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Abstract—The coupled magnetic resonant unit (CMRU) has
great effect on the transmitting power capability and efficiency
of magnetic resonant wireless power transfer system. The key
objective i.e. the efficiency coefficient kq is introduced in the
design of CMRU or the coupled windings based on the mutual
inductance model. Then the design method with orthogonal
experiments and finite element method simulation is proposed
to maximize the kq due to low precise analytical model of AC
resistance and inductance for PCB windings at high- frequency.
The method can reduce the design iterations and thereby can
get more optimal design results. The experiments verified the
design objective of kq as well as the design method effectively.
In the optimal PCB windings prototype at operating frequency
of 4 MHz, the kg and the maximum efficiency are increased by
about 12% and 4% respectively.

Index Terms—wireless power transfer, magnetic resonant,

orthogonal  experiments, magnetic coupling structure
optimization.

|. INTRODUCTION
Medium-range efficient power transfer can be

implemented through magnetic resonant wireless power
transfer (MR-WPT), where the coupled windings resonate to
exchange energy efficiently [1]-[5]. The coupled magnetic
resonant unit (CMRU) consisting of coupled windings and
compensation capacitances, as one of the key components in
MR-WPT, has great effects on the system transmitting power
capability, efficiency, distance, stability, etc. In the
modelling (including the coupled mode theory and the circuit
theory [6], [7]) and design of CMRU, the coupled winding
parameters, such as AC resistance R,¢, inductance, or mutual
inductance M should be required. Under high-frequency
operation, the R, and M depends on the frequency greatly
because of high-frequency eddy-current effect. There are
some literatures [8]-[12] on the analytical modelling of the
transformer and inductor windings. And they are available in
the modelling and design of the coupled windings of CMRU
[12]-[14]. But under higher operation frequency, such as
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several hundreds of kHz and MHz, the analytical modelling
will have poor accuracy, especially for the coupled PCB
windings  characterized of much more fringing
high-frequency magnetic field comparing with the
magnetic-core transformer and inductor. In order to achieve
an enough or higher accuracy, finite element method (FEM)
simulation would be preferred. But it will result in increasing
simulation time greatly as for the optimal design of the
coupled windings, especially with the method of the
scanning parameters being available in FEM software. The
method with single parameter analysis and FEM simulation
[15], in which the influence of varying one parameter was
studied while fixing all the other parameters, is utilized to
simplify analysis and optimal design of the coupled
windings. However, it will perhaps lose the best optimal
design because there are interactions among the
parameters.Therefore a method with orthogonal experiments
and FEM simulation is proposed, and it is able to make
trade-offs between design time and optimal solutions. The
orthogonal experiment is one of optimal design methods,
where only the representative experiments are selected [16].
The paper investigates the design objective based on the
mutual inductance firstly, then analyses the interactions
among the parameters and designs the orthogonal
experiments, finally makes optimal design and verification.

I1.MoDEL oF CMRU AND THE DESIGN OBJECTIVE

The CMRU can be classified into two types: two winding
structure and four winding structure [2]. The mutual
inductance model for the four winding structure with
series-connecting compensation capacitance is shown in
Fig.1. In the model, I5 and Ry is the high-frequency exciting
source and its internal resistance; Ly, L,, Ls, and L4 represent
self-inductance of each winding respectively; C;, C,, Cs, and
C, represent series-connecting capacitance for each winding;
Ri, Ry, R, and Ry represent the resistance of each winding
under high-frequency current; My,, M3, and Ma, represents
mutual inductance between the two adjacent windings; R is
the load resistance; Zi=R; +jX; represents the input impedance
of the coupled magnetic unit; Z'=R'i+jX'; represents
impedance from the emitting winding port; Z,=R,+jX,
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represents equivalent load impedance from the load winding
port. The efficiency of the MR-WPS with the four winding
structure is divided into three parts 7,, #7723, and zz4 as in
Fig.1. 7112, 7723, and 734 are the transmitting efficiency between
the source and the emitting winding, the emitting winding
and the receiving winding, the receiving winding and the
load winding respectively.
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Receiving winding

Fig.1. Mutual inductance model of the four-winding structure.
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Fig.2. Maximum efficiency 723 max VS. Ko.

In the design, both source compensation winding L; and
load compensation winding L, are constructed with single
turn to obtain small winding resistance R; and R,
Impedances Z;, Z'; and Z, is purely resistive when each
winding operates resonantly by design of source frequency
and compensation capacitances, thus R;, R, and R, can be
written as follows,

R R+ (CDDM‘IZ )2 . (a)oMllz )2
Ri Ri
R =R: +M D
Rs + Ro
Ro = (a)ol\/|34)2 . (a)ol\/|34)2
Rs + RL RL

wy represents resonant frequency in the equation.

The total efficiency # of the CMRU can be expressed as a
product of transmission efficiency between the two adjacent
windings i.e. 7=n121231134, Where 71, = R /(Re+Ri), 7z =1
beacuse of small winding resitance Rj.

(M) R,
(Rs+R)(Ro (Ry+R,) + (M)’
When the equivalent load equal to optimal equivalent load
resistance, Ry o :\IJ’JR?,(wazg)2 I R, + Ry, 3 will be

maximized as,

ko’
1123 max = (3)
Ko® +2ykg” +1+2

Ms= (2

kQ = kzs \} Q2Q3 (4)

Where k,; =M,, / \|L,L; represents the coupling coefficient

between the emitting winding and the receiving winding;
Q,=wL,/R,and Q,=am,L,/R,represent the quality factor

of the emitting and receiving windings respectively. It can be
seen that, the maximum efficiency .3 max ONly depends on kq
determined by the intrinsic parameters ka3, Q,, and Qs of the
windings.

The curve of Fig.2 can be plotted from (3). It can be seen
that, 7,3 max Will decrease with decreasing ko, and drops
rapidly on the left side of the point a. Therefore, kq should be
designed on the right side of point a if there are no
limitations on selecting ko or the windings geometry.
Moreover, if the ko has to be designed on the left side of
point a due to some practical restrictions, it must be designed
as large as possible for getting a high efficiency or high
capability of power transmission. Here the kq is introduced
to be as the design objective for the coupled windings.

Since 7,3 only denotes transmitting efficiency between the
emitting winding and the receiving winding, the two-winding
coupling structure, instead of the four-winding coupling
structure, is adopted to verify the relationship between the
maximum efficiency #.3 max and Kg. As shown in Fig.3, three
pairs of coupling windings are constructed. In each pair of
the coupling windings, the emitting winding and the
receiving winding have the same diameter, which is 40mm,
50mm and 63mm respectively; Both emitting winding and
receiving winding are solenoid windings with number of
turns of 10, solenoid length of 15mm and wire diameter of
0.65mm. The exciting current frequency is 3.9MHz.

b Slaevi indi

Compensati capaci

’

Fig. 3 Constructed windings for the model verification.
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Fig. 4 Maximum efficiency of different pairs of windings vs. ko.

In order to compare the maximum efficiency of each pair
under a same efficiency coefficient ko, corresponding
transmitting distance of the each pair for a same efficiency
coefficient is calculated through (4) and the winding tested
parameters listed in Table | (where L and R, represents
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self-inductance and equivalent AC resistance of the windings
respectively, C represents compensation capacitance). Table
I shows the calculating transmitting distance for the same
efficiency coefficient.

Changing transmitting distance of the each pair according
to Table Il and choosing the corresponding optimal
equivalent load resistance R, o to maximize the efficiency
of each pair, then tested maximum efficiency of different
pairs under different efficiency coefficient ky are shown in
Fig.4. It can be seen that the maximum efficiency of the
different pairs will keep the same as long as their efficiency
coefficient is the same, i.e. the maximum efficiency only
depends on kq. Moreover, the maximum efficiency increases
with Ko. It should be noted that small difference (maximum
difference is about 5%) of the tested maximum efficiencies
for a same ko is caused by testing error and parasitic
parameters, such as self-capacitance of the windings etc.

TABLE I. WINDING PARAMETERS OF EACH PAIR

Diameter(mm) | L (uH) | C(pF) | Ra ()
Pair 1 40 4.81 350 0.450
Pair 2 50 6.67 250 0.607
Pair 3 63 9.28 178 0.820

TABLE 1. CORRESPONDING TRANSMITTING DISTANCE OF EACH
PAIR FOR A SAME EFFICIENCY COEFFICIENT

Ko 9 5 3 2 1
Pairi(mm) | 37 | 51 | 64 | 77 | 102
Pair2(mm) | 47 | 64 | 81 | 96 | 127
Paira(mm) | 61 | 81 | 102 | 121 | 159

DESIGN WITH ORTHOGONAL EXPERIMENTS METHOD

A. Parameters Definition for Orthogonal Experiments

Using orthogonal experiment designing methods, the three
parameters named with index, factors, and levels should be
defined [16]. In the optimal design of the PCB windings with

the four-winding structure as shown in Fig.5, the index is
defined with ko. The factors are defined with geometrical
parameters of the windings, including winding’s number of
turns N, the trace width w, the distance between adjacent
traces s, and the trace thickness t. The levels are defined with
the value of the factors or the geometrical parameters such as
the s can be given three different values with 0.5mm, 1mm
and 1.5mm, respectively.

In the optimal design of the PCB windings, the constraints
are maximum size of the emitting winding with width 80mm
and length 100mm and the receiving winding with width
50mm and length 80mm. And the transmitting distance is
fixed to 130mm; source frequency is 4MHz.

:Wlﬂ ;
[ |
L ;' 50mm
\\ S |
Ceiving windi
7

g

100mm

(b) PCB trace
Fig. 5 Winding structure.
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Fig. 6 Interactions analysis among the parameters or factors Ne, We, Se, and te.
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B. Interaction Analysis of the Factors

The factors include the winding geometrical parameters
of Ng, We, Se, and t, for the emitting winding. Here the
subscript represents the paramters for the emitting winding.
In order to get the orthogonal chart for orthogonal
experiments, the interactions among the parameters is
analysed. Using the eddy current field simulator from the
FEM software Ansoft, the factor interactions of the emitting
winding can be obtained as plotted in Fig.6. In accordance
with the judgment of orthogonal experiments and Fig.6, it
can be found that there are no or weak interactions between
W, and s, W, and t,, S and t;, S and N, t. and N, but there
exists strong interactions between N, and w,. The same
analysis and conclusions can be made to the receiving
winding.

C. Orthogonal Experiment Design

In initial designs, given that t, has three levels with 1oz
(loz=35um), 20z, and 30z, Fig.6 shows that t, has no
interaction with the other factors N, w, and s,, and Fig. 6(f)

Considering the interaction factors (Ne with we, and N,
with w;), the orthogonal chart L,; (3") is designed as Table
IV. Table IV shows that there are 27 representative
experiments totally; Except for the experiment number n,
the “1”, “2”and ““3” represent  ‘level 1°, ‘level 2’ and ‘level
3’ of each factor as listed in Table I1I; The order of factors
is determined by referring to [16] (“x” is the notation of
interaction). The index of the calculated “kg” is listed in the
Table IV for each representative experiment by substituting
AC resistance and mutual inductance of the windings
obtained by FEM simulations into (4).

According to the design of orthogonal experiments with
analysis of K, K, K3, and R (Ky , K, ,Ksare relative index,
and R is the range of the factor in the same column), the
optimal PCB windings can be got as follows, N.= 5, N,= 4,
Se=1mm, s,=0.5mm, w=3.5mm,w,=3mm, t=t=0.07mm.
While the optimal design with the control variables of [15]
is Ng=6, N=5, s;=1mm, s,=0.5mm, w,=3mm, w,=2mm,
t=t, =0.07mm.

TABLE lll. LEVELS CHART OF FACTORS

also shows that kg increases slightly with increasing of t. at level 1 level 2 level 3
above 20z, while expense will increase greatly. Then tis Ne (turns) 6 7 5
fixed as 20z in the whole design, i.e t, has only one level. N (turns) 6 4 5
So t. can be excluded from the factors in the design of e En":n":; 355 2;’ 235
orthogonal chart, resulting in reducing numbers of Ser(mm) 15 05 1
experiments. There are 6 factors (including Ne, We, S, for the s (mm) 0.2 0.5 1
emitting winding and N, w;, s, for the receiving winding)
and the each factor has 3 levels as given in Table III.
TABLE IV. Ly (3'%) ORTHOGONAL CHART
Level Factors ko
Ne N, Se S We | Nxw | Ngx wg | null W, null | null | Nxw, | null
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.86
2 1 1 1 1 2 2 2 2 2 2 2 2 2 1.99
3 1 1 1 1 3 3 3 3 3 3 3 3 3 1.97
4 1 2 2 2 1 1 1 2 2 2 3 3 3 2.06
5 1 2 2 2 2 2 2 3 3 3 1 1 1 2.11
6 1 2 2 2 3 3 3 1 1 1 2 2 2 2.16
7 1 3 3 3 1 1 1 3 3 3 2 2 2 2.15
8 1 3 3 3 2 2 2 1 1 1 3 3 3 2.08
9 1 3 3 3 3 3 3 2 2 2 1 1 1 2.12
10 2 1 2 3 1 2 3 1 2 3 1 2 3 2.04
11 2 1 2 3 2 3 1 2 3 1 2 3 1 2.05
12 2 1 2 3 3 1 2 3 1 2 3 1 2 1.91
n 13 2 2 3 1 1 2 3 2 3 1 3 1 2 2.05
14 2 2 3 1 2 3 1 3 1 2 1 2 3 2.09
15 2 2 3 1 3 1 2 1 2 3 2 3 1 2.03
16 2 3 1 2 1 2 3 3 1 2 2 3 1 1.95
17 2 3 1 2 2 3 1 1 2 3 3 1 2 2.08
18 2 3 1 2 3 1 2 2 3 1 1 2 3 2.11
19 3 1 3 2 1 3 2 1 3 2 1 3 2 2.13
20 3 1 3 2 2 1 3 2 1 3 2 1 3 1.90
21 3 1 3 2 3 2 1 3 2 1 3 2 1 2.15
22 3 2 1 3 1 3 2 2 1 3 3 2 1 2.16
23 3 2 1 3 2 1 3 3 2 1 1 3 2 1.97
24 3 2 1 3 3 2 1 1 3 2 2 1 3 2.09
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25 | 3 3 2 1 1 3 2.05
26 1.97
27 3 3 2 1 3 2 1.98

K1 18.49 | 18.00 | 18.18|18.00| 18.45 | 17.95 18.51 |18.44 | 18.08 | 18.46 | 18.40 | 18.17 | 18.39

Kz 18.30 | 18.71 | 18.32|18.64| 18.23 | 18.45 1855 |18.41| 18.48 | 18.32 | 18.36 | 18.81 | 18.41

Ks 18.39 | 18.49 | 18.69|18.55| 18.51 | 18.80 18.13 |18.34 | 18.63 | 18.41 | 18.44 | 18.22 | 18.39

R 0.19 | 0.71 | 0.51 | 0.64 | 0.28 | 0.85 0.42 0.09 | 055 | 0.14 | 0.08 0.64 0.03

Notes: n means the number of experiments. K; is relative index, and R is the range of the factor in the same column.

IV. EXPERIMENTAL TEST

In order to verify the theoretical analysis above, the PCB
windings prototypes based on the method in [15] and the
proposed orthogonal experiment designing method are
constructed and thereby illustrated in Fig.7 (a) and Fig.7 (b),
respectively. The winding parameters AC resistance R,. and
mutual inductance M measured by Impedance Analyzer
WK-6500B at 4 MHz frequency are given in Table V and
Table VI. It shows that ko from (4) with the test winding
parameter is increased by about 12%. Then, the maximum
efficiency from (3) is 41.3% and 45.2% respectively, and the
efficiency increases by about 4%.

Receiving
winding

Source og_d
Winding U m%
(Bottom sid i side)

N

Compensation capacitance

capacitance

(a) Windings optimized by method in [15]

TABLE V. PARAMETERS OF WINDINGS OPTIMIZED BY
METHOD IN [15]

frequency at AMHz Rac M ko
Emitting winding | 361maQ
— — 30.7nH 2.19
Receiving winding | 343mo

TABLE VI. PARAMETERS OF WINDINGS OPTIMIZED BY
ORTHOGONAL EXPERIMENTS

frequency at 4MHz Rac M Ko
Emitting winding | 255mQ
21.0nH 2.46
Receiving winding | 181mQ

Receiving

Source inding
Windin (
(Bottom s ottom side)

Ry g

Compensation capacitance

capacitance

(b) Windings optimized by the orthogonal experiments

Fig. 7 Constructed windings prototypes

V.CONCLUSIONS

The CMRU is a key component of the MR-WPT, and its
maximum transmitting efficiency only depends on the kq
determined by the intrinsic parameters, i.e. the windings
coupled coefficient and its quality factor. The efficiency will
decrease with decreasing ko, and drops rapidly before the
key kq. The introducing of ko as design objective of the
CMRU aims to the maximum efficiency. And in order to
improve the efficiency, the ko must be optimized as large as
possible by the windings geometry.

The proposed design method with orthogonal experiment
and FEM simulation is for optimizing the coupled windings,
especially the air-core PCB winding characterized of much
more fringing magnetic field, excited by high-frequency
source which is up to several hundreds of kHz. In the method,

the kg is defined to be as the index for optimizing objective,
and the factors includes the winding turn numbers, the PCB
trace width, and the distance between adjacent traces. But
there only exists interaction between the winding turn
numbers and the trace width, resulting in the small numbers
of experiments.

The proposed design method not only optimizes the PCB
windings to get high ko effectively, but also reduces the
numbers of experiments greatly. The PCB winding design
example shows that the kg was optimized to be increased by
about 12%, resulting in improving the maximum efficiency
by about 4%. The experiments and FEM simulation verified
the analysis and the design method.
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