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Extending the Strong-Coupling Region and
Enhancing the Power Conversion Capability of the
Conventional Three-Coil Pseudo-Hermitian WPT
System by Using Double Receivers

Zhijiang Liang ", Lihui Yang

Shiqing Cai

Abstract—Pseudo-Hermitian wireless power transfer (WPT)
system relaxes the rigid symmetry constraints of the parity-time
WPT system. However, with series-compensation coils, the conven-
tional three-coil pseudo-Hermitian WPT system has two limita-
tions. One is that it exhibits a limited transfer efficiency under a low
load coefficient. The other is if a full-bridge inverter is used to im-
plement the negative resistance, the system’s output power reaches
its minimum at the bifurcation point with a maximum transfer
efficiency, significantly restricting the system performance. In this
article, a novel double-receiver pseudo-Hermitian WPT system
incorporating an intermediate coil is proposed. Compared with
the conventional system under the same load, the proposed system
has two advantages. One is if the load coefficient is low, using
double decoupled RXs can extend the strong-coupling region and
enhance the steady transfer efficiency. The other is that a well-
designed cross-coupling can be leveraged to enhance the power
conversion capability, and circuamvent the binary choice between
the steady transfer efficiency and the output power. Experimental
results demonstrate that by using the proposed system with double
decoupled RXSs, the strong-coupling region can be extended and the
steady transfer efficiency can be enhanced. Experimental results
also demonstrate that a few times enhancement in the power con-
version capability can be achieved by leveraging the cross-coupling
between the double RXs.

Index Terms—Double receivers, power conversion capability
enhancement, pseudo-Hermitian, steady transfer efficiency
enhancement, wireless power transfer (WPT).

I. INTRODUCTION

UE to the advantages of high reliability and convenience,
D the wireless power transfer (WPT) technology has de-
veloped rapidly. The magnetically coupled resonant (MCR)
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WPT system was first reported in 2006 [1]. From then on, the
rapid development of WPT has facilitated various applications,
such as the electric vehicles and biomedical implant devices.
However, the traditional WPT system is not robust against the
misalignment between the coupling coils and the variation of
load, thus limiting the application scenarios of this technology.
To enhance the robustness of the system, the methods, such as
coupling structure optimization [2], [3], impedance matching
network [4], and dual-side control [5], have been proposed in
recent years. However, most of these methods suffer from the
drawbacks, such as high cost and high complexity.

For example, an adaptive impedance-matching network ca-
pacitor matrix is proposed in [4], which can be automatically
reconfigured to track the optimal impedance-matching point
against the misalignment of the coils. Obviously, this control
strategy is complex. A dual-side control strategy is proposed
in [5] to improve the transfer efficiency against the variation
of the mutual coupling and load. Nevertheless, the wireless
communication between the transmitting coil (TX) side and
the receiving coil (RX) side is needed for the feedback control,
which inevitably increases the overall system cost.

Therefore, a problem arises, i.e., is there any existing method
that can provide a simple solution against the variation of mutual
coupling and load? The PT symmetry provides a good idea to
solve this problem. The concept of parity-time (PT) symmetry is
first used to design a robust PT WPT system in 2017 [6]. Within
the framework of the coupled mode theory (CMT), the dynamics
of the considered WPT system can be characterized as da/dt =
H a. If the matrix H is invariant under the combined P-reversal
and T-reversal, where P-reversal refers to the inversion of space,
and T-reversal refers to the inversion of the flow of time [7], then
the WPT system is said to be PT-symmetric. For the PT WPT
system, the constant output power and constant steady transfer
efficiency can be achieved in the PT-symmetric region without
any active control or communication. However, they cannot be
maintained in the broken PT-symmetric region [6].

To extend the PT-symmetric region, various methods have
been proposed in recent years, such as using the intermediate
coil (IC) [8], [9], [10], high-order compensation network [11],
[12], [13], double-transmitters [14], multiple receivers [15],
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Fig. 1. (a) Schematic diagram of a conventional three-coil pseudo-Hermitian
WPT system with a S-S-S configuration. (b) Schematic diagram of a full-bridge
inverter-based negative resistance.

[16], ON—OFF key modulation [17] and parallel—parallel config-
uration [18]. Nevertheless, some rigid limitations are required
to ensure that the system is PT-symmetric. For example, for a
three-coil WPT system consisting of a TX, an IC and a RX, to
ensure that the system is PT-symmetric, the coupling coefficients
between the adjacent resonators must be equal [8], [19].

Therefore, another problem arises, i.e., if the system is not
PT-symmetric, is there still exists a purely real eigenvalue of
the matrix H ? Fortunately, researchers have found that if there
exists an operator 7 which satisfies ' = 7, and at the same
time the matrix H satisfies H' = nHn~' [19], [20], it is said
that the system is a pseudo-Hermitian system and there always
exists a purely real eigenvalue of the matrix H. Obviously, the
pseudo-Hermitian WPT system relaxes the rigid requirements
of the PT WPT system and has a broader application scenario
[19], [21], [22].

Since it is well known that using a three-coil configuration
can extend the power transfer distance, a conventional three-
coil pseudo-Hermitian WPT system consisting of a TX, an IC
and a RX with a parallel-series—parallel configuration is first
studied in [19], where an operational amplifier with resistors
are used to implement the negative resistance —R. However,
Hao et al. [19] focused on discussing the eigenmode selection
mechanism of the system theoretically. Therefore, it would be
useful to discuss the steady transfer performance of the system,
where a switching inverter is used to implement the negative
resistance — R and under the most commonly used configuration,
i.e., the series-series-series (S-S-S) configuration, as shown in
Fig. 1.

In this article, the limitations of the conventional three-coil
pseudo-Hermitian WPT system with a S-S-S configuration are
discussed. Assuming that the positions of TX and IC are both
fixed while the position of RX is varied, it is found that one of the
limitations is that the evolution of the steady transfer efficiency
is limited when the load coefficient of the system is low. The

15923

Negative resistance

Zero-crossing
Comparator

Fig.2. Schematic diagram of the proposed double-receiver pseudo-Hermitian
WPT system incorporating an IC.

other limitation is if a full-bridge inverter is used to implement
the negative resistance — R, the system’s output power reaches
its minimum at the bifurcation point with a maximum transfer
efficiency, thus significantly restricting the system performance
and resulting in a binary choice between the transfer efficiency
and the output power.

These two limitations restrict the application scenario of the
conventional system. For a middle or long range WPT system
with a high operating frequency w, the reactance wL of RX is
usually large. At this time a low value of load corresponds to
a low value of the load coefficient, thus resulting in a limited
steady transfer efficiency. In addition, if the power conversion
capability of the system is low, usually a boost converter is
recommended to raise the input voltage, which will inevitably
reduce the dc—dc efficiency and increase the system cost. Solving
these limitations will have a practical value in the engineering
practice.

To overcome the limitations of the conventional three-coil
system with a S-S-S configuration, a novel double-receiver
pseudo-Hermitian WPT system incorporating an IC is proposed,
as shown in Fig. 2. The double RXs are assumed to be symmet-
rically placed about the IC. Although a similar structure (i.e.,
multiple RXs are symmetrically placed about the TX) has been
used to improve the transfer performance of a two-coil PT WPT
systemin [15], it is the first time to use this novel structure in the
conventional three-coil pseudo-Hermitian WPT system with a
S-S-S configuration to overcome its limitations. The advantages
of the proposed system under the same load are given below:

1) The evolution of the steady transfer efficiency of a con-
ventional three-coil system with a S-S-S configuration
under a low load coefficient is low. At this time, it is
recommended to use double decoupled RXs to double the
load coefficient, thus extending the strong-coupling region
and enhancing the steady transfer efficiency.

2) The power conversion capability of the conventional sys-
tem with a S-S-S configuration can be enhanced by prop-
erly setting the cross-coupling between the double RXs.
This finding can be used to circumvent the binary choice
between the steady transfer efficiency and the output
power.

The rest of this article is organized as follows. In Section II,
the transmission characteristics and the bifurcation behaviour of
the proposed double-receiver system are analyzed. In Section III,
the transmission characteristics and the bifurcation behavior of



15924

the conventional three-coil system are analyzed. In Section IV,
the proposed double-receiver system is compared with the con-
ventional system, and the advantages of using the proposed
system are analyzed. In Section V, the experimental setup is
introduced and the experiments are performed. The performance
of the proposed system and the conventional system are mea-
sured under different loads and transfer distances. Experimental
results confirm the effectiveness of our work. Finally, Section VI
concludes this article.

II. THEORETICAL ANALYSIS OF THE PROPOSED
DOUBLE-RECEIVER PSEUDO-HERMITIAN WPT SYSTEM
INCORPORATING AN IC

A. System Modeling and Transmission Characteristics of the
Proposed System

In Fig. 2, Ly, Lo, L3, and L, are the self-inductances of the
TX, IC and double receivers (RX1 and RX2), respectively. C,
Cs, Cs, and Cy are the compensation capacitors, which sat-
isfy wo =1/V/L1Cy = 1/v/L2Cy = 1/\/L3C3 = 1/y/L4Cl,
where wy is the natural resonant frequency of each coil. rq,
r9, T3, and r4 are the ac resistances of TX, IC, RX1 and RX2,
respectively. Vpc is the input voltage of the full-bridge inverter
and a4 1S the equivalent load. The mutual inductances M3 and
M4 between TX and RX1/RX2 are both ignored. To simplify
the derivation, four complex variables @ to a4 are introduced
to derive the CMT model. Their expressions are shown in (1),
where gc,, refers to the charge inside the capacitor C',

Lndqc . 1
n=yf 2 gy —1.234 @
a 5 at I\ 1 M

Since double RXs are assumed to be symmetrically placed
about IC (i.e., Ly = Ly, r3 = 14, Moz = Msy), it can be as-
sumed that as = a4 and the CMT model of the system reads

as ‘3—‘: = Ha, where the matrix H is shown in (2) and a =

(a1, as, a3)T
,r\\/@f‘j?;ﬂ —Di+jwo  gikiawo 0
H = %jkuwo jwo — I’y —jkgggo
0 __jkoswo —I'z+jwo+ 3 kzawo
2(1+kaq) 1+k3a
()
where Ty =7r1/(2L1), Ta2=ry/(2L2), T3=(r3+
270ad)/(2L3), k12 = Mia/v/L1La, ko3 = Mas/+/LoLs,

and k34 = M34/\/L3L4.

By separating the real and imaginary parts of det(jwsI —
H) =0, the expression of v2Vpc/(mv/Li|a1|wo) is shown
in (3). H has the eigenfrequencies w as the solutions of
the characteristic equation c5(Aw)® + ¢4 (Aw)? + c3(Aw)? +
c2(Aw)? + ¢1(Aw) + ¢o = 0, where c5, ¢4, c3,c2,c¢1, and cg
are the coefficients shown in Appendix A and Aw = (w —
wp)/wo- It can be found that the system always has five eigen-
modes. Note that each eigenmode with a purely real eigenfre-
quency corresponds to a limit cycle.

217 A
@ =T+ = (3)
T/ L1|a1\w0 B
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where A:F20(Aw)2(1 + k34) + (Aw)2F30 + %F20k34Aw —
%k’ﬁ,rgo and B = (Aw)?(1+ ksa) + 3Awkss — Taol'30 —
§]€%3. Note that ' = Fl/wo, Iy = FQ/W() and '3 = F3/w0.

If the double RXs are decoupled, this characteristic equation
can be simplified as (4), which has five radical solutions read as

Awsl = 0, (Aw52)2 = (Awsg)Q = %(—bg + 4/ b% — 4b1) and
(Bwes)? = (Awys)? = (~by — /b3 — 4by)

bs(Aw)® + b3 (Aw)® 4 by (Aw) = 0 “)

where by =1, by = —k3; — 2k?y + 13, +T13,, b =1%,
T3 + k33020030 — T50kT, + ghiahds + 1h3s.

If the system stabilizes at an eigenmode with a purely real
value of Aw, the relationship between the variables ai, as,
and ag are shown in (5). Power losses of the TX, IC, RXI,
and RX2 read as Py = 2I'1|a;|?, P, = 2I's|az|?, P3 = P, =
|as|?rs/ L3, respectively. The output power of the system reads
as Pioad = 4|as|?r10aq/ L3, while the steady transfer efficiency
is shown in (6). Note that with a reasonable coil design, the
value of 7}5,q 1s always much larger than the ac resistance of the
coupled coils, i.e., 73 < Toad

o — $ik12 “
1= 2
_ V2Vbe :
T mV/Li|ai|wo —|—JAW
1.
—3Jkas3
az = , . asz (5
T30 + 3iksa + jAw(1 + k34)
a 2
2‘L2‘ T'load

T]a1]? +Talaz|? + % + %Tload
N Tyolas|®
I'olas|? +T'aglaz|? + 'solas|?

Since Fl() = 7’1/(2&)0[11), Fgo = 7"2/(20.)0[/2), and 1—‘30 =
(r3 + 2r10aa)/ (2wo L3), thus inspiring by [19], we can define
r1/(2woLy), 72/ (2woL2), and r3/(2woL3) as the loss coeffi-
cient of each resonator and define 2r|,,q/(2woL3) as the load
coefficient of the proposed system.

(6)

B. Bifurcation Behavior Analysis of the Proposed System

Here, by using the Floquet theory with the Filippov method
[23], [24], the bifurcation behavior of the proposed system is
discussed under the following two situations.

1) Zero-Cross-Coupling Between the Double RXs: If the
double RXs are decoupled, the transfer region can be classified
into the region (i), region (ii) and region (iii). In the region
(i), only two stable eigenmodes corresponding to Awgs and
Awgs coexist simultaneously. In the region (ii), three stable
eigenmodes corresponding to Awg;, Awgs and Awgs coexist
simultaneously. In the region (iii), only one stable eigenmode
corresponding to Awyg; exists.

In the region (i), the system will stabilize at one of the two
stable eigenmodes with the same steady transfer efficiency. With
the increase of ka3, the steady transfer efficiency of the system
will increase. In the region (ii), three stable eigenmodes coexist
simultaneously and the eigenmode corresponding to Awg; has
the highest corresponding steady transfer efficiency. Thus it
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TABLE I
PARAMETERS OF THE PROPOSED DOUBLE -RECEIVER SYSTEM USED IN
SIMULATION AND EXPERIMENT

Parameters X 1C RX1 RX2
L(uH) 40.45 40.24 38.15 38.18
C(nF) 0.626 0.629 0.664  0.663

r(2) 0.63 0.63 0.62 0.61

Parameters Ch Cy Cs Cy

ESR(2) 0.08 0.12 0.10 0.10
Parameters k1o wo
0.0875 1MHz
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Fig.3. (a)Bifurcation diagram of the proposed system with double decoupled
RXs and a 52 load. (b) Evolution of the steady transfer efficiency corresponding
to each stable eigenmode. It should be noted that each spot shown in (a)
corresponds to a purely real eigenfrequency, whether the spot is solid or not.

would be useful to ensure that this eigenmode can be selected.
In the region (iii), with the increase of ko3, the steady transfer
efficiency of the system will decrease.

Let wiy; denote the initial operating frequency of the system
within the start-up strategy. It is well-known that if multiple
eigenmodes coexist simultaneously, the selected eigenmode of
the system is dependent on the value of wj,;. Here, wiyi 18
assumed to be properly set to ensure that the selected eigenmode
corresponds to the highest steady transfer efficiency.

Let r10aq equal to 5€2 for an example, while the other parame-
ters are shown in Table I. Note that the abbreviation ESR refers
to the equivalent series resistance of the compensation capacitor.
With the help of the Floquet theory with the Filippov method, the
bifurcation diagram of the system is shown in Fig. 3(a). With the
increase of ko3, a bifurcation will occur at the critical coupling
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Fig.4. (a)and (b) Bifurcation diagram of the proposed system under different
values of k34. (c) and (d) Evolution of the steady transfer efficiency correspond-
ing to each stable eigenmode of the proposed system under different values of
ks34. It should be noted that each spot shown in (a) and (b) corresponds to a
purely real eigenfrequency, whether the spot is solid or not. rjo,q = 2052. (a)
k34 = 0.15. (b) k34 = —0.15. (c) k34 = 0.15. (d) k34 = —0.15.

coefficient kos.. The evolution of the steady transfer efficiency
corresponding to each stable eigenmode is shown in Fig. 3(b).

2) Nonzero-Cross-Coupling Between the Double RXs: Since
the cross-coupling between the double RXs can enhance or
weaken each other, the definition of the coupling coefficient
ks is extended from O ~ 1 to —1 ~ 1 [25]. For the proposed
double-receiver system with a nonzero value of k34, the whole
transfer region can be classified into the region (i) and region (ii).
In the region (i), two stable eigenmodes coexist simultaneously.
One of them has a corresponding Aw > 0, while the other has
a corresponding Aw < 0. In the region (ii), only one stable
eigenmode exists. The stable eigenmode has a corresponding
Aw < 0 if k34 > 0, while it has a corresponding Aw > 0 if
k3q < 0.

In the region (i), if k34 > 0, the eigenmode corresponding to
Aw < 0 has a higher steady transfer efficiency. While if k34 <
0, at this time the eigenmode corresponding to Aw > 0 has a
higher steady transfer efficiency. When two stable eigenmodes
coexist simultaneously, a higher steady transfer efficiency can
be achieved under a proper wiy;.

For example, let 71,4 equal to 2012, k34 = 0.15/ — 0.15,
while the other parameters of the system are shown in Table I.
With the help of the Floquet theory with the Filippov method,
the bifurcation diagram of the system is shown in Fig. 4(a) and
(b), respectively. The evolution of the steady transfer efficiency
corresponding to each stable eigenmode are shown in Fig. 4(c)
and (d), respectively. The theoretical results shown in Fig. 4 have
verified our conclusions.

Compared with the proposed double-receiver system with
zero cross-coupling, under the same load, the cross-coupling
between double RXs will lower the steady transfer efficiency,
as shown in Fig. 5. Since there is no a general mathematical
formula for solving the radical solutions of a quintic equation
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Fig.5. Evolution of the steady transfer efficiency of the proposed system with
different values of k34 under different loads. (a) k34 = 0. (b) k34 = 0.25. (¢)
k34 = 0.15. (d) k34 = —0.15.

with one unknown Aw, a huge amount of numerical simulation
is used.

III. THEORETICAL ANALYSIS OF THE CONVENTIONAL
THREE-COIL PSEUDO-HERMITIAN WPT SYSTEM

A. System Modeling and Transmission Characteristics of the
Conventional System

The schematic diagram of the conventional system is shown
in Fig. 1(a). Similarly, the mutual inductance M3 between TX
and single RX is ignored. The CMT model of the conventional

system reads as (31? H .a, where H . is shown as follows:
%1]\3&01\ - M +ij %jk)lng 0
Hc = %jkmwo ij — Y2 —%jkgg,bdo (7)
0 —3ikaswo  —7s + jwo

where 1 =r1/(2L,),
rload)/(2L3)~

By separating the real and imaginary parts of det(jwsI —
H.) = 0, the expression of v/2Vpc/(mv/L1|a1 |wp) is shown in
(8). H . has the eigenfrequencies wg as the solutions of the char-
acteristic equation (9), which has the radical solutions read as
Awsy =0, (Awsz)® = (Awgs)? = 5(=Bs + /B3 — 4By),
and (Awsy)? = (Awgs)? = 3(—Bs — /B3 — 4B1), where
Aw = (w — wp)/wo.

If the system stabilizes at an eigenmode with a purely real
value of Aw, the relationship between the variables a1, as and
as is shown in (10). The output power of the system reads as
Pioad = |as|*710ad/2L3, while the steady transfer efficiency of
the system is shown in (11).

v2 =12/(2Ls), and 3 = (r3+

ﬂ = 10 + Ac )
VIRV L1|a1\w0 Bc
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TABLE II
PARAMETERS OF THE CONVENTIONAL THREE-COIL SYSTEM USED IN
SIMULATION AND EXPERIMENT

Parameters TX IC Single RX
L(uH) 40.45 40.24 38.15
C(nF) 0.626 0.629 0.664

R(Q2) 0.63 0.63 0.62

Parameters Ch Cy Cs
ESR(€2) 0.08 0.12 0.10

Parameters k1o wo

0.0875 IMHz

where Ac = (720 + 730) (Aw)? — $k%,730 and B. = (Aw)? —

V20730 — k35. Note that ~19 =7r1/(2woL1), 720 =72/
(2&)0[/2) and Y30 = (7'3 + Tload)/(2w0L3)
Bs(Aw)® + B3(Aw)® 4+ By (Aw) = 0 )

where Bs =1, By = —1k35 — 1kiy + 73, + 73y, and By =

V30730 + 3K33720730 + 16KT2k3s + 153 — TRT2730
Y10 — wflach\wo + jAw
_Llik
30 ijiwaz o
‘;‘2‘3 Tload
71|¢11\2 +2laz|* + ‘GSL‘JTS + ‘;’EL Tload
- ’730\CL3|2 (11)

- Yiola1]? + va0laz|? + yso0las|?”

Since Y10 = 7'1/(2(.00.[/1), Y20 = ?"2/(2&)0[/2), and Y30 =
(r3 + T0ad )/ (2wo L3 ), thus inspiring by [19], we can define
r1/(2woL1), r2/(2woL2), and r3/(2woL3) as the loss coeffi-
cient of each resonator and define 70aq/(2woL3) as the load
coefficient of the conventional system.

B. Bifurcation Behavior Analysis of the Conventional System

For the conventional three-coil system, the bifurcation dia-
gram is similar to the proposed system with double decoupled
RXs. The whole transfer region can be classified into the region
(i), region (ii) and region (iii). In the region (i), only two stable
eigenmodes corresponding to Awgs and Awgs coexist with the
same corresponding steady transfer efficiency. With the increase
of ko3, the steady transfer efficiency will increase.

In the region (ii), three stable eigenmodes coexist simulta-
neously and the eigenmode corresponding to Awg; has the
highest corresponding steady transfer efficiency. While in the
region (iii), only one stable eigenmode corresponding to Awg;
exist. With the increase of ka3, the steady transfer efficiency will
decrease.

For example, let 1,4 equal to 5¢2, while the other parameters
are shown in Table II. With the help of the Floquet theory with
the Filippov method, the bifurcation diagram of the system is
shown in Fig. 6(a). The evolution of the steady transfer efficiency
corresponding to each stable eigenmode is shown in Fig. 6(b).
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Fig. 6. (a) Bifurcation diagram of the conventional system with a 52 load.
(b) Evolution of the steady transfer efficiency corresponding to each stable
eigenmode. Each spot shown in (a) corresponds to a purely real eigenfrequency,
whether the spot is solid or not.
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Fig.7. Evolution of the critical coupling coefficient k23 as a function of v3¢.
The initial operating frequency wjy;j is set as wo.
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——rload=10f2
—rload=202
—rload=40Q2

0 0.05 0.1 0.15 0.2

k23

Fig. 8. Evolution of the steady transfer efficiency of the conventional system
under different loads. The initial operating frequency wiyj is set as wo.

With the increase of ko3, a bifurcation will occur at the critical
coupling coefficient kos.

The evolution of ka3, as a function of 3¢ is shown in Fig. 7.
The evolution of the steady transfer efficiency of the system
under different loads is shown in Fig. 8. It is obvious that the
evolution of the steady transfer efficiency corresponding to the
system with a low load coefficient is limited.

IV. COMPARING THE TRANSMISSION CHARACTERISTICS OF
THE PROPOSED SYSTEM WITH THE CONVENTIONAL SYSTEM

Here, a comprehensive comparison between the transmission
characteristics of the proposed double-receiver system and the
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conventional three-coil system is made. The advantages of using
our proposed system are illustrated in Sections IV-A and IV-B in
detail. In addition, the spatial constraint of our proposed system
is briefly discussed in Section IV-C.

A. Using Double Decoupled RXs to Extend the
Strong-Coupling Region and Enhance the Steady Transfer
Efficiency

1) Comparing the Proposed System With the Conventional
System Under the Same Load Coefficient and the Same Natural
Resonant Frequency wy: Let koss and kozq denote the coupling
coefficients ks3 corresponding to the conventional system and
the proposed system, respectively. Comparing the expressions
of coefficients b5, b3 and by with the expressions of coefficients
Bs, B3, and By, and comparing (6) with (11), it is found that
if y10 =10, 720 = I'90 and the coupling coefficient k15 of
these two systems are all the same, then it is obvious that when
kass = V/2kasq and 39 = I'sg, the eigenfrequencies of these
two systems are the same. Besides, the steady transfer efficiency
corresponding to each pair of the same eigenfrequencies are also
the same. In addition, let ko35 and ko3.q denote the critical cou-
pling coefficients ko3, corresponding to the conventional system
and the proposed system, respectively. Since the expressions of
det(jwsI — H) and det(jwsI — H_.) = 0 are the same at this
time, thus it can be concluded that kos.s = v/2ka3c4.

Let a3s and asq denote the variables as corresponding
to the conventional system and the proposed system, respec-
tively. Based on the (5) and (10), if 190 = '10, 720 = '
and the coupling coefficient k12 of these two systems are all
the same, then when kass = /2kasq and 39 = I'sp, it can be
concluded that |ass| = v/2|asq|, under the same input volt-
age Vpc. Since the output power of the proposed system and
the conventional system read as Ploaq = 4|as|*710aa/Ls and
Pioad = |as|?710aa/(2L3), respectively, we demonstrate that
these two systems have the same output power at this time.

2) Comparing the Proposed System With the Conventional
System Under the Same Load and the Same Natural Resonant
Frequency wo: Comparing I'sg = (13 4 2710ad )/ (2wo L3) with
30 = (3 + T10ad)/(2wo L3), it is found that with the same load,
the load coefficient of the proposed system (i.€., 7'oaa / (wo L3)) is
twice as much as the conventional system (i.e., r1oad/(2wo L3)).
Since r3 < Tioad, thus it can be concluded that I'3y = 2739
under the same load.

In conclusion, for the proposed system with double decoupled
RXs and the conventional system, with the same natural resonant
frequency wy and the same self-inductance L of each RX,
if v10 =10, 720 = 90 and the coupling coefficient k15 of
these two systems are the same, then it can be found that the
steady transfer efficiency and power conversion capability of
the proposed system with a load R and a value ko3 of k are the
same as the conventional system with a load 2R and a value ko3
of \/2k, respectively. Two examples have been shown in Fig. 9,
while the parameters shown in Tables I and II are used.

3) Advantages About Using Double Decoupled RXs: As
shown in Fig. 7, ko3, almost remains unchanged when the load
coefficient of the conventional system is low. Since the transfer
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Fig. 9. Evolution of the steady transfer efficiency and power conversion
capability of the conventional system and the proposed system under the same
load coefficient. (a), (¢) r1oaq = 52, double RXs and 715,q4 = 10€2, single RX.
(b), (d) r10aq = 10£2, double RXs and 71,54 = 202, single RX. Since the load
coefficient of the conventional system and the proposed system are the same, the
proposed system with a value ko3 of k has the same steady transfer efficiency
and power conversion capability as the conventional system with a value ko3 of
V/2k. Note that k34 = 0 and the initial operating frequency wip; is set as wo.
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Fig. 10. Using double decoupled RXs to extend the strong-coupling region
and enhance the steady transfer efficiency. Note that k34 = 0 and the initial
operating frequency wiy;j is set as wo. (2) Toaq = 5. (b) T10aq = 1092

region where ko3 > kos is defined as the strong-coupling re-
gion[19], [21], thus it can be concluded that for the conventional
system with a low load coefficient, using double decoupled RXs
can double the load coefficient and reduce ko3, thus extending
the strong-coupling region and enhancing the steady transfer
efficiency, as shown in Fig. 10.

More generally, the above conclusions can be extended to the
proposed system with multiple decoupled RXs, which are sym-
metrically placed with an IC. By comparing the characteristic
equations of these systems, it can be found that with the same
natural resonant frequency wg and the same self-inductance L of
each RX, if y19 = I'10, 720 = I'20 and the coupling coefficient
k1o of these two systems are the same, then for the system
with n decoupled RXs, the steady transfer efficiency and power
conversion capability of the system with a load R and a value
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Fig. 11.  Evolution of the power conversion capability of the conventional
system and the proposed system with different values of k34. (a) rjoaq = 5$2.
(b) 1oad = 10€. (¢) T10ad = 2092 (d) T10aq = 40€2.

kog of k are the same as the conventional system with a load nR
and a value ko3 of \/nk, respectively.

This conclusion is obvious from the physical perspective. To
achieve the same output power, the current in each decoupled RX
should be 1/+/n times as the current inside the single RX of the
conventional system. If the current inside the IC corresponding
to these two systems is the same, at this time the value of ko3,
should be equal to kage/+/n. Note that kag,, refers to the value
of ko3 corresponding to the system with n decoupled coils.

B. Properly Setting the Cross-Coupling Between the Double
RXs to Enhance the Power Conversion Capability

Power conversion capability refers to the ability to achieve
a higher output power while the input voltage Vpc remains
unchanged, which can be defined as (12). For the conventional
three-coil system and the proposed system with double decou-
pled RXs, the power conversion capability achieves a local
minimum value at the bifurcation point with a maximum steady
transfer efficiency, as shown in Fig. 9. It can be found that the
power conversion capability of the system around the bifurcation
point is low, resulting in a binary choice between the transfer
efficiency and the power conversion capability

12)

As shown in Fig. 11, it can be found that in most cases, using
double decoupled RXs cannot enhance the power conversion
capability under the same load. Fortunately, by properly setting
the cross-coupling between double RXs, the power conversion
capability can be enhanced.

Compared with the proposed system with double decoupled
RXs, under the same load, the cross-coupling between double
RXs will reduce the steady transfer efficiency, thus a tradeoff
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Fig. 12.  (a) Evolution of the mutual inductance between the coupling coils.
(b)—(d) Evolution of the steady operating frequency and its corresponding
steady transfer efficiency, where (b) corresponds to “Double RXs, k34 = 07, (c)
corresponds to “Single RX” and (d) corresponds to “Double RXs, k34 = 0.25”.
Note that in (b)—(d), the data with the same color corresponds to each other.

needs to be made. As shown in Fig. 5, it is not recommended to
use the cross-coupling between the double RXs to enhance the
power conversion capability if the decrease in the steady transfer
efficiency is severe.

Based on the above discussion, it can be concluded that
a well-designed cross-coupling between the double RXs can
be leveraged to enhance the power conversion capability, thus
circumventing the binary choice between the steady transfer
efficiency and the output power.

C. Negative Influence Caused by the Asymmetric Placement

The perfect symmetry of double RXs may not be achievable
in some scenarios. At this time a circulating current in the RX
side will occur. Here, the lateral misalignment performance is
briefly discussed under the following two situations.

1) Zero-Cross-Coupling Between Double RXs: Let D refers
to the center-to-center distance between the IC and RX1/RX2
in the longitudinal direction. Taking the coils shown in Section
A, Chapter V as an example. In addition, we assume that 71,,q
is selected as 202 and D is fixed as 12.5 cm. A conventional
three-coil system with the same load is selected as a comparison.

For the proposed double-receiver system, in order to achieve
a value k34 of 0 or 0.25, the initial center-to-center distance
between the IC and RX1/RX2 in the lateral direction should
be set as 4 or 3 cm, respectively. For the conventional system,
which is used for comparison, this value is set as zero (i.e., IC
and single RX are coaxially aligned). Here, Let d refer to the
misalignment of the RX side in the lateral direction. With the
help of the software COMSOL Multiphysics, the evolution of
the mutual inductance between the coupling coils as a function
of d can be obtained, as shown in Fig. 12(a).
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& Intermediate coil

Fig. 13.  Prototype of the proposed double-receiver pseudo-Hermitian WPT
system incorporating an IC.

The steady operating frequency and its corresponding steady
transfer efficiency can both be obtained by using the Simulink.
If the steady operating frequency w is very close to wy, the
circulating current will be quite large, thus resulting in a low
efficiency. As shown in Fig. 12(b), it is not recommended to use
the system if the lateral misalignment may occur.

2) Nonzero-Cross-Coupling Between Double RXs: The evo-
lution of the steady operating frequency and its corresponding
steady transfer efficiency of the proposed system with a value
ksq of 0.25, as a function of d, is shown in Fig. 12(d). In
fact, the lateral misalignment performance depends on the coil
shape and size, the value of k34, the longitudinal distance D
and the value of 7,,q4. Thus, there is no universal conclusion
and the lateral misalignment performance under each pair of
parameters requires a specific analysis. Since double RXs are
placed symmetrically is the assumption at the beginning of this
research, a detailed analysis about the lateral misalignment can
be made in the future.

As an improvement direction in the future, if IC is designed
to generate a uniform magnetic field around the RXs, then the
system is expected to be used under this scenario.

V. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

A kind of 44AWG Litz wire consisting of 600 strands per turn
is selected to wind the coils. The TX and IC are solenoid coils
with a radius of 14.75 cm and 9 turns. The turn-to-turn distance
is about 5.5 mm. The double RXs are both 29cm x 16.5cm
faced rectangular coils with 13 turns and a turn-to-turn distance
of 4.5 mm. The prototype of the proposed system is shown in
Fig. 13. The parameters of the coils selected in the experiment
are measured by the network analyzer E4990A, as shown in
Tables I and II. The natural resonant frequency of each coil is
designed to be 1 MHz.

The locations of TX and IC are both fixed and they are
coaxially placed. The center-to-center distance between TX and
IC is fixed as 18.6 cm (k12 = 0.0875). The total transfer dis-
tance between TX and RX1/RX2 in the longitudinal direction is
around 30—40 cm (determined by ks3). The relationship between
ko3 and the distance D is shown in Fig. 14. Note that D refers
to the center-to-center distance between IC and RX1/RX2 in the
longitudinal direction.



15930
—— Single RX, Sim.
30} —— Double RXs, k34: 0.25, Sim.
——Double RXs, &, =0, Sim.
34
é 20
15
10F
(;.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
k23
(a)
Fig. 14. Relationship between ko3 and the distance D. For the proposed

double-receiver system with a value ks4 of 0/0.25, RX1 and RX2 are not
coaxially placed with IC. The center-to-center distance between RX1/RX2 with
IC in the lateral direction is set as 4/3cm, respectively.
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Fig. 15.  Schematic diagram of the control circuit and the generation process of
the feedback signal. (a) Schematic diagram of the control circuit. (b) Generation
process of the feedback signal.

A full-bridge inverter-based negative resistance witha 15 V dc
input is used to measure the steady transfer performance of the
proposed system and the conventional system under different
loads and transfer distances. For the pseudo-Hermitian WPT
system operating in the normal operating state (i.e., the self-
oscillating state), the input voltage Vi, is always in phase of the
input current 41, thus at this time the full-bridge inverter can
be equivalent as a negative resistance —I? and the zero-current-
switching (ZCS) can be achieved.

The negative resistance —R consists of a gallium nitride
(GaN)-based full-bridge inverter (GS61008T) with two gate
drivers Si8274, a current sensor CU8965, a difference ampli-
fier OPA690, a phase compensator, a zero-crossing comparator
TL3016 and a digital signal processor TMS320F28335. The
GaN transistor GS61008T can operate at a high frequency with
a low power loss. With the help of the ZCS operating and the
desirable performance of GS61008T, the switching losses are
limited.

A start-up strategy is used to ensure the reliable starting of the
negative resistance. First, F28335 disables the feedback signal
and ensures that the inverter is operating at the initial operating
frequency wiyi. Then, it disables the driven signal and enables
the feedback signal to ensure that the inverter is operating in the
self-oscillating state. The circuit diagram of a full-bridge inverter
for realizing a negative resistance is shown in Fig. 2, while the
control circuit is shown in Fig. 15(a) and the generation process
of the feedback signal is shown in Fig. 15(b).
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Fig. 16. Selected coil types of the conventional three-coil system and the
proposed double-receiver system used in the experiment. (a) Conventional
system. (b) Proposed system.
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Fig. 17. Evolution of the steady overall efficiency and the steady operating
frequency of the system as a function of the coupling coefficient ko3. Note
that the steady overall efficiency refers to the DC-AC efficiency. Besides, in
the experiment, the initial operating frequency win; of the system is set as wq.
The experimental results corresponding to three different situations are shown
in Fig. 17, i.e., rjoaq = 5/10€2, Single RX and 5,9 = 552, Double RXs. (a)
Effi., CMT. (b) Effi., Exp. (c) Freq., CMT. (d) Freq., Exp.

In order to demonstrate how the final structure is changed, the
coil types of the conventional system and the proposed system
are shown in Fig. 16(a) and (b), respectively.

B. Experimental Verification of the Advantages of the
Proposed Double-Receiver Pseudo-Hermitian WPT System

1) Using Double Decoupled RXs to Extend the Strong-
Coupling Region and Enhance the Steady Transfer Efficiency:
The evolution of the steady overall efficiency and the steady
operating frequency of the proposed double-receiver system
with double decoupled RXs and the conventional three-coil
system, under different loads, are shown in Figs. 17 and 18.
It can be found that with the increase of ko3, a bifurcation will
occur at the critical coupling coefficient kos.

In the weak-coupling region (ko3 < kos.), with the increase
of ko3, the steady transfer efficiency will increase. While in the
strong-coupling region (ko3 > ko3c), with the increase of ko,
the steady transfer efficiency of the system will decrease. It is
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Fig. 18. Evolution of the steady overall efficiency and the steady operating
frequency of the system as a function of the coupling coefficient k23. Note
that the steady overall efficiency refers to the DC—-AC efficiency. Besides, in
the experiment, the initial operating frequency wjp; of the system is set as wq.
The experimental results corresponding to four different situations are shown in
Fig. 18, i.e., rjoaq = 20/40€2, Single RX and 75,9 = 10/20€2, Double RXs.
(a) Effi., CMT. (b) Effi., Exp. (¢) Freq., CMT. (d) Freq., Exp.

obvious that for the conventional system with a 52 load, the
evolution of the steady transfer efficiency is limited.

As shown in Fig. 17(d), with the increase of ka3 as a step
length of 0.01, the experimental results show that the critical
coupling coefficient k3. of the proposed system with a 5¢2 load
and the conventional system with the same 5¢2 load are 0.05 and
0.08, respectively, thus the strong-coupling region is extended.
In addition, as shown in Fig. 17(b), it can be found that for
the conventional system with a low load coefficient, under the
same load, using double decoupled RXs can enhance the steady
transfer efficiency and extend the strong-coupling region.

Besides, as shown in Figs. 17(d) and 18(d), the exper-
imental results demonstrate that for the proposed system
with a 5/10/20€ load and the conventional system with a
10/20/40€2 load, the value of critical coupling coefficient koge
is 0.05/0.06/0.07 and 0.08/0.09/0.11, respectively. Thus, it
can be concluded that the theoretical relationship between the
critical coupling coefficients kozcs and koscq under the same
load coefficient (i.e., ko3es = \/§k23Cd) is consistent with the
experimental results within the error range.

The steady operating waveform of the conventional system
with a 52 load and a value ko3 of 0.08 is shown in Fig. 19. With
the increase of ko3 as a step length of 0.01, a bifurcation will oc-
curat ko3 = 0.08 and alocal maximum steady transfer efficiency
(78.0% ) is achieved. By using double decoupled RXs, under the
same load, ko3, is reduced from 0.08 to 0.05 and a higher steady
transfer efficiency is achieved in the weak-coupling region, as
shown in Fig. 17(b). The maximum steady transfer efficiency is
enhanced from 78% to 84.4%.

Six steady operating waveforms of the proposed system with
double decoupled RXs and the conventional system are shown in
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Fig. 20. Steady operating waveforms of the proposed system with double
decoupled RXs and the conventional system under different situations. Note that
the value of wjy; is set as 1 MHz. In (a), Vigaq is 12.1 V and f is 1.001 MHz; in
(b), Vipaa is 13.6 V and f is 1.020 MHz; in (c), Vipaq is 21.9 V and f is 1.042
MHz; in (d), Vigaq is 9.01 V and f is 1.008 MHz; in (e), Vigaq is 10.1 V and
fis 1.012 MHz; while in (f), Vigaq is 15.3 V and f is 1.033 MHz. (a) Single
RX, T1oaq = 109, kaz = 0.10, n = 84.6%, K = 0.065W/V2. (b) Single
RX, Tload = 2082, ko3 = 0.10, n = 87.0%, K = 0.041W/V?2. (c) Single
RX, Tload = 409, ko3 = 0.10, n = 87.6%, K = 0.053W/V2. (d) Double
RXS, Tloaq = 5, kog = 0.07, n = 83.3%, K = 0.072W/V?2. (e) Double
RXS, Tload = 109, k23 = 0.07, n = 86.3%, K = 0.045W /V2. (f) Double
RXS, Toaq = 209, ka3 = 0.07, ) = 86.8%, K = 0.052W/V2,

Fig. 20. Experimental results demonstrate that for the proposed
system and the conventional system under the same load coeffi-
cient, if koge = v/2kasq, then they have the same corresponding
steady transfer efficiency and power conversion capability.

The distribution of the power losses of the system corre-
sponding to different situations are shown in Fig. 21. The
ohmic losses of the coupling coil and compensation capaci-
tor are calculated by P, =1 2r and Pgsp = I*rgsn. respec-
tively. The power loss of the full-bridge inverter is obtained
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Fig. 21. Power losses calculation and distribution of the system. (a) Single

RX, Tload — IOQ, k‘23 = 0.10 and double RXs, Tload — 5Q, k:23 = 0.07.
(b) Single RX, rjpaq = 40€2, ko3 = 0.10 and double RXs, 75aq = 2012,
ko3 = 0.07.

Fig. 23. Evolution of the steady transfer efficiency and steady operating
frequency of the proposed system with double decoupled RXs, without or
after considering k13 and k14. Note that the value of wjy; is set as 1 MHz.
(@) T1oad = 1082 (b) T10aq = 4092
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Fig. 22. Relationship between the coupling coefficients k23 and k13 under
different values of k34 in the simulation. (a) k34 = 0. (b) k34 = 0.35.

by Py = P — P — Pesr — Pioad, Where P, is measured
by the dc power supply directly. As shown in Fig. 21, for the
proposed system and the conventional system under the same
load coefficient, if ko3, = V2 ko34, the distributions of the power
losses are almost the same, thus our conclusions in Section IV-A,
Chapter IV have been verified.

It can be found from Figs. 17(d) and 18(d) that in the strong-
coupling region, the experimental results demonstrate that the
steady operating frequency will always higher than wq. This is
caused by the existence of M3 and My4. Although My3/My
between the TX and RX1/RX2 are small, they may still have
an impact on the steady transfer performance of the system. By
using the COMSOL Multiphysics, the relationship between the
coupling coefficients ko3 and k13, under different values of k34,
are shown in Fig. 22.

To reveal the impact caused by k13/k14, by using Simulink, the
evolution of the steady operating frequency and steady transfer
efficiency of the proposed system with double decoupled RXs,
without or after considering k13/k14, are shown in Fig. 23. Due
to the existence of k13/k14, the steady operating frequency will
always be higher than wy in the strong-coupling region. Besides,
the existence of k;3/k14 will have a negative impact on the steady
transfer efficiency in the weak-coupling region.

In the experiment, when the system has been manufactured,
the mutual inductance between the coupling coils may slightly
differ from the theoretical predictions. In addition, the full-
bridge inverter-based negative resistance used in the real world
is not ideal. In conclusion, the differences are caused by the

002 004 006 008 01 012 014 016 .08 2 0.16
23 g5}

(©

Fig. 24.  Evolution of the power conversion capability of the conventional
system as a function of k23 under different loads. Note that the value of wjy; is
setas 1| MHz. (a) 71oaq = 582. (b) T1oad = 10€2. (¢) T10aa = 2092. (d) 710aq =
409.

existence of k13/k14, the manufacturing error and the power
losses of the negative resistance — R.

2) Properly Setting the Cross-Coupling Between the Double
RXs to Enhance the Power Conversion Capability: The evo-
lution of the power conversion capability of the conventional
system with different loads are shown in Fig. 24. It is obvious
that the power conversion capability of the conventional system
around the bifurcation point is low. To make a comparison, the
evolution of the proposed system with double decoupled RXs
under different loads are shown in Fig. 25(a), (c), and (e). Com-
pared with the conventional system under the same load, using
double decoupled RXs cannot enhance the power conversion
capability in most cases.

Asshownin Figs. 24 and 25(a), (c), and (e), it can be found that
for the conventional system and the proposed system with double
decoupled RXs, at the bifurcation point, the steady transfer
efficiency of the system reaches its maximum while its power
conversion capability reaches its minimum, thus resulting in a
binary choice between the transfer efficiency and the output
power.

Fortunately, by properly setting the cross-coupling between
double RXs, the power conversion capability of the system can
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Fig.25. Evolution of the power conversion capability, steady overall efficiency
and steady operating frequency of the proposed system under different situations.
Note that Pcc. is the abbreviation of the power conversion capability. In addition,
for the proposed system with a value k34 of 0, the value of wjy; is set as | MHz.
While for the proposed system with a value k34 of 0.3/0.35, wip; is set as
0.949 MHz. (a) Pcc., 71024 = 10£2. (b) Effi. and Freq., 71029 = 10€2. (¢) Pcc.,
Tload = 20€2. (d) Effi. and Freq., r)oaq = 20€2. (e) Pcc., r10aq = 40€2. (f) Effi.
and Freq., rjgaq = 4092.

be enhanced, as shown in Fig. 25(a), (c), and (e). However,
compared with the proposed system with double decoupled
RXs, the enhancement of the power conversion capability of
the system comes at a cost of the decrease in the steady transfer
efficiency, as shown in Fig. 25(b), (d), and ().

Therefore, a tradeoff between the enhancement of the power
conversion capability of the system and the decrease in the
steady transfer efficiency needs to be made. Fortunately, the
experimental results reveal that this negative effect is slight if
the load coefficient is not low. At this time a well-designed
cross-coupling can be used to circumvent the binary choice
between the transfer efficiency and the output power.

Four steady operating waveforms corresponding to the pro-
posed system with double decoupled RXs under different sit-
uations are shown in Fig. 26. Besides, five steady operating
waveforms corresponding to the proposed system with a nonzero
value of k34 under different situations are shown in Figs. 27
and 28.

It can be found from comparing Figs. 27 with Fig. 20(a) that
with the introduction of a value k34 of 0.3, the steady transfer
efficiency is reduced from 84.6% to 76.0%, while the power
conversion capability is enhanced from 0.065 to 0.132W /V?2.
Besides, by comparing Fig. 28(b) with Fig. 20(b), it can be found
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Fig. 26.  Steady operating waveforms of the proposed system with double
decoupled RXs under different situations. (a) and (b). r10aq = 20€2. (c) and
(d). 710aq = 40€2. Note that the value of win; is 1 MHz. In (a), Vigaq is
149 V and f is 1.012 MHz; in (b) Vigaq is 17.6 V and f is 1.008 MHz; in
(¢) Vioad is 27.4 V and f is 1.035 MHz, while in (d) Vipaq is 20.4 V and f
is 1.029 MHz. (a) Double RXs, r15aq = 2012, kog = 0.10, n = 88.1%, and
K = 0.049W /V?2. (b) Double RXSs, 71gaq = 209, kag = 0.12, = 88.2%,
and K = 0.069W/V2. (c) Double RXs, rjgaq = 4092, koz = 0.07, n =
81.9%, and K = 0.083W/V2. (d) Double RXs, r15aq = 40, koz = 0.10,
n = 85.6%, and K = 0.046W /V?2,
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Fig. 27. Using the cross-coupling between the double RXs to enhance the
power conversion capability. Note that 715,q = 1052 and k34 = 0.3. Vipaq is
17.2 V and f is 965.3 kHz.

that with the introduction of a value k34 of 0.3, the steady transfer
efficiency is reduced from 87.0% to 85.1%, while the power
conversion capability is enhanced from 0.041 to 0.089W / V2.

In addition, by comparing Fig. 28(d) with Fig. 20(c), it is
found that under the same 4052 load, the decrease in the steady
transfer efficiency caused by ks34 is slight. With the use of a
value k34 of 0.35, the power conversion capability of the system
is enhanced from 0.053 to 0.082W / V2, while the steady transfer
efficiency almost remains unchanged.

Comparing Fig. 28(a) and (b) with Fig. 20(f) and 26(a),
respectively, it can be found that compared with the proposed
system with double decoupled RXs, the introduction of k34 will
enhance the power conversion capability and have a negative
impact on the steady transfer efficiency. Fortunately, by com-
paring Fig. 28(c) and (d) with Fig. 26(c) and (d), respectively,
it can be found that this negative impact is slight if the value of
Tload 18 high. Thus, the experimental results have verified our
conclusions.

It is can be found from Fig. 25 that for the proposed system
with a value k34 of 0.3/0.35, the steady overall efficiency will
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TABLE III
COMPARISONS WITH THE EXISTING WPT SYSTEM WITH AN IC

Reference Type Frequency Distance Efficiency Power Restrictions
[2] MCR 500kHz, fixed 2cm up to 92%, DC-DC changed with the charging process M and w are both fixed
[8] PT 991kHz 42¢m 91%, DC-AC, 15W in the PT-symmetric region ko3 must be equal to k12
[9] PT 86.8kHz about 80cm about 80%, DC-AC in the PT-symmetric region. ko3 must be equal to k12
[10] PT 400kHz about 32cm about 88%, DC-DC, 46W in the PT-symmetric region ko3 must be equal to k12
[11] PT 371.7kHz 30cm about 85%, DC-DC, 48W in the PT-symmetric region ko3 must be equal to k12
[19] Pseudo-Hermitian 2MHz about 8cm up to about 85%, DC-AC ungiven As shown in this paper
[21] Pseudo-Hermitian 200kHz about 15cm up to about 75%, DC-AC 5W in the strong-coupling region As shown in this paper
under the PI control
Our work Pseudo-Hermitian 1MHz about 40cm  up to about 90%, DC-AC changed with ko3 and r)gaq Double RXs symmetrically placed
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Fig. 28.  Using the cross-coupling between the double RXs to enhance the
power conversion capability. (a) and (b) k34 = 0.3 and 75,4 = 2052. (c) and
(d) k34 = 0.35 and r15aq = 40€2. Note that the value of wjy,; is 0.949 MHz. In
(), Vioad 18 22.6 V and f is 957.9 kHz; in (b) Vigaq is 20 V and f is 965.3 kHz;
in (¢) Vipaq is 32.2 V and f is 954.2 kHz; while in (d) Vjgaq is 27.2 V and
f 18 956.9 kHz. (a) Double RXs, 7aq = 20€2, ko = 0.07, n = 80.4%, and
K = 0.114W/V?2. (b) Double RXs, 7joaq = 209, k23 = 0.10, n = 85.1%,
and K = 0.089W/V2. (c) Double RXSs, 71oaq = 409, ka3 = 0.07, n =
78.2%, and K = 0.115W/V?2. (d) Double RXSs, 71gaq = 409, k23 = 0.10,
n = 87.5%, and K = 0.082W/V2.

be higher than the theoretical values. Besides, for the transfer
region where ko3 is not low, the power conversion capability of
the system will lower than the theoretical value. These are also
caused by the existence of ky3/k14.

By using the Simulink, the evolution of the steady transfer
efficiency and the power conversion capability of the proposed
system with a nonzero value of k34, without or after considering
ki13/kq14, are shown in Fig. 29. Fig. 29 demonstrates that the
existence of kq3/kq4 is the main reason for the differences. The
manufacturing error and the power loss of the negative resistance
— R are the other reasons for these differences.

C. Comparisons With the Existing WPT System With an IC

Table III compares the transfer performance of the existing
WPT system with an IC reported in recent years. The key
performance indices of their prototypes are listed in the table.

Previous work [2] proposes a load-independent WPT system
with an IC. However, both the mutual inductance M between
the coils and the operating frequency w are assumed to be

n capability/(W/V?)
fon capability/(W/V?)

Efficiency

Efficiency

—— Effi., Without considering, CMT.
—=—Effi., Considering, Sim.

— Pcc., Without considering, CMT. 2
—=—Pcc., Considering, Sim. &

—=—Effi., Without considering, CMT.
—— Effi., Considering, Sim.
—=—Pcc., Without considering, CMT.
|—Pcc., Considering, Sim.
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Fig. 29. Evolution of the steady transfer efficiency and power conversion
capability of the proposed system with a nonzero value of k34, without or after
considering k13 and k4. The value of wiy; is set as 0.949 MHz. (a) k34 = 0.3,
Tload = 102 (b) k34 = 0.35, Tpaq = 4092

unchanged. These approximations make their work is not suit-
able for the application scenarios where the mutual inductance
between the coils may change. In contrast, the novel pseudo-
Hermitian WPT system proposed in this article can be used under
the application scenarios where both the mutual inductance and
the load may change.

For the three-coil PT WPT system consisting of a TX, an IC,
and a RX proposed in [8], [9], [10], and [11], to ensure that the
three-coil system is PT-symmetric, the coupling coefficient ko3
must be equal to the coupling coefficient k12, which generally
requires a precise mechanical control of the system. However,
such a rigid restriction is not needed for the pseudo-Hermitian
WPT system.

For the conventional three-coil pseudo-Hermitian WPT sys-
tem studied in[19] and [21], it still has two limitations, as illus-
trated in this article. Compared with the conventional three-coil
system, the proposed double-receiver system incorporating an
IC is expected to overcome these limitations.

VI. CONCLUSION

In this article, a novel double-receiver pseudo-Hermitian
WPT system incorporating an IC is proposed. The CMT
model is used to evaluate the advantages of the proposed
double-receiver system compared with a conventional three-coil
pseudo-Hermitian system. The major contributions of this article
are given as follows:

1) It is first shown that with series-compensation coils, the

conventional system has two limitations. One is it exhibits
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a limited steady transfer efficiency under a low load coeffi-
cient, the other is if a full-bridge inverter is used to imple-
ment the negative resistance, the output power reaches its
minimum at the bifurcation point with a maximum transfer
efficiency.

2) It is found that if the load coefficient of the conventional
system is low, using the proposed system with double
decoupled RXs can extend the strong-coupling region
and enhance the steady transfer efficiency under the same
load.

3) Itisfound thata well-designed cross-coupling between the
double RXs can be used to enhance the power conversion
capability, thus circumventing the binary choice between
the steady transfer efficiency and the output power.

Experimental results have validated our contributions. By

using double decouple RXs, the strong-coupling region can
be extended and the steady transfer efficiency can be en-
hanced under the same 5/102 load. Experimental results also
show that by leveraging the cross-coupling between the dou-
ble RXs, a few times enhancement in the power conver-
sion capability can be achieved under the same 10/20/40€2
load.

APPENDIX A

The expressions of the coefficients cs5, cq4, c3, c2, €1, and ¢
are shown in (13) in detail

c5; = —(1 + ]{?34)2
cq = —ksa(1l+ k3q)

1 1 1
c3 =2 (F20F3o + 21@33) (14 k3a) — 1k§4 + zkfg(l + k3a)?
— (Paol'30 + agksa)?
L, 1,
co = k3y [ I'20l'30 + §k23 + Zk12k34(1 + k34)

— Ta0ks4(T20 + T30 + Ta0ksa)

1 2 1
c1 = — (Taol's0 + ok3s | + —=kipk3s — ~kTo(1 + kss)
2 16 4
k2 1
X (F20F30 + ;3> - ngokgzx

1
+ Zkfzrg,o(rgo + T30 4+ T'aoksa)

1 k3 1
co = —gkfzksz; <F20F30 + ;3) + gk%2k34r20r30' (13)

APPENDIX B

In Appendix B, some qualitative experience about the design
of the proposed system is demonstrated. First, the variation range
of load resistance and the permitted position of the coil should
be clarified. Then, determine whether the conventional three-coil
system can be used. If the answer is negative, clarify whether the
proposed system can meet the requirement. Does it fall under
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the two limitations of the conventional system? Can double RXs
be symmetrically placed about IC?

Third, determine the selected coil type of the double RXs.
For the proposed system, the noncoaxial placement between IC
and RX1/RX2 will reduce ko3/k24.A reasonable coil type should
ensure that this negative impact is slight.

Finally, determine the selected coil parameters by using the
derivations shown in Chapter II. Currently, the trial-and-error
method is used in our work. As an improvement in the future,
the optimization algorithms can be used.
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