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ABSTRACT The technology of wireless power transfer via coupled magnetic resonances (CMR-WPT) has a
good transfer performance in the “middle range”, but it is far from satisfying the application requirements in
practice. To achieve a longer transfer distance, coils are usually complicatedly designed, making the system
unwieldy and costly. Based on the intuitive and easily adjustable coil parameters, a design and optimization
method was proposed in this paper, which can realize the minimum size coil that meets the requirements at
6.78 MHz. First, an equivalent model of the CMR-WPT system was developed, and the influences of coil
parameters on the effective transfer distance and power transfer efficiency (PTE) were analyzed, indicating
that the effective transfer distance and PTE were not always proportional to the coil radius, the number
of turns or the pitch. Then, the coil impedance and the quality factor of different coils were calculated.
In addition, the influence degree of coil parameters on the transfer performance was also compared using
variable control. Finally, an experimental platform was built, and experimental results agreed well with the
simulation results.

INDEX TERMS Coupled magnetic resonances, design and optimization, coil parameters, effective transfer
distance, power transfer efficiency.

I. INTRODUCTION

The technology of wireless power transfer via coupled mag-
netic resonances (CMR-WPT) was put forward at MIT [1],
with many advantages such as a long transfer distance,
a high power transfer efficiency (PTE), and low require-
ment for directivity [2]-[4]. In addition, it can avoid many
hidden risks in power supply compared with the traditional
technology [5]-[7]. As aresult, it has been applied in various
fields, including portable devices [8], medical implants [9],
and electric vehicles [10].

The point at which the load received power decreases
significantly with the increase in transfer distance is defined
as the critical point, and the distance between the Tx coil and
the critical point is called effective transfer distance, which is
also termed as the efficient range for the CMR-WPT system
[11], [12]. By increasing the effective transfer distance, one
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can greatly promote the commercialization of CMR-WPT
technology. Up to now, several related methods have been
introduced as follows.

1) Adding an auxiliary circuit or extra coils for realizing a
long transfer distance. A parity-time symmetric circuit
was designed to ensure that a high transfer efficiency
was consistent within 1 m [13]. In [14] and [15],
the proposed system consisted of a series of sub-coils
for realizing a high PTE at different transfer distances.
The parallel-wire coils were used and the ratio between
currents on the two wires were controlled to achieve a
longer transfer distance [16]. Note that these methods
are complicated and the corresponding costs are higher.

2) Adopting new multi-coil structures. The intermediate-
resonator provided a simple approach to improve the
transfer distance [17]-[19]. In [20], an inner coil was
incorporated in the Tx coil to achieve a higher effi-
ciency at a long transfer distance. In [21], two strongly
coupled resonators were embedded within a Tx (Rx)
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device to maximize the coupling coefficient. However,
the multi-coil structures are inconvenient and take up a
larger space.

3) Designing and optimizing the coupling coil. In [22],
a design and optimization method for the small coil
used in implantable medical devices was proposed.
An optimizable coil configuration and a circuit model
were proposed to increase the transfer distance [23].
A method with the smallest quality factor for coil was
put forward, thus realizing the requirement for effi-
ciency and a long transfer distance [24]. The above
methods are applicable, but they are not capable of
increasing the transfer distance significantly. In the
coil design, the coil parameters (e.dg., coil radius r,
the number of turns N, and pitch a) are the most
intuitive and easiest to adjust, but the related research
is unsystematic. Moreover, the variation ranges of coil
parameters and transfer distance are limited, which is
weak in fully guiding the CMR-WPT system design.

In this paper, an equivalent model of CMR-WPT system
was constructed at first. Second, simulation software was
used to study the influences of coil parameters on the effective
transfer distance and PTE. Third, two design and optimization
flowcharts for increasing the transfer distance and PTE at
6.78 MHz were proposed. Finally, an experimental platform
was built to verify the simulation results. Moreover, the appli-
cation of CMR-WPT technology which in the fields of smart
home, smart robot and high-speed rail can be promoted by
using the research results of this paper to design the coupling
coil reasonably.

Il. GUIDELINES FOR MANUSCRIPT PREPARATION
The schematic and equivalent circuit of a CMR-WPT system
powered by an RF power generator at 6.78 MHz are shown
in Fig. 1.

Based on the Kirchhoff’s voltage law (KVL), the following
equations can be obtained, i.de.,

1
Us = (R + joL1 + —)1 — joMD>
Joti (1)
0= Ry + Ry +joly + —) — joMI;
JoC

Through calculations, the received power of load and sys-
tem efficiency can be expressed as

UZR(oM)?
P = . )
[(Ro + R1) (R2 + Ry) + (0M)?]
2
"= Rl 3

[(Ro + R1) (Ry + Rp) + (@M)?] (Ry + Rr)

When the WPT system is completed, the parameters (e.dg.,
the exciting voltage, frequency, internal resistance, load, and
coil impedance) are fixed. Therefore, the received power can
be regarded as a function of M, and

_ v (Ro +R1)R2 +Rp)
w

M* “)
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FIGURE 1. Schematic and equivalent circuit of WPT system. (a) Schematic.
(b) Equivalent circuit.

The received power reaches its maximum (i.de., M * in (4)),
so the critical point of CMR-WPT system is reached and
the transfer distance corresponding to M* is the effective
transfer distance. The next step is to calculate the value of M*.
A multiloop circular coil (e.dg., a spiral coil) is equivalently
replaced by a concentric circular multiloop coil, and the
mutual inductance between single circular coils are calcu-
lated as [25]:

2

2
My = o /T [(1 - “7) K@~—E (oo] s)

N L B (6)
TN+
M=) M ™

where o is permeability of vacuum; r; and r; are
coil radiuses; d is transfer distance; and K(«) and
E(x) are elliptic integrals of modulus «. By combining
formulas (4)—(7), the value of effective transfer distance can
be obtained, at which the PTE will be analyzed further. The
maximum achievable PTE (1n,x) is given as [26]:

2

®
]7 =

(M)
v= RiR;

According to formulas (4)—(8), the coil radius and impedance
can be considered as factors that mainly affect the effective
transfer distance as well as PTE. It should be pointed out that

With

@®)

where
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TABLE 1. P parameters of coils with different shapes.

Plane spiral Plane square Barrel spiral
r(cm) 15 15 15
N 8 7 7
a(mm) 5.12 5.12 5.12
Inductance(puH) 28.412 28.359 28.160
Resistance(mQ) 35.407 35.540 35.011

(b)

FIGURE 2. Simulation results of coils of different shapes (a) Distribution
of magnetic field. (b) Distribution of height.

the calculations of d and nmax are usually complicated, and
other factors (e.dg., the shape, number of turns NV, and pitch a)
cannot be expressed.

Ill. DESIGN AND OPTIMIZATION FOR COUPLING COILS

The resonance circuit and the propagation of electromagnetic
waves around coupling coils can be calculated by the RF
module in COMSOL, so the RF module is chosen. The fre-
quency and load are set to 6.78 MHz and 50 €2, respectively,
and the Tx and Rx coils are tuned by two series capacitances.

A. SIMULATION OF COIL SHAPE

The plane spiral, plane square and barrel spiral are set up with
the same coil parameters and similar inductances, as listed
in Table 1. At 6.78 MHz, the magnetic field distribution and
height of the magnetic field component along the z-axis are
shown in Fig. 2, the sections and streamlines (magnetic field
lines) indicate the magnetic field distribution in the transverse
and longitudinal directions of coils, respectively.

From Fig. 2(a), it can be seen that in the case of the
same inductance, the magnetic field of plane spiral is the
strongest while the distribution in the vertical direction is
relatively uniform and wide. By contrast, the magnetic field
around plane square is weak, and it is widely distributed in
the horizontal direction. The magnetic field of barrel spiral is
dispersed in the vertical and horizontal directions. As can be
seen from Fig. 2(b), there are large differences among three
coils. The magnetic field of plane and barrel spirals on the z-
axis are continuous and smooth, with no fluctuations. How-
ever, the magnetic field of plane square has a corner effect,
resulting in uneven distribution and more serious fluctuations.
Because the magnetic field (along the z-axis) generated by

VOLUME 8, 2020

——Plane spiral
290] = -Plane square
=30 Barrel spiral

0 L " L L

100 200 300 400 500 600 700

Transfer distance(mm)
(a)

03 ——Plane spiral

= = Plane square

Barrel spiral

{0 200 300 400 500 600 700
Transfer distance(mm)

(b)

FIGURE 3. Distance characteristics of coils of different shapes.
(a) Rx power. (b) PTE.

two adjacent current-carrying wires do not overlap in the four
corners, the magnetic strengths at the four corners are much
weaker than that in the middle of the coil.

Parameterized scanning is performed at the transfer dis-
tance for analyzing the influences of coil shape on the dis-
tance characteristics, as shown in Fig. 3.

As can be seen from Fig. 3, the effective transfer distance
of plane spiral, plane square and barrel spiral are 36, 39 and
35 cm, at which the PTEs are 90.11%, 89.55% and 80.00%,
respectively. The effective transfer distances of the three sys-
tems have less variations, but there is a 10% gap in PTE.
To further explain this phenomenon, mutual inductance and
normalized power are calculated, as shown in Fig. 4.

From Fig. 4(a), it can be seen that when the transfer dis-
tance is less than 30 cm, the mutual inductances of the plane
square, plane spiral, and barrel spiral are in an decreasing
order. When transfer distance is longer than 30 cm, the mutual
inductances of three coils are not much different and keep
small values. Compared with the inductively coupled power
transfer, CMR-WPT is of loose coupling, and its coupling
coefficient and mutual inductance are small.

Moreover, the normalized power in the range
of 6.08-7.48 MHz is calculated, as shown in Fig. 4(b). Based
on the passband principle, the sharpness of curve is directly
proportional to the quality factor. In the case of the same
inductance, the quality factors of planar square, planar spiral
and barrel spiral are in an decreasing order. According to
0 = wL/RQ = wL/R, when the frequency and inductance
are constant, the coil impedance will play a decisive role in the
quality factor. The planar square has a higher quality factor,
so its effective transfer distance is longer. From Figs. 2 and 3,
it can be seen that the plane spiral and plane square have better
transfer performances.
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FIGURE 4. Mutual inductance M and quality factors of coils of different
shapes. (a) M. (b) quality factor.

TABLE 2. Coil parameters in simulations.

Parameter Value
N 10
a (mm) 2.5
Wire diameter (mm) 2.12
r(cm) 5/10/15/20/25
Resistance(mQ) 19.56/38.90/59.53/89.86/127.93

B. SIMULATION OF COIL RADIUS

By changing the inner diameters of Tx and Rx coils, one can
study the influences of coil radius on the effective transfer
distance and PTE. The simulated coil parameters are listed
in Table 2, and the simulated results are shown in Fig. 5.

In Fig. 5(a), the effective transfer distances of the system
with different radiuses are 7, 29, 44, 60 and 38 cm, respec-
tively, and the effective transfer distance increases at first
but then decreases. In Fig. 5(b), the PTEs of five systems
at effective transfer distance are 96.54%, 85.86%, 82.87%,
73.23% and 89.74%, respectively, and the PTE decreases
obviously when the transfer distance exceeds its effective
value. The mutual inductance in different systems are calcu-
lated, as shown in Fig. 6.

Fig. 6 shows that there are large differences in mutual
inductance when the transfer distance is less than 30 cm. If the
distance is longer than 30 cm, the difference will become
small. Therefore, it should be pointed out that the effect of
mutual inductance is reduced at a longer transfer distance, and
there are other factors affecting the transfer performance of
the CMR-WPT system. To explain the reason why the effec-
tive transfer distance is reduced, the radiuses are set to 10, 20,
30 cm, and the magnetic field intensity and the section with
magnetic induction lines are calculated, as shown in Fig.7.
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FIGURE 7. Magnetic field of system with different radiuses. (a) r = 10 cm.
(b) r =20 cm. (c) r = 30 cm.

The system frequency, excitation voltage, and load are set as
the same values, with a transfer distance of 55 cm.

In Fig. 7, the Tx coil is on the right while the Rx coil is
on the left. From the vertical section, it can be seen that the
magnetic field intensity of Rx coil in Fig. 7(b) is significantly
stronger than that in 7(a) and (c). Therefore, the system with
radius of 20 cm is more efficient. In addition, more magnetic
induction lines pass through the Rx coil in Fig. 7(b) than
in 7(a) and (c). If the coil radius is too small, lots of magnetic
induction lines will form a loop near the Tx coil, thereby
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FIGURE 8. Frequency characteristics of different coils. (a) Imaginary part
of impendence without tuning. (b) Normalized power.

increasing the magnetic flux leakage. The magnetic induction
line will become sparse and the magnetic field will thus
be reduced if the radius is too large. As a result, it can be
inferred that a too small of too large coil will deteriorate the
performance of the CMR-WPT system.

The frequency characteristics of coils after tuning are
shown in Fig. 8.

When a sudden change from positive to negative occurs
in the imaginary part of the coil impedance, the frequency
at the abrupt point is approximatively the resonant frequency
of the coil. In Fig. 8(a), the self-resonant frequency of the
coil with radiuses of 15 and 20 cm are close to 6.78 MHz,
while those with other radiuses are far away. After tuning,
the resonant frequency of coils is 6.78 MHz, and the quality
factors of different coils are calculated, as shown in Fig. 8(b).
The quality factors of the two coils with radiuses of 15 and
20 cm are higher, and these two systems achieve a longer
effective transfer distance, as shown in Fig. 5(a). However,
a too small or too high quality factor (e.dg., in the case
with radius of 15 cm) will bring many problems, such as
the difficulty in tuning, higher requirements for electronic
devices, and received power and PTE that are sensitive to the
changes in resonant frequency and transfer distance. More-
over, if the imaginary part cannot be completely eliminated
through tuning, the reactive current will generate active loss
in the coil and further reduce the efficiency. Therefore, it is
necessary to design the coil radius reasonably.

C. SIMULATION OF THE NUMBER OF TURNS AND THE
PITCH

After the radius is determined, the number of turns and the
pitch should be studied further. In this section, the pitch is
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FIGURE 9. Distance characteristics with pitch of 2.5 mm. (a) Received
power. (b) PTE.

TABLE 3. Effective transfer distances and PTE in figs.11-13.

a=6.5 a=10.5 a=14.5
N=4 25¢m/97.68% 23¢m/97.32% 22c¢m/97.38%
N=6 44c¢m/79.78% 33¢m/95.74% 31cm/96.00%
N=8 47cm/74.13% 45c¢m/90.13% 36cm/94.88%
N=10 57cm/42.68% 50cm/89.51% 39¢m/93.84%
N=12 55¢m/60.07% 54c¢m/86.90% 40cm/93.22%

2.5 mm, the coil radius is 20 cm, and the number of turns
is 4—12 with a step size of 2. The simulation results are shown
in Fig. 9.

From Fig. 9(a), it can be seen that when the numbers of
turns are 4, 6, 8, 10, 12, the effective transfer distances are
35, 71, 57, 56 and 50 cm, respectively. With the growing
number of turns, the effective transfer distance increases at
first but then decreases gradually. In Fig. 9(b), the PTEs of
five systems at the effective transfer distance are 78.38%,
56.55%, 34.85%, 55.6% and 70.23%, respectively. When the
pitch is 2.5 mm, the PTE changes distinctly with the increase
in transfer distance. And the decline of PTE will be more
serious if the transfer distance is longer than the effective
transfer distance.

Multiple simulations are also conducted, as shown
in Figs. 10-12.

Form the above analyses, it can be seen that when the
effective transfer distance expands with the increase in the
number of turns, PTE tends to decrease. The smaller the
pitch, the more obviously the PTE will decrease. Moreover,
if the effective transfer distance expands to its maximum
while the number of turns increase continuously, PTE will
increase. When the pitches are 10.5 and 14.5 mm respectively,
the effective transfer distance is proportional to the number of
turns, and the drop point does not exist. Besides, the PTE can
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FIGURE 10. Distance characteristics with pitch of 6.5 mm. (a) Received
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FIGURE 11. Distance characteristics with pitch of 10.5 mm. (a) Received
power. (b) PTE.

be maintained at a high value before reaching the effective
transfer distance, and the variation degree of PTE is minor
when the number of turns changes, but the values of effective
transfer distance are similar.

The values of the above changes are due to the coil
impedance, and the changes in the number of turns and pitch
deeply affect the coil impedance and quality factor [21], [23].
To give a more accurate conclusion, the coil impedance is
calculated at 6.78 MHz without tuning, and the results are
shown below.

Exceptfor Fig. 13(a), the trends of real part in Fig. 13 firstly
increase but then decrease. In Fig. 14(b), (c), and (d), there
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is a sudden change in the imaginary part of coil impedance
with the increase in pitch. In the megahertz range, the coil is
under parallel resonance, and the two-port network (coupling
coil) viewed from the power supply is equivalent to an open
circuit. As a result, the real part of the coil impedance has
a particularly large value in the process of changing the
number of turns and the pitch, as shown in Fig. 13, where the
curves of imaginary part present a mutation between positive
and negative, as shown in Fig. 14. At this point, the self-
resonant frequency of the coil is very close to 6.78 MHz and
its quality factor is higher. Considering Figs. 10-12, when
the self-resonant frequency of the coil is close to 6.78 MHz,
the effective transfer distance of the WPT system will be
longer. The above analyses also verify the influences of coil
radius on the effective transfer distance, as shown in Fig. 9.

The comprehensive analysis shows that, at 6.78 MHz,
the number of turns will not be directly proportional to the
effective transfer distance when the pitch is small. Besides,
the PTE is not improved. A larger number of turns leads to a
higher inductance of coils, a deteriorated radiation magnetic
field around coil, uncontrollable leakage inductance of coil,
and a growing loss of AC resistance. According to the specific
requirements for effective transfer distance and PTE in prac-
tical engineering, the number of turns and the pitch should be
adjusted reasonably.

D. COMPARISON OF INFLUENCES OF COIL PARAMETERS,
AND FLOWCHARTS OF DESIGN AND OPTIMIZATION

Form the above analyses, it can be seen that different coil
parameters can seriously affect the effective transfer distance
and the PTE of the CMR-WPT system. To further guide
the design of coils, the influences of coil parameters on the
transfer performance are compared. With the intermediate in
a series of data taken as a reference (0,0), the corresponding
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results are shown in Fig. 15. Here, the pitch is represented by
a, and the PTE in Fig. 15(b) is a value under effective transfer
distance.

On the one hand, the coil shape affects the distribution of
magnetic field mostly. On the other hand, the actual product
requirements and the space available should be considered.
Therefore, only the change rate of coil radius, the number of
turns and the pitch are calculated.

In Fig. 15(a), there is a larger slope with the curve of
coil radius, meaning that the coil radius affects the effective
transfer distance more seriously than the number of turns
(@ = 6.5 mm/l45 mm). The increase in the pitch
(@ = 6.5 — 4.5 mm) reduces the slope of the curve for
the number of turns, i.de., changing the pitch can reduce
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the effect of the changes in the number of turns. Moreover,
the inflection of curve indicates that the effective transfer
distance is shortened.

In Fig. 15(b), the trends of three curves are opposite to
those in Fig. 15(a), meaning that the PTE will be reduced
when the effective transfer distance increases. When the pitch
is small (¢ = 6.5 mm), the increase in the number of
turns has the largest impact on PTE, but increasing the pitch
(a = 14.5 mm) will reduce that impact. In addition,
the inflection of the curve shows that the PTE increases.

It can be concluded that the coil radius (r) has the largest
influence on the transfer performance of the CMR-WPT
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transfer distance. (b) At variable transfer distance.

system, followed by the number of turns (V) and the pitch,
(a) sequentially. From the above analyses, the design and
optimization processes of coils at 6.78 MHz, which meet
the actual engineering design requirements for the smallest
possible size, are summarized in Fig.16.

The difference between Fig. 16(a) and (b) is that the trans-
fer distance in Fig. 16(a) is determined while the longest
distance which meets the requirement for PTE is realized
in Fig. 16(b). In addition, all the above CMR-WPT systems
shown in Fig. 16 are always resonant at 6.78 MHz.

IV. IMPLEMENTATION OF CMR-WPT SYSTEM AND
EXPERIMENTAL RESULTS

The plane spiral, plane square and barrel spiral coils were
manufactured for verifying the simulation results of magnetic
field distribution. The modulus of magnetic field density
was measured using a 3D visualization electromagnetic field
measuring device.

In the process of setting up the experimental platform,
the center frequency of a spectrum analyzer (AARONIA,
NF-5035S) was 6.78 MHz, and the signal generator was
connected to the NF power amplifier (with internal resistance
of 50 €2) to provide a high-frequency power. The experimen-
tal results were shown in Fig. 17.
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TABLE 4. Parameters of coils with different radiuses.

Radius/cm Inductance/uH Resistance/mQ
5 9.90 20.43
10 23.50 34.50
15 39.23 60.21
20 57.80 113.62
25 79.54 159.84

As can be seen from Fig. 17, the magnetic field strength
of planar spiral coil in the horizontal direction was the max-
imum, followed by planar square and barrel spiral, sequen-
tially. However, for the barrel spiral, the difference at the
extreme point of magnetic field strength was small. More-
over, there were slight differences between the experimental
and simulated data. Ignoring these errors, the simulation
curves were in good agreement with the experimental results.

An experimental platform based on simulations was built
to verify the influences of coil parameters on the effective
transfer distance of the CMR-WPT system.

In Fig. 18, the different coil radiuses were selected, and the
coil parameters extracted from measurement data by a vector
network analyzer are listed in Table 4.
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FIGURE 18. The coils with different radiuses.
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TABLE 5. Parameters of coils in [19] and this paper.

r N a
Tx/Rx(em) Tx/Rx  Tx/Rx(mm) PTE at 30 cm
[19] 10/5 9/7 4/0.5 39%
This paper 10/6 15/13 4.5/2.5 40.21%

Based on repeated experiments, the measurement results
are shown in Fig. 19.

Fig. 19 shows that the experimental data have the same
trend as the simulation results. However, there are differ-
ences, which may be due to the contact resistance at the
solder joint between the coil and BNC, as well as the com-
plex electromagnetic environment in the laboratory. It can
be concluded that increasing the coil radius can lengthen the
effective transfer distance, but the increase in coil radius is
constrained in a limited range.

To verify the design and optimization flowcharts, the opti-
mized CMR-WPT system is compared with the previous
result [19], as shown in Fig. 20 and Table 5.
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In Fig. 20, the experimental results are well consistent with
the simulation analyses. In Table 5, the PTE of the designed
CMR-WPT system at 6.78 MHz is 1.21% higher. In fact,
an additional inner coil was incorporated with Tx coil in [19].
In this paper, the Tx and Rx coils were designed according
to the flowcharts proposed in Section III.dD. As a result, a
higher PTE was achieved, and the complexity and cost of the
system were significantly reduced.

V. CONCLUSION

o With the same coil parameters and similar inductances,
the plane square and plane spiral coils have satisfying
performances in terms of effective transfer distance and
PTE, but the magnetic field distribution of plane square
is uneven.

e At 6.78 MHz and under the load of 50 €2, as the coil
radius and the number of turns increase, the effective
transfer distance may increase to its maximum but then
decrease, and the pitch is proportional to PTE. As the
pitch increases, the PTE will be improved.

o In the processes of design and optimization, the effec-
tive transfer distance is determined by coil impedance.
Moreover, the proposed flowcharts can be well applied
in the actual WPT engineering to realize a longer effec-
tive transfer distance and a higher PTE.
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