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Magnetic coupling resonance wireless power transfer technology has attracted worldwide attention in recent years due to its
mid-range, non-radiative, and high-efficiency power transfer. However, in regard to its practical applications, there are still
some issues that need to be considered and studied with respect to coil design, such as coil structure, and parasitic parameter
extraction. This paper investigated the characteristics of magnetic coupling resonance wireless power transfer systems with
different coil structures, including circular coils and rectangular coils arranged in parallel. We calculated the magnetic
field distributions and mutual inductances by subdividing the receiving coils and computing the magnetic flux density of
each subdivision. The proposed analysis was validated by means of the finite element analysis and the experimental
results. We investigated the effects of the coil’s structure, and topological structures, on the power transfer efficiency. The
results demonstrate that using circular coils in parallel is more advantageous than using rectangular coils.
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. INTRODUCTION

In 2007, Professor Marin Soljacic of Massachusetts Institute of
Technology (MIT) used the magnetic coupling resonance
principle to illuminate a 60 watt bulb at a distance of 2 m,
and the transfer efficiency reached 40% [1]. Compared with
other wireless power transfer technologies, the magnetic coup-
ling resonance wireless power transfer technology has a
medium transfer distance, emits no radiation to the environ-
ment, has a high transfer efficiency, and is also closely linked
with daily life. It has therefore attracted the attention of
many researchers and businessmen and led to a boom in
research of magnetic coupling resonance wireless power trans-
fer technology.

Currently, some colleges and research institutes have
achieved many meaningful results in terms of magnetic coup-
ling resonance wireless power transfer systems in the areas of
principle elaboration, transfer characteristics, new materials,
and practical applications. In order to increase the transfer
distance and transfer efficiency, the researchers in papers
[2, 3] introduced a repeater into the magnetic coupling reson-
ance wireless power transfer system; devices such as power
amplifiers, rectifiers, and dc-dc converters have also been
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introduced [4]. The researchers in paper [5] applied metama-
terials to improve the transfer efficiency of wireless power
transfer systems, but the energy losses, volume size, fabrica-
tion, and the cost of metamaterials still needs to be carefully
considered. The work in paper [6] reduces the coil losses
and increases the transmission distance by utilizing a super-
conductor, which is very expensive. Paper [7] investigates
the effects of proximal metallic material objects in the vicinity
of the receiving coil, which helps provide future guidelines for
magnetic coupling wireless power transfer systems in the pres-
ence of metallic objects. Numerous applications for magnetic
coupling resonance wireless power transfer have been pro-
posed, such as charging electric vehicles [8, 9] and personal
electronics [10]. The analyses of magnetic coupling resonance
wireless energy transfer systems mainly use the equivalent
circuit theory [11-13] and the coupled-mode theory [14].
The coupled-mode theory analyzes the magnetic resonance
wireless transmission system directly from an energy view-
point and does not involve specific parameters, and so there
are less actual applications. The equivalent circuit theory dir-
ectly makes the resonant coil equivalent to capacitance and
inductance, and manages to achieve quantification and has
been widely used. However, the accompanying theory is too
difficult for people to understand and trace; hence, any subse-
quent advancements seem to have been hindered quite
severely. Also, most of the theoretical analysis models focus
on the power transfer efficiency. The mechanism of the
magnetic field distribution and mutual inductance coefficient
has rarely been explained in detail as regards magnetic coup-
ling and the resonance wireless power transfer systems.
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Additionally, there are few studies on the transmission char-
acteristics of the magnetic coupling resonance wireless
power transfer directly from the electromagnetic field
equations.

In this paper, the magnetic field distributions of the reson-
ant coils are deduced, and the magnetic fields at any point
around the receiving coils are obtained for different shapes.
This is mainly for circular and rectangular coils and is based
on the electrical and magnetic field equations. The mutual
inductances between the receiving coils and the transmitting
coils are then obtained based on the concept of magnetic
flux; in addition, the transmitting efficiencies of the magnetic
resonance wireless transmission systems are also acquired.
Through an analysis of the magnetic fields and a comparison
between the magnetic field distributions of circular and rect-
angular coils, an experimental platform is constructed and
the transmission efficiency and mutual inductance of the
two kinds of coils are compared.

II. THEORETICAL ANALYSIS

The structures of the magnetic resonance wireless energy
transfer systems are divided into two-, three-, four-, and
multiple-coil structures with relaying coils [15]. In this
paper, however, the two-coil structure is adopted to study
some of the properties of the coil shapes. The two-coil struc-
ture is relatively simple, and it is easy to analyze the model; it is
also easy to unify the resonant frequency of two resonant coils.
In addition, the transmission efficiency and power of a
two-coil structure is lower than that of a four-coil structure,
which makes it beneficial for impedance matching. There is
not much difference between their basic transmission princi-
ples as regards the analysis of magnetic resonance wireless
transmission systems, as both achieve energy transfer
through the coupling of their magnetic fields. The two-coil
model is shown in Fig. 1. In order to analyze the transmission
performance of the energy transfer, we know that a coil is gen-
erally equivalent to an electrical part, which offers resistance
and inductance. Thus, through a capacitor matching of the
two coils, the transmitting and receiving coils are made to
have the same resonant frequency. The equivalent circuit
structure of a magnetic resonance wireless energy transfer
system using a two-coil structure is shown in Fig. 2 [16].
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coil

Load

Source

Transmitt Cl
ing coil

Fig. 1. Diagram of the structure of the two coils.
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Fig. 2. Equivalent circuit model of the two coils.

A) Theoretical derivation of the coefficient of
mutual induction

The equivalent circuit theory and the coupled-mode theory
are used to analyze the transmission efficiency of the
system. The coupled-mode theory analyzes from the perspec-
tive of a system’s energy and skips the complex physical
models, which means that an accurate, simple, and intuitive
analysis framework can be established. The equivalent
circuit theory is used to establish a circuit model between
the transmitting and receiving coils, and the equivalent rela-
tionship is identified according to the theory of mutual induct-
ance and Kirchhoff’'s Law, from which the system can be
solved. The main principle of magnetic resonance is to
receive the coil’s resonance and obtain its magnetic field.
When the system’s operating frequency is within 1 MHz or
even several MHzs and the wavelength of the system is
much larger than the transmission distance, the magnetic
field method can be used to conduct an analysis. The theoret-
ical derivation process for magnetic resonance wireless energy
transfer systems given in this paper therefore comes from the
theory of the electromagnetic field. In this paper, a two-coil
structure is used as the model for derivation. Two kinds of
coil structures are respectively deduced: the magnetic field dis-
tribution formulas for circular—circular and rectangular-
rectangular structures. In this paper, it is the situation of
two parallel coils that is mainly considered, regardless of
their angles.

B) The circular coil model

Figure 3 shows the model of a circular coil. It is assumed that
the circular coils are filamentary and have a uniform current
distribution. The number of turns of the circular transmitting
coil is N,, and their radius is Ry the number of turns of the
circular receiving coil is N,, and their radius is Rg, here Rg =
Rr. The current in the receiving coil is I,, and according to
the Biot-Savart Law, the magnetic field and the mutual
inductance of the current I, at any point in the space are
shown in the following formula:

~ wl [ [dl xR
Bl | (TR, )
47 Jo R3
N. -
Mlzz_zj Bl.d52~ (2)
L),
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b

Fig. 3. Schematic drawing of two parallel circular coils.

The magnetic induction intensity of the current I, at any
point P(r, 6, ¢) in the space is irrelevant to the azimuth
angle ¢, and the magnetic induction intensity generated at
any point in the space is symmetrical about the Z-axis, and
so ¢ is set at zero. The intersection point of the receiving
coil and axis Z is taken as the origin of the coordinate o'.
For the calculation, the circular coil is subdivided and the
area of each circular ring is ds, and so it can be considered
that the magnetic induction intensities of any point on ds,
are equal to the magnetic induction intensity of P and are in
the same direction.

R = (ztgh — Ry cos @)i — Rysin qo/f + zk , (3)

dl = Rysin@d¢/i + Ry cos cp/dgo/f, (4)
dl x R = zRy cos ¢d¢/i + zRysin cp/dcp/f
+ (R} — Ry cos qo/ztgﬂdgo')E. (s)

Since the two coils are placed in parallel, one only needs to
consider the contribution of the magnetic induction intensity
in the z direction to the magnetic flux of the receiving coil.

B,

_ LN Ry [*7 (Rt — ztgfcos ¢ )d¢'
- 4m L (R} + (22/ cos? 0) — 2Rrztg0 cos @)
_ ol N, 2
4w VR: + (22/ cos? 0) + 2Ry ztg 6
|: R% — (2%/ cos* 6)
R} + (22/ cos? 0) — 2Rrztg0

E+K]. (6)

In which,

T

E= jz V1 — k2 sin® xdx. )
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This is called an elliptic integral of the second kind.

T
N dx

K=|?— 8
L V1 —k?sin*x ®

This is called an elliptic integral of the first kind, and then

_ 4Rrztg0
"~ R+ (2%/ cos* 6) + 2Rrztgh’

K (9)

Here, the receiving coil is decomposed into infinitesimals
with an area of ds,, and the magnetic induction intensity for
each infinitesimal is both the same in size and direction. By
substituting the magnetic induction intensity into the
mutual inductance formula, it can be obtained that:

T

N
M, = _ij B,z*271rtg 6 sec® 6d6. (10)

C) The rectangular coil model

The model of the rectangular coil is shown in Fig. 4. The
number of turns of the rectangular transmitter coil is N,
and the length and the width are, respectively, L, and h,;
the number of turns of the rectangular receiving coil is N,,
and the length and the width are L, and h,, respectively.
The two coils are placed in parallel on the same axis, with
the distance of z. The current in the transmitting coil is I,,
and according to the Biot-Savart Law, the magnetic field
intensity of the current generated at any point in the space,
as well as the mutual inductance, is shown in the following
formula:

gzhllj dl xR\ -
47 Jc R3
Mu:&j B, eds,. (12)
L,
N .
P
0'(0,0,2)
Rb Rd Ra
a dla
dly\ L7 dla .y

X

Fig. 4. Schematic drawing of two parallel rectangular coils.
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It is stipulated that the counterclockwise current is positive
and the plane application coordinate of the transmitting
coil isx, y, z, while the plane of the receiving coil is repre-
sented by x, y, z. In order to make the calculation more con-
venient, the transmitting coil is divided into four parts. Then,

Al o= —dyj dly=dxi,dl.=dyj, dl 4

= —dxi (13)
D th‘ Na 7
Raz(x—i—?)z +@—y) +zk
— o L~ =
Ry =(x—x)i —I—(y—l—;)] + zk

" (14)
RC:(x—f)i + @ —y)j +zk
— o L~ =+
Ry=(x—x)i +()/—;)J + zk ,
. - hy

dl o x Ry = —zdy'i —I—(x—l—;)dyk
- = - L.,

dl , X Ry = —zdxj +(y+;)dxk

(15)

dl xR, = zdy/T —(x— h—;)dy/?
7 E>Y s Ll 7
dl 4 x Ry = zdxj —(y—?)dxk.

Since the two coils are parallel, only the magnetic field in
the Z-axis direction contributes to the magnetic flux of the
plane, and so the magnetic field generated by these four

The receiving coil is decomposed into infinitesimals with
small N; N, and the magnetic field for each infinitesimal
can be seen as a uniform magnetic field, and the magnetic
field for each point is of the same size and direction. Then
the mutual inductance of the two coils can be computed
through integration.

N,N,d, d;, Np=L,/di Ny=h,/d),
M, == % N By

1. (18)

i=1 i=1

It can be shown from the analysis that the mutual induct-
ance not only relates to the magnetic field of the receiving coil
at each point but also relates to the area of the receiving coil.

. SIMULATION ANALYSIS

In this paper, finite element analysis software is used to under-
take a simulation analysis of the magnetic resonance energy
transfer systems using different shapes of resonant coils.
The reflection coefficients for the single and multi-turns trans-
mitting and receiving coils that are both circular coils are
simulated, and the reflection coefficients of the single and
multi-turns transmitting and receiving coils where both are
rectangular coils are also simulated. The transmission efficien-
cies of the systems are then obtained through their transmis-
sion coefficients. In the simulation model, a copper coil is
used, and the cross-section of the copper colil is a circle with
a radius of 1 mm. Figures 5 and 6, respectively, show the mag-
netic coupling resonant models of single-circle circular reson-
ant coil and the magnetic resonance model of the rectangular
resonant coil.

The simulation models shown in Figs 5 and 6 are the wire-
less energy transmission systems of the single-turn two-coil
structure, and their inductances and capacitances are both

parts is: generated by a lumped parameter, which simulates their
5, MM ( (x4 (1, /2) ) y+(Li/2) - (L/2) |
T gm 27+ ) |\ Vot )y 2+ 0+ G2r) \Ve+ W2y +2+ - /2] |
By = oMl ( 0+ (L./2) ) x+(h/2) x—(h/2) ]
T am N+ @+ ) |\ oy t2 0+ @r) \Ve— /2y +2 + G+ L)) |
A ( —(x— (1 /2)) ) Y+ (Li/2) - (L/2) |
T r (=2 + ) | \Ja— 2y + 2+ o+ L/2)r) \Ja—(t/2r +22+ 0 - L/2)) |
By, — Mol < —(y — (L./2)) ) x+(h/2) x = (h/2) ]

T O - @+ ) [\Vor 2y +2+ - G2r) \Va—t/2r +2+ 0 - L/2r) |
(16)

Then the magnetic field at P is the sum of the four parts of
the magnetic field:

thotal = Blinea + Blineb + Blinec + Blined~ (17)
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actual capacitances and inductances; the resonant frequency
of the system is 6.4 MHz. The radius of the circular coil is
10 cm, and the material is copper; the cross-section is a
circle with a radius of 1 mm, and the sizes of the transmitting
and receiving coils are exactly the same. The length of the side
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Fig. 5. The resonances power transfer model of the circular coil.
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Fig. 6. The resonances power transfer model of the rectangular coil.

of the rectangular coil is 17.8 cm, and the sizes of the transmit-
ting and receiving coils are also the same. The area of the rect-
angular coil is equal to that of the circular coil. The simulation
results are shown in Section V.

V. EXPERIMENTAL VERIFICATION

In order to verify whether the theoretical analysis was correct,
magnetic resonance wireless energy transfer systems of differ-
ent sizes were constructed using circular and rectangular coils.
The diameters of the circular coils were 20, 16, and 10 cm,
respectively, and each had four turns. The lengths of the
sides of the rectangular coils were 17.8, 14, and 9 cm, respect-
ively, and each also had four turns. The system was driven by a
signal generator, which generated a 6.4 MHz sinusoidal signal
in its transmitting coil, and which was the system’s power
source. An oscilloscope was used to measure the output
voltage at both ends of the load resistor, thereby providing
the transmission efficiency of the systems. The transmission
efficiencies of the magnetic resonance wireless energy transfer
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Fig. 8. The structure of the circular coils.

systems composed of the circular coils as well as the rectangu-
lar coils were then compared, and also compared with the
simulation results. At the same time, in order to verify the cor-
rectness of the theoretical derivation formula, the mutual
inductances of the two systems was measured at different dis-
tances, and then compared with the theoretical formula.

The transmission efficiencies of systems when the trans-
mitting and receiving coils are of different shapes are com-
pared in this paper, so that the integrity of the systems can
be examined. Figures 7 and 8 show pictures of the experimen-
tal apparatus used for the rectangular and circular coils.

V. RESULTS AND DISCUSSION

A) Analysis of the mutual inductances

In order to confirm the influence of the mutual inductances on
the wireless energy transmission systems, the mutual induc-
tances of the theoretical calculation results and that of the
experimental measurements were compared in this paper,
and we found that the theory was basically in agreement
with the experiments.

Figure 9 shows a comparison between the theoretical and
experimental values of the mutual inductances for circular
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Fig. 9. The mutual inductance of circular coils at different distances.
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Fig. 10. The mutual inductance of rectangular coils at different distances.

coils of different sizes at different transmission distances. The
20, 16, and 10cm lengths in the legends, respectively,
represent the diameters of the circular coils. As can be seen
from Fig. 9, the larger the receiving area, the greater the
mutual inductance of the two resonant coils. Figure 10
shows the theoretical and experimental values of the mutual
inductance for two rectangular resonator coils when the side
lengths of the rectangular coils are 17.8, 14, and 9 cm, respect-
ively, and the results are consistent with that of the circular
coils. Additionally, the mutual inductances of the rectangular
and circular coils with the same areas were also compared in
this paper, as shown in Fig. 11, and it was found in both the
experimental measurements and theoretical analysis that the
mutual inductances of the circular coils were slightly larger
than that of the rectangular coils.

B) The transmission efficiency analysis

The transmission efficiency of the wireless energy transfer
systems at different distances was measured and simulated
in this paper on the basis of an analysis of the mutual induc-
tances for the resonant coils.

Figures 12 and 13 show the experimental transmission effi-
ciency diagrams for circular and rectangular coils of different

https://doi.org/10.1017/51759078717000629 Published online by Cambridge University Press
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Fig. 11. Comparison between the calculated and measured mutual inductance
of circular and rectangular coils.
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Fig. 12. The experimental results of transfer efficiencies of circular coils at
different distances.
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Fig. 13. The experimental results of the transfer efficiencies of rectangular
coils at different distances.

sizes and distances. Figure 14 shows the simulation analysis
transmission efficiency diagrams for circular and rectangular
coils with a different number of turns in the resonant coils.
In addition, the experimental and the simulated results for
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Fig. 14. The transfer efficiencies of circular and rectangular coils with a
different number of turns.
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Fig. 15. Comparison between the simulated and measured efficiencies.
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Fig. 16. The transfer efficiencies of different topological structures.

circular and rectangular coils with four turns and the same
area are compared and shown in Fig. 15.

Figures 12 and 13 show the transmission efficiency dia-
grams for the actual measurements of the magnetic resonance
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Fig. 17. The mutual inductances for different topological structures.

wireless energy transfer systems. The legend represents the
size of the coil, and the X-axis represents the transmission dis-
tance. The diameters of the circular coils are 20, 16, and
10 cm, respectively, and the lengths of the sides of the
square coils are 17.8, 14, and 10 cm, respectively.

As can be seen in Figs 12 and 13, the transmission effi-
ciency, for both the rectangular and the circular coils,
decreases as the transmission distances increase. However,
when the size of the coils increases, the transmission efficiency
of the resonant coils does not necessarily increase, and rect-
angular and circular coils both have an optimum size. As
shown in Fig. 12, the transmission efficiency of the circular
resonant coil with a diameter of 16 cm is higher than that of
the resonance coil with a diameter of 20 cm. In addition,
under the same conditions, the transmission efficiency of
the circular coil is slightly higher than that of the rectangular
coil, as shown in Fig. 15.

C) An analysis of the wireless energy
transmission systems for different topological
structures

The above theoretical analysis, software simulations, and
experimental measurements only considered resonant coils
where all the transmitting and receiving coils were of the
same shape and parameters. For the sake of completeness,
the wireless energy transmission systems of circular transmit-
ting coils and rectangular receiving coils were measured by
means of an experiment. In addition, the wireless energy
transmission systems of rectangular transmitting coils and cir-
cular receiving coils were simulated as well. Finally, the trans-
mission efficiencies and mutual inductances of wireless energy
transfer systems with four kinds of topology were also mea-
sured and compared.

In Figs 16 and 17, the 20 cm circular coil represents circular
transmitting and receiving coils with diameters of 20 cm. The
rectangular coil of 17.8 cm represents transmitting and receiv-
ing rectangular coils with side lengths of 17.8 cm. The 17.8-
20 cm line represents rectangular transmitting coils with
side lengths of 17.8 cm and circular receiving coils with a
diameter of 20 cm. The 20-17.8 cm line represents circular
transmitting coils with a diameter of 20 cm and rectangular
receiving coils with side lengths of 17.8 cm.
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As can be seen in Figs 16 and 17, the 17 cm rectangular
wireless transmission system has the lowest mutual induct-
ance and transmission efficiency, while the 20-17.8 cm
wireless transmission system has the highest transmission effi-
ciency and mutual inductance.

VI. CONCLUSION

In this paper, the magnetic field distributions and mutual
inductances of circular and rectangular coils are worked out,
and the transmission efficiency of the wireless energy transfer
systems is analyzed using finite element method. In addition,
the mutual inductances and transmission efficiencies are
measured in an experiment to verify the correctness of the
theoretical derivation. This can all be summed up through
the following points:

(1) It is appropriate to use the magnetic field equation to
analyze the mutual inductances of the wireless energy
transfer systems, so as to predict the transmission efficien-
cies of the wireless energy transmission systems and to
explore any new ideas when studying magnetic resonance
wireless energy transfer systems. We thus hope that this
paper will prove to be useful in the study of wireless trans-
fer technology.

(2) Through our magnetic field analysis modeling, it was
shown that if the coils were of different shapes and their
magnetic flelds were of different sizes, the magnetic
fluxes of the coils would be different, which would
result in the magnetic resonance wireless transmission
systems having different transmission efficiencies.
Therefore, improving transmission efficiency by changing
the magnetic fluxes of the receiving coils or the intensity
of the magnetic fields provides a future direction for
improving the transmission efficiencies of the magnetic
resonance wireless energy transmission systems.

(3) Through our simulation analysis and experimental verifi-
cation, it was found that in conditions where the areas and
the power inputs were the same, the transmission effi-
ciency of the circular coil was slightly higher than that
of the rectangular coil when the transmitting coil was a
circular coil; the rectangular receiving coil had the
highest transmission efficiency. Therefore, according to
different requirements, the size and shape of the transmit-
ting and receiving coils should be reasonably calculated
and optimized for practical applications.
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