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Modeling and Experimental Analysis of Three-Dimensional Crossed
Coil Structure for Misaligned Wireless Power Transfer System
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Abstract—The coaxiality of the transmitter and receiver has a significant impact on the efficiency
in a wireless power transfer system. In order to keep high system efficiency, a novel coil structure is
studied in this paper. Several plane coils are crossed to make up a three-dimensional coil structure
in the transmitter, which will make sure the system in the state of strong magnetic field coupling. In
the theory part, the magnetic field equation of different relationships between transmitter and receiver
is deducted in detail. In the simulation part, the performance of the three-dimensional coil structure
has been studied. The simulation results show that the new coil structure can generate a rotating
magnetic field, and the rotating magnetic field will keep the system in the state of the strong magnetic
field coupling in the simulation model. In the experimental part, the three-dimensional coil structure
has been compared to a plane coil structure. The experimental results show that the efficiency of the
three-dimensional coil structure is increased above 10% in the misalignment situation. The simulated
and experimental results show that the new three-dimensional coil structure has a better performance
in the misalignment situation than the plane coil structure in a wireless power transfer system.

1. INTRODUCTION

In the past few years, wireless power transfer (WPT) has drawn much attention, due to WPT’s
convenience, simplicity, and non-radiation [1,2]. As the coaxiality of the transmitter and receiver have
a significant impact on the efficiency in the wireless power transfer system, there are many researches on
misaligned WPT systems [3-5]. In order to improve the performance of a misaligned WPT system, new
coil structures have been designed [6-9]. In [8], three-dimensional transmitter and receiver have been
designed, and a 3D coil structure can improve the efficiency of the system obviously. However, the 3D
coil structure receiver may be not suitable for some general electric devices, such as cell phone and small
robots, and plane coil structure receiver is more suitable for these applications. In [9], a 3D structure
transmitter has been designed, and the receiver is a plane coil structure. Their system efficiency can
reach 90.2%; however, the transmitter in [9] is spherical, which may need an additional support structure
in the practice application. In order to increase the distance of the misaligned WPT system, a repeating
coil has been used in the system [10, 11]; however, the repeats cannot be applied in some situation. The
magnetic field shaping technique is also used in [12], but there are three independent power supplies in
their system, which increases system complexity. In order to increase the efficiency, low loss materials
have also been tried to apply in the system [13-15]; however, the price of low loss materials should not
be ignored.

In this paper, compared to [8], we use a plane coil structure for the receiver to improve system
applicability. Comparing [9] to our paper, a cuboid is studied in our paper. The system efficiency
is reduced to 86.7%, but the system may omit additional support structure. Comparing [10, 11],
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the magnetic field shaping technique is used for the system to overcome the lack of using repeater.
Comparing [12] to our paper, there is only one power supplies in our system. Moreover, in this paper,
the magnetic field equation of different relationships between transmitter and receiver is deducted in
theory part. The verified simulation and experiment are also done.

The rest of the paper is organized as follows. In Section 2, the basic theory of a 3D crossed coil
structure applied in a misaligned WPT system is explained. In Section 3, the mathematical model of
the 3D cross coil structure is deducted. In Section 4, the simulation model of the 3D crossed coil is
built. In Section 5, the verification experiment is done, and the experimental results are compared with
simulation ones. Finally, conclusions are drawn in Section 6.

2. 3D CROSS COIL STRUCTURE FOR WPT SYSTEM

2.1. Traditional WPT System with Magnetic Coupling

Figure 1 shows a block diagram of a general magnetic resonant coupling WPT system. The transmitter
side is composed of an AC-DC rectifier, a DC-DC converter, and a DC-AC inverter. The transmitter and
receiver are isolated by an air gap, based on the magnetic field shaping technique, and the transmitter
can generate magnetic field in different directions, which will couple the receiver for reaching high
efficiency transmission.

(Rectifier) (Converter)

| |
|

I AC/DC DC/DC DC/AC AC/DC DC/DC Load I

(Rectifier) (Converter) (Inverter) I 0a I

| |

|

Transmitter Part Receiver Part

Figure 1. Diagram of a triditional magnetic resonant coupling WPT system.

2.2. 3D Cross Coil Structure for a WPT System

In Fig. 2, the transmitter coil is composed of several coils with different space angles, and the receiver
is a plane coil. The 3D crossed structure transmitter can generate circular rotating magnetic field, and
the controller of system will choose the coil of transmitter to make the maximum mutual inductance
between one or several coils in transmitter and receiver during the system working time.

It is worth noting that the transmitter has a variety of ways to generate circular rotating magnetic
field, such as phase-shift techniques [16,17]. As for phase-shift techniques, several power supplies
load different phase currents in different transmitter coils, and the magnetic field directions can be

Receiver

Transmitter .

Figure 2. The diagram of 3D crossed coil applied in WPT system in this thesis.
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controlled by adjusting the phase of the current. However, several power supplies will increase the system
complexity. There is another way to generate circular rotating magnetic field. Because transmitter
coils are in different directions, every transmitter coil will generate a magnetic field direction. All the
directions of magnetic field generated by transmitter will form a circular rotating magnetic field. The
second way of generating circular rotating magnetic field will be used in this paper.

3. THE MATHEMATICAL MODEL OF 3D CROSSED COIL STRUCTURE

Because only one coil of transmitter is power-on, we can simplify the WP'T system to a two-coil system.
Choosing the space angle of transmitter coil can get maximum mutual inductance between transmitter
and receiver.

3.1. Circuit Analysis of Two-Coil WPT System

The equivalent circuit model of a two-coil WPT system shown in Fig. 3(a) can be converted to the
T-type model, as shown in Fig. 3(b) [18,19]. The circuit input and output currents are expressed
in the matrix form in Eq. (1) where 71, 7o, L1, L2, Cg1, and Cgy represent the parasitic resistances,
self-inductances, and compensating capacitances of the transmitter and receiver units, respectively. In
addition, M is the mutual inductance between transmitter and receiver.
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Figure 3. The cross-sectional view of planar coils using for wireless power transfer.

The impedances in Eq. (1) can be expressed as Z; = 1 + jwLy + JwCs , Lo =19+ jwlLo + ijsz

and Zgoy = (Zp + Z1)(Z2 + Z1) + w?>M?. To simplify the analysis, the transmitter and receiver units
are assumed symmetrlc i.e., L1 = Ly, Cg1 = Cgo, and the resonant frequency can be calculated as

wg = I épl LQC =" Addltlonally, source impedance Zp and load impedance Zj, are assumed purely

resistive; Zp = Rp, Z;, = Rp. The efficiency is defined as the ratio of the load power to the total input
power as in Eq. (2)

n= <o) F (2)
(Rp + ?”1) (RL + ?”2) + w0M2 (RL + ?”2)

where Ryymp = 2R Rpro + r3Rp + Ry + 2Rprire + 1173.
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In Eq. (2), efficiency can be increased through the controlling mutual inductance M between
transmitter and receiver. The parasitic resistances r; and ry should be minimized.
In the resonance status, the receiving power Py, is defined as in Eq. (3).
20 727/2
wiM=-V,
P, =I3R;, = 0 51 SR (3)
((RP +71) (R +12) + w(Q]MQ)

As can be seen in Eq. (3), the receiving power can also be improved through increasing the mutual
inductance M between transmitter and receiver. The parasitic resistances r; and ro should be
minimized.

3.2. Analysis Transmitting State between Transmitter and Receiver

When magnetic field is generated in transmitter where the coupling effect occurs effectively, the transfer
efficiency and transfer power will be highly likely to decrease, significantly [20,21]. Because only one
transmitter coil is power-on in the WPT system with 3D cross coil structure, the coupling among
transmitter is low, which will help the system work on a better performance.

The controller finds that the transmitter coil marked X has the maximum mutual inductance with
receiver. The transmitting coil X and receiver are shown in Fig. 4. In Fig. 4, the self-inductances of
the transmitter coil X and receiver are L1 and Lo, respectively. As shown in Fig. 4, transmitter coil X
and receiver are crossed with an angle §(0 < 6 < 7). The size of transmitter coil X is 2a x 2a, while
receiver is 2b x 2b. Based on Neumann’s formula [22, 23], the mutual inductance of transmitter coil X

and receiver can be written as follows:
Ho dlydls
M=— 4
4 7{ j{ di2 )

In Fig. 4, conductor A is parallel to conductor E. Conductors A, B, C, and D are on the same plane,
and conductors E, F, G, and H also are on the same plane. The plane including conductors E, F, G,
and H is parallel to xy-plane. Three cases of coil configurations between transmitter coil and receiver
are shown in Fig. 5. The first case [as seen in Fig. 5(a)] is two conductors placed in parallel at a distance
d. In Fig. 4, a total of four examples (conductors A and E, conductors C and G, conductors A and G,
and conductors C and E) can be observed for this case. The second case [as seen in Fig. 5(b)] is two
conductors placed with an angle # on different planes. In Fig. 4, four examples (conductors B and H,
conductors D and F, conductors B and F, and conductors D and H) can be identified as the following
second case. Finally, Fig. 5(c) shows the third case, where non-coplanar conductors are apart from each
plane. Conductors A and F, conductors A and H, conductors C and F, conductors C and H, conductors
E and D, conductors E and B, conductors G and D, and conductors G and B can be considered to
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Figure 4. The basic cell ABCD related to the turn-to-turn capacitance.
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Figure 5. Three cases of wire configurations between transmitter and receiver.

fall under this case. Please note that the mutual inductances of the two perpendicular conductors is
always zero [14]. Therefore, the cases of conductors A and F, conductors A and H, conductors C and F,
conductors C and H, conductors E and D, conductors E and B, conductors G and D, and conductors
G and B are not considered, and their mutual inductances are zero.

The mutual inductance in the first case will be referred as M;. Based on Eq. (4), M; can be

calculated as in following equation:
2a+c1 2b du.d
/ / Yia@Yr (5)
0 d2 + yr)?
Here, y; € (c1,2a + 1), ¥ (0 2b).
The mutual mductance in the second case will be referred as Ms. Based on Eq. (4), Ms can be
calculated as in following equation:

B @ /2b /02+2acos9 /04 dxrdxtdzt (6)
™ Jo c2 c4—2asin 6 \/(xr _ .Cl?t)2 + Zt2 + C?))

Here, z, € (0,2b), z; € (ca2,c2 + 2acosf), z € (c4 — 2asinb, cy).

The mutual inductance in the third case will be referred as Ms. Because the two conductors are
perpendicular, the value of Mj is zero.

In Fig. 3, combining Eq. (5) and Eq. (6), the mutual inductance between conductors is

Yt2 Yrl d d
M MCG / / YrayYyr (7)
Yt1 \/d2 )2
Here, y¢ € (yi1,Ye2), Yr € (Yr1, Yr2)-

Yt2 Yr3 d d
Mug = Mg = 5—7‘1 / / YeCr : 8)
Yt1 Yra \/d2 AG —|— (yt — yT)

Here, y; € (ye1,y12), Yr € (Yra, Yr3).

dr,dxidz
Mpy = Mpr = Ho / / / \/ il - (9)

2t Zt + (Yr1 — Y11)

Here, z, € (2y1,%r4), 2t € (T, 214), 2t € (214, 211)-

dr,dxidz
Mpr = Mpg = —/ / / \/ = - (10)

(xr — 1) +Z752+(yr2_yt1)

Here, z, € (22, 2y3), Tt € (1, T1a), 2t € (244, 201)-
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Moreover, Marp = Mag = Mcorp = Moy = Mgp = Mg = Map = Map = 0. Please note that
the sign “4” of mutual inductance expresses that the currents of the two conductors are in the same
direction, and the sign “—” of mutual inductance expresses that the directions of the currents flowing
in the two conductors are in the opposite directions.

Combining Egs. (7)—(10), the total mutual inductance M between two conductors can be obtained.
For example, the currents of two coils are in the same direction shown in Fig. 6(a), and the total mutual
inductance M can be expressed as: M = Mag + Mcoa — Mag — Mcg + Mppg + Mpr — Mpr — Mpyr.

Receiver

Mutual Inductance (M)

Transmitting Coil X ‘ot B
ucto A
Co“d;

Receiver

\
N, \
Transmitting Coil X Mutual Inductance (M)
\ rd
7~

(b)

Figure 6. The relationship of current of two wire.

The directions of the currents of two coils are different are shown in Fig. 6(b), and the total mutual
inductance M can be expressed as: M = —Mag — Mcg+ Mag+ Mcog — Mgy — Mpr+ Mpr+ Mpp.

The total mutual inductance M highly depends on the positions of transmitter and receiver. The
position influences the total mutual M by the magnetic fields generated by transmitter and receiver.

3.3. Magnetic Flux Density Analysis in 3D Cross Coil Structure

Assume that a unit vector from a point on transmitter pi(x1,y1,21) to an arbitrary point p(z,y, z) is
71, and a unit vector from a point on receiver pa(ze,y2,22) to p(x,y,z) is 7, 71 and 72 which can be
expressed as follows:

A= Tpip _ (z—z)r+(y—y)y+(z—2=)%
el e et - )+ - 2)?

(11)
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Ao T @o2)T4(y—y)it (-2
Tl = w0) 4+ (= o) + (2 — 20)?

In practice, current ip(t) power-on transmitter is expressed as ip(t) = I, cos(wt + 07). Assume
that the direction of ir(f) agrees with Fig. 6(b). The magnetic flux density (B-field) induced by
transmitter at an arbitrary point p(z,y, z) can be expressed as

5 uo I, cos (wt + 0r) %mx (x—2)Z+W—y1) Y+ (z2—21)7%)
Tran —

47 3
(=207 + =)+ (=207

(el

(12)

_ oLy, cos (wt + O7) (y —y1) dx (13)
47 +/ [ic\(z—zl)dy ]
cri | —Z(x—x1)dy
T(y1 —y)dz
1 o (z—x1)dz
+/DT% -l—y( —(z2—2)dzx >
\ +2Z(y —y1) dx
Brran has three components, B, By, and B, which can be written as follows:
1 N \
/ —T (2 —21)dy
ATy
— —y)d
oLy, cos (wt + O7) +/B 'r:fx (1 =) dz
Bac‘Tran = A 1 (14)
+/ —T (2 —21)dy
cm
1.
+/ —7 (y1 —y)dz
DT
( 1 [ (x—z1)dz
B, _ podm, cos (wt + 07) B ri”y +(z—2z)dz (15)
Y| Tran — A7 vspacelmm +/ i/\ (:c—acl)dz:
b Dr:fy + (2 — 2z1) dw
1 N \
—32(901 —z)dy
ATy
+/ L 2y —y)d
—z(y — T
oLy, cos (wt + O7) BT} y—un
Bz|Tran = A 1 R (16)
+/ —Z(z1 —x)dy
cm
1.
+/ —Z(y —y1)dx
\ DTy

For simplicity, assume that the receiver is parallel to xzy-plane, and the angle of transmitter and
receiver is Org as shown in Fig. 7. f7g is a space angle, and the weights of By |7ran, By|Tren, and
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B.|7ran in the direction of coil axis are

Biv’TranLR =0
By|T7‘anLR =0 (17)
BZ|T7‘anLR = BZ|T7‘an cos (GTR)

Therefore, only B.|7yqn can couple with the receiver, and the receiver is parallel to xy-plane.
Furthermore, the magnetic flux generated by transmitter in the area of receiver is

= / BrranedS= | B.ly. .pedS (18)
S S1

where 57 is the weight of receiving coil area in the direction of z-axis.

The mutual inductance M of transmitter and receiver can be expressed

NiN>®
M = 1772 (19)
I, cos (wt + O7)

where V7 is the turn number of transmitter coil, and N5 is the turn number of receiver.

Combining Eqgs. (17) and (18), the mutual inductance M is

N1 N, [ B.| 1y an cos (Orr) @ dS
Sa

M = 2
I, cos (wt + O7) (20)
Considering Eq. (2) the efficiency is a function of O7x
210/ 2
n— wo[M(0rr)]" Ry (21)

(Rp + 1) (R 4+ 12)% + W2[M(07r)])* (R, + 72)

Based on Eq. (21), the best f7r can be calculated with the principle of maximum efficiency, and
the best Org is marked as O7rps in this thesis.

4. NUMERICAL SIMULATION OF 3D CROSS COIL STRUCTURE

In this part, the numerical simulation of 3D crossed coil technique will be presented. The purpose of
the numerical simulation is verifying the mathematical model of 3D crossed coil technique shown in
Section 3. As shown in Fig. 7, the transmission coils with different 67 are included in transmitter
which are included in transmitter. Only one transmission coil has power-on current. In practice, the
system controller will choose the transmitter coil with space angle 07r, which is closest to O7ras.

Receiver

Figure 7. Diagram of angle of transmitter and receiver.
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Figure 9. Diagram of the magnetic field with different direction.

Based on the mathematical model, the WPT system with a 3D cross coil structure simulation
model is built as shown in Fig. 8, and the magnetic field will be calculated by finite element method
(FEM), and the mutual inductance also will be gotten.

Assume that the transmitter includes eight coils. When the current passes in the transmitter turn
by turn, the magnetic fields with different directions will be generated, as shown in Fig. 9.

In Fig. 9, the direction of magnetic is parallel to the surface normal vector 7 of transmitter coil.
Furthermore, maximum energy transfer efficiency can be achieved when the surface normal vector 7
of the receiver coil and the direction of magnetic are parallel. As shown in Fig. 9, the direction of the
magnetic field is an important factor determining energy transfer efficiency. By exploiting the fact that
the direction of the magnetic field can be controlled by changing the space angle O7r of transmitting
coils, the energy can be transmitted on particular position. If the position of receiver can be confirmed,
the best O7g, which can achieve a high efficiency, can be calculated.

The position of receiver is related directly to the mutual inductance M between receiver and each
transmitter coil. In this paper, the position of receiver is assumed as shown in Fig. 9, and the mutual
inductance M can be calculated by Ansoft Maxwell in Table 1.

The value of mutual inductance in Table 1 is different obviously. Furthermore, the maximum M
in Table 1 is the mutual inductance between receiver and Coil 4 in transmitter. The energy could be
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Table 1. The mutual inductance between receiver and transmitter coil.

Coill Coil2 Coil3 Coild Coild Coil6 Coil 7 Coil 8
M (uH)  1.29 0.73 1.46 3.04 2.66 0.56 0.87 1.18

transferred efficiently by Coil 4. If the energy received by the receiver is satisfactory, Coil 4 will be
used for transmitter coil. However, the most common case is the energy that receiver received is not
satisfactory. In practice, the transmitter could be adjusted slightly, such as rotating the transmitter
slightly by machines. The adjustment will help the system achieve better performance, and the system
will be more efficient. In addition, there may be a case that two mutual inductances are close, and the
method dealing with this case adjusts the transmitter substantially, which makes a difference obviously
in Table 1.

Assuming that Coil 4 is used for transmitter coil after the adjustment. The resonance frequency
should be chosen based on the actual demand. In this paper, the resonance frequency is 1 MHz. The
value of capacitance used for resonance circuit can be calculated:

1

wCrR
where w is the resonance frequency of resonance circuit, Lrgr the inductance value of transmitter coil
(Coil 4), and Crp the value of capacitance using for resonance circuit.

When the circuit parameters have been calculated, the field-circuit coupled simulation model will
be built by Ansoft Maxwell. The results of the field-circuit coupled FEM simulation model are shown in
Fig. 10. The field-circuit coupled FEM simulation model indicates that the mathematical model meets
the expectation satisfactorily. The mathematical model is also verified initially by the field-circuit
coupled FEM simulation model.

In Fig. 10, the energy is transferred satisfactorily from transmitter to the receiver. The magnetic
field intensity vector is calculated, and one of time step results is chosen shown in Fig. 10(a). The
magnetic field intensity vector generated by transmitter and receiver is clearly shown in Fig. 10(a). In
Fig. 10(b), magnetic flux density is calculated, and the coupling field of transmitter and receiver can
also be seen clearly. Because only one transmitter coil loads the current, and the other transmitter coils
have been broken off, the interference of the broken coils is not obvious, and the unnecessary leakage
flux is tiny. Thus, in Fig. 10, the energy is transferred efficiently in the specific direction in which the
receiver coil is located.

wLTR = (22)

v NN\ 8177
A ///

’//’/ 2

/

7 !
[}

N /
—

Figure 10. The results of the field-circuit coupled simulation.

5. EXPERIMENT VERIFICATION

In this section, the experiment verification is done, and in the experiment, the WPT hardware system
with the proposed coil structure is built. The experiment results are also compared with the simulation
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ones. Our results show that the novel coil structure has a better performance in misalignment situation
than the traditional system.

Based on the theoretical analysis presented in the previous sections, the implemented WPT system
block diagram is shown in Fig. 11, which is composed of two parts. One part is a transmitter including
a power generator and selecting transmitter coil system, and the other is a receiver with resistive load.
As explained in Section 3, the transmitter coil should be selected with the largest mutual inductance
to achieve a better system performance. The detailed explanation of the experiment is provided in the
next part.

Transmitter Receiver

Selecting Transmitter Coil :

Power Generator

AcmC [ | peme [ ] Resistive
(Rectifier) || (Inverter)| | Load

: - i .
Acay | | acme [ peac [ o
i |(Rectifier)] |(Inverter) _é_' System | Coil ”3 ‘?. M; :/
: H)
»

E Control

M,
: Coil n "Ejl '

wn
0 teececccccscccccccccesseeeceeeed '

Figure 11. The diagram of the simulation model of capacitance of the insulating layer.

5.1. 3D Cross Coil Structure in the Transmitter

Figure 11 shows the mentioned 3D cross coil structure block diagram. In Fig. 11, the power generator
is composed of an AC/DC Rectifier and a DC/AC Inverter. The detailed hardware architecture of the
transmitter is shown in Fig. 13. The AC/DC rectifier converts 50 Hz commercial alternating current
to direct current. The DC/AC Inverter converts direct current to 1 MHz alternating current. The
power generator has an input AC voltage. The output voltage Vpc is applied to the DC/AC inverter
composed of power MOSFET. The main roles of the power generator are to control the system frequency
and transferred power. Moreover, the direction of the magnetic field can be controlled by modifying
the space angle of transmitter coil. And the magnitude of the magnetic field can be controlled by the
amplitude of the current output in the power generator shown in Fig. 11. The control system will
recognize the transmitter coil used for transfer power to the receiver. Receiver in Fig. 11 is composed of
a receiving coil, an AC/DC converter, and a resistance load. The parameters of the receiver are shown
in Table 2.

In this paper, the size of the transmitter coil is 120mm x 100 mm shown in Fig. 11. The quality
factor () of the transmitter coil is

e (23)

r

Here, w is the frequency of the resonance circuit. L is the inductance of transmitter coil. r is the
resistance of transmitter coil.
A better system performance needs a high level of @ [10]. When the frequency of the resonance

circuit is fixed, the quality factor ) will increase with the increasing value of % In order to increase
transmission power, we should increase the inductance of transmitter coil and decrease the resistance of
transmitter coil. Thus, the transmitter coil structure with several turns (shown in Fig. 12) is adopted
in the WPT system. Moreover, all the transmitter coils have the same design scheme.

The detailed parameters of the implemented coil structure are shown in Table 2. To create a
resonance of 1 MHz, L and C of transmitter and receiver are satisfied with wlL = % In order to

minimize the resistance (R), 2mm 2mm Litz coils are used.
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Figure 12. Diagram of the transmitter coil structure.

Table 2. The detail parameters of the implemented coil structure.

Song et al.

Parameters Frequency L (uH) C (pF) Width Height Turns Thickness
[MHz] [mm)] [mm)] [mm)]

Coil 1 2.33 7.76 800 120 100 5 4
Coil 2 2.33 7.76 800 120 100 5 4
Coil 3 2.33 7.76 800 120 100 5 4
Coil 4 2.33 7.76 800 120 100 5 4
Coil 5 2.33 7.76 800 120 100 5 4

Receiver Coil 2.33 8.28 748 125 105 5 4

5.2. 3D Crossed Coil Structure WPT System Hardware Design

In Fig. 13, the rectifier diodes are silicon controlled rectifiers, and the voltage Vpc can be controlled by
changing the duration of the gate plus signals of the silicon controlled rectifiers. The transfer frequency
in Fig. 13 can be controlled by the plus signal of the N-Channel MOSFET. Measurement oscilloscope
is from Agilent company, and inverter power supply is built by ourselves. The detailed parameters of

the implemented coil structure are shown in Table 2.

AC/DC Rectifier DC/AC Inverter Transmitter Coil

1L
11

Resonant capacitance

1

Select Coil

Sysgem

1 2

1

n-1

Coil § Coil § Coil § Coil S Coil

n

Figure 13. The detailed hardware architecture of the transmitter.
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(b) The diagram of the experimental coil structure

Figure 14. Experiment verification of 3D Cross Coil Structure WPT System.
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Figure 15. The load voltage when the transmitter coil load power respectively.
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5.3. Experimental Results

We use resistance load to demonstrate that the 3D cross coil structure WPT system can transfer the
power to the misalignment receiver. An oscilloscope which shows the real-time load voltage is used
to indicate the transfer status. Fig. 14 shows pictures of experiment verification of the 3D cross coil
structure WPT system, and in Fiig. 14, there are 5 transmitter coils which are included in the transmitter.
Fig. 15 shows the load voltage of the resistance load when the transmitter coil powers on, respectively.
In the experimental verification, in Fig. 15, transmitter Coil 3 has the maximum mutual inductance with
the misaligned receiver, thus the transfer power is maximum. Transmitter Coil 1 and transmitter Coil
4 also have high transfer power in Fig. 15, and the reason is likely that the mutual inductance between
the transmitter Coil 1, Coil 4, Coil 3 and misaligned receiver has small difference. The efficiency of the
system is 86.7%. We can see that the 3D cross coil structure can also transfer power to the misaligned
receiver with no alignment and orientation requirement.

6. CONCLUSION

In this work, we demonstrate that the 3D crossed coil structure can be used in a misaligned wireless
power transfer system. In the theory model, the magnetic field equation of different relationships
between transmitter and receiver is deducted, and the efficiency 7 is a function about that the transmitter
coil spatial angle 8rr has been proved. In simulation model, we get the conclusion: the suitable spatial
angle Orr can help get a higher efficiency 7, and the conclusion has been verified. The closer the
transmitter is to the coaxiality, the higher the efficiency will be obtained. In the experiment part,
the verified experiment is also done, and the efficiency of the system is 86.7%. The simulated and
experimental results show that the new three-dimensional coil structure has a better performance in the
misalignment situation than the plane coil structure in the misaligned wireless power transfer system.
Compared to the theory model, the simulation model shows that in the case of the maximum mutual
inductance M between transmitter cell coil and receiver, the maximum efficiency will be achieved.
Compared to the simulation part, the experiment shows that the transmitter coils with different space
angles have different efficiencies; however, the difference of efficiency is smaller than the simulation
part. Rotating magnetic field generation and 3D crossed coil structure are also demonstrated to keep
the system working in a reliable and optimum working status. Future work will focus on increasing the
system efficiency when multiple loads are applied, and we will also focus on the precise control of the
3D crossed coil system, because the precise control of the 3D crossed coil system is also important for
the system.
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