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A Dual-Frequency WPT Based on Multilayer

Self-Decoupled Compact Coil and Dual CLCL
Hybrid Compensation Topology

Zhongyu Dai

Abstract—This article proposes a dual-frequency wireless power
transfer (WPT) with dual CLCL hybrid compensation topology and
multilayer self-decoupled compact coils (MLSDCCs). It extends
the transmission distance corresponding to stable high transmis-
sion power and efficiency. Based on the parameter constraints of
compensation capacitances and inductances, CLCL hybrid com-
pensation topology realizes simultaneous resonance at fundamental
and third harmonic frequencies. A typical inverter can meet the
requirements of dual-frequency WPT without complex control or
more number and improve the utilization rate of square voltage.
According to interleaving and rotary stacking of unipolar and
bipolar coils in MLSDCCs, the couplings between layers and un-
necessary couplings of magnetic coupling mechanism (MCM) are
eliminated. Only the main couplings for power transmission are
retained and the volume of MCM is reduced. Finally, a 1 kW
experimental platform is built. Compared with the typical single-
frequency WPT, the maximum transmission power is increased by
2.8%, while the maximum transmission efficiency is only reduced
by 0.53%. The main advantage is that the transmission distance
corresponding to continuous high-power transmission (in the range
of 95%-100% maximum receiving power) is increased by 2.75
times. When the lateral offset distance of the Y-axis is one-sixth
of the coil side length, the transmission efficiency decreases by only
1.47%.

Index Terms—CLCL hybrid compensation topology, dual-
frequency, self-decoupling, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology has devel-
W oped rapidly in recent years and has been tentatively
applied to many fields [1]. Some low-power WPT devices have
been sold in the market, such as wireless phone charger [2].
High-power WPT also has many applications [3]. Especially
with the promotion and development of electric vehicles (EVs)
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in recent years, EV wireless charging has become a typical
representative application [4]. Compared with fuel vehicles,
EVs still have obvious disadvantages in time-consuming energy
replenishment (fuel vehicle refueling and EV charging). To
shorten the charging time of EVs, high charging power is the
most direct and effective way [5], [6].

The performance of WPT (including transmission efficiency,
transmission power, etc.) is closely related to mutual inductance,
that is, it is sensitive to transmission distance [7]. The maxi-
mum transmission power is obtained at a specific transmission
distance known as critical coupling or critical distance [8]. In
practical application, the transmission distance of each charging
is inevitably different. For example, the ground clearance of EV
changes due to different load weights. The variety of transmis-
sion distance will lead to the change of mutual inductance, which
further affects the power that the receiver can obtain [9].

To ensure stable receiving power, the typical method used is
to increase the total power capacity of WPT and then adjust
the transmission power according to the change of transmission
distance (or mutual inductance). Yang et al. [10] demonstrate
a T-series compensation topology to guarantee relatively stable
current output with various transmission distances. In [11], a
neural algorithm is adopted to predict the change of transmission
distance. And then the transmission power is adjusted to keep
constant the secondary current. In [12], the zero-phase-angle
tracking control and phase-shift control are used to hold the
stable output voltage with the change of mutual inductance.
Zhang et al. [13] show an adjustable matrix in the transmitter
to overcome the variation of mutual inductance and maintain
a stable receiving power. For these published methods, the
accuracy of mutual inductance prediction algorithms is not
very high. When the transmission distance changes rapidly,
the prediction accuracy is lower, and the transmission power
regulation strategy is difficult to synchronize. Moreover, the
power capacity of WPT is closely related to the variation range
of transmission distance corresponding to the stable secondary
power. The larger the capacity, the wider the range. But higher
power capacity requires materials and equipment with higher
voltage and current withstand [14].

When the maximum transmission power of WPT is obtained,
the mutual inductance corresponding to different resonance
frequencies is various [15], [9], as shown in Fig. 1. That is,
each resonance frequency will obtain the maximum transmission
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Fig. 1. Transmission power varying with distance (or mutual inductance).

power at a unique critical transmission distance. Based on the
superposition law, if a WPT system has multiple resonance
frequencies for power transmission at the same time, the total
transmission is the sum of that corresponding to each frequency
theoretically [16]. High-power transmission can be achieved in
a wide range of transmission distance.

Mei et al. [17] show a multifrequency WPT with multiple
inverters. Each inverter drives one transmitting coil by different
frequencies. A relay coil is used to couple the power with various
frequencies, which is received by different loads finally [16].
Multifrequency WPT with multiple inverters is most used in
the simultaneous wireless power and data transfer system [18].
The advantage of this scheme is that the control of each inverter
is simple. But more than one inverter is needed. To reduce the
number, multifrequency WPT with a single inverter is proposed.
The control algorithm of the inverter is compiled based on the
characteristics of multifrequency waveform superposition [19],
[20]. The typical superposition is the first and second harmonic
wave [21]. The control algorithm is complex, and the switch
tubes of inverter with shorter switching time are needed.

If the compensation topology has only one resonant fre-
quency, the impedance of magnetic coupling mechanism
(MCM) at nonresonant frequency is very large. This will limit
the transmission power capacity at nonresonant frequencies as
well as the total transmission power. Simultaneous resonance
of multiple frequencies is a basic requirement for compensation
topology design of dual-frequency WPT. For series, parallel,
and LCC topologies, there is only one resonant frequency due
to the fixed structure and parameters [22]-[24]. The capacitance
in dynamic compensation topology is adjustable [25]. Various
capacitances correspond to different resonant frequencies. The
switchable compensation topology forms different structures
through switches, and the resonant frequency can also be ad-
justed [26]. The essence of multifrequency of dynamic com-
pensation and switchable compensation is time-sharing single
frequency, which cannot realize multifrequency resonance at the
same time.

Thus, how to simplify the control algorithm and meet the res-
onance requirements at all frequencies are important to improve
the multifrequency WPT with one inverter. Based on the analysis
of the above methods, a dual-frequency WPT is proposed in this
article to solve the following problems.
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1) Based on the equivalent characteristics of LC resonant
circuit [27], [28], a dual CLCL hybrid compensation
topology is designed, which simultaneously satisfies the
fundamental and third harmonic resonance conditions to
improve the utilization of square voltage and simplify the
control of inverter.

2) According to the magnetic field distribution of unipolar
and bipolar coils [29], [30], a multilayer self-decoupled
compact coil (MLSDCC) is constructed by crossover and
rotation to meet the compensation constraints, reduce the
volume of MCM, and obtain self-decoupling.

II. OVERVIEW OF THE SYSTEM

Fig. 2(a) shows a dual-frequency WPT system, mainly includ-
ing dc source, primary inverter, MCM with dual CLCL hybrid
compensation topology, secondary rectifier, and load. The dc
voltage is converted into square voltage through a inverter. It
satisfies

Usqua:e = Upc (D

where Upc and Usguare are the amplitude of dc voltage and square
voltage, respectively.
For the standard square wave, Fourier decomposition is used

4 < sin (2n — 1) wt
Usquare (t) = ;UDC Z # (2)

where n = 1,2,3,... is the positive integer, and w = 27/T
is the angular frequency.

The square voltage can be decomposed into fundamental
and multiple harmonic voltages. If resonance frequencies of
dual-frequency WPT happen to be in the sine frequency of the
square voltage after Fourier decomposition, a common inverter
can meet dual-frequency resonance without complicated control
algorithms. The proportion of harmonic content higher than
the fifth order is relatively low. When only the fundamental,
third, and fifth harmonics are retained, the decomposition and
superposition diagrams of each harmonic, as shown in Fig. 3,
can be obtained. The more harmonics the vector superimposes,
the closer it is to the square wave. The waveform composed
of the fundamental, third, and fifth harmonic voltages is very
close to a square wave. Based on this superimposed voltage, it is
calculated that the proportion of fundamental voltage is 65.22%
and that of the third and fifth harmonic are 21.74% and 13.04%,
respectively. In a typical WPT, resonance is usually matched
based on the fundamental frequency. Only the fundamental
voltage is used for power transmission. The utilization rate is
only 65.22%. If both fundamental and third harmonic voltage
are used, the utilization rate increased to 86.96%. When the
first and third harmonic voltages are used at the same time, the
withstand voltage of the inverter will not change.

The MCM must be able to resonate at both the first and third
frequency so that the fundamental and third harmonic voltages
can be simultaneously used for power transmission. The dual-
frequency WPT with dual CLCL hybrid compensation topology
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is designed, as shown in Fig. 2(a), where

24/2
m:;l:RM. 3)

When the resonant frequency is the first frequency fi, the
compensation capacitances C7, Cs , Cs, and Cy and coil

[0

__________________________________

Dual-frequency WPT with a dual CLCL hybrid compensation topology. (a) Overall system structure. (b) Equivalent SS compensation topology.

inductances L1, L,,, Lz, and L, in MCM satisfy

PR A 1_\/1 _\/1
ER =N T\ G, VG VL

(4)

The two parallel LC resonant circuits composed of C7, Li ,
Cj3, and L3 are equivalent to open circuit. The equivalent circuit
is shown in Fig. 2(b), which is a WPT with SS compensation
topology.

When the resonant is achieved in the third frequency f3, the
resonant angular frequency isws = 2 f3. The two hybrid CLCL
circuits are composed of C1, L1, and Lo, and Cs, Ls, and Ly
are equivalent to the inductances of L}, and L. Fig. 2(c) shows
the equivalent circuit. It is a dual LC compensation topology.
The compensation capacitances Cy, C5 , Cs, and Cy4 and coil
inductances Ly, Ly, L3, L4, L, and Ly meet

OJ3L/2 = wslq H (—ﬁ) + w3Lo

OJ3L/4 = w33 H (—w:}lcg) + w3y (5)
ngp || LU3L/2 — wgng =0
W3L5 || LU3L/4 - ﬁ =0.

For the MCM with a dual CLCL hybrid compensation topol-
ogy, inductances L, Lo, L3, and L4 are integrated into coils,
which can reduce the volume of compensation structures and
broaden power transmission channels. Fig. 4 shows the tensile
decomposition diagram of MCM composed of MLSDCCs. The
compensating coils undertake a part of power transmission,
while others are used for inductances. Multiple cross coupling
between coils is inevitable in the MCM, including interlayer
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Fig. 4. Tensile decomposition diagram of MCM composed of MLSDCCs.

couplings and spatial couplings. Some couplings M,,,, M3,
and My, form the main power transmission channels, which
are necessary and need to be strengthened. Some couplings
M1, Mso, Mps, Mps, M4, and Moz can promote power
transmission. But in dual-frequency WPT, they will lead to
more complex relationship and increase the difficulty of res-
onance matching. They are usually avoided or decoupled in
the design of MCM. Other couplings M1, Mpa, M1z, M3y,
M3, and M4 will complicate the relationship, have no effect
on power transmission, and will increase loss, which should be
eliminated.

Based on the above analysis of dual-frequency WPT, to im-
prove the utilization rate of square voltage and the tolerance of
transmission power to distance, the following requirements in
MCM design should be met.

1) The CLCLhybrid compensation topology can reach simul-
taneous resonances at the first and third harmonic frequen-
cies to realize the dual-frequency magnetic resonance.

2) Coils of MCM are designed into integrated structures to re-
duce the volume. The inductances of integrated coils meet
the requirements of the dual CLCL hybrid compensation
topology.

3) Only the mutual inductances of the main power trans-
mission channels (M),s, M3, and My,) are retained, and
the other mutual inductances should be self-decoupled or
eliminated.

III. COMPENSATION TOPOLOGY OF DUAL-FREQUENCY
RESONANCE

A. Characteristics of Resonant Circuit

The equivalent characteristic of LC resonant circuit is the
theoretical basis for resonance compensation. Multiple reso-
nance frequencies are obtained by hybrid connection of ca-
pacitances and inductances. The more complex the structure
is, the more number of resonant frequencies may be obtained.
The multifrequency resonance compensation topology in [31]
is only a local resonance, satisfying f1 = 1/27/L1C5 and
f2 = 1/2my/LC}. Not MCM can achieve resonance at frequen-
cies f1 and f, that is, the reactance of MCM is Xycm—f, 7# 0,
and Xyem-f, 7 0. Nonzero resonant reactance will reduce the
transmission power. Therefore, it is necessary to design a com-
pensation topology to meet Xyem—f, = 0 and Xyem—p, = 0
at the same time.
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Fig. 5. Impedance characterization analysis of resonant topologies. (a) Ana-
lytical circuit model. (b) Simplest LCL hybrid resonance topology.

To analyze the impedance characteristics of LC parallel, LC
series, and the simplest LCL hybrid resonant circuits varying
with frequency, the circuit model, as shown in Fig. 5, is con-
structed
J— UaC J—

Riimic + j X .o
where U,. is the ac source, whose amplitude remains un-
changed, Ry is the current limiting resistance, Xy ¢ is the
reactance of the resonant circuit, and Z;c = Rjjmit + JX1c 1S
the impedance of the circuit.

Fig. 6 shows the variation of impedance with frequency.
When the change trend of impedance amplitude with frequency
reverses, the phase of impedance is 0. With the increase of
frequency, the impedance amplitude of LC parallel first in-
creases and then decreases, while LC series exhibits an opposite
changing. The frequency corresponding to the inflection point
of impedance amplitude is the resonant frequency fo. When
LC parallel is in the resonant state wy = 2 fy, the currents
flowing through the inductance and capacitance are equal and
their directions are opposite. LC parallel can be regarded as
an open circuit, and the equivalent impedance of the circuit is
infinite, as shown in Fig. 6(a). While LC parallel is equivalent
to a short circuit in resonance frequency fj, whose impedance
is Zrc = Rymit- In Fig. 6, if the phase angle of impedance is
positive, the reactance X ¢ is inductive. When the reactance
X1 iscapacitive, the phase angle is less than 0. The positive and
negative transformation also occurs at the resonant frequency
fo- The adjustment of frequency can change both the values and
properties of impedance.

The simplest LCL hybrid resonant circuit is shown in Fig. 5(b).
The variation of its equivalent impedance and phase angle covers
the law of LC parallel and series changing with frequency, as
shown in Fig. 6(c). There are two resonance frequencies fy;
and fp2. Resonant frequencies are also the inflection points of
impedance amplitude and properties. When the frequency of
LCL hybrid resonant circuit satisfies fo1 < fsource < fo2. the
equivalent reactance X ¢ is capacitive. It is inductive with the
frequency range of fo1 > fsource and fiource > fo2-

Uac

I
“ Zrc

(6)

B. Dual-Frequency Resonance Constraints of MCM With
CLCL Hybrid Compensation Topology

To improve the transmission performance of WPT, capaci-
tances and inductances in compensation topology are matched
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by ideal resonance. For the dual-frequency WPT, as shown in
Fig. 2, the LCL hybrid resonant circuit needs to be equivalent
to an open circuit at the fundamental frequency f; and meets
(4). At the third harmonic frequency f3, it should be equivalent
to the inductances L}, and L in (5). The fundamental angular
frequency and the third harmonic angular frequency meet

3w = ws. (7
Combing with (4) and (7), the further simplification of (5) can
be obtained
Ly=Ly— & >0
LUy=Li—%>0

8 3)
8Ly = L, + Ly
8L, = L, + Ls.

Equation (8) represents the constraints of inductances in the
MCM with dual CLCL hybrid compensation topology, which
is also the restriction for the parameters of MLSDCCs. If the
transmitting and receiving coils are the same structure, the
compensation capacitances meet

_ _ 1 _ 9
Cl - C3 T wily T w§L3

w%LS :

€))

w%LP
When the parameters of CLCL hybrid compensation topology
of MCM are selected, the constraints of (8) and (9) should
be followed to meet the dual-frequency WPT with simulta-
neous resonance of the first and third harmonic frequencies.
Standard CBB capacitors are combined in series and parallel
to form capacitor banks to meet the requirements. The com-
pensation inductances are the inductances of each subcoils in
MLSDCCs.

IV. INTEGRATION DESIGN OF COIL
A. Magnetic Field Properties of Coils

According to the number of magnetic field directions on one
side, coils can be divided into unipolar and bipolar, as shown
in Fig. 7. Q coils are typically unipolar, and the magnetic field
passing through the coil has only one direction. Fig. 7(b) shows
a bipolar coil (also known as DD coil), which can be regarded
as two Q subcoils in the same plane. The winding directions of
the two Q subcoils are opposite. MCM models composed of Q

Jo
Frequency of voltage source

(b) (©)

Impedance of three resonant topologies varying with frequency. (a) LC parallel resonance. (b) LC series resonance. (¢) LCL hybrid resonance.

Joa fo2
Frequency of voltage source

. ’ ) .

(a)
Fig. 7. Typical coil structures of different polarities. (a) Unipolar coil.
(b) Bipolar coil.

and DD coils are established. Their magnetic field distribution
is analyzed, as shown in Fig. 8. Ferrite is used to optimize
MCM to restrict the magnetic field and improve the transmission
performance. The outer length and turns of Q and DD coils are
the same. The transmission distance between the transmitting
coil and receiving coil is half of the side length.

The magnetic field intensity of coils varying with distance
along the selected paths is shown in Fig. 9. Fig. 10 shows the
relative spatial relationship between the selected paths and the
coils. Paths 2# and 3# are symmetrical. From Fig. 9, the variation
of magnetic field intensity on these two paths is the same. For
coils without ferrite, as shown in Fig. 9(a), the magnetic field
intensity on both sides of coils changes symmetrically. d 4 is the
position of coils. The magnetic field intensity of coils with ferrite
on the side without ferrite is significantly higher than that on the
other side, as shown in Fig. 9(b). Compared with coils without
ferrite, coils with ferrite have higher magnetic field strength for
power transmission and lower that in magnetic leakage area. It
verifies the function of ferrite.

From Fig. 9, the magnetic field of DD coil is stronger in the
area close to the coil. As the distance from the coil increases, the
magnetic field of DD coils decreases faster. After the positions
dp and d¢, the magnetic field strength of Q coils with and
without ferrite will be higher than that of DD coils. Fig. 11
shows mutual inductance varying with transmission distance,
which has the same change rule. These implies that Q coils are
more suitable for long-distance WPT, while DD coils benefit
short transmission distance.

B. MLSDCC

The essence of decoupling between coils is that the flux of
mutual linkage between coils is 0. Combined with the magnetic
field distribution of unipolar and bipolar coils in Fig. 8, two self-
decoupled integrated coils, as shown in Fig. 12, are designed.
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The DDQ integrated coil consists of one DD coil and one Q
coil. The two coils are parallel and the center point is coaxial,
as shown in Fig. 12(a). The amount of magnetic field generated
by Q coil passing through the two subcoils of DD coil is the
same, whichis ||¢pp, qll = [[#pp,,qll- The winding directions
of two subcoils are opposite, that is ¢pp, @ = —@Ppp,,q- The
total linkage fluxis ¢pp . = épp,.q + Pppy,Q = P01 T+
(=¢pp,.q) = 0. Fig. 12(b) shows a self-decoupled DDDD
integrated coil composed of two interlaced DD coils. Two DD
coils are rotated 90° relative to each other. From the magnetic
field distribution of DD coil and the structure of DDDD coil,
the magnetic flux of the mutual linkage of different layers is

(b)

Self-decoupled integrated coils. (a) DDQ coil. (b) DDDD coil.

Fig. 12.

¢pp.pp = 0. Both DDQ coil and DDDD coil meet the self-
decoupling conditions.

In the WPT with dual CLCL hybrid compensation topology,
there are three inductances on one side. An MLSDCC is de-
signed, as shown in Fig. 13. Ferrite is added to the opposite
side of power transmission. When the transmitting coil and
receiving coil are placed in parallel and coaxial, the requirements
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(a)
T (b)

Fig. 13. MLSDCC. (a) Top view. (b) Side view.

set in Fig. 2 can be met. MCM only retains the main mutual
inductances M,,s, M3, and Moy, for power transmission and
eliminates other unnecessary couplings.

Not only the self-decoupling should be met in MLSDCC but
also the constraints of inductance parameters in dual-frequency
resonators. The main coil participates in power transmission
at both fundamental and third harmonic frequencies. The coil
with the largest mutual inductance shall be selected. According
to the structure of MLSDCC, as shown in Fig. 13, the previous
analysis of Q coil is the most suitable. For the two compensation
inductors in the CLCL hybrid compensation topology, (8) must
be satisfied, which is Lo < L. The outer DD coil is determined
as the compensation inductance coil Lo, whose self-inductance
is easily to change to meet (8). And its self-inductance is the
smallest with the same turns in MLSDCC.

Horizontal offset is inevitable in the practical application of
WPT. Both main couplings and cross couplings between the
primary and secondary will be affected by horizontal offset. To
analyze the influence of horizontal offset, a simulation model
of MCM is established according to Fig. 4. The coupling’s
changing with horizontal offsets is shown in Fig. 14. The repre-
sentations of mutual inductances in the figure are consistent with
that in Section II. According to the structure of MCM composed
of MLSDCCs, couplings M1, M2, My, M3y, M3, and Mgy
between layers inside a coil are eliminated. Main coupling M,,,
exists between two Q coils, as well as then couplings M3 and
M, are in DD coils parallel to each other. Couplings My, Mo,
M3, and M, between Q coils and DD coils and couplings M4
and Ms3 between staggered DD coils are cross couplings.

Main coupling M, is the largest, and its changes are the
same in the lateral offset of the X-axis and Y-axis. The variation
of couplings M3, M1, and M3 are greater with the horizontal
offset along the X-axis, while that of May Mo, and M, are the
Y-axis. Couplings M4 and M3 are always very small with the
horizontal offsets. Compared with the horizontal offset in the
X-axis, couplings of MCM are more stable in the Y-axis. Main
couplings M,,; and M3 are almost unchanged within the range
of 50 mm/300 mm = 1/6 of the coil side length.

V. EXPERIMENT

An experimental platform is built, as shown in Fig. 15, in-
cluding dc source (IT8512A), inverter (C3M0065090), MCM
(composed of MLSDCCs, ferrite-shielding, and compensation
capacitances), rectifier, and electronic load. MCM adopts dou-
ble CLCL hybrid compensation topology proposed above. The
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Couplings varying with horizontal offsets. (a) Horizontal offset in the

TABLE I
PHYSICAL PARAMETERS OF MCM
Parameter Value
Wire 0.1 mm * 300 Litz
. Type Q coil
Coils Ly Lengt}}l,%f side 300 mm
and L Turns 10
Type DD coil
Coils L; | Length of short side 120 mm
and L3 | Length of long side 240 mm
Turns 10
Type DD coil
Coils L, | Length of short side 80 mm
and L, | Length of long side 160 mm
Turns 6
Type Square
Ferrite Length of side 320 mm
Thickness 5 mm

fundamental resonance frequency is 95 kHz. The physical and
electrical parameters of MCM are shown in Tables I and II. The
parameters of MCM correspond to the structure, as shown in
Fig. 4. The only difference between the single-frequency and
dual-frequency WPT is MCM. The MCM of single-frequency
WPT consists of coils L, and L, and compensation capacitances
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Fig. 15.  Experimental platform.
TABLE II
ELECTRICAL PARAMETERS OF MCM
Parameter Value Parameter Value
L, 98.5 uH Lg 96.4 uH
L, 91.0 uH Ly 94.3 uH
L, 23.7 uH L, 23.8 uH
C, 293 nF Cs 29.1 nF
C, 27.7nF C, 28.1 nF
U, T,
/ y\\ P [
|
25V/\§14 Sys%
CH2 25.0% M 5.000s CH2 .~
Fig. 16.  Input and output voltage of MCM.

C5 and Cj. Since the coil is manually wound, there are some
differences between the transmitting and receiving coils with
the same turns and structure. Coils L, Ls, L1, and L3 are
first wound, then the turns of coils Ly and L4 are adjusted to
meet (8). Compensation capacitance is calculated according to
(9). Standard CBB capacitors with 2 kV withstand voltage are
combined to be used as compensation capacitances.

Fig. 16 shows the primary and secondary voltage of MCM
when the dc voltage is 60 V and the transmission distance is 15
cm. Yellow line means the primary voltage, which is the output
voltage of inverter. Cyan line represents the output voltage of
MCM. Due to the influence of couplings and dual-frequency
resonant, amplitudes fluctuate. The voltages on the primary and
secondary sides are similar to square wave, and the frequency
is the same as the source. Different from the sinusoidal voltage
at receivers of typical single-frequency WPT, the square voltage
at the secondary side verifies the theory and design aimed at
improving the voltage utilization of inverter. According to the
proposed topology in Fig. 2 and the Fourier decomposition
of square voltage in Fig. 3, the output voltage is the vector
superposition of fundamental and third harmonic voltage. That

is, LC resonance of the first and third harmonic frequency is
realized in MCM at the same time.

The primary and secondary voltage of MCM and current
of each coil are shown in Fig. 17. The currents I, Iy, I,
I, I3, and I and voltages U, and U, correspond to Fig. 2.
Phase-angle differences between the primary voltage U, and
currents I, and I; are O, while that are nonzero between the
secondary voltage and currents. The phase-angle differences of
secondary side are caused by many factors, such as handmade
difference, cross couplings, compensation capacitances, and so
on. Refer to the frequency of voltages U, and Uj, currents I;
and I3 are fundamental frequency f;, while currents I» and I4
are the third harmonic frequency f3. Waveforms of all currents
are approximately sinusoidal. Current branches /; and I are
connected in parallel. The difference in frequency of currents /1
and I under the same voltage indicates that current I3 is pro-
duced by fundamental resonance, while /5 is mainly generated
by the resonance of third harmonic. The variations of currents
and voltages at the primary and secondary sides of MCM, as
shown in Fig. 17, are almost the same. These verify that the
topology of Fig. 2(a) can get resonance at both the first and
third harmonic frequencies. According to the characteristics of
resonance magnetic coupling WPT, there are at least two power
transmission chancels. That is, the designed topology realizes
dual-frequency WPT with one typical inverter.

Currents of each coil on the primary and secondary sides of
MCM are extracted separately to form Fig. 18. For the topology
of Fig. 2, there are I, = Iy + I3 and Iy = I3 + I, according
to Kirchhoff’s current law. The current variation, as shown
in Fig. 18, also satisfies this law. The amplitude of primary
first current is much less than that of the third. One reason is
that the ratio of the third voltage to the fundamental voltage
is 21.24%/65.22% = 32.57%. Another reason is that more
components are in the path of third harmonic current. The path
has greater reactance. The secondary first and third currents are
obtained by magnetic field coupling. From Table I, the outer
diameter of DD coil is smaller than that of Q coil. When the
transmission distance is greater than the critical distance, the
coupling of the third harmonic power transmission channels is
lower than that of the fundamental resonant. The third current on
the secondary side of MCM is less than that of the first current.

To analyze the stability improvement of transmission power
and efficiency when the transmission distance changes, the con-
cept of distance-to-diameter ratio (DDR) of stable transmission
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Primary and secondary voltages of MCM and currents of each coil. (a) Primary voltage Uy, and total primary current I,. (b) Primary voltage U, and

current 1. (c) Primary voltage U, and current /5. (d) Secondary voltage U, and total secondary current /. (¢) Secondary voltage U, and current /3. (f) Secondary

voltage U and current Iy4.

Fig. 18. Currents of each coil. (a) Primary side. (b) Secondary side. 7" is
the period of inverter, and 7% and 73 are the period of fundamental and third
harmonic frequency.

is defined [32] as follows:

D distance
Dmax

where Dyistance 15 the transmission distance corresponding to
stable power transmission, and D, is the maximum equiva-
lent diameter of coils. For MLSDCCs designed in experiment,
Dmax = 2v/2 Rg = 30+/2 cm.

DDRstable = (1 0)

1500 -
f 9
—~1209] IS
5 9(% — k3
z ‘ =)
1) ! ! )
o [ =]
g 60007/ MLSDCC —ﬁ—rPower 40 .2
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' — Efficiency g
Lo T i - =
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9 12d,, d, 15 d, ,d, 18

Distance (cm)

Fig. 19.
tance.

Transmission power and efficiency varying with transmission dis-

The transmission power and efficiency changing with the
transmission distance of dual-frequency WPT (MLSDCC) and
typical single-frequency WPT (Q coil) are shown in Fig. 19. The
transmission power is the output power of the dc source, and the
receiving power is the output power of rectifier, that is, the power
obtained by load. Transmitting efficiency is the ratio of receiving
power to transmission power. With the increase of transmission
distance, transmission power and efficiency increase first and
then decrease. The maximum receiving power of dual-frequency
WPT and single-frequency WPT is 1085 and 1054 W. While
the maximum transmission efficiency of dual-frequency WPT is
89.33%, which is slightly lower than that of 89.86% of single-
frequency WPT. That is, the maximum transmission power is
increased by 2.8% and the maximum transmission efficiency
is reduced by 0.53%. The stable transmission power selected
in this article is the range of 95%—-100% maximum receiving
power. In Fig. 19, P; and P; are the 95% maximum receiving
power of dual-frequency and single-frequency WPT, which are
1031 and 1001 W. The starting end points of stable power
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Fig. 20. Transmission power and efficiency varying with horizontal offset.
Lyiqe is the side length of MLSDCC and Q coil.

transmission corresponding to P; and P are dp, 1 = 12.8 cm,
dp, 2= 172cm, dp,n = 14.5cm, and dp,» = 16.1 cm.
Thus, the DDRs of dual-frequency and single-frequency WPT
are about DDRgyy = (17.2 —12.8)/30 v/2 = 10.37% and
DDRgingie = (16.1 — 14.5)/30 v/2 = 3.77%. The distance of
stable transmission is increased by 2.75 times.

The influence of horizontal offset on transmission power
and transmission efficiency is shown in Fig. 20. The transmis-
sion distance is 15 cm. With the increase of offset distance,
transmission power and efficiency continue to decrease. The
transmission efficiency and power of Q coil (single-frequency
WPT) with lateral offset are always less than that of MLSDCC
(dual-frequency WPT). For MLSDCC, the influence of lateral
offset in the X-axis is more significant. Compared with the
reduction rate of transmission efficiency and power caused by the
Y-axis offset, in the X-axis, it is faster when the offset distance is
less than 1/3 Lg;qe. This is because M 3 drops faster in the X-axis
offset. After the distance is greater than 1/3 L., the reduction
rate of the X-axis is less slow. The reason is the enhancement
of cross couplings M,y and My3. They also undertake a part
of power transmission. When the lateral offset distance of the
Y-axis is 1/6Lgqe, the transmission efficiency decreases by
only 1.47%, which is consistent with the previous analysis of
couplings varying with horizontal offsets. In applications, the
Y-axis of MCM shall be parallel to the direction prone to lateral
offset to maintain the stability of power transmission.

VI. CONCLUSION

This article presents a dual-frequency WPT. Based on the
characteristic of typical LC resonant circuits, a CLCL hybrid
compensation topology is constructed, and the constraints of
simultaneous resonance at fundamental and third harmonic fre-
quencies are derived to reduce the requirements for inverter. An
MLSDCC is designed to meet the requirements of inductances
and reduce the occupation space of coils. Based on the magnetic
field distribution of unipolar and bipolar coils, DD coils and
Q coils are used to achieve self-decoupling of each layer by
rotating and cross arrangement. The unnecessary couplings are
eliminated, and only the main couplings for power transmission
are retained. CLCL hybrid compensation topologies and MLS-
DCCs jointly realize dual-frequency WPT, whose performances
are verified by experiments. The results are consistent with

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022

theoretical analysis, which improves the utilization of square
voltage. Compared with the typical single-frequency WPT,
dual-frequency WPT improves maximum transmission power
by 2.8% with 0.53% maximum transmission efficiency reduc-
ing. The greatest advantage is that the range of transmission
distance corresponding to stable high-power transmission is
increased by 2.75 times. In application, the X-axis of MCM
should avoid being parallel to the direction prone to lateral
offset.
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