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Featured Application: The proposed new method can be used to maximize the transfer efficiency
of mid-range wireless power transfer systems.

Abstract: Wireless power transfer (WPT) using magnetic resonant coupling technology, came into
focus promptly by virtue of its long transfer distance, and its non-radiative and high-efficiency power
transfer. The impedance matching has been studied in the literature in recent years. However, there
is no suitable way to reach the optimum load in reality. In this paper, a new method is proposed
to maximize the power transfer ability of a given pair of coupled coils. An analytical calculation of
the mutual inductance is presented accurately with respect to the angled concentric multiple-turn
printed spiral coils (PSC). In addition, the experimental results were in good agreement with the
circuit simulation. Finally, a WPT experiment setup working at 3MHz resonance was established.
The experiment results verified that the maximum transfer efficiency at fixed distances can be easily
achieved by adjusting the angle to reach impedance matching. Compared to prior to optimization,
the maximum improved efficiency was improved by 11%.

Keywords: wireless power transfer; optimum load; impedance matching; printed spiral coils

1. Introduction

Wireless power transfer (WPT) based on the magnetic resonance was reported by Nicola Tesla a
century ago. In 2007, the strongly coupled magnetic resonances in magnetically-coupled WPT was
proposed by researchers from Massachusetts Institute of Technology (MIT) [1]. Due to its convenience,
high efficiency and other advantages, WPT technology is widely used in various practical applications,
such as industry [2-5], medicine [6-8] and commercial portable equipment [9,10]. In recent years, it
has been found that the basic analysis of WPT technology, mainly coupling mode theory (CMT) [1] and
circuit theory (CT) [11] need to be optimized further. For an electrical engineer, the analysis method
based on CT is simpler and more precise compared to that based on CMT, thus the CT method has
been adopted extensively. With in-depth study of the MCR-WPT technology, many problems such
as frequency splitting, impedance matching, enhance transfer efficiency and system stability have
risen [12-15], especially with regard to transfer efficiency, which decreases sharply with the increases
in transmission distance. This seriously hinders the development of WPT technology.

In order to achieve high-efficiency transfer in WPT systems, most previous work has concentrated
on two aspects: (1) maintaining high transfer efficiency when transmission distance changes; and (2)
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maximizing transfer efficiency when transmission distance is fixed. The former is mainly accounted for
by increasing the strength of the coil coupling or improving the quality factor of resonant coils, which is
actually difficult to achieve in actual application contexts. In addition, due to the limitations of current
technology, the quality factor of resonant coils has reached a bottleneck. Takehiro Imura et al. [16]
illustrated that the maximum transfer efficiency could be achieved by adjusting the distance between
the resonant coils. The experimental results showed that the transfer efficiency of the system remained
unchanged within the critical distance range, but decreased sharply when the critical value was
exceeded. Wang-Sang Lee et al. [17] elaborated on an ingenious coil structure design that prevented the
coupling coefficient between coils from decreasing dramatically with an increase in distance. In [18,19],
metamaterials and intermediate resonators were used to enhance the transfer efficiency by increasing
the strength of coil coupling, as a result, the analysis of the system becomes more complicated. On
the other hand, the purpose was to maximize the transfer efficiency of the given resonant coils, and
impedance matching is the main way to achieve the maximum transfer efficiency. In reference [20,21],
the impedance matching was achieved by changing the distance between the resonant coil and the
load coil. However, larger spaces will be occupied due to the introduction of distance regulation, and
the change of horizontal distance is difficult to realize in engineering. By using additional circuits
containing inductive and capacitive components, impedance matching can be achieved easily [22].
The circuit topology will be more complex and controlling the additional circuit is also difficult. In [23],
impedance matching was acquired by controlling the duty ratio of the switching tube of the DC-DC
converter circuit. However, additional losses were introduced and switching tubes are also complicated
to control.

In this paper, a novel method for impedance matching in the four-coil WPT system was proposed.
Firstly, the equivalent circuit of the four-coil WPT system was expounded to obtain the optimal
relation between electrical parameters. Furthermore, the relationship between the transfer efficiency
represented by the scattering parameters and that represented by traditional circuits was also deduced.
Then, the theoretical calculation of the coil self-inductance and mutual inductance of the experimental
device in this paper was derived. The accuracy of the theoretical calculation was verified by modeling
and running a simulation on Ansys Maxwell 16.0. Finally, an experimental setup was built to verify the
proposed method in this paper. The method can be used to change the angle of concentric printed spiral
coils to simply achieve the optimal impedance matching. This method also ensures the maximum
efficiency of a given pair of resonant coils is achieved at different distances. The measured transfer
efficiency of the WPT system was improved by 11% compared to before optimization.

2. Circuit Theory Analyzing

Figure 1 shows the simplified circuit model of the four-coil WPT system. It is composed of four
coils: Drive loop, transmitting (Tx) coil, reserving (Rx) coil, and load loop. Each of these can be
equivalent to lumped circuit elements (L, C, and R) in series. R; C; and L; (i = 1, 2, 3, 4) are equivalent to
the internal resistance, compensation capacitor and self-inductance of the coils, respectively. The drive
loop is excited by a source Vg with output impedance Rg. R} represents the pure resistance load linked
to the load loop. M;; is the mutual inductance of i coil and j coil (i, j = 1, 2, 3, 4, i # j). To simplify
the analysis and calculation, the cross mutual inductance (Mi3, M14 and My4) is neglected. Kjj is the
coupling coefficient between two adjacent coils. The coupling coefficient is related to the mutual

inductance as follows.
= ) (1)
Based on mutual coupling theory and the Kirchhoff voltage law (KVL), the matrix equation of the
four-coil WPT system can be derived as
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Z11 —jwMu 0 0 Il Vs
_ja_)Mlz Zy —jwM23 0 ) _ 0 (2)

0 —jwM23 Z33 —jwM34 13 0

0 0 —jwM34 Z44 14 0

where [i is the current of each loop of coils, w is the angular frequency of the operating WPT system,
w = 27tf, showed in Figure 1. Z11, Zy, Z33 and Z44 are subject to the following relations.

Z11=Rs+ K4 +ij1 + ]u’%l

Zyn =Ry + jwla + e ®
Z33 = Rz + jwLs + ]w%s
Zys = Ry, +R4+ij4+ W%;;

To further simplify the analysis, Z15, Z33, and Z34 are defined as follows. Zj, is the reflect
impedance from load loop to Rx coil. Zj is the reflect impedance from Rx coil to Tx coil. Z3q4 is the
reflect impedance from Rx coil to driven loop.

Zay = (wMay)*

Zyy 5
_ (wMy3) 4
I = 7% (4)
_ (wMyy)
Zip = Zyp+2Zs3

Substituting (3) and (4) into (2), the currents in the drive loop and the load loop can be expressed as

L=,%—

utln (5)
I — Jw” Mip Mp3 M3y V.
47 T +70) Zna+723) Zss+234) Zas

According to the traditional expression of electrical transfer efficiency, 7, the efficiency of which is
equal to the ratio of the effective power load Pj,,; and the input power P;,. It is calculated as follows.

Pin = Real(Ile)

2
Pioad = |1a| "R 6)
_ P _ Real(Zn+Z1p) | _Zp || _Zpy | |_Zs | |Rp
U b |Z11+Z12] In+Zyn | | Zo+Zas | | Z3+2ss | | Zus

Also from [24], the squared magnitude of 5y; is simply the ratio of delivered output power to
maximum available source power, which can be expressed as follows:

2
\% R Z
B Z‘L = :4" 2
Rp Zn+Z1

Vs
where the load R is equal to the equivalent internal resistance of the source Rg. In order to achieve the
resonance condition, the operating frequency f( of the system will be guaranteed to be the same as the
resonance frequency f; of the coils. Moreover, the input impedance Z;, is approximately equal to Z1,

Zyy @)

’ Zy3
Zy + Zr3

‘ Z34
Z33+ Z3a

2

Ere
Zu+Z12

because R; is very small. For the characterization of the scattering parameters, the prerequisite is to
ensure that the maximum power output, that is, Z1, matches the internal resistance of the source. Then,
the square of 1Sy | is equal to two times of 7, as in Figure 2¢,d. In terms of the traditional electric,
aimed at gaining maximum transfer efficiency, we can make Z, large enough by adjusting the relevant
parameters, as shown in Figure 2a, so that the modulus of Z1,/(Z1, + Z11) is close to one. At this time,
1 will be close to | Sy |2 according to Figure 2b,d. Thus, |5, |2 can be regarded as the maximum

transfer efficiency that the system may achieve. In the following analysis and experiment, |S; |2
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will be used as the main analysis parameter of the system. A detailed description of the simulated
parameters is listed in Table 1.

k12 k23

Figure 1. Equivalent circuit model of the four-coil WPT system.

4000

S 211%(%)

(d

Figure 2. Numerical analysis results of the four coil system, (a) Z1, versus kj; and kj4, (b) transfer
efficiency versus kjp and k3y4, (c) is the y-z view of (b,d) 15y | 2 yersus kqp and kag.
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Table 1. Simulated parameters of the proposed four-coil structure.

Coil Parameters Value
Rs, Ry, 50 Q)
Ly, Ly 0.87 uH
Ly, L3 13.9 uH
C1, C4 3.235nF
C2, C3 202.5 pF
Ri, Ry 0Q
Ry, R3 120
ka3 0.01
fo 3MHz

Based on the matching conditions of the scattering parameters, Rs, Ry and Z;, are equal.
Equation (7) can be simplified as follows:

Z23
Zoy + 73

S = ‘ ®)

’ Z34
Z33 + Z34

The four-coil WPT system can be equivalent to a two-coil system, as shown in Figure 3. The drive
coil is equivalent to the voltage source, and the load coil is represented as Z34. According to the
previous literature [16], in order to obtain the maximum S,;, the derivative of Expression (8) with
respect to Z34 is taken, and then the derivative result is set to zero. The optimal Z3; which maximizes
S»1 can be gained and the optimal k3.t will also be attained by transformation. At the same time,
k34-0pt is substituted into the expression of Z1,, and the optimal k1 4 can also be attained.

2
k3g—opt = \/RLR3 1+ (whas VIaLs)

L3Lg RyR3
9)
2
k _ RLR, (wkasVIoL3)
12—opt — LiL, RR;

As shown in Figure 2b,c, the red line denotes the transfer efficiency when ksq is fixed and consistent
with the calculation result of Equation (9). It is worth mentioning the complete symmetry four-coil WPT
system when the transmission distance is fixed, existing the same k1, and k34 values, that maximize
the transfer efficiency. This result is consistent with Expression (9), and it is also confirmed by the
simulation, as shown in Figure 2d. Finally, k3 is a constant value, which means that the transmission
distance is fixed, k34 is a variable to achieve the optimal load, and kj, can be changed to match the
internal resistance of the source in the simulation. Thus we found that the impedance matching of the
overall system is necessary to achieve the maximum transfer efficiency.

Tx coil,— M~ Rx coil

ks

Figure 3. Simplified circuit model of the four-coil WPT system.
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3. Calculating Couple Coil Parameters

In this paper, a novel method has been proposed to calculate the self and mutual inductance
of multiple-turn printed spiral coils (PSC), as shown in Figure 4a. The PSC is a square coil with a
rectangular cross-section. As described in [25], the PSC can be equivalent to a set of concentric and
coplanar single-turn coils, connected in series, as shown in Figure 4b. The error under this assumption
can be neglected. Moreover, the computed results were verified using the finite simulation software
Ansys Maxwell 16.0.

-

(@) (b)

Figure 4. Equivalent model of printed spiral coils: (a) physical truth, (b) equivalent mode.

In [26], many formulas and tables used to calculate the self-inductance and mutual inductance
of various cross-sections and shape conductors were presented, but it is not apparent that the listed
expressions can be directly applied to the PSC in this paper. Combining [26] with the coil model in this
paper produced an expression that exhibits a good approximation for the self-inductance of a one-turn
inductor in air:

2upa 2a
Lone-—self = L; (ln Ve +v2-2-1n0.2232(b + c)> (10)

where p is the permeability of the vacuum, a is the length of the side of one turn coil, and b, c are the
width and thickness of rectangular cross-section copper conductors.

According to superposition theorem, the self-inductance value of the PSC can be viewed as the
sum of the self-inductance of the single-turn coils and the mutual inductance between two non-adjacent
coils. The general self-inductance of the PSC can be written as:

N N N
Lnvtui—seif = ¥ Licsarf + 3 Y Myj, (j #1) (11)
i=1 j=1li=1

where L; s is the self-inductance of the ith turn of an inductor with N turns. M;; is the mutual
inductance between the ith turn and the jth turn of the square spiral coils, and i is not equal to ;.
The mutual inductance of two parallel coaxials can be obtained by summing the mutual inductance
between two turns. The structure diagram is shown in Figure 5a. In this WPT system, the impedance
matching is achieved by varying the angle of the inner coils, therefore, the mutual inductance of two
coils in different planes is a key factor in the paper. A sketch of two non-plane coils is presented in
Figure 5b.
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Figure 5. Relative position relation of coils, (a) parallel coaxial coils, (b) concentric coils.

It is crucial to calculate the mutual inductance of single-turn coils. When analyzing the proposed
position relation of coils, every turn of coils can be deemed as connecting with four line segments.
The segments of different coils have three position relations: parallel, vertical or non-coplanar.
According to the Neumann formula (12), which represents the mutual inductance of two line segments,
we found that the mutual inductance of vertical line segments is zero. Therefore, the position relation
of the line segments can be expressed as disjointed while considering the mutual inductance.

dldl
M- 55 12
A

Figure 6a shows two non-intersecting lines in space, two planes 6; and 6, where the prescribed
lines inside them can always be found. a and b are the length of these lines, and the inclined angle
of the presented lines is ¢ in the range of 0 < ¢ < 7. The vertical distance between the two planes is
h. x and y are the coordinate axis and the orientation consistent with the current direction of wires,
respectively. O; and O, are original points of the coordinate axis, and x1, x2, 1 and y; are the beginning
and end terminals of the lines, respectively.

- a
l o
j b4 \ 7 'Ib
:J ’ 4;»"’ s

&y |b |a, _.-- o X

al b] i /a2
e b,
dy b,
aZ

(b)

Figure 6. (a) General line segment position relation; (b) Diagrammatic drawing of single-turn coils.
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From (12), we obtain the calculation formula for the mutual inductance of two general line
segments, which can be written as:

_ Mo S - DD
M= slcosg (xzarctanh DyptDy T Yyoarctanh Dp+Dpo (13)
_ b a4 h
xlarctanh Di+Dn, ylarctanh Di1+Dp + sin ¢

where Dy1, D13, Dy1, Dy, are the distance of the beginning and end terminal of the lines, respectively,
which can be expressed as:
D2, = x3 +y? — 2x1y; cos ¢ + h?

D2, = x2 + y3 — 2x1y2 cos ¢ + h? (14)
D3, = x3 + Y3 — 2xay1 cos ¢ + h?
D3, = x3 + y3 — 2x2y cos ¢ + h?
A as an intermediate variable is given as:
A= arctan(SHAFPU o £ 4 arctan (21202 4 9 (15)

farctan(xﬁyzﬁJrD12 tan §) — arctan( xﬁy}%% tan %)

For the WPT model analyzed in this paper, the existent position relation of the segments is shown
in Figure 6. a,, by, and d; are the side of the single-turn coil i, the side of the single-turn coil j, and the
distance of the center of segments (11, m, [ = 1, 2, 3, 4), respectively. I, and Ij are the currents of coil i
and coil j, respectively. Then M;; can be represented as:

Mij = (Mhlal + Mbllly,)bl + (Mbg,ﬂl + Mb3a3)b3

(16)
+(Mb2122 + Mb2ﬂ4)b2 + (Mb4ll2 + Mb4ll4)b4

where My, ,, is the mutual inductance of the by, side and the a, side. We found that M;; is composed
of four parts and every part can be seen as a mutual inductance of the b, side with coil i. M;; will
be further simplified while the analyzed model is symmetrical. The self-inductance of multiple-turn
square spiral coils and the mutual inductance between the parallel coaxial coils or the homocentric
coils with an angle can be calculated easily by MATLAB. Moreover, when ¢ is equal to zero or 7,
this represents the presence of parallel segment conductors, but with different current directions
inside the conductors. In addition, it is worth noting that the current direction inside the wire is of
great importance while calculating the mutual inductance of the square loops. In order to verify the
correctness of the above analysis, the simulation model using Ansys Maxwell 16.0 was established.
The structure parameters of the coil are listed in Table 2, and the definitions of the parameters are
shown in Figure 7.

L
M Symbol Meaning
L Length of outer side
t EI t Thickness
w Track width
e ., s Track pitch
(a) (b)

Figure 7. Simulation model diagrammatic drawing: (a) structure, (b) explanation of the symbols.
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Table 2. Coil structure parameters.

Name Turns L (mm) t (mm) w (mm) s (mm)
Drive loop 1 204 0.035 4 \
Tx/Rx coils 7 204 0.035 4 8
Load loop 2 104 0.035 4 8

The simulation and calculation results are shown in Figure 8. dp3 is the distance between the Tx
coil and the Rx coil, which is the transmission distance. d; is the distance between the drive coil and
the Tx coil, and ¢ is the angle between the load coil and the Rx coil. The coupling strength of the Rx
coil and the Tx coil will reduce when dj3 increases, as shown in Figure 8a. The drive loop and Tx coil
follow the same rule, and their coupling strength drops with increasing distance, as shown in Figure 8b.
This will be used to match the internal resistance of the source by changing d1,. Figure 8c shows the
relationship between the mutual inductance of the Rx coil and the load loop, and its angle and optimal
load were attained by adjusting ¢ in the experiment. The calculated results were basically consistent
with the simulation results, indicating that the above numerical calculation method is correct.

14
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Figure 8. Comparison of the mutual inductance calculations based on this paper and the mutual
inductance simulation using Ansys Maxwell 16.0. (a) Mutual inductance of Tx coil and Rx coil,
(b) mutual inductance of Tx coil and drive loop, (¢) mutual inductance of Rx coil and load loop.

4. Experimental Results

In order to prove the feasibility of the above method, the four-coil system was established as
shown in Figure 9. The structure parameters of the coils were the same as those of the simulation
module in Table 2. The electrical parameters were measured by high-quality impedance analysis
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(MICROTEST 6379), as listed in Table 3. The operating frequency of the resonant coils can reach 3 MHz
by adjusting the series capacitance of the resonant coils.

Firstly, all coils were aligned in the coaxial direction and dy3 was the distance between the Tx
coil and the Rx coil, which was fixed at 40 cm. Two ports of the network analyzer were connected
to the load coil and the drive coil, respectively. The load and internal resistance of the source were
both 50 (), accordingly. During the experiment, changing either dq, or ¢, caused the transfer efficiency
to vary accordingly, as shown in Figure 10. Figure 10a shows the variation of |Sy; 1% along with dy;
when ¢ was fixed at 45 degrees. Obviously, there was an optimal dj, to maximize |Sy; |2. At this
time, the measured value of Z;, was approximately 50 ). Similarly, Figure 10b shows the variation
of 1551 12 with ¢ when dqj; was fixed at 7 cm. There was also an optimal ¢ that maximized the

| Sp1 12. The experimental results were basically consistent with the simulation results based on the

electrical parameters in Table 3, which showed that the circuit analysis, mutual inductance analysis
and calculation in this paper were accurate. The trend of the curve showed that the transfer efficiency
can be maximized by adjusting dq, and ¢ when the transmission distance is fixed.

Table 3. Coil electrical parameters.

Name Internal Resistance (ohm) Self-Inductance (uH) Resonant Frequency (MHz)
Drive loop 0.16 0.75 \
Tx coil 1.3 14.1 3
Rx coil 1.2 13.8 3
Load 0.12 0.86 \

30 - - v . i 30
i H i i i —=— Exp-data
Sim-data

_ —=— Exp-data
Sim-data

[S2? (%)

30 40 50 60 70 80 90

o
o
-
=]
-
o
B
o
o
-
=)
n
o

diz(cm) @ (deg)
(a) (b)

Figure 10. The transfer efficiency at a fixed transmission distance, (a) changes to the d;, at fixed ¢,
(b) changes to the ¢ at fixed d15.
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In Figure 10, the | Sy |2 cannot represent the transfer efficiency because the magnitude of Z;, is
not equal to the internal resistance of the source.

Figure 11a shows the trend of transfer efficiency and transmission distance. dy3 was changed from
25 cm to 80 cm with a step length of 5 cm. In an experiment that did not reach optimal load, ¢ was
fixed at 0 degrees. Adjusting di, caused the module of Z;, to be close to 50 (), the magnitude of Sy to
be the maximum. The maximum transfer efficiency under each distance was then obtained, and the
results were marked by circular spots. In contrast, the next experiment reached the optimal load by
changing the ¢ and using dq, to match the source that makes Z;, equal to Rs. The maximum transfer
efficiency under each distance will then be attained; square spots indicate the results. In addition, the
red and black lines represent the simulation results. Obviously, the transfer efficiency increased once
the optimal load was reached. In particular, when the transmission distance was 40 cm, compared to
before optimization, the transfer efficiency increased by nearly 11%. Figure 11b showed the optimal
d1p and dy3 at various distances in the case of reaching the optimal load. The experimental results were
in good agreement with those calculated by Equation (9), which once again illustrates the accuracy of
the theoretical analysis in this paper.

70 T | | T I 12.00
70 4 - ‘ = Opt (14 % S S S S SRS SN N ST
Maximum improve point NO-Opt
60 L12 60 +10.50
55 4 +9.75
=50 - 110 =
s = 50 L 9.00
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£ 40 g8 & 45 - 8.25
= z . e
= - oh 40 - F7.50 =
= 30 e 2 2 ~
5 8 T 354 675 S
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B e NN ke T = 25 H5.25
104 e p 2
) i 3 i 20 +4.50
od..... SR S —s.....} 0 15 1 3.75
— T 10 3.00
20 30 40 50 60 70 80 20

Figure 11. (a) Maximum transfer efficiency at various transmission distances, (b) Optimal d, and ¢ at
various transmission distances.

5. Discussion

This paper proposed an impedance matching method, that enables the maximum efficiency at
a fixed distance to be achieved. In essence, it is consistent with the impedance matching method
mentioned in previous literature, but the means of implementation were different. The method in
this paper is easier to realize in engineering. Especially with regard to charging portable devices and
medical implant devices, using the method of this paper does not require complex internal circuit
control. Only changing the position or angle of the electronic device or the patient is required to
achieve efficient energy supply.

6. Conclusions

In this paper, it was proven theoretically that the transfer efficiency represented by scattering
parameters can represent the traditional electrical transfer efficiency in the limit case. Furthermore,
the optimal parameter expression was obtained. In addition, based on the Neumann formula, the
numerical calculation method of the coaxial coil mutual inductance of parallel square coils and the
concentric square coil with an included angle was obtained, and its accuracy was verified using the
commercial software Maxwell. Finally, the four-coil WPT system experiment verified that the transfer
efficiency can be maximized by adjusting the included angle between the load coil and the Rx coil,
and the distance between the driven coil and the Tx coil. When compared to the situation prior
to optimization, the maximum improved efficiency was improved by 11%. Angle adjustment can
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be realized simply in engineering applications, and the impedance matching of this system can be
realized through angle adjustment in order to achieve maximum transfer efficiency. However, the
coil structure in this paper was based on the PCB process, thus the power level of the system was
limited and it is only applicable to portable devices, implanted medical devices and other low-power
application scenarios. Meanwhile, the control of the angle has not been automated, which will be
the next research goal. If this can be implemented, the integration and intelligence of the wireless
transmission technology will be promoted.
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