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Abstract—Wireless power transfer (WPT) technology
reduces the risks brought by connection between electrical
equipment and power source, it has been widely used in
various fields in recent years. To overcome issues of low
transfer efficiency and poor robustness when coupling
coefficient varies, a WPT system based on parity-time (PT)
symmetric circuit is proposed, which consists of two RLC
oscillators. The system state equation is obtained by circuit
theory, then be analyzed to derive the system resonance
frequency, transmission efficiency, and phase difference
between Tx and Rx. A simulation based on PSIM is
established to verify the theoretical derivation of transmission
characteristics. The simulation results illustrate that the
resonance frequency of the WPT system is adjusted
automatically in the strong coupling region when the coupling
coefficient changes, the output voltage across the load
resistance always equals source voltage on the transmitter.
Compared with the non-parity-time symmetric system,
PT-symmetric WPT system could achieve higher transfer
efficiency over a longer distance, this scheme can transfer
power with constant efficiency of over 80% in a certain
region. A set of simulations with variation load resistance are
considered to verify the system robustness. All results are
consistent with theoretical derivation and analysis.

Keywords—Wireless power transfer; Parity-time-symmetry;
Circuit model; Power transmission characteristics.

I. INTRODUCTION

WIRELESS power transfer (WPT) technology has been
extensively used in various occasions, such as mobile
devices and electric vehicles, autonomous underwater vehicles
(AUV) and automated guided vehicles (AGV). It is greatly
improving the flexibility of electrical equipment, makes the
repair of the faulty device easier. However, low transfer
efficiency and poor robustness are two main issues of the
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WPT system [1], [2]. To implement continuous and efficient
power transmission, four common types of WPT technology
are introduced: magnetic resonance WPT (MRWPT),
inductive WPT (IWPT), microwave WPT (MWPT) and laser
WPT (LWPT). Nevertheless, the IWPT system may have an
adverse effect on people or things in two coils; the transfer
efficiency of MWPT is relatively low [3]; the cost of LWPT is
much more than other methods. So researches more focus on
the  MRWPT method [4]-[7], which has a strong
anti-interference ability to the surrounding environment. The
phenomenon of frequency bifurcation appears in the MRWPT
system in the strong coupling region, resonance frequency of
system varies when the variation of coupling coefficient, the
operating frequency of the system does not adjust
automatically with the resonance frequency, which causing a
constantly changing transfer efficiency.. This phenomenon
was demonstrated in [8] and concluded that the maximum load
power could be obtained at the frequency bifurcation point.
Reference [9] established a circuit model and made an exact
explanation for the frequency bifurcation phenomenon. The
further analysis of contactless power transfer characteristics
with relay coils was studied in [10] using coupled mode theory
and practical experience, which concluded that the type of
frequency bifurcation changes with the number of relay coils.
To obtain higher and constantly transfer efficiency, the
operating frequency of WPT system should track the resonant
frequency.

References [11]-[14] analyzed the output power
characteristics of WPT system to obtained optimal solutions,
then a negative feedback control module was designed to track
specific parameters at the transmitter or receiver, such as the
mean value of current sampling on the transmitter at the
voltage commutation point [15]. Frequency tracking detuning
control strategy based on the differential link phase-locked
loop was also commonly used to implement constant power
transfer [16]. References [17] and [18] offered reactive power
compensation for contactless power transfer systems with
variable load. Reference [19] pointed out a situation that
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non-resonance maximizes the efficiency of power
transmission, considering both output power and efficiency,
then decide a balanced working frequency under the condition
of resonance is different with the maximal efficiency.
Feedback mechanisms and compensation mechanisms were
utilized to achieve efficient power transmission. The shape
and structure of WPT system also affect transfer efficiency. A
novel meander-type laminated coupled structure was proposed
in [20], with higher transmission efficiency and output power.
The above researches achieved efficient power transmission
by utilizing an additional feedback loop, but the poor real-time
performance and high cost were also should be regarded.

The PT-symmetry principle was originated from quantum
physics. The first experiment of PT-symmetric circuit was
performed by Professor J Schindler of Wesleyan University in
2011, the experimental circuit structure consisted of a pair of
coupled LRC oscillators. The transmitter contained a
nonlinear gain whereas the receiver had the same amount of
attenuation, which offered the simplest implementation of a
PT-symmetry system in the electronic field [21]. Then
Professor J Schindler established PT-symmetric dimer modes
to express all universal phenomena encountered in systems
with generalized PT-symmetric in the next year [22]. In 2017,
Professor Fan of Stanford University applied PT-symmetric
circuit to WPT system [23] and successfully lighted up a 60 W
lamp in 2 meters, achieved robust against variations in
distance. Reference [26] proposed a new dual-coupled robust
WPT model based on the PT-symmetry principle of [24] to
implement efficient and stable power transmission.
Considering the applications of PT-symmetry WPT system,
[25] and [27] applied PT-symmetric circuits to charge fuzes
with variable gap and wireless charging for drone systems,
respectively. A research on the transmitter amplification of
negative resistance based on PT-symmetry principle was
presented in [28], that summed up the amplification was
adjusted automatically with varies distance. An ultra-sensitive
sensor based on parity-inversion and time-inversion was
proposed in [29], which could detect changes of resistance or
reactance accurately in a circuit. References [30], [31]
analyzed the PT-symmetric circuits and transmission
characteristics of WPT systems from the perspective of the
Duffing inequality, it also opened a new direction toward
investigating novel analytical method for the PT symmetrical
quantum system in WPT technology.

Coupled mode theory and circuit theory are two main
methods to analyze the WPT system. The coupled mode
theory analyzed the WPT system from the perspective of
energy, made solving process easier by wrote reduced-order
state equations [9], [23], [27]. Nevertheless, the accuracy of
solutions may reduce. Circuit theory model gained the system
state equation based on Kirchhoff’s voltage law and
Kirchhoff’s current law, the formulation of voltage and current
of each node and branch were given, then transfer efficiency
of WPT system was solved [14]-[16], [24], [25]. Furthermore,
output voltage values of negative resistance and load
resistance, phase difference characteristics are presented by
circuit theory method. Reference [32] built several topologies
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of WPT system by coupled mode theory, the relationship
between the energy model and coupling mode was discussed,
the mathematical significance of their equivalence is studied,
ultimately, simulations based on MATLAB were used to
verify the theoretical analysis. Current and voltage are the
main parameters in WPT system and easy to understand in the
field of electronics, so circuit theory method is utilized in this
paper. This paper analyzes the characteristics of WPT
system based on PT-symmetric circuit by circuit theory
method, which focuses on the amplitude, phase and waveform
of output voltage on transmitter and receiver. Variation of
transfer efficiency and operating angular frequency during
resonance is also expressed in this paper, and simulations
demonstrate the accuracy of theoretical model. A comparison
between PT-symmetry WPT system and Non-PT (NPT)
symmetry WPT system on the above characteristic is given,
that verify stability and efficiency of PT-symmetry principle
applied to WPT system. The remaining of this paper is
organized as follows: Section Il expresses the theory of

PT-symmetry, circuit theory model , theoretical analysis of
PT-symmetric characteristics in WPT system. Simulations
based on PSIM verify theoretical derivations in Section III.
Finally, Section IV concludes the paper.

Il. MATERIALS AND METHODS

A. Theory of Parity-Time-Symmetry

The parity-time-symmetry is a property described by the
invariance of parity-inversion and time-inversion. This theory
has been used in optics, high energy physics and field theory,
WPT system has familiar transmission principle with optical
coupling application, that is the reason why PT-symmetric
theory could be used in WPT system. Parity-inversion is
defined by the inversion of space, in continuous space
coordinates. Parity-inversion means mirroring from the space
coordinates of x <> -x. Similarly, the odd powers to x and their
odd derivatives also have corresponding mirroring properties
[13]. Time-inversion indicates the reversal of time direction,
that is, t < -t, the odd-numbered derivative of time t also
needs sign transformation. The PT-symmetric system is
realized by a symmetric circuit model with gain element and
loss element. When the gain and loss of the system are same
value with opposite sign, the energy flows steadily on both
sides of the system and then reach equilibrium. Nevertheless,
this stable transmission state will be broken with the variation
of a certain parameter, it is a spontaneous characteristic of the
PT-symmetric system.

This paper studies the application of PT-symmetric circuit
in WPT system from the aspect of electronics, parity
symmetry can be simplified to the symmetry of circuit
topology with same elements on both sides, such as
series-series (S-S) RLC topology and parallel-parallel (P-P)
RLC topology. Parity-inversion of the circuit system is
achieved by interchanging the signs on both sides, that is, X <
-X, p < -p. Time-inversion is represented by swapping the
sign of the purely resistive impedance whereas keeping the
sign of reactance part in the circuit, that is t < -t, p < -p.
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Assuming H indicates a system described by a Hamiltonian
under the following condition, then this system is a
PT-symmetric system. Combined with the circuit analysis
theory, system state equation unchanged when swapping the
time sign and state variable.

[H,PT] =0
[H,P]#0 (D
[HT] =0

From the perspective of wireless power transfer, if the
output power at the receiver remains unchanged, means the
WPT system could meet PT-symmetry within a certain range,
which greatly improves the stability of transmission and
implements robust power transfer. Part B and C demonstrate
the property of PT-symmetry of the proposed WPT system.

B. Circuit model of WPT system

The PT-symmetric circuit is composed of two RLC
oscillators as an S-S topology (as shown in Fig. 1). The
difference between these two oscillators is that the non-linear
gain on the transmitter is consists of a negative resistance,
which contains an operational amplifier and a resistor. In the
PT-symmetric circuit model, Lt and Lg are the inductance of
Tx and Rx, Cr and Cr present the capacitors in transmitter and
receiver. Rt and Rg presents the internal loss of Tx and Rx. M
is the mutual inductance between the two coils, R, indicates
load resistance at receiver, and A is the amplification of the
operational amplifier. Ro is a series resistor on the transmitter,
which constitutes a non-linear negative resistance together
with an operational amplifier.

8 0
5
Ro | Ir %}z H R
1 il

Fig. 1 Structure of WPT si/stem based on PT-symmetric circuit

Vneg

Fig. 2 Nonlinear negative resistance circuit

The nonlinear negative resistance circuit is illustrated in
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Fig. 2. Ve represents the voltage across the nonlinear gain
module, the amplification of operational amplifier 4 = w,

2

the value of equivalent negative resistance

|—R] =%=ﬁ. The direction of output voltage Vneg is
. Z

opposite to the current on the transmitter, and the nonlinear
negative resistance is an active component, which is the key of
the stable power transmission.

An equivalent circuit model of the PT-symmetric wireless
power transmission system is shown in Fig. 3.

C; Ci
|T Ir IR IRl
+ Uer - - U +
M
£ X
. LE e :) A
RT Rr

Fig. 3 Equivalent circuit model of PT-symmetric WPT system

The parameters of transmitter and receiver are designed to

the same with the purpose of meet the condition of

PT-symmetry. In detail, |-R|=R.=R,Lr=Lg=L,Cr=Cr=

C, Rr = Rg. The corresponding circuit equation is obtained by
Kirchhoff's law of voltage and current:

Ir(Rr — R) + Ug, + jwyLrlr + jwysMIp = 0

iR(RL + RR) + UCR +]’W1M1’IT +jW1LRjR = 0

. : (2)

Ir = jw,Cr UC‘T

IR = jwlcRUCR

where w; is the operating angular frequency of the RLC
resonant system, wp indicates the natural angular frequency.
Substituting the voltage parameters in (2), an equation about
Iy and Iy is obtained:
. 1 k
rea-o Y Twa=o |k
k 7 -0

k I |
vk  twaziem v

where y = R\E, k =%, w =2 the coefficient matrix of
Wy

the current state equation is a symmetric matrix, and the
circuit equation is unchanged after swapping the subscripts T,
R of current I, this is the preliminary proof of the
PT-symmetry WPT system.

Let the determinant of the coefficient matrix equal 0:

( 1 2 fw? 2)
wi(1—k2) 1-k2 W 7

_jz”(w(ll—m) _W) =0

Q)]
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the solutions of (3) are:

1 ,
Wl,zziiw{] (\}}"3_}’2"' ]";%T_Vz)
1
W3,4:iiwo (v'}’:%_ 2= ,Y;%T_]’Z)

where y;,, presents the upper critical point of the system, and
¥pr Means the PT symmetry breaking point of the system.

The relationship with the coupling coefficient is illustrated
in (6) and (7). The working range of WPT system is divided
into three parts by y,,, ¥pr.

()

(6)
(7)

When 0 <y < ypr, the eigenvalues of the system are four
reals, which contain two pairs of numbers with opposite signs.
This region is PT symmetric region, the WPT system performs
equal-amplitude oscillation, power and voltage keep equal on
the transmitter and receiver. From the perspective of wireless
power transfer, it also called strong coupling region [13]. The
resonance frequency and phase difference between transmitter
and receiver change continuously with the coupling coefficient
in the strong coupling region. To analysis the dynamic
characteristics of PT symmetric circuit quantitatively, let the
phase @ =0;— 0@y, where @; presents the phase on
transmitter and @ correspond to the receiver. @, and @,
indicates the phase difference on the low-frequency branch
and high-frequency branch in the strong coupling region,
respectively. The phase difference is {0,7} when y =0, the
phase difference of the high-frequency branch increases from
0 and the low-frequency branch decreases from i, as shown
in (8):

@, = m—tan?* [% (Ule)—BM -(1- kz)—m)]

@, =tan™? E (m -(1- k2)—1/4)]

(8)

When ypr < ¥ < ¥, the eigenfrequencies of the system
become two pairs of conjugate complex numbers with
non-zero real parts. This region is PT symmetric broken
region, also known as weak coupling region. The WPT system
does not meet PT-symmetry anymore in this range, an
exponential attenuation mode and an exponentially increasing
mode occur simultaneously, these two modes oscillate at the
same frequency. The phase difference between transmitter and
receiver does not change much.

When y = ypr, the phase difference is © =0, _, where

0, isthe phase difference that corresponds to y = ypr. The

eigenfrequency of the system becomes two pairs of pure
imaginary numbers. There is no oscillation mode in the system,
which reflects the over-damped state in the RLC oscillator
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circuit.

C. PT-symmetry in WPT system

To verify the property of PT-symmetry in the WPT system
furtherly, the capacitor voltages of the transmitter and the
receiver are taken as state variables, (9) is the system state
equation based on U and Ug.:

Lrlg— M*d*Uc

T Lg dt?
MR CpdUg, M

+ (R+RT)CT?+ UCT

Ly dt Ly
The state equation of the system keeps the same after the
parity-inversion and time-inversion, and the voltages at the
transmitter and the receiver oscillate with the same amplitude.
Therefore, S-S topology RLC oscillators meet the property of
PT-symmetry could be used as a PT-symmetric circuit model.
Considering the power transfer between transmitter and
receiver, let q. = CrU.., qc, = CpU.,, based on (9), a
system state equation about the capacitance in capacitors at
transmitter and receiver is obtained, as presents follow:

dzfa’cr__(R"‘Rr)Lnd‘?cr Ly 1

dt?  Ljlg—M? dt CpL lp— M2 e

UC]—=0

MR, dq.. M 1
+ T+ — 7 ¢
dZQCR=_[RL+RH)LTdQCR_E 1
dt? Ljlg—M? dt Cpl;Ly— M2

L MR deg M 1
Lilp— MZ dt ' Cplplp— MZicr

Similarly, swapping the subscript of capacitors at both sides
for parity-inversion, and interchange t with -t for
time-inversion, the same equation as the original equation is
obtained, that is, the system transmission characteristics and
charges on transmitter and receiver maintain invariable during
parity-time inversion.

D. Analysis of transmission characteristics

Negative resistance offers power for the WPT system as an
active component in the transmitter. Iy and V;,,4 have the

same phase, whereas Iy and V., are the opposite. The

transfer efficiency is calculated by the ratio of active power
between transmitter and receiver, so the transfer efficiency of
the PT-symmetric WPT system is defined as load power
divided by the output power of nonlinear negative resistance,
as follows:

n= P.and _ J{RVIc:u:{d
|Pneg| |ITVneg|

(11)

Let the coupling rate of the WPT system presents by:
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kew,
K=
2

(12)

Rio and Ry indicate the loss rates of transmitter and receiver,
respectively.

— Br
10 =5, (13)
Rp+R
Ryo=—5" (14)

The transfer efficiency of the WPT system can be calculated
by:

R,
Ry + Ry + R, ¥ <ver)
n= 1 (15)
R R (}’ = yPT)
1 + 104220
KZ

In terms of the coupling coefficient k, the PT symmetric
range (strong coupling region) is under the condition of k >
ker, the receiver is in a resonance state with an equal
amplitude of transmitter, the transfer efficiency is close to
100% in this region, and the transfer efficiency is independent
of the coupling coefficient between Tx and Rx. The PT
symmetric broken range (weak coupling region) is under the
condition of k < kpr,, the voltage at the receiver is not exactly
equal to the output voltage of nonlinear negative resistance.
The transfer efficiency of the system is related to the coupling
coefficient between the two coils and gradually reduces as the
coupling coefficient decreases.

Based on the PT-symmetry principle and circuit theory
method, a simulation of the WPT system is performed by
PSIM. The output voltage of nonlinear negative resistance and
load resistance is measured to infer PT-symmetry. The
parameters of the simulation are shown in Table 1. A small
voltage on the transmitter capacitor starts the oscillation.
Circuit parameters on the transmitter and receiver are
approximately equal to meet PT-symmetry principle. The
mutual inductance varies from 3.6uH to 31.2uH,
corresponding coupling coefficient at the range of 0.03-0.24.

Table 1 Parameters of WPT system

RESULTS

Parameters TX Rx
Inductance (L1,2) 120uH 120uH
Capacitance (C1.) 44pF 45pF (43pF)
Resonant frequency (f0) 2.19MHz 2.19MHz

Amplification (A) 1.033

Mutual inductance 3.6-31.2uH

Gain resistance (Ro) 5Q

Load resistance (RL) 1500
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Fig. 4 presents the relationship between the coupling
coefficient and system resonant frequency. As the coupling
coefficient decreases, the system resonances frequency varies
from 1.97MHz to 2.52MHz by tracing two different frequency
branches, then these two frequency branches converge at a
critical coupling coefficient between strong coupled region
and weak coupled region, that is, k=0.0903. Then system
operating frequency stay at natural resonance frequency.

Fig. 4 Frequency bifurcation characteristic of WPT system

In the case of k > 0.0903, two frequency branches appear
with the coupling coefficient increases, the difference between
high-frequency branch and low-frequency branch decreases as
the coupling coefficient reduces. Theoretical values of the
resonance frequency are presented by the black line in Fig. 4,
which correspond to formula (5). Two sets of simulation
results of frequency bifurcation characteristic are indicated by
red dots and blue dots, the first set of simulation tracking the
high-frequency branch whereas reduces the capacitance by
2pF, the second simulation performs a blue dot curve and
tracks the low-frequency branch spontaneously. It is found
that frequency bifurcation tracking mechanism of the PT-
symmetric system is related to the series capacitance of the
transmitter and receiver, the system resonance frequency
follows the high-frequency branch when Clgreater than C2
whereas tracking low-frequency branch when C1 less than C2.

In the case of k < 0.0903, the WPT system is in weak
coupling region, and the natural resonant frequency of the
system does not change anymore. The simulation results are in
good agreement with the theoretical derivation, which
demonstrated the PT-symmetry WPT system has the ability to
adjust the resonance frequency with varies coupling
coefficient automatically.

Vioad Vneg

Voltage (V)

0.0000535 0.000054 0.0000545 0.000055
Time (s)
Fig. 5 Voltage waveform of negative resistance and load resistance
while tracking high-frequency branch

Fig. 5 and Fig. 6 indicate the waveforms of the nonlinear
negative resistance output voltage (blue line) and the load
resistance output voltage(red line) when the system resonance
frequency follows high-frequency branch and low-frequency
branch. Under the condition of k=0.2, the system resonance
frequencies are 2.4MHz and 2.03MHz, respectively. The
voltage value of load resistance and nonlinear negative

resistance is approximately equal, these results consistent with
the explanation in Section Il, System energy flows steadily on
transmitter and receiver. The phase difference approach to 0
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when tracking high-frequency, whereas m is presented while

tracking low-frequency, which coincidence with the
theoretical derivation in section II.
Vioad Vneg

10

5
s

o

j@" 0
©
5

-5

-10

0.000837 0.0008375 0.000838

Time (s)
Fig. 6 Voltage waveform of negative resistance and load resistance
while tracking low-frequency branch
100 - . S
—Vneg — Vload |

80 [

o
S

Voltage (V)
&
T

ok I I I I I [
0.26 0.24 0.22 0.2 0.18 0.16 0.14 0.12 0.1 0.08 0.06

Coupling Coefficient
Fig. 7 Output valtage value of negative resistance and load resistance

The variation of nonlinear negative resistance voltage Vneg
(blue line) and load voltage Viead (red line) with the coupling
coefficient is illustrated in Fig. 7. The voltages both
transmitter and receiver are maintained at 10 V in the strong
coupling region, which meets robustness.

The phase difference between the output voltage of the
nonlinear negative resistance and the load resistance voltage
accord with the theoretical value (see Fig. 8), black line
indicates the derivation results of equation (8). When the
system resonance frequency tracks the high-frequency branch
(red line), the phase difference gradually increases from 0
whereas tracking the low-frequency branch (blue line)
decreases from =. In the weak coupling region, both two

branches are remains approximately g and basically

unchanged. The simulation results roughly agree with the
derivations.
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— Theory — * sim1 * sim2 |

INd

Phase Difference2 (rad)

’ 0.24 0.‘22 O‘,2 0.18 0.‘16 0.‘14 0.12 0“1 0.‘08 0.06 0.(‘34
Coupling Coefficient

Fig. 8 Phase difference between transmitter and receiver

To compare the characteristics between PT symmetrical
WPT system and NPT symmetrical WPT system, a simulation
is done which replaces negative resistance at the transmitter
with an equivalent positive resistance. The calculation method
of transfer efficiency remains unaltered. Fig. 9 presents the
comparison between PT symmetric system (blue line) and
NPT symmetric system (red line) on transfer efficiency. The
transfer efficiency of PT-symmetric system is higher than
NPT symmetric system in the whole process and retains
relatively stable in the strong coupling region which consistent
with the equation (15), conversely, the NPT symmetric system
maintains a downward trend with the variation of coupling
coefficient. In addition, the resonance frequency and phase
difference of the NPT symmetric WPT system keep unaltered.
Fig. 9 Transfer efficiency of PT symmetric system and NPT

. .
— —PT symmetric system
B ~_ —NPT symmetric system

<o o o
» ) @
T T

Transfer Efficiency

o
N
T

0 ! | ! ! | !
0.24 0.22 0.2 0.18 0.16 0.14 0.12 0.1 0.08 0.06 0.04

Coupling Coefficient

symmetric system
Therefore, the PT symmetrical circuit adjusts the resonance
frequency spontaneously in the strong coupling region,
causing equal-amplitude oscillations on the transmitter and the
receiver. The power transfer efficiency of the system is higher
than 80% and is relatively stable, which is higher than the
NPT symmetrical system. The robustness of the PT-symmetric

system in strong coupling region could overcome the
shortcoming of the transfer efficiency changing with
distances.

246
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. 10 Theoretical curves of parity-time symmetric circuit with
variable resistance
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Fig. 11 Simulation curves of parity-time symmetric circuit with
variable resistance

A group of simulation with variable load resistances is
designed to explore whether the system maintains a stable
transmission state with variable circuit parameters. Five sets of
simulation with the value of load resistance are 105Q, 125Q,
145Q, 165Q, and 185Q. Figure 10 shows five theoretical
efficiency curves corresponding to the different resistance, the
five lines of pink, red, black, green and blue represent the
efficiency curve corresponding to increasing resistances.
Figure 11 shows the simulation result curves. These two sets
of curves are roughly in agreement.

0

IV. CONCLUSION

This paper analyzes the wireless power transfer system
based on the parity-time-symmetry theory. Firstly, the circuit
model of the WPT system is established, the relationships of
the amplitude and phase difference between the output voltage
of the nonlinear gain and the load voltage are found. The
characteristics of system resonance frequency with the
coupling coefficient are analyzed and the transfer efficiency is
obtained. Then making a comparison of the PT-symmetric
system with NPT-symmetric system, results indicate that the
transfer efficiency of PT-symmetric system has always higher
than 80% in the strong coupling region. When the load
resistance changes, the system still maintains efficient and
stable transmission within a certain range, indicating that the
system still has high robust applicability to the changed
coupling coefficient when the circuit parameters are changed.
The transmission characteristics of PT-symmetric circuits
have been verified through simulations based on PSIM.

ISSN: 1998-4464

247

Volume 14, 2020

The PT-symmetric WPT system is convenient to implement
because of its simple circuit structure. The property of
automatically adjusting the resonance frequency in the strong
coupling region makes this system apply to electric vehicles
and mobile phone wireless charging technology easily. At
present, the PT-symmetric WPT system has not been applied
to the underwater system, the eddy-current loss is the main
factor affecting the efficiency, compensation mechanism will
be considered in the actual underwater system. The class-D
power amplifiers and full-bridge circuits also could be used as
system nonlinear gain to achieve variable performance. The
future researches could regard the frequency tracking
mechanism and multi-coils WPT system.
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