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Abstract: In order to solve the misalignment problem of wireless power transmission, this paper
designed and analyzed the omnidirectional receiver with multi-coil. The circuit models and trans-
mission characteristics of the wireless power transfer system (WPTS) containing multi-coil were
established. Besides, an accurate mutual inductance modelling method of the circular coil under
different horizontal offset and angular deflection was presented. Based on the circuit models and the
mutual inductance model, the relationship between transmission characteristics and the coil parame-
ters were studied. Simultaneously, the design method which can synthetically and quantificationally
consider the radius of the coil and the number of turns was proposed. Finally, an omnidirectional
receiver with multi-coil using the quantificational model and transmission characteristics in different
horizontal offset and angular deflection was designed.The transmission efficiency of three-coils-
receiver system was up 12.3% higher than that of one-coil-receiver system and 4% higher than that
of two-coils-receiver system when horizontal offset was between 0 cm and 30 cm. Similarly, when
angular deflection was between 0 and 77/2, the efficiency of three-coils-receiver system was up 73.25%
higher than that of one-coil-receiver system and 1.6% higher than that of two-coils-receiver system.

Keywords: wireless power transmission; magnetic coupling resonance; coil parameters; omnidirec-
tional receiver; anti-offset; anti-deflection

1. Introduction

Since Massachusetts Institute of Technology proposed magnetic coupling resonance
wireless power transmission technology, the related technologies has attracted more and
more attention from research institutions and scholars [1-3]. Compared with the mag-
netic induction mode, the magnetic coupling resonance can obtain greater transmission
distance [4-6]. With the development of mobile phones, electric vehicles and the space
stations, the magnetic coupling resonance wireless power transmission technology will
have a wider and wider application space [7-9]. It will develop rapidly because of its
potential in application such as consume electronic products, robotics, electric vehicles,
aviation and medical devices [10,11].

However, there are still a lot of problems need to be solved. The quantificational
design of coil resonator is a hard problem for wireless power transfer systems [12,13]. A
good resonator design is of great significance to improve the effectiveness and stability
of the system. In ref. [14] proposed a differential evolution algorithm to determine the
capacitance values of resonator and improve the performance of WPTS. The maximum
power transfer efficiency was 88% [14]. Afterwards, Tuba Yilmaz described the adoption
of multi-objective hybrid particle swarm optimization and multi-objective real numbered
particle swarm optimization algorithms for a circular coupler design to identify a minimum
set of key optimization parameter [15]. But there is little discussion about the quantification
design of coil.
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In addition, in many application scenarios, such as wireless transmission in outer
space and power online monitoring equipment wireless power supply, the misalign-
ment problem is another inevitable challenge for WPTS. The efficient omnidirectional
receiver is a economic and attractive strategy for misalignment WPTS. For the traditional
WPTS with one transmitting and one receiving coil, it is difficult to achieve high effi-
ciency power transmission when the receiving load appears large angle deflection. At
present, the main solution is to use multiple transmitting coils or multiple receiving coils.
In refs. [16,17] designed omnidirectional WPTS using three-orthogonal-transmitting-coil
topology. However, the modulation method of multiple transmitting coils topology is
complex, which limited its application [16,17]. In ref. [18] proposed crossed dipole coils
for the wide-range 3-D omnidirectional inductive power transfer, and 3-D omnidirectional
WPTS was realized. The maximum overall efficiency was 33.6% when the input power
was 100 W [18]. In ref. [19] presented series-parallel topology of magnetic coupling system
whose efficiency was 17%, when the deflection angle was 7r/4 [19]. In ref. [20] introduced
free positioning WPTS with optimum switching phase detection technique, and the ef-
ficiency of system was 56% when the deflection angle was 77/4, the efficiency was 36%
when the deflection angle was 7t/3 [20]. In the same year, M.Talaat analysed a model with
different coil geometries and coil arranging positions. When inclining the secondary coil
with an angle 10°, the magnetic flux of the inclined side decreases to 22.2% of the aligned
side [21]. Huilin An designed omnidirectional receiver with two coils, the anti-deflection
and anti-offset properties of which were better than that of receiver with one coil. When
the deflection angle is 77/2, the efficiency of system was 90%. But load the power and
effectively curve are not smooth and steady enough, and the efficiency is not ideal for the
receiver with two coils [22].

Furthermore, the accurate mutual inductance model, which is very important for
quantificational design and misalignment problem, has attracted enormous interest from
the scientist. In refs. [23-25] presented mutual inductance models, including the circular
coil and square coil in different horizontal offset and angular deflection, but the cross section
of coil was not considered in these papers, which will led to an inaccurate results [23-25].
Slobodan dealt with novel formulas for calculating the mutual inductance and the magnetic
force between two coaxial coils, which are made up of a circular coil of the rectangular cross
section and a thin disk coil [26]. Unfortunately, this paper ignored the sectional radius of
the coil conductor, which is an important factor affecting the inductance, when calculating
the inductance formula.

In order to solve the above problems, this paper presents an accurate mutual in-
ductance modeling method of circular coil under different horizontal offset and angular
deflection. In this model, the number of turns, the sectional radius of the coil conductor
and the spaces between turns of coil are considered. Moreover, a new coil design method,
which can quantificationally design the radius and turn number of the coil for the magnetic
coupling resonance WPTS, is proposed. Further, based on ref. [22], the omnidirectional
receiver, which is consisted of there coils, is designed and manufactured to prove the
the correctness and validity modeling approach. This study solve the problems of the
misalignment between the transmitter and receiver coil for the WPTS and improve the
ability of system against distance offset and angle deflection.

2. Theoretical Analysis of Circuit and Mutual Inductance Models

Accurate circuit model and mutual inductance model are beneficial to analyse the
transmission characteristics of the WPTS. Reasonable derivation of transmission charac-
teristics can help us to design coil parameters quickly and accurately. This section will
establish the circuit model of WPTS with multi-coil-receiver and analyse the transmis-
sion characteristics of that. In addition, the mutual inductance of perfectly aligned and
misaligned coils will be derived.
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2.1. Circuit Models of Wireless Power Transfer System

In order to overcome the weak anti-offset and anti-angle deflection capabilities of tra-
ditional receivers, this paper presents a robust design to realise the stability of performance
index over wide deflection angles and long offset distance. The diagrammatic sketch of the
proposed structure is shown in Figure 1. The system consists of two parts: transmitting coil
and receiving coil. Coil S is transmitting coil and Coil 1, Coil 2, and Coil 3 form the receiving
coil. The included angle between any two of coil 1, coil 2, and coil 3 is 7t/3. The center
of transmitting coil and receiving coil are O and O’ respectively, and the corresponding
coordinate systems are x-y-z and x’-y’-z’. The included angle between z-axis and z’-axis is
6. The included angle between x-axis and x'-axis is 0. O” is the projection of O’ on the x-y
coordinate planes. d is the vertical distance from the top layer of coil S to the bottom layer
of coil 1.

Figure 1. The diagrammatic sketch of the proposed structure.

Figure 2 shows the circuit model of proposed WPTS. The Mgy, Mgy, Mgs, M1z, Mi3,
and M3 are the mutual inductance between coils. 7y, Cy, Ly, Ry, are the resistance, resonant
capacitor, self-inductance and load resistance of the coil. For example, L3 represents the
self-inductance of coil 3.
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Figure 2. The circuit model of three-coils-receiver system.

When the system works at the resonant frequency f, the self-impedance of coil can be
calculated by the following formula
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Zss =15 +j(wLs — 5¢5)

Z11 =Rp1+n —l—j(le — MLC])
Zpn = Rip + 12+ j(wla — 55
Zzy = Rz +r3+j(wls — 55)

@

where w = 27tf.
Zs1, Zsy, Zs3, Z12, Z13 and Zp3 are mutual impedance between coils, which can be
represented as

Zg1 = jwMg
Zsp = jwMsgy
Zsz = jwMsg3 o)
Z1p = jwMy
Zy3 = jwMy3
Zp3 = jwMps

According to the theory of mutual inductance and Kirchhoff’s law, the loop voltage
equation are as follows [13]

Us = Zssls — Zs1 Iy — Zsp I — Zs313
0=—Zs1ls — Z11 Iy — Zy2h — Zy31;3
0=—Zsls — Z1oh + ZpoIr — Z3313
0= —Zs3ls — Z13I1 — Zozr + Z3313

®)

Is, I, I, and I3 are the current of coil S, coil 1, coil 2 and coil 3, respectively. Using the
Formulas (10), (11), and (13), the loop current of transmitting and receiving coil I, I1, I,
and I3 can be derived as

UsZ11 220753

I =
5 ZssZ11ZmZas—ZonZas 2y — 21 Z33 22— Z11Zn 2,
I = USZSIk2ZZS3
ZssZn1 2o Zas—Zm 23373 — 11 Z33 Za — 211 Zn Z g (4)
I = UsZgy 211733
ZssZn 2o Za3—Zm 23323 — 1 Z33 Za — Z11 Zn Z g
I UsZg37211Z2p

T ZssZnZmZz—ZInZ3Zh —Z1Zss 23— Z11 2072

When U and f are constant, combining the Formulas (1), (2), and (4), the relationship
between the transmission characteristics of three-coils-receiver system and the parameters
of the coil can be obtained. Obviously, this conclusion is also applicable to one-coil-receiver
system and two-coils-receiver system.

2.2. Mutaual Inductance of Coupled Coils

An accurate mutual inductance model play an essential role in the research of transmis-
sion characteristics. Unfortunately, in the proposed mutual inductance model, the effects of
radius and number of turns are rarely involved. In this section, interface radius and spaces
between turns are innovatively taken into account in the mutual inductance model [27].

2.2.1. Mutual Inductance of Perfectly Aligned Coils

One loop model of perfectly aligned coils is shown in Figure 3. The point P is on the
Ns (i) turn, and the point Q is on the Nj (j) turn. Q' is the projection of Q on the x-y plane.
d, is the center-to-center distance between coil S and coil 1, which is equal to the distance
from Q to Q'. I is the distance from P to Q’, which is expressed as [27]

I = [Rg + R% — 2RsRq cos(¢ps — 4)1)]% (5)
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Figure 3. One loop model of perfectly aligned coils.
The magnitude Rp is represented as [27]
R, = [>+d2))z
p [ + r )] 2 (6)

Nj—=

=[R§ + Ri+d7 — 2RsRy cos(ps — ¢1)]

The mutual inductance M;; between the ith turn of coil S and the jth turn of coil 1 can
be obtained

dlg xd
My = § § T ?

The perfectly aligned coils is shows in Figure 4a. Coil S and coil 1 are in a coaxial
horizontal state. The radius of the coil S and coil 1 are Rg and R; respectively. P is arbitrary
point of coil S, and Q is arbitrary point of coil 1. The magnitude of the of the vector joining
point P and point Q is named R,. The number of turns of coil Sarei,i=1, 2, 3... Ns. The
number of turns of coil 1 arej,j=1,2,3... Nj. Ng(i) is the ith turn of coil S, Nj () is the jth
turn of coil 1.
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Figure 4. The diagrammatic sketch of perfectly aligned coils. (a) is the diagrammatic sketch. (b) is
the cross section diagram of (a).

The cross section diagram of Figure 4a, which is obtained along the y-z plane, is shown
in Figure 4b. The interface diameter of the coil S and coil 1 are Wg and W; respectively.
The spaces between turns of the coil S and coil 1 are Sg and S respectively. d; means the
center-to-center distance for the top and bottom layer of coil S and coil 1. d, represents
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dy = dy + (Ns; — 1) (ws +s5) + (Nyj — 1) (w1 + 1) )

Applying Formulas (6)-(8) and the dot product of the dlg and dly, (7) can be written
as [27]

2 p2m cos(@s—¢1)
M =t RsRi__ s ) geped
i I R R E 0 S0 i rcostps—gr) P94 ©)

where the parameters A is [27]

_ __2RgRy
A= R d (10)

For coil S containing Ns turns and coil 1 containing N1 turns, the total mutual induc-
tance is then [27]

Ns Np

M=% Y M (11)
i=1j=1

2.2.2. Mutual Inductance of Horizontal Offset and Angular Deflection Coils

Figure 5 shows the configuration between coil S and coil 1 in the case of horizontal
offset and angular deflection. The axis of coil S and coil 1 are x-y-z and x-y’-z’ respectively.
0" is the projection of O’ on the x-y coordinate planes. O is the projection of O” on the y
axis. dj is the horizontal offset distance of coil 1 from the axis of coil S, which is equal to the
distance from O to O”. O'z" is the projection of z-axis on the x-z coordinate planes. The
included angle between O’'z” and z'-axis and the included angle between O'z” and z-axis
are represented by 0 and -y. By roll and pitch rotations, which are represented by 6 and -y in
Figure 5, angular deflection can be achieved. The magnitude Rp is calculated by [27]

R% + R3+d? + d} ?
—2RsR1(cos @s cos @1 cos 0 cos 7y + sin ¢g sin ¢1)
Rp = | —2d;Rqcos ¢q(sinfcosy + cosfsiny) (12)
—2dRg cos @g + 2dyRq cos ¢1 cos 8 cos vy
+2R%COSZ @1 sin 0 cos y cos 0 sin 7y

Combining the Formulas (8), (9), (12) and the dot product of the dls and dl;, (8) can be
written as [27]

M. = H RgRq
AT SRR R
2 21 sin g sin ¢1 cos 6 cos y+cos @g cos
fO 5 s S @1 Ps - 91 . 1d€05d(P1
1 — Ag(cos @g cos @1 cos 6 cos 7y + sin @gsin 1) 12 (13)

—Ap cos @1 + Ac cos @1 cos y cos 0
—Ag4cos ¢1(sin 0 cos y + cos 0 sin )
+Aecos? @ sin 0 cos 7y cos O sin -y

where the parameters A;,Ap,Aq,Az,and A, are [27]

N = R 14
Y= m 13)
A= TR )
N = R )
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2
2R?

A = R ETE

(18)
For coil S containing Ns turns and coil 1 containing N1 turns, the total mutual induc-
tance is then [27]

Ns Np

M=} } M (19)
i=1j=1

The model accuracy should be presented to confirm validity of the proposed model.
For this, this paper compares the calculation results of the model with the measurement,
which is shown Figure 6. It can be seen that the calculations of mutual inductance are close
to the measurement results, when the deflection angle changes from —m/2 to —7t/2, or
the offset distance changes from 0 to 0.5 m. The correctness of the calculation method of
mutual inductance is verified in this paper.

Figure 5. Horizontal offset and angular deflection coils.

%108 %108

—e—Calculation
—+—Measurement|;

14

—e—Calculation
—+—Measurement

Mutual inductance(H)
(o]

Mutual inductance(H)
(e

-pif2 -pil4 0 pi/4 pir2 0 0.1 0.2 0.3 0.4 0.5
Deflection angle Offset distance(m)

Figure 6. The verification of mutual inductance formula.The coil parameters are the same in calcula-
tion and measurement.

Thus, by applying the Formulas (5)-(19), a clear representation of the relationship
between mutual inductance and coil parameters was received. Further, combined with the
discussion in Section 2.1 summary, this paper accurately establishes the mapping relation-
ship between coil parameters and transmission performance. This mapping relationship is
valid for one-coil receiver systems, two-coil receiver system, and three-coil-receiver systems.

3. Duantificationally Design of Coil Parameters

Coil parameters determine the transmission characteristics of the WPTS. Reasonable
coil parameters can improve the efficiency and stability of the system. This section will
propose a new coil design method and quantificationally design the coil parameters of
multi-coils-receiver system.
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For the three-coils-receiver system designed by this paper, the radius of the coil S,
coil 1, coil 2 and coil 3 are Rg, Ry, Ry, and Rj respectively. The number of turns of coil S,
coil 1, coil 2, and coil 3 are Ng, N1, Np, and N3 respectively. The interface diameter of the
coil S, coil 1, coil 2, and coil 3 are Ws, Wy, Wa, and W3 respectively. The spaces between
turns of the coil S, coil 1, coil 2, and coil 3 are Rg, R1, Rp, and R3 respectively. The included
angle between any two of coil 1, coil 2 and coil 3 are 77/3, so the mutual inductance M5,
M3, and My;3 are greater than zero. When considering the mutual inductance of four
coils, it is a complicated process to quantificationally design the coil parameters. Among
the above coil parameters, the coil diameter and coil turns have the greatest influence
on the transmission performance of the WPTS. Therefore, for the convenience of design,
this paper first sets other parameters as fixed values, and then analyzes the influence of
variable coil diameter and coil turns on the transmission characteristics of WPTS. The
performance index used in this paper should satisfy both of the following two conditions:
the transmission power of the system is higher than 50 W; the transmission efficiency is
above 90% under the condition of 25 V supply voltage and 15 cm transmission distance.
Set the parameters of coil 1, coil 2, and coil 3 to consistent, Rg = Ry = Rp = R3 = R,
NS:N1:N2:N3:N,W5:W1:W2:W3:W:2mm,55:512522532520.2
mm, Ug =25V, R;; = Rip = Rj3 = R, =403 (), f =1 MHz. Based on the above data,
this paper carries out numerical analysis on the transmission characteristics of WPTS by
MATLAB. Firstly, mutual inductance the Mg, Mgy, Mgs, M1, M13, and Mp3 are solved by
Formulas (13) and (19). Secondly, the impedance Zg;, Zsp, Zs3, Z12, Z13 and Zp3 can be
obtained by substituting mutual inductance into Formula (2). Finally, Formulas (1) and (2)
are brought into Equation (4), and the numerical analysis of Equation (4) is performed.
Therefore, the current in each coil can be determined. Further, we can construct the
relationship between the transmission characteristics of WPTS and the coil parameters.

It can be seen from the Figure 7a,b that load power increases firstly and then decreases
with the increase of coil diameter and number of turns, however transmission efficiency
always increases. The Figure 7c is the sectional view of Figure 7a where the power is equal
to 50 W. The curve power equal to 50 W divides the Figure 7a into two regions. In the A
region, the load power is greater than 50 W, and in other regions, the power is less than
50 W. The Figure 7d is the sectional view of Figure 7b where the transmission efficiency is
equal to 90%. On the curve, the efficiency is equal to 90%. In the B region, the efficiency
is greater than 90%, the other regions, the efficiency less than 90%. Therefore, when the
intersection parameters of region A and region B are chosen, the expected objectives of this
paper can be achieved. Finally, taking into account that the coil diameter should not be too
large, and the height should not be too high, the values of coil diameter and number of
turns are set to 0.2 m and 11 respectively, in this paper. The detailed coil parameters are
tabulated in Table 1. It should be noted that the proposed approach in this paper is general
and can be applied to other constraints and other coil numbers.

Table 1. Coil Parameters Of three-coils-receiver system.

System R N W S dq d» Rp 0 f
three-coils-system 10 11 2mm 02mm 15ecm 0 403Q2 Oto+m/2 1MHz
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Figure 7. Transmission characteristics of three-coils-receiver system vary with coil diameter and
number of turns. x-axis is the number of turns N, y-axis is diameter 2R. § = 0, vy = 0, d» = 0. The
performance indexes in (a,b) are load power and transmission efficiency; (c) is the sectional view of
(a) where the power is equal to 50 W; (c) is the sectional view of (a) where the power is equal to 50 W;
(d) is the sectional view of (b) where the transmission efficiency is equal to 90%.

4. Simulation Analysis and Experimental Verification

In order to verify the correctness of the theoretical analysis and simulation in this
paper, the analysis experiment is carried out. Figure 8 shows the experimental system of
WPTS with three receive coils. The supply voltage of power source is 25 V. The adjustable
output power range of the power source is 0-500 W. The adjustable frequencies of the
power source are 1 MHz. Coil S is the transmission coil, and coils 1, 2, and 3 together form
the receiving coil.

Power source

Figure 8. Measurement setup of three-coils-receiver system.

The transmission characteristics of receiver with three coils vary with deflection angle
6 are shown Figure 9. This paper uses the power meter to measure the input power, and the
oscilloscope to measure the load voltage. The simulated result and the experimental result
show a good agreement. The load power and the efficiency are symmetric with respect to



Electronics 2022, 11, 3103

10 of 14

the 8 = 0. When the deflection angle changes from 0 to 77/2, The load power and efficiency
show a consistent trend over the entire deflection range.

101 0.932
= Simulation
1 |~ =Experiment|
100 0.93
99 20.928
o~ <5
= . S
T 98 B £0.926
(3]
= ! c
o U o
S o7 1 ‘@ 0.924
I 1 2
3 | 5
L 1
96 k g 0.922
! =
95 A 0.92
VI
94 ‘. . : ’ ) 0.898 : : : ‘ :
-pil2 -pil4 0 pil4 pi/2 pi/2 -pi/4 0 pi/4 pi/2
Deflection angle Deflection angle

@ (b)

Figure 9. The transmission characteristics of receiver with three coils vary with deflection angle. The
pitch rotation angle v = 0, R =10 cm, N =11, dy = 15 cm, dp = 0. (a) shows the load power varies with
deflection angle. (b) shows the efficiency varies with deflection angle. The simulation is completed
by Matlab.

When 71/6, the receiver with three coils works in the worst state, in which the load
power and the efficiency are minimum, the power is equal to 94.8 W and the efficiency
is 91.5%, the receiver with three coils is in the worst state. On the contrary, When 8 = 0
or 71/3, the receiver has the best performance, in which the load power and the efficiency
are maximum, the power is 100.8 W and the efficiency is 93.18%. The repetition period of
power and efficiency is 77/3.

In order to prove that anti-deflection and anti-offset properties of three-coils-receiver
system are better than that of the traditional one-coils-receiver system and two-coil-receiver
system, this paper carried out the comparative analysis experiment. Applying the quantifi-
cationally design method proposed by this paper, the parameters of the receiver with two
coils or one coil can be precisely designed. Since the selectable coil parameters are multiple
sets of data in the intersection region, for the sake of reducing the production difficulties.
The selected parameters involved in the design of the receiver with three coils, two coils
and one coil are set to the same. The detailed coil parameters are listed in Table 2.

The selected parameters involved in the design of the receiver with three coils, two coils
and one coil are set to the same.

Table 2. Coil Parameters Of one-coil-receiver system and two-coils-receiver system.

System R N W S dq d, Rp 0 f
two-coils-system 10 11 2mm 02mm 15ecm 0 403Q) Otoxm/2 1MHz
one-coil-system 10 11 2mm 02mm 15ecm 0 40300 Oto*m/2 1MHz

Figure 10 shows a comparison between the simulated results and experimental results
of the traditional one-coil-receiver system and two-coils-receiver system. It can be seen from
Figure 10c,d that the transmission efficiency is symmetric with respect to the 8 = 0. For the
one-coil-receiver system, when 6 = 0, the efficiency is maximum, which is equal to 90.3%,
the receiver with one coil is in the best state. When 6 = 71/2, the efficiency are minimum,
which is equal to 0, the receiver with one coil is in the worst state. For the two-coil-receiver
system, when -y the deflection angle changes from 0 to 7t/2, the efficiency is no longer
monotonically decreasing, showing a trend of first rising and then falling. When 6 = 0, or
6 = 11/2, the receiver system works in the worst state, in which the efficiency are minimum,
and the efficiency is 90.3%. On the contrary, When 6§ = 77 /4, the receiver system has the
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best performance, in which the efficiency are maximum, and the efficiency is 92.3%. The
repetition period of efficiency is 77 /2. Comparing Figures 9 and 10, we can conclude that
the transmission efficiency of three-coils-receiver system has the least volatility and the
best robustness to the deflection angle.

z
v
X'
=

di

0.920

S

Q
e
o
>

0.91

o
B

S
=

Transmission efficiency
(=]
=
Transmission efficiency

0.905

0.9 ~
-pi/2 -pi/4 0 pi/4 pi/2 -pi/2 -pi/4 0 pi/4 pi/2
Deflection angle Deflection angle

() (d)

Figure 10. The transmission characteristics of receiver with one coil and two coils vary with offset
distance. (a,b) are the diagrammatic sketch of the one-coil-receiver system and two-coils-receiver
system, respectively. (c,d) show the transmission efficiency of one-coil-receiver system and two-coils-
receiver system vary with deflection angle 0, respectively. In both systems, the pitch rotation angle
¥=0,R=10cm, N =11, d; =15 cm, dy = 0. The simulation is completed by Matlab.

The performance of our proposed receiver system is compared with the previous
works in Table 3. It can be observed that the proposed receiver with three coils in this
paper has best performance in transmission efficiency compared to other structures, no
matter how the deflection angle changes, the transmission efficiency is always greater than
92%. The anti-deflection properties of receiver with three coils designed by this paper is
better than that of one-coil-receiver-system, two-coils-receiver-system and other works.
The reason for this phenomenon is that the effective receiving area of the receiving coil
decreases in the process of the angle deflection of the transmitting coil, resulting in a
decrease in mutual inductance for the one-coil-receiver-system, hence the receiving power
and receiving efficiency decrease. When the coil rotates to 6 = 7r/2, the effective receiving
area is almost 0 and the efficiency is the lowest. For the two-coils-receiver-system, while
the effective receiving area of coil 1 decreases, it is always accompanied by an increase
in the effective receiving area of coil 2, and the total effective area increases, therefore the
transmission efficiency improves. Although the transmission efficiency of the two-coils-
receiver system is enhanced compared to that of the one-coil-receiver system, the range
of transmission efficiency still needs to be reduced. Furthermore, this paper proposed a
three-coils-receiver system not only to achieve the improvement of transmission efficiency
but also to realise better stability. It is worth noting that a simple increase in the number of
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coils does not imply an increase in efficiency, and if the coil parameters are not designed
properly, the efficiency will decrease.

Table 3. Comparison of efficiency achieved in other papers.

Ref. Receiver 0=0 0= /8 0= /4 0 =3m/8 0= rm/2
This paper  three coils  93.13% 92.12% 92.58% 93% 92.3%
This paper  two coils 90.2% 91.4% 92.3% 91.2% 90.1%
This paper  one coils 90.2% 87.4% 78.2% 50.3% 19.9%
[18] three coils  26.85% 28.67% 33.6% 32.26% 25.09%
[22] two coils 90.2% 91.4% 91.8% 90.5% 89.8%
[19] one coil 55% 32% 17% 8% 5%

[20] one coil 65% 62% 56% 50%

Figure 11 shows the comparative results of the efficiency variation with offset distance
dy. As can be seen from Figure 11, when d; changes from 0 to 0.3 m, the efficiency of
one-coil-receiver system decreases from 90.3% to 48.1%, the efficiency of two-coils-receiver
system changes from 92.3% to 51.5%, the efficiency of three-coils-receiver system changes
from 93.1% to 57.5%. The three-coils-receiver system is always the most efficient at the
same offset distance. This result is caused by the difference in the effective receiving area
of the receiver system, therefore the three-coils-receiver system has better stability for
offset distance.

One_coil_receiver system One_coil _receiver system
—— Two_coils_receiver system

0.9 —— Three_coils_receiver system

93. 1% —Two_coils_receiver system

—Three_coils_receiver system

>
g 0.8+ .§
g 507
Z 206+
E E
£0.6 } Z
I,_';‘ ) 57. 5¢ E 0.5
51.5%
0.5 S8 1 0.4 -
0.4 0.3
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 025 0.3
Offset distance(m) Offset distance(m)

(@) (b)

Figure 11. Comparison of efficiency vary with offset distance. (a) is the simulation result, and (b) is the
experimental result. The 6 of one-coil-receiver system, two-coils-receiver system and three-coils-receiver
system are = 0, 6 = 7r/4, and 6 = 71/3 respectively.

5. Conclusions

This paper presents an accurate mutual inductance modeling method of circular coil
in different horizontal offset and angular deflection. In this model, the number of turns,
the interface diameter and the spaces between turns of coil are considered. Besides, the
circuit models which contain one, two and three receiving coils are established. Based on
the accurate model of mutual inductance and circuit models, this paper proposes a coil
design method which can design the radius and turn number of the coil quantificationally
for the WPTS. It is further verified through simulations and experiments that the design
of the coil parameters in this paper are successful. In order to realize the system with
better anti-offset and anti-deflection ability, this paper designs the receiver with one coils,
receiver with two coils, and receiver with three coils using the quantificational model. In
the best state, the power and the efficiency of receiver with one coil are 50.3 W and 90.3%
respectively, receiver with two coils are 77.5 W and 92.3% respectively, receiver with three
coils are 100.8 W and 93.1% respectively. It found that the receiver with three coils in the
best state can achieve higher power and efficiency than that of receiver with two coils and
receiver with one coil when the deflection angle changes from 0 to 77/2 and horizontal
offset distance changes from 0 to 0.3 m. The anti-deflection and anti-offset properties of the



Electronics 2022, 11, 3103 13 of 14

receiver with three coils is better than that of the receiver with two coils and the receiver
with one coil. Therefore, it is expected that the proposed multi attitude reception magnetic
coupling resonance WPTS can be used to aviation and medical devices.

One problem of Omnidirectional Receiver designed by this paper is that the space
occupied is too large. The design of small volume omnidirectional receiver resonator will
be further studied in the future.
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