance
of polarized couplers with variable offset for WPT system design. However, given the complex
structure and the various excitation conditions of polarized couplers, the solving process based on the
finite element model is time-consuming and resource intensive, therefore it is necessary to develop
analytical models of mutual inductance for polarized couplers under misalignment. In this paper,
the analytical models of the two commonly used polarized couplers with a Double-D polarized
coil (DDP) or a Bipolar polarized coil (BP) on both sides under misalignment along any direction
under different excitation conditions are proposed based on dual Fourier transformation. The mutual
inductance characteristics of the two polarized couplers under misalignment can be investigated
based on the proposed analytical models and finite element models, respectively. The results show
that the mutual inductance of BP-BP coupler with in-phase current excitation mode is greater and
more stable, and the method based on the analytical model is timesaving. Finally, the prototype of
the WPT system with the two polarized couplers has been built, and experiments have also been
carried out to verify the accuracy of the analytical models.

Keywords: electric vehicle charging; wireless power transfer; polarized coupler; under misalignment;
modeling and analysis

1. Introduction

Owing to the advantages of convenience and safety [1-4], wireless power transfer
(WPT) is becoming increasingly popular in stationary electric vehicle (EV) charging. A
typical WPT stationary charging system usually consists of a transmitting side and receiving
side. To improve the charging efficiency, the transmitting side and the receiving side
are usually designed to resonate at the operating frequency [5-11]. Magnetic couplers
are key components of the WPT system; the power is delivered from the transmitting
coils to the receiving coils across tens of centimeters. The performance of the magnetic
coupler determines the overall feasibility of a complete system. Therefore, the modeling
and analysis of magnetic coupling coils are helpful to speed up the design process of a
WPT system.
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In order to enhance the coupling characteristics, various magnetic coil structures had
been developed and analyzed for electric vehicle wireless charging applications in the
previous work. Based on their ability to generate or couple different flux patterns, these coil
structures can be divided into the non-polarized coil and polarized coil. A non-polarized
coil ideally generates and couples a flux pattern that is symmetric around the centre of
the coil, but the term is still used for the coil designs where the fields are directionally
symmetric around the coil centre though the strength of the field might be different along
different angles around the centre. On the other hand a polarized coil generates and
couples a flux pattern in which the flux flows dominantly along one dimension of the coil
only i.e., either length or width of the coil [12]. The influences of the key design parameters
on coupled power were investigated and the circular magnetic structure was optimized
in [13]. The design of a disc structure for the energy transmission over an air gap of several
hundred millimeters was investigated in [14]. The loosely coupled transformer design
method to minimize the EMF in the concerned area was presented in [15]. However,
the above research focused on the design and optimization of the non-polarized coil. To
further improve the flexibility and efficiency of the coupling coil, a variety of polarized
coil structures had been proposed and analyzed. A new polarized coupler structure called
the Double-D coupler was presented, and the transmission characteristics of the circular
coupler and the Double-D coupler were compared in [16]. An optimization structure was
proposed in the Double-D receiving coils by adding an extra coil, called the Quadrature
coil, and the transmission characteristics of the DD-DDQ coupler were studied in [17].
Another polarized decoupled coupler called the Bipolar Pad (BPP) was proposed, and
the uncompensated power characteristics of various multiple decoupled coil structures
were investigated in detail in [12,18]. A compact and efficient bipolar coupler for wireless
power chargers was proposed, and the coupling coefficient characteristics of the coils under
misalignment were studied in [19]. A new magnetic structure called Tripolar Pad was
developed as a primary pad, and the coupling coefficient characteristics of the Tripolar pads
and circular pads under misalignment were compared in [20,21]. It can be concluded that a
polarized coupler usually have larger mutual inductance and larger charging zone than the
a non-polarized coupler. Moreover, in the application of electric vehicle wireless charging,
the misalignment between the transmitting coil and the receiving coil may occur in any
direction, and the excitation conditions of the polarized couplers may change to obtain
better coupling characteristics. These two factors may alter the mutual inductance of the
coupler and further cause the fluctuation of transmission power and efficiency. Therefore,
it is critical to calculate the mutual inductance of different polarized couplers with variable
offset and under different excitation conditions for the WPT system design, and the two
commonly used polarized couplers DD-DD and BPP-BPP are focused on this paper.

Meanwhile, given the complex structure and the various excitation conditions of
the two polarized couplers, the solving process of the mutual inductance based on finite
element models is increasingly time-consuming and resource intensive, the analytical
model is a more flexible, convenient and economic tool for coupler design. Various
analytical models of mutual inductance for different coil structures have been proposed
in the previous work. The mutual inductance and self-inductance of circular coils were
analyzed by the method of Bessel and Struve functions in [22]. New analytic formulas
for determining the mutual inductance and the axial magnetic force between two coaxial
coils were presented in [23]. The analytical calculations of magnetic parameters (field,
force, torque, stiffness) in cylindrical magnets and coils were proposed by Biot-Savart
law in [24]. The mutual inductance characteristics between two circular coils in lateral
and angular misalignment were investigated in [25].The analytical models of the square
and circular planar coils with a ferrite layer were calculated by the method of Fourier-
Bessel transformation and Dual-Fourier transformation in [26].Unfortunately, the above
researches mainly focused on the modeling of non-polarized couplers under misalignment,
none of them considered the polarized couplers under misalignment and under different
excitation conditions. Therefore, it is necessary to put forward the analytical models of the
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mutual inductance for the two polarized couplers under misalignment and under different
excitation conditions, and investigate the mutual inductance characteristics of the two
polarized couplers under misalignment based on the analytical models.

In this paper, the two commonly used polarized couplers DDP-DDP and BP-BP are
considered. The analytical models of the two polarized couplers under misalignment along
any direction and under different excitation conditions are proposed based on dual Fourier
transformation. Furthermore, the mutual inductance characteristics of the two polarized
couplers under misalignment along different directions are investigated by the proposed
analytical models and the finite element models, respectively, and the computational
costs of the two methods are compared. Finally, the prototypes of the WPT system and
the two polarized couplers with an area of 500 mm x 300 mm have been built and the
measurements were taken to validate the accuracy of the analytical models.

2. Analytical Models of the DDP-DDP and BP-BP Couplers under Misalignment

In the application of electric vehicle wireless charging, due to the variable mutual in-
ductance of the coupler under misalignment, the output power and transmission efficiency
will fluctuate; it is necessary to obtain the analytical models of the mutual inductance
for different coil structures under misalignment. In this section, the analytical models of
the DDP-DDP and BP-BP couplers under misalignment along any direction and under
different excitation conditions are developed, and the opposite phase currents and in-phase
currents excitation modes are considered.

2.1. Mutual Inductance of the DDP-DDP Coupler under Misalignment

The basic structure of the DDP-DDP filamentary coupler in Cartesian coordinates
is shown in Figure 1. The lower Double-D filamentary turn represents the transmitting
coils, which are driven by the harmonic current Ieé’*. The upper Double-D filamentary
coil represents the receiving coils. The whole area can be divided into two regions: region
1 is the area under the transmitting filamentary turn, and region 2 is the area above the
transmitting filamentary turn. The mediums corresponding to the two regions are air,
and yp and oy are relative permeability and conductivity, respectively. The transmitting
filamentary turn and receiving filamentary turn are located at z = z; and z = z; + h planes,
and the dimensions of the two filamentary turns on both sides are indicated in Figure
1,where the six sides of the transmitting filamentary turn are located at y" = c1, ¥’ = ¢y,
Yy =—c1, ¥ = —c3, x" =c3, X" = —c3,respectively, and the six sides of the receiving coil in
alignment are located aty' =dy, y' =dp, y' = —d1, ¥y’ = —dp, x" = ds, x’ = —d3, respectively.
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Figure 1. Layout of the dual Double-D(DD-DD) filamentary coupler under misalignment. (a) Driven by the opposite phase

currents; (b)Driven by the in-phase currents.
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2.1.1. DDP-DDP Coupler Driven by the Opposite Phase Currents

When the two individual coils of the transmitting filamentary turn are driven by the
opposite phase currents, the analytical model can be regarded as a magnetoquasistatic
system, such as in Figure 1la. The magnetic flux density B generated by the currents of the
transmitting filamentary turn can be expressed as Equation (1), and the vector potential A
of arbitrary point p(x, y, z) as Equation (2) can be derived by integrating the current density
J1(x’, y’, z’) along the wire [27].

B=VxA 1)

- o [ W2 0

Alx,y,2)
where [1(x”, ¥, z’) is the current density, and J1(x", ¥, z’)dv is the current element along the
turn. R is the distance from arbitrary point p(x, y, z) to source point (x’, v/, z’), defined in
Equation (3):

R=\/(x—¥P+ -y +(—2) 3)

For solving the above Equations, the dual Fourier transformation and its inverse
methods are used as follows, where ¢ and # are integration variables [28]:

é 17, / / x y, e_](x§+y'7)dxdy (4)

(xy,2) = 5 2/ / b(&,1,z) - /T dzdy )

Appling Fourier transformation to (1), the magnetic flux density B can be obtained as

= —jnaz —
y = —jla; + % a“* (6)
= —jGay +]77“x

Appling Fourier transformation to (2), the magnetic vector potential can be derived as

e—klz—z|

(&m,2) = B [ O (o, 2 @

where k = /&2 + 2.

Considering the current distribution of the DDP transmitting filamentary coil driven
by the opposite phase currents in Figure 1a, the wire paralleled to the x-axis consists of four
parts, which satisfy y" = c1, x" =[—c3, c3l, J1(x", v, 2) =Ly =cp, x" =[c3, —c3l, J1 (X', y', 2') =
Ly =—ci,x"=[—c3, 3], J1(x", v, 2) =Ly = —c, x" =[c3, —c3], J1(x', y', 2') = 1, respectively,
so the x component of vector potential a, can be obtained as

2u0le k=21l sin ¢3¢ (cos ¢y — cosncy)

Ay = ké (8)

Similarly, the wire paralleled to the y-axis also consists of four parts, which satisfy
X'=c3,y =[c;, land y’ = [—c1,—c2], 1(¥, ¥, 2) =L %" = —c3, ¥’ = [z, c1] and i = [,
—c1], J1(x', ¥, 2’) = I, respectively, and the y component of vector potential a, can be given
as follows:

—2p0le~K2=21l sin ¢3¢ (cos ¢y — cos c)

Substituting (8) and (9) into (6), considering that only the z component of the magnetic
flux density contributes to the mutual inductance M between transmitting filamentary
turn and receiving filamentary turn, and the receiving filamentary turn is located in region
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2, and the z components of incident magnetic flux density in region 2 can be written
as follows:

—k(z—z1)

2jpolke sin c3¢(cos 1jc; — cos1cy)

4/

According to Fourier inverse transformation (5), the z component of magnetic flux
density in region 2 can also be expressed as

b, = (10)

/ /oo 2jpo Tke*(2=21) sin ¢3¢ (cos 17¢; — cos 77cy) Y dzdy  (11)
&N

When the receiving filamentary turn displace along one direction, the six sides of
the receiving coil under misalignment are located at y’ = dy1, y' = d12, ¥y’ =dp1, y' = dpo,
x" =dz1, x" = d3p, respectively, as shown in Figure 1a, where L is the displacement along any
direction, f is the angle between displacement direction and the x—y plane, « is the angle
between the direction of the component of the displacement in the x—y plane and the x-axis,
and the position variable of the receiving turn can be expressed as

B:= 472

dy1 = dy + L - cos(B)cos(u)
dip =dy+ L - cos(B)cos

(
(
dy1 = —dy + L - cos(B)cos
(

dyp = —dy + L - cos(B)co

dsz1 =ds + L - cos(B)sin

dspy = —ds + L - cos(B)sin(a)
z=2z1+h+L-sin(p)

) (12)

Mutual inductance can be obtained by Equation (13) [27], substituting (11) and (12)

into (13): ([ B.ds
M=2D

; (13)

The mutual inductance between the two filamentary turns driven by the opposite
phase currents can be obtained. When the number of turns of the transmitting coil and
receiving coil are Ny and Nj, according to the superposition principle, the mutual induc-
tance of the DDP-DDP coupler in the opposite phase excitation mode can be derived as
(14), where s; and s, are the line spacing of the transmitting coils and the receiving coils,
respectively, and p and g represent the p turn of the transmitting coils and the g turn of the
receiving coils, respectively.

¢ n

1= 2jpoke™¥E2721) sin[c3—s; (p—1)]¢{cos yc1+s1 (p—1)] —cos y[ca—s1 (p—1)]} (e/d"»l 52(a-DJE _pjldzp +s2(q- UJZ)( et +sa(a-Dly _gildip—sy(a-1)] V)d@'d
(14)

+ ]\ foo 2jugke

[
kz2-21) sin[c3 —s; (p—1)]&{cos y[c1 +s1 (p—1)] —cos ylca—s1 (p—1)]} , pilda1—52(a-DIE _pildzo+s2(a=1)G \ ; gilda1+s2(a=1)]1_ildar—sp(a-1)]y
on ( I3 )( Jn )dcdr

2.1.2. DDP-DDP Coupler Driven by the In-Phase Currents

When the two individual coils of the DDP transmitting coil are driven by in-phase
currents, the analytical model can be regarded as a magnetoquasistatic system (Figure 1b).

Considering the current distribution of the DDP transmitting filamentary coil driven
by the in-phase currents in Figure 2, the wire parallel to x-axis consists of four parts, which
satisfy y' =c1, x" =1[c3, —c3], 1 (¥, ¥y, 2) =Ly =co, x' =[—c3,c3], 1(x, vy, 2) =Ly = —cy,
X' =[—c3, 3], 1(x',y,2) =Ly = —cy, x" =[c3, —c3], J1(x', iy, z’) = 1, respectively, so the x
component of vector potential 4, can be obtained as

20 Te¥12=21l sin ¢3¢ (sin ¢y — sincy)
Ay = K

(15)



Energies 2021, 14, 428

6 of 15

;NN
M=Y &
7T

p=14=1

[‘ f-oo 2y0ke

AZ AZ
/32 NE
et foig 7 fig—
= > [ ="
) %3 L
“« L . T
T 7 > T 7 >
& Ji region 2 i region 2
M ///// ////77—>
y
4 X region | region |

(a)

(b)

Figure 2. Layout of the dual Bipolar (BPP-BPP) filamentary coupler under misalignment. (a) Driven
by the opposite phase currents; (b) Driven by the in-phase currents.

Similarly, the wire parallel to the y-axis also consists of four parts, which satisfy x’
=cy =lpalandy’ =[-c1, —e], 1, ¥, 2) =L x" = —c3, y = [c1, 2] and y' = [—c2,
—c1], J1(x’, v, 2’) = I, respectively, and the y component of vector potential a, can be given
as follow

i 240 Te = 12=21l sin ¢3¢ (sin ¢, — sinjey)
y = k17

Substituting (15) and (16) into (6) and (13), according to the superposition principle,

the mutual inductance of the DDP-DDP coupler in the in-phase excitation mode can be

(16)

+ f foo 2pgke ¥

[

(22721 sin[e3 —sy (p—1)]&{sin y[ca+s1 (p—1) J*Smﬂ[ﬁ*ﬁ(}’*lﬂ}(efﬁdsrsz(q*”]‘ eild3a+s2(a— @)(e/[du**z 9-Dl _pild11 —s2(a-1)] )dcjd
i
(2721) sine3 sy (p—1)]¢{sin y[ca+s1 (p—1)] —sin ey —sy (p— 1)]}(M31 52(9-DIE_pfld3n 2 (a— J]C)(ef[dn“z(q*”l’/—e/[dzz s2(a-1) "ded

derived as Equation (17).
17
@ 7 n g } 17)

2.2. Mutual Inductance of the BP-BP Coupler under Misalignment

The basic structure of the BPP-BPP filamentary coupler in Cartesian coordinates
is shown in Figure 2. The single-sided bipolar coil consists of two identical, partially
overlapped and mutually decoupled coils. The lower bipolar filamentary turn represents
the transmitting coils, which is driven by the harmonic current I, and the current density
along the transmitting turn is J>(x’, ¥, z’). The upper bipolar filamentary turn represents the
receiving coils. The dimensions of the two filamentary turns on both sides are indicated in
Figure 2. The opposite phase driving currents and in-phase driving currents are discussed
in this section.

2.2.1. BPP-BPP Coupler Driven by the Opposite Phase Currents

For Bipolar transmitting filamentary turns driven by the opposite phase currents, the
current distribution is shown in Figure 2a. The current density distribution along the wire
parallel to the x-axis satisfy vy’ =1, x" = [—e3, e3], J1(x, ¥, 2') =Ly’ = e, x" = [e3, —e3], J1(x/,
v, Z)=Ly =—e, x' =[—es3,e3], 1(x,y,2) =Ly = —ey, x' =e3, —e3], J1(x', y’, 2') =1, s0
the x component of vector potential a, can be obtained as follows:

240 Te~ k===l sin e3&(cos e; — cosney)

k¢

The current density distribution along the wire parallel to the y-axis satisfies x" = e3, y’

=ler, —ex]and y' =[—ey,e2], 1(¥', Y, 2) =[x = —e3, y' = [—ep, ex] and y' = [eg, —e1 [ 1 (*", ¥,
z’) = I; the y component of vector potential can be given as

ay = (18)

2p0 e k=21l sin e3E (cos ne; — cos e
iy

ay = (19)
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When the receiving filamentary turns displace along one direction, the six sides of
the receiving coil under misalignment are located at y’" = f11, ¥ = f12, ¥ = f21, ¥’ = f22,
x" =f31, X" = f3, respectively, as shown in Figure 2a, where L is the displacement along
any direction, B is the angle between displacement direction and x—y plane, « is the angle
between the direction of the component of the displacement in the x—y plane and the x-axis,
and the position variable of the receiving turn can be expressed as

f11=—f1+L-cos(B)cos(a)
fi2 = fa+ L -cos(B)cos(a)
fo1 = f1+ L-cos(B)cos(a)
foo = —f2+ L-cos(B)cos(a) (20)
fa1 = f3+ L -cos(B)cos(a)
fa2 = —f3+ L -cos(B)cos(a)
z=z1+h+ L sin(p)

Substituting (18)—(20) into (6) and (13), according to the superposition principle, the
mutual inductance of the BP-BP coupler in the opposite phase currents excitation can be
derived as Equation (21).

M=y ¥ /é 7l

42 & _ilfaatsa(a-1)¢ )(B/[fzﬁsm DI _pilfon—s2(a-1)] ’I)dfjd

N Ny f foo 2pgke™ k(zp— 21)sln[€3 s1(p—1)] Cf{smn e1—s1(p—1)]+sinn[e;—s; (p— ])]}(LJVSI s2(a-1)1E _jlf3p+s2(q— 1]é)((,j[f11+52(q—1)]v1761f12—52(q—1)y,)dgdr]
21)
e
Jn

¢
+f ~00 2;101«5 (22-21) sin[e3 —s; (p— 1]E{sm17[q s1(p—1)]+siny7[ea—s; (p— 1]}(e/f31 s7(q-1)]

—1g=1
P - @

¢

2.2.2. BP-BP Coupler Driven by the In-Phase Currents

For bipolar transmitting filamentary turns driven by the in-phase currents, the current
distribution is considered (Figure 2b). The current density distribution along the wire
parallel to the x-axis satisfy y" = ey x" = [—e3, e3], 1(x", ¥, 2) =Ly = ey, x" = [—e3, €3], J1(X/,
y,z2)=Ly =—e, x =le3, —e3], 1(x", ¥, 2) =Ly = —ep, x" =[e3, —e3], 1(x", vy, 2') =1, s0
the x component of vector potential a, can be obtained as follows:

—2juo TeFz=21l sin ¢3¢ (sin ney + sinneq)

k¢

The current density distribution along the wire parallel to the y-axis satisfy x" = e3, v’

=[er, —exland y' =[—ey, 2], 1(¥, ¥, 2) = [ X" = —e3, " = [—ez, e1] and i’ = [ep, —e], 1 (',
Y, z’) =1, so the y component of vector potential can be given as follows:

ay = (22)

B 2jpoTe k121l sin e3¢ (sin e, + sin y7e1)

kn (23)

Substituting (22) (23) (20) into (6) and (13), according to the superposition principle,
the mutual inductance of the BP-BP coupler in the in-phase currents excitation can be
derived as Equation (24).

M= 4 L L ke—K—21) & i€ n
2j 2771 —s1(p—1 S +s1(p—1)]— —s1(p—1 eilf31-52(a-1)IE _pjlfan+sp(a-1)]E fo1+s2(a-1) 1)
p,l =1 +f7w foooo joke sin[e3—s1 (p—1)¢{cos #7[e1 +s1(p—1)] —cos e —s1 (p )]}(Ll 12D il +s2(a )(,31[ 21+52@- Dl _pilf22-s2(a- Dl Vddy

NN f f,oo 2jugke™ k(zp-21) sinfe3—s1 (p—1)]¢{cos y7[e1 +s1 (p—1)]— cosq[ez—sl(p—l)]}([,r‘[/317s2(q71)];7‘,jy32+52(q 1)) )(L]j11+>2( Dl _ilfio—s2(q Um)dgd
(24)
[4] I

i

It should be noted that the mutual inductance characteristics of the DDP-DDP and
BP-BP couplers under misalignment along any direction can be easily obtained by the
above analytical models, as long as the values of L, «, B are modified.

3. Comparison of the Mutual Inductance Characteristics for the DDP-DDP and BP-BP
Couplers Based on the Analytical Models

Based on the analytical models proposed in the Section 2, the mutual inductance
characteristics of the DDP-DDP and BP-BP couplers under misalignment in different
directions and different excitation modes were investigated, comparing with the results of
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the finite element simulations. The computational cost of the two methods was compared,
the displacements of the receiving coils along the x-axis, y-axis and z-axis directions
were focused, and the in-phase current excitation modes and the opposite phase current
excitation modes are discussed. The results of the analytical model were obtained by
the numerically evaluate integral, the value of the maximum number of intervals (650)
was used, and the integration domain was defined as (—Inf, Inf) and the finite element
models (FEM) of the DDP-DDP and BP-BP couplers under misalignment are established
based on the software JMAG (Figure 3).To fairly compare the analytical models and the
finite element models, the parameters of the two models for the two polarized couplers
are shown in Tables 1 and 2. It should be noted that the position coordinates are for the
outermost turn of the coils on both sides, and the parameters of the analytical models are
2 mm smaller than those of the finite element model because the width of the litz wire was
4 mm. Considering the trade-off between calculation time and calculation accuracy, the
mesh of coil area and air area were 4 mm and 40 mm, respectively.

V4

V4

y A AV S A 4
y 4

»x )

(a) (b)

Figure 3. Finite element models of the polarized couplers (a) DDP-DDP coupler (b) BP-BP coupler.

Table 1. Parameters of the analytical models for the two polarized couplers.

Parameters DDP-DDP Coupler (mm) BP-BP Coupler (mm)

x coordinates of the transmitting turn c3 =148 e3 =148
y coordinates of the transmitting turn c1=2,cp =248 e1 =23,ep =248

z coordinates of transmitting turn z=0 z=0

x coordinates of the receiving turn d; =148 f3 =148

y coordinates of the receiving turn d1=2,d, =248 f1=23,f, =248

z coordinates of the receiving turn z =100 z =100
Line spacing of the coils on both sides s1=4,s,=4 s1=4,50=4

Number of Turns Ni=N,=5 Ni=N=5

Table 2. Parameters of the finite element model for the two polarized couplers.

Parameters DDP-DDP Coupler (mm) BP-BP Coupler (mm)

x coordinates of the transmitting turn x =150 x=150
y coordinates of the transmitting turn c1=0,c=250 e1 =25, =250

z coordinates of transmitting turn z=0 z=0

x coordinates of the receiving turn dz =150 f3=150

y coordinates of the receiving turn dy =0,dp =250 f1=25,f =250

z coordinates of the receiving turn z =100 z =100
Line spacing of the coils on both sides s1=4,sp =4 s1=4,5p=4

Number of Turns N1=N,=5 N;1=N,=5
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3.1. Mutual Inductances of the Two Polarized CouplersUnder Misalignment in
Different Directions

3.1.1. Misalignment along the x-Axis

In this part, the transmitting coils of DDP-DDP and BP-BP couplers were excited
by the in-phase and opposite phase currents. The receiving coils moved along the x-axis;
the displacement along the x-axis, L, was considered as a variable, which ranged from
L =0 mm to L =300 mm and the interval was 50 mm.

The mutual inductances of the two polarized couplers under misalignment along
the x-axis and in different excitation modes are shown in Figure 4. The lines of different
shapes correspond to the mutual inductances of DDP-DDP and BP-BP couplers based on
the analytical models, and the points of different shapes correspond to those obtained by
finite element simulations. It can be observed that the mutual inductances of the two coil
structures decreased gradually with the increase in the displacement along the x-axis in
both excitation modes. The mutual inductance of the BP-BP coupler under the in-phase
current excitation condition produced the largest value when the displacement was less
than 160 mm, but the mutual inductance of the two polarized couplers in the opposite
phase currents excitation condition decreased more slowly.

— DDP-DDP in-phase calc.
------ DDP-DDP opposite phase calc.
- =BP-BP in-phase calc
-==BP-BP opposite phase calc.
® DDP-DDP in-phase simu.
* DDP-DDP opposite phase simu.
= BP-BP in-phase simu.

N
T

Mutual inductance (H)
NN

1 1

50 100 150 200 250 300
Laterally displacement along x-axis (mm)

o
o

Figure 4. Mutual inductance of coils under misalignment along the x-axis and in different excitation
modes.

3.1.2. Misalignment along the y-Axis

When the receiving coils moved along the y-axis, the displacement of the receiving
coils along the y-axis, L, was considered as a variable, varying from L = 0 mm to L = 500 mm
and the interval was 50 mm.

The mutual inductances of the two polarized couplers under misalignment along
the y-axis and in different excitation modes are shown in Figure 5. This shows that with
the increase in the displacement along the y-axis, the mutual inductances of the two coil
structures in the in-phase current excitation mode decreased gradually, but the mutual
inductances in the opposite phase current excitation mode first decreased, then increased,
and finally decreased. It can also be observed that the mutual inductance of the BPP-BPP
coupler in-phase currents excitation condition was greater when the displacement was less
than 250 mm. However, the mutual inductances of coils under the opposite phase currents
excitation condition had greater fluctuation.
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Figure 5. Mutual inductance of coils under misalignment along the y-axis and in different excitation
modes.

3.1.3. Misalignment along the z-Axis

In this part, the receiving coils moved along the z-axis. The vertical distance between
two coils was considered as a variable, varying from 50 mm to 300 mm and the interval
was 50 mm.

The mutual inductances of the two coil structures in different excitation modes as the
receiving coils moved in the z-axis direction are shown in Figure 6. It can be observed that
the mutual inductances of the two coil structures decreased gradually with the increase
in the displacement along the z-axis in both excitation modes. It can also be observed
that the mutual inductance of the BP-BP coupler in the in-phase current excitation mode
was always greater than that of other conditions, and the decreasing speed of the mutual
inductance in the in-phase current excitation mode was less than that of the opposite phase
current excitation mode.

-5
14 x10 Y :

——DDP-DDP in-phase calc.

------ DDP-DDP opposite phase calc.
LN = =BP-BP in-phase calc.
—=-=BP-BP opposite phase calc.
DDP-DDP in-phase simu.
DDP-DDP opposite phase simu.
BP-BP in-phase simu

-
N
T

—
T
3

o
[e)

Mutual inductance (H)

0.6
BP-BP opposite phase simu.
04}
02
0
50 100 150 200 250 300

Vertical distance between the coils on both sides (mm)

Figure 6. Mutual inductance of coils under misalignment along the z-axis and in different excitation

modes.

The mutual inductance obtained by the analytical model and the finite element simula-
tions show a great agreement under the same parameters; it can be observed that the BP-BP
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coupler in the in-phase current excitation mode achieved greater mutual inductance for the
misalignment along the x-, y- and z-axes, and the two polarized couplers in the in-phase
current excitation mode have a small mutual inductance fluctuation for the misalignment
along y- and z-axes, but it had a large mutual inductance fluctuation for the misalignment
along the x-axis.

3.2. Comparison of Computational Costs

For the DDP-DDP and BP-BP couplers in the in-phase current excitation mode and
under the misalignment in the x-axis direction, the computational costs of the analytical
models and the finite element models were compared. Both of the calculations are operated
in a computer equipped with Intel Core processors featuring a 3.3-GHz clock frequency
and 4GB RAM memory. The total calculation times for the seven locations based on the
two models are shown in Table 3.

Table 3. Computational cost of the two modes under misalignment along the x-axis.

Coil Structure in Different Excitation Modes Analytical Models FEM
DDP-DDP coupler of in-phase current excitation 136 s 6600 s
DDP-DDP coupler of opposite phase current excitation 112s 10,800 s
BP-BP coupler of in-phase current excitation 132s 8880 s
BP-BP coupler of opposite phase current excitation 111s 9500 s

It can be inferred that mutual inductance of the polarized couplers under misalignment
along the x-axis can be obtained more quickly based on the analytical models proposed in
this paper. The same conclusion can be obtained for the displacements along the y-axis and
z-axis. It should be noted that when the mesh of the finite element model was larger, the
calculation time was shortened, but the calculation accuracy was reduced. By comparing
the computational cost of the methods based on the analytical models and the finite element
models, it can be concluded that the method based on the analytical model was timesaving.

4. Experimental Results and Discussion

To validate the accuracy of the proposed analytical models and compare the per-
formance of the DDP-DDP and BP-BP couplers in the electric vehicle wireless charging
application, the experimental prototype of the WPT system with the two polarized couplers
has been built, and is shown in Figure 7. The mutual inductances of the two polarized
couplers under misalignment are assessed in this section. According to the SAE ]J2954
wireless charging standard for EVs, the parameters of the low power scale experimental
setup and the misalignment ranges along different directions are shown in Table 4.

Tek Ant Trig’d M Pos: -1040ps  MEASURE
-

\
1
3
\

{ | ': r‘;:';,.A
AN
v/ o/ \ CH3
A \/ Cye RMS
7.47A

CH3
Freq
85.03kHz
H2 S00A  MS00us
CH3 S5.004 29-Nov-19 10:05
(b)

Figure 7. Prototype of the wireless power transfer (WPT) system with the polarized coupler. (a) Experimental setup; (b)

Waveforms of input voltage and currents on both sides.



Energies 2021, 14, 428

12 of 15

Table 4. Parameters of the experimental setup.

Parameters Value
Output power 300 W
Input AC voltage 50V
Operating frequency 85 kHz
Displacement range along the x-axis —100-100 mm
Displacement range along the y-axis —100-100 mm
Displacement range along the z-axis 100-200 mm

4.1. Experimental Setup

As shown in Figure 7a, the experimental setup consisted of a full bridge inverter,
compensation circuits, the polarized couplers, a rectifier, and DC load. The full bridge
inverter was implemented with four Silicon Carbide MOSFETs. Series compensation
topology was adopted on both sides of the WPT system. Both of the DDP-DDP and BP-BP
couplers were wound by litz wire composed of 800 strands with 0.1 mm strand diameter—
the skin effect could be neglected when the frequency was 85 kHz. The two individual coils
within the single side of the polarized coil in the in-phase current excitation mode could be
wound as two separate planar coils with two same poles and two accessible terminals, and
the two individual coils in the opposite phase current excitation mode could be wound
with two opposite poles and two accessible terminals.

When the WPT system operated under the parameters as shown in Table 4, the
resultant waveforms of the input AC voltage and currents of coils on both sides are shown
in Figure 7b. The varying spatial scales of the coils on both sides will alter the mutual
inductance, further causing fluctuations in the currents of coils and the output power.
Therefore, the mutual inductance characteristics of the two polarized couplers under
misalignment along the x-, y-, and z-axes are verified by experiments in the next section.

4.2. Experimental Results of the Mutual Inductances for the Two Polarized Couplers
under Misalignment

The mutual inductances of DDP-DDP and BP-BP couplers under misalignment along
the x-axis, y-axis and z-axis were measured by TH2827A LCR Meter (20 Hz-300 kHz), as
shown in Figures 8-10, respectively, comparing with the calculation results based on the
analytical models under the identical settings. The lines of different shapes in the figures
correspond to the mutual inductances of DDP-DDP and BPP-BPP couplers based on the
analytical models, and the points of different shapes represent the experimental results.

- DDP-DDP in-phase calc.

------- DDP-DDP opposite phase calc.

= = BP-BP in-phase calc.

—==BP-BP opposite phase calc.

® DDP-DDP in-phase exper.
DDP-DDP opposite phase exper.

= BP-BP in-phase exper.

4 BP-BP opposite phase exper.

w

Mutual inductance (H)
FN

N

1
-100 -50 0 50 100
Displacement along x-axis (mm)

Figure 8. Experimental results and calculation results of mutual inductance for the two polarized
couplers under misalignment along the x-axis.
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Figure 9. Experimental results and calculation results of mutual inductance for the two polarized
couplers under misalignment along the y-axis.
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Figure 10. Experimental results and calculation results of mutual inductance for the two polarized
couplers under misalignment along the z-axis.

Figure 8 shows that in the displacement range along the x-axis, the mutual inductance
of the BPP-BPP coupler in the in-phase current excitation mode produced the largest value.
The decrease rates of the mutual inductances for the DDP-DDP coupler in the two excitation
modes were 30% and 25%, respectively. The counterparts of the BPP-BPP coupler were 30%
and 28%, respectively. In Figure 9, it can be observed that in the displacement range along
the y-axis, the mutual inductance of the BPP-BPP coupler in the in-phase current excitation
mode was larger than that of other cases. The decrease rates of mutual inductances for
the DDP-DDP coupler in the two excitation modes were 19% and 54%, respectively. The
counterparts of the BPP-BPP coupler were 14% and 49%, respectively. Figure 10 shows
that the mutual inductance of the BPP-BPP coupler in the in-phase current excitation mode
produced the largest value in the displacement range along the z-axis. The decrease rates of
mutual inductances for DDP-DDP coupler in the two excitation modes were 57% and 69%,
respectively. The counterparts of the BP-BP coupler were 56% and 70%, respectively. It was
verified that the BPP-BPP coupler in the in-phase current excitation mode achieved greater
mutual inductance for the misalignment along the x-, y- and z-axes; the two polarized
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couplers in the in-phase current excitation mode had a small mutual inductance fluctuation
for the misalignment along the y- and z- axes, but had a large mutual inductance fluctuation
for the misalignment along the x-axis. In the design of the WPT system, we considered
the trade-off between the magnitude and fluctuation of mutual inductance, and chose the
appropriate polarized coupler.

Furthermore, the experimental results are well in agreement with the theoretical
analysis, verifying the accuracy of the analytical models. It should be noted that the
mutual inductance characteristics of the two polarized couplers under misalignment in x-,
y-, and z-axis directions were analyzed in simulations and experiments, but the mutual
inductance characteristics under misalignment in any direction could be analyzed based
on the analytical models proposed in this paper.

5. Conclusions

In this paper, the analytical models of the two commonly used polarized couplers
DDP-DDP and BP-BP under misalignment in any direction were developed based on dual
Fourier transformation, and the mutual inductance characteristics of the two polarized
couplers under misalignment in different directions and different excitation modes can
be investigated based on the proposed analytical models and the finite element models.
The results show that in the electric vehicle wireless charging application, the BP-BP
coupler in the in-phase current excitation mode achieved greater mutual inductance for the
misalignment in the x-, y- and z-axes direction, the two polarized couplers in the in-phase
current excitation mode had a small mutual inductance fluctuation for the misalignment
along the y- and z-axes, but had a large mutual inductance fluctuation for the misalignment
along the x-axis. The computational cost of the analytical models and the finite element
models were compared under the same parameters. The results show that the method based
on the analytical models was faster to analyze the mutual inductance characteristics of the
polarized couplers. The experimental results are well in agreement with the theoretical
analysis, verifying the accuracy of the analytical model. It should be noted that the
numerical calculation method proposed in this paper is not only suitable for the DDP-DDP
and BP-BP polarized couplers, but also can be applied to the analysis of other polarized
couplers.
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