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Abstract: Recently, wireless power transfer (WPT) technology has attracted much attention and
shown rapid development. However, a fundamental challenge emerges in practical applications:
how to achieve robust power transfer against the variation of operating conditions, such as the
fluctuation of transfer distance, as well as the relative orientation of resonant coils. In this article,
we theoretically propose and experimentally demonstrate that the robustness of a parity-time (PT)
asymmetric system with unbalanced gain-loss working in a weak coupling region can be improved
significantly, compared with that of a PT-symmetric system with balanced gain-loss working in a
strong coupling region under the premise that the system works at a fixed optimal frequency. A
pure real mode known as bound state in the continuum (BIC) in the weak coupling region of the
PT-asymmetric system is adopted to ensure the high efficiency and stability of the WPT and break
the limitations of balanced gain-loss of the PT-symmetric system. The better robustness performance
originates from the orthogonal state with a pure real eigenmode embedded in the weak coupling
region. Further experiments also verify that the PT-asymmetric system can achieve higher efficiency
than that of the PT-symmetric system. In addition, we discuss the performance of the WPT system
based on the theories of coupled mode theory (CMT) and circuit theory (CT); the BIC in the framework
of CMT and a perfect impedance matching condition in the framework of CT for efficient power
transfer are consistent. We also conducted power experimental verification of 30 watts, and found
the efficiency between the coils can reach over 90% in dynamic scenarios, which meets expectations.
The presented framework extends the field of non-Hermitian physics, bridges the gap between the
non-ideal PT-symmetric system and a practical engineering application, and introduces a novel WPT
mechanism for flexible application scenarios. Our results could provide instructive significance for
practical applications of the WPT system in the long term.

Keywords: non-Hermitian physics; bound state in the continuum; wireless power transfer; robustness

1. Introduction

Parity-time (PT) symmetry originated in quantum mechanics [1], which laid a solid
foundation for applications in various fields. A significant amount of work based on PT
symmetry has appeared in various fields, including quantum and atomic [2,3] systems,
metamaterials [4,5], acoustic [6-9], and electronics [10,11]. Simultaneously, researchers have
observed many novel phenomena based on PT symmetry, such as wireless power transfer
(WPT) [12-15], energy level attraction [16], unidirectional invisibility [17], non-reciprocal
light transmission [18-21], PT-symmetric lasers [22-24], coherent perfect absorber [25],
wireless sensor [26,27], etc. In particular, PT-symmetric systems exhibit symmetry breaking
near the exceptional point (EP), and the eigenvalue undergoes evolution from real to
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complex [9,28-32], with many counterintuitive phenomena and applications based on EP,
including ultra-sensitive wireless sensors [26], directional lasing [33] and chirality [34]. It is
generally believed that the optimal operating mode of a second-order magnetic resonant
WPT system exists in the strong coupling regime by maintaining PT symmetry or at the
exceptional point (EP), where pure real eigenvalues are always implemented. However,
the scheme faces the disadvantage of tracking the optimal operating frequency when the
coupling strength between the coupled resonators changes, such as for mobile receivers.
In addition, due to the strict conditions of PT symmetry, it is difficult to generalize to
higher-order systems and power multiple loads without sacrificing efficiency.

In the early 20th century, much effort was devoted to the development of schemes
to transfer energy over long distances without any carrier medium; this was explored
by Nikola Tesla experimentally [35] and the breakthrough has greatly compensated for
traditional wired cables. In 2007, a research group at MIT successfully achieved a result
with around 60 watts of power transferred with an efficiency of about 40% over a distance
of more than 2 m by magnetic resonant coupling, where the diameter of the two resonant
coils is 60 cm [36]. Undoubtedly, the WPT technique has shown great commercial potential
due to its advantages of safety and convenience, especially in a scenario where it is not
convenient to supply power to electrical appliances through wired cables. Currently, with
the development of WPT-related theories and the improvement of hardware facilities, WPT
technology is being intensively explored to apply in various applications, such as consumer
electronics [37,38], implantable medical devices [39-42] and electric vehicle charging [43], etc.

In practical terms, wireless power transfer with high efficiency and stability is required
for a WPT system, which is an important foundation for its widespread applications.
However, since the application scenario is always variable, a stable and efficient power
transfer efficiency against the variation of operating conditions is exactly what we desire,
and many methods have been put forward simultaneously. Typically, in order to achieve
efficient wireless power transfer by amplifying the near-field, suitable metamaterials [44—47]
or metasurfaces [48] must be designed and used. Recently, applying a high-Q quasi-MDBIC
of all-dielectric metasurface to achieve efficient and robust WPT was realized [49], due to the
fact that metasurfaces can greatly enhance magnetic resonance. Furthermore, a nonlinear
parity-time symmetric circuit was proposed to achieve efficient and robust wireless power
transfer over a distance variation of approximately one meter, without the need for any
tuning [12], which is of benefit to charging moving devices or vehicles. In addition, with
high-order PT symmetry, efficient WPT can be achieved without frequency tracking at
varying distances [14], and it can also be applied for powering miniaturized receivers and
multiple loads. Recently, anapole-based ultracompact and high-efficiency electromagnetic
energy transfer has also emerged [50].

Generally speaking, two different theories can be used to analyze the power transfer
performance of the WPT systems, that is, the coupled mode theory (CMT) which describes
energy distribution of coupled resonators, and the classical circuit theory (CT) which
describes the voltage and current distributions of circuit topology. In addition, CMT is an
approximation method under the condition of a small coupling coefficient and high-quality
factor. On the contrary, CT is more accurate than CMT for WPT systems but ignores the
gain and loss rates of the resonators. The two theories have their respective merits, but
there is a certain degree of unity.

In this article, we design two types of magnetic coupling WPT systems, including the
PT-symmetric system and the PT-asymmetric system. We further compare the robustness
of the PT-symmetric system working in the strong coupling region with the PT-asymmetric
system working in the weak coupling region. As a result, we find that the stability of the
latter is significantly better than that of the former under the premise that the system works
at a fixed optimal frequency, which we verify experimentally. In the meantime, we prove
that the orthogonal state contributes to better robust performance. In addition, we find that
the PT-asymmetric system can achieve a higher efficiency than that of the PT-symmetric
system, without the need for complex circuit design [12].



Energies 2023, 16, 4605

3of 14

The novelty of our work is that it achieves efficient and stable wireless power transfer
with the help of the BIC mode hidden in the weak coupling region of the PT-asymmetric
systems, which breaks the strict limitations of PT symmetry with balanced gain and loss,
expands the application of non-Hermitian physics, and paves the way toward efficient and
stable wireless power transfer systems that could be used in a multitude of applications,
such as wireless charging of electric vehicles and implantable medical devices.

Section 1 reviewed the application of PT symmetry in various fields and the devel-
opment of the WPT system design briefly, and the remainder of this paper is arranged as
follows. In Section 2, the theoretical analysis is demonstrated based on the CMT and CT
models, and the experimental results are verified based on the system prototype. Section 3
states the robustness of working in the strong coupling region of the PT-symmetric system
and the weak coupling region of the PT-asymmetric system. Finally, Section 4 concludes
the paper.

2. Theoretical Analysis and Experimental Verification

Here, we consider the second-order PT-symmetric and PT-asymmetric WPT systems,
including two resonant coils strongly coupled together through near-field electromagnetic
interaction, where one of them receives energy input (emitter) and the other supplies
energy to the load (receiver); schematic diagrams of such systems are shown in Figure 1a,b.
All coils are arranged coaxially, with an outer radius of R = 10 cm. We compare the
robustness of the PT-symmetric system working in the strong coupling region with the
PT-asymmetric system working in the weak coupling region. The excitation source is set
to be a continuous harmonic input with frequency w, s;; = Sy e ™!, and the system
dynamics can be described by the coupled mode equations as follows:

dlll

T (—iwy — 71 —I1)ay — ikay + /271514, 1)
da . .
7: = (—iwg — v2 — T2)ap — ixay. )

Here, a1, = Al,ze’i“’t indicates the resonance modes of the transmitter coil and the
receiver coil, where |a;]* and |a,|? represent the energy stored in the resonant coils. wy
and I'; , are the resonant frequency and the intrinsic dissipative loss of the two resonant
coils, respectively, and k represents the coupling strength, which is related to axial transfer
distance and lateral misalignment between the resonant coils. 1 and 7, represent the
coupling rate between the source (or load) coil and the transmitter (or receiver) coil, which
is related to the distance d; (or d»).

According to the method in [14,25,51,52], when the system has no reflection,

51— = —S14+ + /27141 = 0, it can be equivalent to a closed system. At this time, we can get
H(5) = (a) ®
an a
where the effective Hamiltonian is
H:<wo+1’)/1—zl"1 L >/ )
K wo — 1Yy — il

by solving the characteristic equation |wI — H| = 0 (where I is an identity matrix), the
eigenfrequencies of the system are

wyr =wy+i

(y1-T1) - (r2+T2) , %2 _ (Wl — 1) . <72”2)>2. 5)
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Figure 1. WPT system and eigenmode analysis. (a) Schematic of the WPT system. The excitation
source is a continuous harmonic wave at a frequency w, which is coupled to the transmitter coil at
the gain rate 71 (dq ), and the energy is transferred through the receiver coil, and then output to the
load coil at the loss rate y(d;). Transmitter—receiver resonant coupling rate is «, which varies as a
function of transfer distance and the relative orientation of the resonant coils. (b) Photograph of the
WPT system, which corresponds to (a). (c) Real (Re(w+ )) and imaginary (Im(w+)) eigenfrequencies
of the PT—symmetric system. (d) Real (Re(w+)) and imaginary (Im(w+)) eigenfrequencies of the
PT—asymmetric system.
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As for the PT-symmetric system, 7; —I'1 = 7 + Iy, efficient wireless power transfer
can be achieved in the strong coupling region, which has a real eigenvalue, as shown
in area I of Figure 1c. However, as for the PT-asymmetric system, it can enter the
weak coupling region to ensure that it resonates at a fixed working frequency wy as
shown in area II of Figure 1d, and support maximized efficiency at one point called BIC,
k2 = (1 — 1) (72 + I2), which corresponds to a pure real mode. Theoretically, the power
transfer efficiency can approach near unity upon reaching resonance at the mode of BIC,
where the resonators are reflectionless. The BIC condition corresponds perfectly to the zero
reflection condition, which is also an important building block for efficient power transfer.

Then, the transfer efficiency of the dual-resonator WPT system is analyzed. Substitut-
ingajp = ALze’i“’t into Equations (1) and (2), at the steady state (dlsg'Z = 0), the amplitudes
of the two resonant coils are

A — —/2(71 +T1)[i(w — wo) = (72 +T2)]S1¢
1 (6)

K2+ [i(w — wo) — (11 +T1)][i(w — wo) = (72 +T2)]

Ay = —v2(1 +T)[i(w = wo) = (12 +T2)1514+ @)
12+ [i(w — wo) — (11 +T1)][i(w — wo) — (12 +T2)]
The reflection S1_ and transmission S,_ for the system are givenas S1— = —S11 + /27144
and Sy = /272 A», respectively. Therefore, the wireless power transfer efficiency of such
a dual-resonator WPT system can be obtained in an open system format

_ Sp— 2 _ 2\/71'}’2K(S) 2' (8)
S14 k(s)? + [i(w — wo) — (711 +T1)][i(w — wo) — (72 +T2)]

At the present time, an efficient and robust WPT system, which can be applied to
dynamic wireless charging scenarios, such as powering traveling electric vehicles, is greatly
desired. Here, taking the practical application into account, based on Equation (8), what
we mainly analyze is the stability of the WPT system against the variation of operating
conditions, such as the transfer distance, as well as the relative orientation of the two
resonant coils.

In this work, all coils are made of the copper sheet with a width of 1 mm and a
thickness of 0.3 mm and attached tightly to the poly(methyl methacrylate) (PMMA) hollow
circular cylinder with an outer radius of R = 10 cm. The source coil, transmitting coil and
receiving coil are respectively made of two-turn and three-turn copper strips, and the load
coil is made of two-turn (area I in Figure 1c) or nine-turn (area II in Figure 1d) copper strip.
In addition, the capacitance C = 2.02 nF is made up of a lumped-metallized polyester film
capacitor (withstand voltage more than 2000 V). The four coils are arranged on a wooden
rod and are able to slide coaxially. All relevant electrical parameters are measured by using
the precision LCR digital bridge (AT2818, Applient) as follows: L ~ 2.97 uH, C ~ 2.02 nF,
and each resonant coil is tuned at a frequency of 2.055 MHz, which has a measured intrinsic
quality factor of Q = 406. The information provided by the WPT system is then read by
a-R and R terms connected to Port 1 and Port 2 of the vector network analyzer (Keysight
E5071C, the source impedance is 50 (), respectively. For measuring the transmission
(S21) spectra, where 1 = |Sy1|* represents the power transfer efficiency, both theoretical
calculation and experimental results are based on the fixed parameters of wy = 2.055 MHz,
Y1 = 0.0561951 MHz and I'y = I'; = 0.0048804 MHz. The case of balanced gain and
loss corresponds to the PT-symmetric system, while the case of unbalanced gain and loss
corresponds to the PT-asymmetric system. The gain rate and loss rate are adjusted by the
distance between the non-resonant coil and the resonant coil in the experiment. In addition,
one reason for choosing this operating frequency is that compared to higher frequencies,
our designed operating frequency is more suitable for commercial applications, saving
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hardware facility costs, such as MOSFETs. The frequency of around 2 MHz reaches the
upper limit of SiC devices, which is also suitable for the structural dimensions of this article.

The above is an analysis of the conditions for achieving efficient power transfer in WPT
systems derived from the CMT model. Moreover, the system in Figure 1a can be described
by the CT model. As shown in Figure 2, when the resistance of electronic components is
ignored, using Kirchhoff’s laws, the voltages and currents are related as

iwL+ 2z — Rs —iwmL L\ _ (0 ©)
—iwmlL iwL + 2= +Rp )\ 0)’

where C is the lumped capacitance and L is the distributed inductance of the coil. Rs and
R}, are source impedance and load impedance, respectively. M is the mutual inductance
between the two resonant coils, M = mL, where m represents the coupling coefficient
between the two coils. U = —I; R is the AC source.

C L

C L

—{ I
+ |+

“R.® —in12<><> i MI

I I
< <

Figure 2. The equivalent circuit schematic diagram of the wireless power transfer system correspond-

-

o,

ing to Figure 1a.

In Equation (9), when we take the derivative of current with respect to time,

combine a, = Ln’%” = fiwLn%” (n =1, 2) and utilize the approximate condition
w? — w} ~ 2w(w — wy), Equation (9) is denoted as

: R wom
w—wy+isf - ar\ _ 0 10
( — w—wy—isk | \a 0)’ (10)

where wy is the resonant frequency, that is, wy = 1/+/LC. Equation (10) can be regarded
as the coupled mode equation describing the second-order system where a,, = A e~
(n=1,2), and the case of Ry = R corresponds to the ideal PT-symmetric system. By
comparing Equation (10) with Equations (3) and (4), the relationships between gain, loss,
coupling strength and circuit parameters (RLC) are expressed as y; = g—i, T2 = 12% and

K = —% in the lossless WPT system. Therefore, the BIC condition K% = 9172 is also

equivalent to m? = %LLC
Then the reflected impedance Z,.¢ and the input impedance Z;, of the WPT system

can be deduced as follows [53]:
—iwMI
Zref = T2' (11)

According to the second closed circuit, based on Kirchhoff’s laws, we get

) 1 .
iwMl = I (sz + iwL + RL> (12)
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Therefore, the reflected impedance and the input impedance are deduced as

w?M?
Zyef = 4~ (13)
we T+ iwL 4+ Ry,
1 .
Zi}’l == Z?’Ef + R + ICL)L (14)

Then we can analyze the relationships between the real and imaginary parts of the
input impedance with frequency. As shown in Figure 3a, the imaginary part of the input
impedance is exactly 0 at the resonant frequency of the system, that is, the system presents
pure resistance. We also notice that the real part of the input impedance at this time is
50 ohm, as shown in Figure 3b, that is, the impedance of the whole system and the input
source perfectly matches, thus realizing efficient and stable wireless power transfer. The
impedance matching process is self-consistent with the results of wireless power transfer
of pure real mode BIC analyzed in the previous paper.

(@ o — (b) 100

Im(Z, ) (2)
2
Re(Z, ) (©)
Z

Wy

|
:/
|

-100 '
1 2 3 1 2 3

Frequency (MHz) Frequency (MHz)

Figure 3. Analysis of (a) real and (b) imaginary parts of input impedance under the condition of
m? = &LLC derived from the CMT model.

3. Robustness Analysis

Taking the perturbation of the transfer distance as an example, Figure 4a,c shows
the WPT efficiency spectra. Figure 4b,d shows that the transfer efficiency versus transfer
distance corresponds to three different coupling strengths in areas I and II, respectively,
which satisfies k(s1) > k(s2) > k(s3).

First, for a fixed transfer distance, by adjusting the loss rate 7,, the system changes from
the strong coupling region in the PT-symmetric system (area I in Figure 1c) to the weak cou-
pling region in the PT-asymmetric system (area II in Figure 1d) in order to work. When the
distance changes by 5 cm around s; = 1 cm, the efficiency drops ANy .6 cm arear = 79-36%
(dark blue line in Figure 4b) and ANy (6 cmareal = 38.81% (yellow line in Figure 4d),
respectively. In the same way, we get the results of Ans ;10 cmarear = 63.74% (orange
line in Figure 4b), Ans 10 emareann = 39.09% (purple line in Figure 4d), as well as
AN10 em—15 cmoareal = 44.38% (green line in Figure 4b), ANyg cm—s15 em areann = 39-47% (light
blue line in Figure 4d). Above all, compared with the PT-symmetric system working in the
strong coupling region, Figure 4b,d clearly shows that the PT-asymmetric system working
in the weak coupling region is more robust compared with the change in distance.

Further, we find that the greater the coupling strength, the faster the transfer efficiency
drops compared with the change in the distance when working in area I of Figure 1c.
However, the efficiency drops at almost the same rate to the change in distance at three
different coupling strengths when working in area II of Figure 1d, where the efficiency
decay rate is hardly affected by the coupling strength.
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Figure 4. Robustness analysis of the WPT system with the measurement results of network analyzer.
(a) Spectra corresponding to three different coupling strengths in the strong coupling region of the
PT-symmetric system. (b) Evolution of the transfer efficiency with the distance corresponding to (a).
(c) Spectra corresponding to three different coupling strengths in the weak coupling region of the
PT-asymmetric system. (d) Evolution of the transfer efficiency with the distance corresponding
to (c). The solid line is the theoretical results corresponding to Equation (5), the hollow circles are the
experimental results, and the experimental results are in good agreement with the theoretical ones
obtained by coupled mode theory.

Considering practical applications, we conduct a new experiment and measure the
overall efficiency of the system in the case of considering conduction and switching losses in
power converters, and the corresponding experimental diagram and results are presented
in Figure 5. Here, we use a full-bridge inverter circuit as the AC source is about 90%
efficient. Furthermore, a full-bridge rectifier circuit with an efficiency of about 92%, is used
at the front end of the load. Due to the short preparation time of the experiments, MOSFETs
and diodes in the power convector circuits use silicon substrate which is more suitable for
low-frequency systems, so the efficiency is not as high as SiC or GaN-based devices. The
experimental results are in good agreement with the theoretical values, and there is a certain
deviation due to factors such as losses introduced by high-frequency power convector
circuits. In addition, the input power of the DC power supply is carefully controlled at
30~31 watts to ensure the fairness of all experimental data. In real-world scenarios, DC-
DC conversion circuits such as BUCK and phase-shift full-bridge can be used to control
gain/loss intensity, so as to automatically track BIC conditions in the PT-asymmetry WPT
system.
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Figure 5. Transfer performance of the WPT system when the transmitting end is loaded with 30 W

power. (a) Photo of the experimental prototype. The evolution of (b) the overall efficiency and (c) the

transfer efficiency, with the distance corresponding to the same parameters as Figure 4d.

Simultaneously, as shown in Figure 6a, it is obvious that the PT-asymmetric system
keeps higher efficiency and better robustness at the fixed optimal frequency wy than that
of the PT-symmetric system at the varying optimal frequency w.+ against the varying
distance. Further, the excellent performance of wireless power transfer in the BIC scheme is
remarkable at both varying non-axial offset distance h and varying offset angle «, as shown

in Figure 6b,c.
(@) (b) (©

1 1 1 T T v
P = = = . - —
Eo.s _______________ ' ED.S §0-3 :__________P______
Zoef i M0 MM 20.6 £0.6 : :
[ ¥ — ' o o TR
- " ' P - i
Soab LML Zoa o i
E Cale Expt E E Cale Expt
=02F — - PT symmetry =02F — - PT symmetry =02F — - PT symmetry

— = BIC = ° BIC — ° BIC
0 0 0
0 5 10 15 20 0 5 10 15 0 10 20 30 40
Distance s (cm) h (cm) a (Degree)

Figure 6. Comparison of optimal transfer efficiency. (a) The calculated transfer efficiency as a function
of the separation distance s between the resonators for a frequency tracking (w-+) scheme in the
PT-symmetric system (orange line) and a BIC scheme with a fixed optimal frequency (wp) in the
PT-asymmetric system (blue line). (b) The calculated transfer efficiency as a function of the non-axial
offset distance h when s = 5 cm. (c) The calculated transfer efficiency as a function of the offset angle
a« whens =5 cm.

The phase difference between the two resonant coils is given as follows:

_ [(n=T)+(n+T) ]2
A A :I:\/KZ [ T 1)42-(724- z)]

Ap = @y — :arccos<— —) = arccos ,  (15)
LR ER |A1|/|A2| K2 4 (72 + [2)>2
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Based on Equation (7), when the system satisfies the PT—symmetric condition,
71 —I'1 = 72 + I, we get the diagram of phase difference, as shown in Figure 7a. In
addition, the diagram of phase difference in the PT—asymmetric system y; — I'1 < 72 + 1,
is plotted in Figure 7b.

(a) PT symmetric system (b) PT asymmetric system

'—Calc ) ) '—Calc

150F =Calc J _ 150 =Calc |
g o ° Expt g ° Expt
s0 * Expt 0 = Expt
- —
g g
S 100F S 100f .
] ) = ) o >
= =
= 3
< 50F = 50 °
= =]

0 n . . 0 A a A .
0 5 10 15 0 5 10 15 20 25

Distance s (¢cm) Distance s (cm)

Figure 7. The evolution relationship of the phase difference between the transmitter-receiver resonant
coils with the transfer distance in (a) the PT-symmetric system and (b) the PT-asymmetric system,
respectively. The solid line represents the theoretical results obtained from Equation (6), and the
hollow circles are the experimental results. In the experiment, a ring-shaped high-impedance probe
with a diameter of 1 cm made of copper is close to the resonant coils with insulating tape to measure
the phase of the resonators, as shown in the illustration of Figure 7a. Here area I and area II correspond
to those in Figure 1c,d.

Figure 7a,b clearly shows that the phase difference between the two resonators is
90 degrees in the weak coupling region of the PT-asymmetric system (area II in Figure 7b),
indicating that the system is in an orthogonal state. However, the two eigenmodes of
the PT-symmetric system working in the strong coupling region (area I in Figure 7a) are
not orthogonal. Therefore, it is actually the orthogonal state that guarantees that the
system reaches a steady state rapidly against perturbation of distance, and this means the
robustness of the PT-asymmetric system working in the weak coupling region is better.

In addition to the variation of the transfer distance of the two resonant coils we
analyzed above, the relative orientation of the two resonant coils is also an important
factor affecting the coupling strength. Specifically, the changes of coupling rates with these
position parameters are plotted in Figure 8a—c.

The above three degrees of freedom (the transfer distance, the relative orientation
including relative angle and relative height) essentially affect the coupling strength between
the coupled resonators. Therefore, we can refer to the BIC condition to adjust the gain
rate ;1 of the transmitter end or the loss rate 7, of the receiver end, thereby achieving
efficient and robust wireless power transfer, due to the fact that there is no strict restriction
on balanced gain rate and loss rate in PT-asymmetric system. Therefore, based on the
PT-asymmetric principle, the regulation method of stable and efficient working mode is
relatively flexible, therefore, it can be applied to a wide range of wireless charging scenarios
without being affected by operating environments and conditions. In all cases, we maintain
a maximized total efficiency across various power transfer scenarios by simply tuning
at each receiver end or transmitter end. Additionally, Figure 8d shows the gain rate 74
varying with distance dq, and the relationship between loss rate and distance 1 (d; ) is the
same as 7 (dy), which guides us on how to adjust and implement BIC mode accompanied
by efficient wireless power transfer in experiments.
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Figure 8. Coupling rates as a function of separation distance corresponding to Figure 1a. (a) Coupling
rates between transmitter and receiver coils as a function of transfer distance s («(s)). The transmis-
sion distance s is fixed at 10 cm. The fitting result is ¥ = 0.378exp(—0.1542s). (b) Coupling rates as a
function of lateral offset distance h (« (%)) when transfer distance s is fixed at 5 cm. The fitting result is
K = —1.719 x 10~5K° — 0.009% + 0.1866. (c) Coupling rates as a function of offset angle a (i («)) when
transfer distance s is fixed at 5 cm. The fitting result is xk = —9.89 x 10~5a" — 9.08 x 10~% + 0.1768.
(d) Coupling rates between source and transmitter coils as a function of separation distance
dy (71(dq)). Fitting result is y; = 0.0556exp(—0.3743d1).

4. Conclusions

In conclusion, we propose a new scheme implementing efficient and robust wireless
power transfer by accessing the BIC mode hidden in the weak coupling regime of the PT-
asymmetric system. Specifically, the transfer efficiency of up to 80% is realized at a transfer
distance of 10 cm in the experiment of loading power with the aid of BIC mode, where the
radius of the resonance coils in the system is 10 cm. Furthermore, we have analyzed and
compared the stability of the PT-symmetric system working in the strong coupling region
and the PT-asymmetric system working in the weak coupling region both at a fixed optimal
operating frequency. The results show that the efficiency of the PT-asymmetric system
working in the weak coupling region is less sensitive to the position-dependent coupling
strength, so it is more immune to perturbations such as fluctuation of the transfer distance,
as well as the relative orientation of the resonant coils, corresponding to the change of
coupling strength substantially, and this can be precisely attributed to the fact that the
system in the weak coupling region is a self-orthogonal state. Moreover, compared with
the PT-symmetric system, the PT-asymmetric system can achieve higher efficiency.

From this point of view, a PT-asymmetric WPT system working in the weak coupling
region may be relatively more suitable for implementing a powerful WPT platform over
a wide distance range without changing the operating frequency. In general, our results
have certain guiding significance for the optimal working conditions of the WPT system.
Moreover, our results could be extended to other physical platforms such as non-radiative
acoustic wireless power transfer. In addition, the intrinsic physical properties and excellent
performance of the orthogonal state are worthy of further exploration.
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Importantly, we find that the pure real mode known as BIC of the system based on
CMT and the impedance perfect matching based on CT are consistent, which corresponds to
the mode of efficient wireless power transfer. Both CMT and CT have their own advantages
and disadvantages; the former focuses on the energy distribution of the coupled resonators,
while the latter focuses on circuit parameters. We can make appropriate choices based on
specific requirements. Our work provides a new perspective for a deeper understanding of
the WPT system through CMT or CT.

Last but not least, the implementation of pure real mode known as BIC lays the
foundation for efficient WPT through gain or loss modulation and has the potential to be
applied to third-order or even higher-order WPT systems to achieve efficient power supply
for multiple loads. However, it is noteworthy that the transfer efficiency cannot reach the
theoretical unit of 1 due to the influence of intrinsic losses such as internal resistance of
components, and can only be reduced as much as possible in experiments by selecting
high-quality electronic devices.
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