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ARTICLE INFO ABSTRACT
Keywords: In wireless power transfer (WPT) systems using magnetic coupling resonance, when there is a
Wireless power transfer (WPT) registration deviation between the transmitting and receiving coils, there will be significant

Coupling coefficient
Coil misalignment
Positive series

fluctuations in the coupling coefficient, output power, and transmission efficiency, which will
seriously affect the stability of the WPT system. The coupling coefficient is related to the length
and width of the rectangular coil, number of turns, mutual geometric position, and space mag-
netic medium, making it difficult to maintain a constant value when the coil is offset. A single-
emitter two-receiver positive-series rectangular coils structure and a method of calculating the
structure are proposed. Then an optimization method for mutual inductance was proposed, and
the structural parameters that met the design requirements were obtained using the proposed
optimization method. The calculation formula for coupling coefficient was verified through
simulation and experiments. The results showed that when the offset distance of the receiving coil
along the Y-axis (driving direction) and X-axis reaches half of the length of the transmitting coil
and 10 cm, the coupling coefficient, transmission efficiency, and output power remain almost
unchanged.

1. Introduction

The wireless power transfer (WPT) technology provides an effective and feasible way to solve the safety problems caused by
traditional contact charging, and provides applicable solutions to various vehicle models. The working frequency ranges from tens of
kHz to MHz, and the transmission power can reach the megawatt level. The transmission distance is from centimeters to meters, and
the transmission efficiency can be more than 96 % [1-3]. The position of the electrical equipment on the receiving side of such systems
is not easy to be fixed, which usually has the problem with alignment, will cause the transverse and longitudinal offset or the
transmission distance, and the coupling coefficient, output power and transmission efficiency will fluctuate greatly, the stability of the
energy transmission system was affected seriously.

Coupled mode theory and mutual inductance theory are widely used to analyze various transmission performance of the WPT
system. In Ref. [3], the authors proposed to increase the working range and change the trend about offset of flux by changing the
structure of the asymmetric coil. A group in the University of Auckland in New Zealand proposed DD (double-D, DD) coils and DDQ
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(double-D quadrature, DDQ) coils, which improves the coupling coefficient of the system [4]. BP (bipolar, BP) coils that have similar
results and the cost is low [5], and improved TP (tripolar, TP) coils [6]. The coil shown in Ref. [7] is proposed by Ahmad and others.
Because of its symmetrical structure, it has better anti-drift ability in both directions. The structure which triangular coils are placed
symmetrically along the diagonal line to improve the diagonal migration ability is proposed in Ref. [8]. Multiple small-size coils are
arranged to form a coil array, only the coil close to the receiving coil transmits energy. In this way, the relative offset between single
coils on the primary secondary side is reduced [9,10]. In Ref. [11], a magnetic flux tube coupling structure is constructed by using a
strip magnetic core. Its coupling coefficient is larger than that of a circular coil, and it has stronger anti-migration ability on the
horizontal plane. In Ref. [12], the structure of winding five coils in series on the H-shaped magnetic core is proposed to improve the
anti-drift ability of the flat solenoid coil in the Y direction. In Ref. [13], the coupling structure with magnetic core is used to maintain
mutual inductance continuously, the offset range is 40 % of the maximum value, and the mutual inductance fluctuation is only 5 %.
Chen et al. proposed an algorithm based on reverse series coil in finite element simulation [14]. In order to increase the effective
charging area of a single coil and improve the smoothness of mutual induction when the position migrated, the turn-by-turn opti-
mization and turn-by-coil group method is proposed in Ref. [15]. A dynamic and static wireless power transfer system superimposed
dislocation coil (SDC) structure is proposed in Ref. [16], it ensures a constant coupling coefficient.

In this paper, a single-emitter two-receiver positive-series rectangular coils structure and a method of calculating the structure are
proposed. Then an optimization method of the mutual inductance is presented, the parameters of the proposed structure that meet the
design requirements are obtained by using the proposed optimization method. The coupling coefficient calculation formula is verified
by simulation and experiment, these results show that the coupling coefficient, transmission efficiency and output power remain
almost constant when the misalignment distance of the receiving coil along the Y-axis (driving direction) and X-axis reaches half of the
length of the transmitting coil and 10 cm.

1.1. The structure of rectangular coils

In order to keep the coupling coefficient constant when the misalignment distance of the receiving coil along the Y-axis (driving
direction) and X-axis reaches half of the length of the transmitting coil and 10 cm, a new coil structure is proposed in this section.

The new structure is shown in Fig. 1. The transmitting coil is Ty, and the receiving coils are made of R,; and Ry, in positive series,
and the size of R, and R, is the same. O and O; are the center of the transmitting and receiving coils, I; and I, are the currents of Ry
and Ry that in the same direction.

Fig. 2 shows the coils of the new structure. T is the transmitting coil, R,; and R, are the receiving coils. lj.inner and Iy inner are the
inner length of Ry1 and Ry, and I3.inper is the inner length of Ty. hy_inner and ha.inner are the inner width of R,y and Ryg, and hs_jnper is the
inner width of Ty. Ij_outer and lzouter are the outer length of Ry and Ryp, and I3.oyter is the outer length of Ty. hy_outer and ho.outer are the
outer width of Ry and Rys, and h3_gyter i the outer width of T,.

According to the definition of self-inductance and mutual-inductance, the total self-inductance of R, can be calculated as follows:

Ly =Lgy1 + Lgo + 2Mpa_rao (€9)]
The total mutual inductance between Ty, and R, can be calculated as follows:

Mz _pe =My g + Mr g (2)

where L1y, Lry1 and Lgyo are the self-inductance of Ty, Ry and R, respectively. My gy is the mutual-inductance between T, and Ry,
and Mry.gx2 is the same between Ty and R,».
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Fig. 1. Schematic diagram of single-emitter two-receiver positive-series rectangular coils.
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Fig. 2. Positive series rectangular coils structure.
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where k; 5 is the coupling coefficient between the two coils, M; is the mutual-inductance, and L, Ly are self-inductance.
The formula for the coupling coefficient of the new structure is:

Mrre Mry_pra + Mri_re2 (4)

= = kre—ga + krx—re
VLLee  \/Lr(Lga + Lo + 2Mga—re)

kafo =
where k7y.rx1 is the coupling coefficients between Ty and R, and kpy.grx2 is the coupling coefficients between T, and Ryo.

2. Calculation of coupling coefficients

In this section, a calculation method is proposed, which is used calculate the coupling coefficient of the new structure quickly.

(a) The self inductance of the rectangular coil

Fig. 3 shows the structure of a single rectangular coil, a; and a, are the half-length and half-width of Coil;. Coil; consists of four parts
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Fig. 3. Schematic diagram of a single rectangular coil.
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(L, b, I3, Ly). Zy is the height of the rectangular coil from the O point plane. I is the current of Coil;.
The magnetic vector of any point P (x, y, 2) is as follows:

po [y, 2 )
Alx,y,z) =20 [l o2 IO
R - ®)
where J is the current density and v is the current distribution of the Coil;. R is the distance from P (x, y,
z) to the source point (x’, y’, 2’).
R:\/(x—x’)z—i-(y—y’)z—&-(z—z’)2 (6)
The dual Fourier transformation and its inverse transformation are used to solve (5):
b(¢,n,z)= / / B(x,y,z) - e 30 dxdy 7
1> = o
_ xE+yn)
By =gz [ [ bena) ey ®
Substituting (5) into (7):
a(én,z) :% %e”(" 0 (x,y,z)e  ay ()}

where k = /&% + 2. The relationship between the incident magnetic flux density and the magnetic vector potential is as follows:
B=V xA (10)

Substituting the Fourier transform into (10):

da,
b, = —jna, — ==
x Jna; oz
oda, 11
bv: d +j5az ( )
) 0z

b. = —jéay + jnax

The component a, of the magnetic vector potential in the X-axis direction is generated only by the wires [; and I3 which are parallel
to the X-axis. The expression of a, is as follows:

Ie/’am —lz—z0k 1 o, 1 o i2u 1 si . —lz—z0k
w—ay —ay, =H0 22 ( f e /“ ewdx> _J2#o Sm(éal);;n(naz)e 12)
—ay —ay

where a,; and a,3 represent the magnetic vector potential components, which are generated by wires [; and I3 respectively.
Similarly, the component of the magnetic vector potential a, in the Y-axis direction is:

_ —j2u,l sin(yay)sin(£a, e~k

y nk (13)
Substituting (12) and (13) into (11):

b _J2pe! sin(&ay )sin(na,)
’ n

b, _ 2! sin(éay )sin(na;) 14)
: ¢

b — —2u, Ik sin(&ay )sin(nay)
‘ én

Substituting (14) into (8), the magnetic flux density in the z = z( plane is:



Y. Leng et al. Heliyon 9 (2023) e21121

1 00 /°° jzﬂi)l Sin(fa])Sin(naz)"’("f*w)dqu

x = 3
an* | o

/ / ]2ﬂ0] sin 5az)snl(rlal) j(xE+yn) dgdﬂ (15)

/ / —2u,lk sin 501)5111('7“2) j(xE+yn) dédn

For a single rectangular coil, only the magnetic flux density in the Z-axis direction needs to be considered. According to (16), the
self-inductance is obtained as follows:

1
L= —#&ds
/ / /“’ / Zpt()lk sin fal)sm(naz) (6540 gy

(b) Mutual inductance calculation method of the rectangular coil

16)

Fig. 4 is the schematic diagram of the two rectangular coils, including Coil; and Coily. a; and ay are half-length and half-width of
Coil;. by and b, are half-length and half-width of Coil,. Coil; consists of four parts (3, Iy, I3, Ls), the center is O;. Coily consists of four
parts (L1, Ly, L3, L4), and the center is O,. S; is the vertical distance between O and O,, and S is the vertical distance between O and O.

The mutual inductance between Coil; and Coil, can be obtained.

el bratb)é _ pi(bra=b1)é  gilbra+ba)n _ gi(bra=b2)n

1 < [® ’
My, = #DB'dSﬂ:m[ [ (Ci: + Cix) - 5 : i e ™ dédy a7

where b1q and boq are the misalignment of the X-axis and Y-axis respectively. The mutual inductance My rx1 between Ty and Ry, and
Mry.rx2, M Rx1-Rx2 can be calculated by (17).
The mutual inductance between multiturn coils can be calculated by (18).

Ny Ny
M= ; Z;Mm,, (18)

where Nj is the number of turns of Coil;, N5 is the number of turns of Coils, m is the m-th turn of Coily,

and n is the n-th turn of Coils.

Fig. 5 shows the circuit diagram of the coils, L; and R; are self-inductance resistance of transmitting coil respectively, L3 and Rg are
self-inductance resistance of receiving coil, Cr, and Cg, are resonant capacitance of transmitting and receiving coil, M;3 is mutual
inductance of transmitting and receiving coil, Rg is internal resistance of source, Vg is voltage source, Ry, is resistance of load.

The kirchhoff equation of electric voltage is

Z, JoMy | | I | | Vs
o 20| [1]=15] a9

The current I; and I, of transmitting and receiving coil can be calculated by

X

Fig. 4. Schematic diagram of two rectangular coils.
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where w is the working frequency.

The output voltage can be calculated by (21):

—jowoMVsR
vV, = J s

(Rs + Ry)(Ry + R.) + (oM’

The transmission efficiency can be calculated by (22):

LR, (wM3)’R,

Vsl 2,257 + (0M3)*Zs
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CRX

Fig. 5. Circuit diagram of coils.

(20)

(21)

(22)

Fig. 6 shows the electrical circuit and the configuration of the WPT system. Fig. 7(a) shows that the normalized kry.gx of the new
structure, the increase of the kry.gy1 is more than the decrease of the kr,.rx2 When Ay is small, on the contrary When Ay is large. The Ay
larger than it in Ref. [16] about the coupling kry.gx is approach to 1. Fig. 7(b) shows the results of the traditional structure. The
coupling k1. rx decreases monotonically with the increase of Ay.

The simulation parameters that Iy inner is 18-22 ¢cm, hy_inner is 48-52 c¢cm, I3.inner and h3.inner is 16-20 cm, and the step is 1 cm. Nj is
28-32, N, is 19-23, and the step is 1.

Fig. 8 shows that the k7y.r, and mutual inductance of the structure.
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Fig. 6. The circuit and the configuration of the WPT system.
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3. Optimization method of the mutual inductance

The variation of the coupling coefficient of the misalignment distance of the receiving coil along the Y-axis (driving direction) and
X-axis are analyzed.

(a) optimization methods and steps
(1) Initialization parameters and constraints: the transmission distance between Ty and R, is 15 cm. The diameter of copper wire is

0.25 cm.

€1y = (kne—re-mar_y — kre—re—0) / kre—reo (23)
&r_y = (kne—re-min_y — kre—re-0) / kre—geo (24)
E_x = (ka—Rx—max,X - ka—R,x—O) / kre—re—0 (25)
&_x = (krxre-min_x — kre-re0) [ kix-reo (26)

where the coupling coefficient fluctuation rate of misalignment distance of the receiving coil along the X-axis, Y-axis are €1 X, €2 X,
el Y and €2.Y. kqyprx-o is coupling coefficient when misalignment distance is 0(Ax=Ay=0), krx.Rx-max vy and kryprx-miny are the
maximum and minimum value of the coupling coefficients when the misalignment distance of the receiving coil along the Y-axis(Ay) is
less than half of the length of the transmitting coil. krx.rx-max x and Krx.rx-min x are the maximum and minimum value of the coupling
coefficients when the misalignment distance of the receiving coil along the X-axis(Ax) is less than 10 cm.

(2) Calculation: The coupling coefficient is calculated by (4), the coupling coefficient fluctuation rates are calculated by (23)-(26).

(3) Loop execution: The program uses a loop execution to find out the maximum of the parameters is determined by the constraints.
The constraints are e1_Y<el Y* €2 Y<e2 Y*, el X<el X*, €2 X <e2 X* and kTx-Rx-0 >kTx-Rx-0*. The maximum fluctuation
rate that e1_ X*, €2 X*, €1.Y*, 2. Y* are set to 5 %.

(4) Save results and parameters: The simulation results and the output are saved.
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The optimization method of the coupling coefficient is shown in Fig. 9.
(b) Optimized result

Fig. 10(a) shows the fluctuation rate results when R, is migrated along the X-axis, when the step size is 30, the coupling coefficient
is high, and when Ax = 10 cm, the coupling coefficient fluctuation reaches the maximum 4.78 %. Fig. 10(b) shows the results when R,
is migrated along the Y-axis, the fluctuation reaches the maximum and is only 4.5 %. Fig. 10(c) shows the coupling coefficient when R,
is migrated along the X-axis, Fig. 10(d) shows the coupling coefficient when R, is migrated along the Y-axis, when Ax = Ay=0, kryx-grx is
0.099.

4. Verification

The simulation was carried out using Ansys Maxwell 15.0, and the model was shown in Fig. 11. The parameters of coils are listed in
Table 1. The simulation results of R, is migrated along the X-axis and Y-ax are listed in Table 2 and Table 3 respectively.

The experimental device is shown in Fig. 12, and the diagram of Tx coil is shown in Fig. 13(a), Rx is shown in Fig. 13(b). The
transmission distance between Ty and Ry is set to 15 cm. The resistance (Ry) is set to 40Q and the voltage is set to 45V.

The Tx input voltage (Uy), current (I;), Rx output voltage (Us), current (Io) were measured by WT5000 power analyzer of Yokogawa
Electric machinery. The parameters of resonant coil measured by impedance analyzer are listed in Table 4. The traditional structure
consists of Ty and Ry, and the coil parameters are shown in Table 5.

Fig. 14(a) shows the calculated, simulated and measured coupling coefficient of the new structure when R, is migrated along the X-
axis. Fig. 14(b) shows the results when R, is migrated along the Y-axis. The coupling coefficient is decrease When Ax is increase, but is
increase and then decrease When Ay is increase. The maximum fluctuation of the coupling coefficient of R, migration along the X-axis
is 4.52 % and it is 4.92 % along the Y-axis.

Fig. 15(a) shows the calculated, simulated and measured coupling coefficient of the traditional structure when R, is migrated along
the X-axis. Fig. 15(b) shows the results when R, is migrated along the Y-axis. The results are basically consistent and stable at about
0.12. The maximum fluctuation of the coupling coefficient of R, migration along the X-axis is 4.52 %. However, the maximum
fluctuation of the coupling coefficient along the Y-axis is 15 %, which is much larger than 5 %.

Fig. 16(a) shows the transmission efficiency (1) of the new structure and traditional structure when Ry is migrated along the X-axis,
Fig. 16(c) shows the results when R, is migrated along the Y-axis. The transmission efficiency (i) of the new structure is basically the
same as that of the traditional structure.

Fig. 16(b) shows the output power (P, of the new structure and traditional structure when R, is migrated along the X-axis, Fig. 16
(d) shows the results when R, is migrated along the Y-axis. The fluctuation of the new structure migration along the Y-axis is far less
than that of the traditional structure.

The performance comparison between the proposed structure and the structures proposed in other references is shown in Table 6.
Compared with Ref. [16], the single-emitter two-receiver positive-series rectangular coils structure has low cost, and the fluctuation
rate of coupling coefficient, transmission efficiency and output power are similar. Compared with Refs. [17-19], the single-emitter
two-receiver positive-series rectangular coils structure has the smallest fluctuation rate of coupling coefficient, transmission effi-
ciency and output power.

[ start ]
.

| initialization parameters |

|

| set constraints |

No _— T
| calculation }1—:'1: judge all the condition -
,,{; Yes $
il R No T
<—___ conditional judgment _ /:.T>—.| amend parameters
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| save results and parameters }—

!

choose the appropriate parameters

)

T

Fig. 9. Diagram of process for optimization of coupling coefficient.
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Fig. 11. Simulation model.

Table 1
Parameters of coils.
Coil inner lengths(cm) inner width(cm) outer length(cm) outer width(cm) turn diameter(cm)
Ty 18 18 32.5 32.5 30 0.25
Ry 20 50 30 60 21 0.25
Ry2 20 50 30 60 21 0.25

5. Conclusions

In this paper, the new structure of a single-emitter two-receiver positive-series rectangular coils and a method of calculating the
structure are proposed. The coupling coefficient characteristics are analyzed, the coil parameters of the structure are optimized, the
experimental results verify the feasibility and superiority of the coupling coefficient calculation and coupling coefficient optimization
method.

The coupling coefficient of the new structure is basically constant, the maximum coupling coefficient fluctuation rate is the same as
the traditional structure migration along the X-axis, it is much less than the traditional structure along the Y-axis. The transmission
efficiency of traditional structure and new structure is basically constant, the output power of the new structure is much larger than
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Table 2

Simulation for X misalignment.
Ax(cm) Lry (uH) Lgy (uH) Mrypo(uH) k1x-rx 3
-10 362.63 654.02 45.071 0.09255 4.11 %
-8 362.51 653.77 45.974 0.09444 2.19%
—6 362.47 653.94 46.548 0.09610 0.97 %
—4 362.56 653.96 46.881 0.09628 0.26 %
-2 362.6 654.04 46.918 0.09634 0.18 %
0 362.64 654 47.003 0.09652 0
2 362.6 654.04 47.018 0.09634 0.18 %
4 362.56 653.96 46.881 0.09628 0.26 %
6 362.47 653.94 46.548 0.09610 0.97 %
8 362.51 653.77 45.974 0.09444 2.19%

Table 3

Simulation for Y misalignment.
Ay(cm) Lry (uH) Lgy (uH) My re(UH) KreRrx €
0 362.64 654 47.003 0.09652 0
1.625 362.33 654.18 47.085 0.09671 0.17 %
3.25 362.69 654 47.188 0.09689 0.39 %
4.875 362.33 654.21 47.437 0.09743 0.92 %
6.5 362.58 654.01 47.675 0.0979 1.43 %
8.125 363.1 655.7 47.937 0.09824 1.99 %
9.75 362.93 656.86 48.631 0.0996 3.46 %
11.375 362.38 656.74 47.989 0.09837 2.10 %
13 362.49 654.01 47.749 0.09807 1.59 %
14.675 362.78 654.85 47.198 0.09683 0.41 %
16.25 362.96 654.9 46.144 0.09465 1.83 %

oscillograph

Fig. 12. Experimental device.

that of the traditional structure, and the fluctuation rate of is much smaller than the traditional structure. In conclusion, the new

structure has a higher output power and an anti-Y offset.

The maximum misalignment distance of the new structure of the receiving coil along the Y-axis is half of the length of the
transmitting coil, and the transmission efficiency and output power of the new structure can be kept almost constant, and the output
power of the new structure is far greater than the traditional structure. This will save the cost of wireless power transfer systems greatly
and reduce the difficulty of controlling. Therefore, the new structure can satisfy the dynamic and static radio charging requirements of
electric cars. In the future research, we should improve the structure to receive a larger coupling coefficient and keep the coupling

coefficient constant of greater distance.

10
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(a) Ix (b) Rx

Fig. 13. Diagram of coils.

Table 4

Measurement for experimental.
Parameters Significance Value
Li/uH self inductance of Tx 360.30
Ly/uH self inductance of Rx in new structure 650.01
Ls/uH self inductance of Rx in traditional structure 597.72
C1/nF compensating capacity of Tx 9.665
Cy/nF compensating capacity of Rx about new structure 5.360
Cs/nF compensating capacity of Rx about traditional structure 5.860
Ry/mQ parasitic resistance of Tx 264.44
Ry/m&2 parasitic resistance of Rx about new structure 382.20
R3/mQ parasitic resistance of Rx about traditional structure 510.90
fo/kHz resonance frequency 85.0

Table 5
Parameters of coil.
Coil inner lengths(cm) inner width(cm) outer length(cm) outer length(cm) turn diameter(cm)
Ty 18 18 32.5 32.5 30 0.25
R, 50 50 60 60 21 0.25
0. 099 0. 1001
>
7 e0%e 9o
£ 0.096 ® ¢ T 0.0981
&
e, A®
0. 093 i
[ ) A C§lculated A [ J 0.096 A calculated
@® simulated A A .
A d A @ simulated
A measure 1 A A measureq
0. 090 T T T 0. 094 T T T T
-10 0 10 0 5 10 15 20
Ax (cm) Ay (cm)
(a) krx-rx of Rx migrated along the X-axis (b) krx-rx of Rx is migrated along the Y-axis

Fig. 14. Diagram of coupling coefficient for new structure.

11
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Table 6
Performance comparison.
References  Size of Tx Size of Rx Maximum Fluctuation of Coupling Fluctuation of Fluctuation of
(Length*Width) (Length*Width) misalignment coefficient output power efficiency
[16] 35 cm*358 cm 66 cm*62 cm 17.5cm 3.12% 7.93 % 2.79 %
[17] 30 cm*20 cm 100 cm*80 cm 24 cm / 50.0 % 30.0 %
[18] Diameter:38 cm Diameter:60 cm 24 cm 8.4 % 142 % 2.8%
[19] 30 cm*30 cm 60 cm*60 cm 20 cm 15.0 % / /
Our work 32.5 cm*32.5 cm 60 cm*60 cm 16.25 cm 4.52 % 9.48 % 3.78 %
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