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Abstract: In a three-coil wireless power transfer system with relay coils, the transmission efficiency
and output power of the system decreases with changes in the adjacent coupling coefficients. Control-
ling the power of three-coil wireless power transfer systems is also a significant challenge. To solve
these issues, a three-coil wireless power transfer system based on parity–time symmetry is proposed
in this paper. First, a three-coil parity–time wireless power transfer system was modeled based on a
circuit model. Then, the transmission and gain characteristics of the three-coil parity–time wireless
power transfer system were analyzed. It was found that when the system is in a parity–time-exact
region, it can maintain a constant transmission efficiency and output power, and its output power
is independent of the coupling coefficient. In addition, based on the output characteristics of the
three-coil parity–time wireless power transfer system, a power control method and a working range
detection method were proposed to attain a constant power output. Finally, a three-coil parity–time
wireless power transfer system was experimentally tested.

Keywords: wireless power transfer (WPT); parity–time (PT) symmetry; relay coil; power control

1. Introduction

With technological development, electricity has become an indispensable part of life.
Unlike wired power transmission, in which electrical energy is transmitted through wires or
cables, wireless power transfer (WPT) has been widely used in consumer electronics, smart
homes, physical robots, and implantable medical devices because of its high flexibility,
convenience, and safety, without requiring any physical connections [1–4].

One of the types of WPT, magnetic resonance wireless power transfer, was proposed
by MIT’s Kurs team in 2007 [5], and a large number of researchers subsequently invested
in it [6,7]. They used four coils coupled with a medium distance to wirelessly light a
60 W light bulb through the strong magnetic resonance theory in physics combined with
coupled-mode modeling theory. However, the transmission efficiency and output power of
the system decreased significantly with increasing distance.

To ensure the robustness of the transmission efficiency of a WPT system toward coil
coupling distance, Assasaworrarit et al. introduced a wireless power transfer system
using parity–time (PT) symmetry theory in 2017 and constructed a negative resistor, using
an operational amplifier to replace the traditional excitation source. When the system
operated in the PT-exact symmetry region, the transmission efficiency of the system did
not vary with the coupling coefficient between the coils [8]. Although the power of this
system was only on the order of milliwatts, the output characteristics of this system and
its circuit characteristics, namely, the lack of a requirement for additional complex control
loops, have attracted many researchers to the study of WPT systems using PT symmetry
theory [9]. Zhou et al. used a self-oscillating inverter to achieve a negative-resistance
composition and, thus, increase the output power of a system to a level that can be applied
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to electronic devices, and it could maintain a transmission efficiency of more than 90%
within a distance of 100 mm from the coupling coil [10]. In Ref. [11], a PT-symmetric
system was applied to multiple decoupled receiver coils to achieve high-power wireless
energy transmission with low current stress in each receiver coil. In Ref. [12], a steady-state
analysis of the PT-symmetric system was performed using the mutual inductance model of
the circuit, and a primary-side output power control scheme was proposed according to
the characteristics of the PT-symmetric interval. Unlike the coupled-mode theory modeling
reported in [10], modeling based on circuit mutual inductance theory can more precisely
describe the correlation between system transmission performance and circuit parameters.

Although the PT-symmetric system is robust regarding transmission efficiency over
the transmission distance, it exists only in the PT-exact symmetry region [8]. When the
coupling coefficient of the system is less than the critical value, the system will lose its
robustness toward the coupling distance because it operates in the PT-broken region.
However, this property is only satisfied in the PT-exact symmetry region. As the coil
transmission distance increases, the system begins operating in the PT-broken region, and
the constant transmission characteristic of the system is not satisfied. In Ref. [9], the critical
coupling coefficient of the studied system was reduced by connecting an inductor in series
to the resonant tank on the secondary side that did not participate in the coupling. In
Ref. [13], a DC–DC link was added to the secondary side of the system, reducing the critical
coupling coefficient of the system by changing the equivalent AC resistance of the system
and, thus, its necessary coupling coefficient. However, additional components increase the
size of the receiving end.

In addition to the methods above, a WPT system with multiple relay coils can effec-
tively extend the transmission distance. In Refs. [14–16], a scheme was proposed to realize
long-distance wireless power transfer with multiple loads based on a relay resonant tank
constructed using a double-coupled coil. In PT-WPT, Zhou et al. analyzed the system
output characteristics as well as the frequency characteristics based on the coupled-mode
theory for different numbers of relay coils [17]. In Ref. [18], based on a single relay coil, a
parallel–series capacitor compensation topology was used for the receiving coil, increasing
the freedom of coupling coefficient adjustment. In Ref. [19], based on a three-coil WPT,
variable inductance and variable capacitance elements were added to cope with the system
detuning caused by the coupling coefficient change between coils. However, the theories
of these articles are based on coupled-mode modeling, which analyzes a system’s reso-
nant tank from an overall perspective and does not reflect the voltage and current gain
characteristics of a system [10].

Knowledge of the output characteristics of a WPT system are essential in practice.
Owing to the features of the PT-exact symmetry region, the authors of [20–22] realized the
switching of the two charging modes of CC and CV for a dual-coil PT-WPT system using
primary-side information only. There is yet to be an article reporting the analysis of the
voltage and current gains and the control of the output of a three-coil parity–time wireless
power transfer system. This is because modeling with the coupled-mode theory does not
directly reflect the relationship between the electrical system parameters.

In this study, a novel power control method based on a three-coil PT-WPT system is
proposed. The proposed system’s resonant tanks adopt capacitor series compensation. Un-
like most output control systems, the proposed output control system only requires current
and voltage information at the transmitting end and does not require communication at the
receiving end. In addition, based on the frequency characteristics of the three-coil PT-WPT
system, a working range detection method is proposed, which only requires information
from the transmitting end. To save space for the model, the relay coil and receiver coil
of the system were designed with multilayer coils, and the parameters of the coils were
optimized. The research results of this article provide valuable insights for further research
on the three-coil PT-WPT system.

The rest of this paper is organized as follows. Section 2 models the circuit model of the
three-coil PT-WPT system using the circuit mutual inductance theory and analyzes the gain
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characteristics and transmission characteristics of the three-coil PT-WPT system. Section 3
proposes an output control strategy for DC loads based solely on the current and voltage
information of the primary side to realize the DC load using only the current–voltage
information on the primary side. Section 4 presents an analysis of the parameters of the
system and the design of an experimental prototype. Finally, some conclusions are given in
Section 5.

2. Modeling and Analysis of the Three-Coil PT-WPT System
2.1. Circuit Model of the Three-Coil PT-WPT System

Figure 1 displays a schematic of the proposed three-coil PT-WPT system employing
capacitor series compensation. Luo et al. [23] established a negative resistor using a full
bridge inverter, achieving PT symmetry within the system. The proposed system exhibits
controllable negative resistance owing to a DC–DC module based on a full bridge inverter,
with −RT , LT , CT , and rT representing the negative resistance, inductance, compensation
capacitance, and internal coil resistance of the transmitting coil’s resonant tank, respectively.
L1, C1, and r1 represent the coil inductance, compensation capacitance, and internal coil
resistance, respectively. LR, CR, rR, and RLeq represent the inductance, compensation
capacitance, internal coil resistance, and load AC equivalent resistance of the load coil
resonant tank, respectively. Mpq(p, q = T, 1, R, p = q) represents the coupling between
the coils.
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Figure 1. Equivalent circuit of a three-coil PT-WPT system.

The circuit model for a three-coil PT-WPT with an operating angular frequency ω can
be established by applying Kirchhoff’s voltage law and circuit theory, and is mathematically
expressed as follows: (1) Assuming that the distance between the receiving coil LR and the
transmitting coil LT is considerably large, the cross-coupling effect is negligible (MTR = 0).
Additionally, the internal resistance of the relay coil can be neglected, considering its
high-quality factor (r1 = 0).

−RT + rT
LT

+ j(ω−
ω2

T
ω

) jωkT1

√
L1

LT
0

jωkT1

√
LT
L1

j(ω−
ω2

1
ω

) jωkR1

√
LR
L1

0 jωkR1

√
L1

LR

RLeq + rR

LR
+ j(ω−

ω2
R

ω
)




.
IT
.
I1
.
IR

 = 0 (1)

Here, ωT, ω1, and ωR represent the intrinsic resonant angular frequencies of the transmit
resonant tank, relay resonant tank, and receive resonant tank, denoted as ωT = 1/

√
LTCT,

ω1 = 1/
√

L1C1, and ωR = 1/
√

LRCR, respectively; kT1 and kR1 are the coupling coefficients
between the adjacent coils, expressed as kT1 = MT1/

√
LT L1 and kR1 = MR1/

√
LRL1.
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In the context of a two-coil PT-WPT system [10], the transmitting and receiving coils
necessitate identical intrinsic resonant frequencies (i.e., ωT = ωR). Similarly, in a three-coil
PT-WPT system with a relay coil, specific conditions must be fulfilled:{

ωT = ω1 = ωR = ω0

kT1 = kR1 = k
(2)

where ω0 is a custom parameter. To obtain a non-zero solution, the determinant of (1) must
be zero, meaning that both the real and imaginary parts must be zero [22]. Therefore,

[
−RT + rT

LT
+

RLeq + rR

LR

][(
1− k2)ω4 − 2ω2

0ω2 + ω4
0
]
= 0[(

1− 2k2)ω4 −
(

2ω2
0 +
−RT + rT

LT
×

RLeq + rR

LR

)
ω2 + ω4

0

](
ω2 −ω2

0
)
= 0

(3)

The real part of the imaginary part of (3) can be resolved into the two polynomials(
1− k2)ω4 − 2ω2

0ω2 + ω4
0 = 0 and

(
ω2 −ω2

0
)
= 0, which cannot be satisfied simulta-

neously. Instead, three angular frequency solutions for the three-coil PT-WPT system:

ω =



ω0 , 0 < k < 1

ω0

[
2−Q−2

R ±
√
(2−Q−2

R )
2−4(1−2k2)

2(1−2k2)

] 1
2

, kc ≤ k <
√

2
2

ω0√
1± k

, 0 < k < kc

(4)

where QR = ω0LR/(RLeq + rR), and kc =
√

2
2

(
1−

(
1
2 Q−2

R − 1
)2
)1/2

is the critical coupling

coefficient in a three-coil PT-WPT system.

2.2. Transmission Characteristics

As depicted in (4), unlike the two-coil PT-WPT system, the three-coil PT-WPT system
has three modes of operation. When kc ≤ k <

√
2/2, the system operates within the

PT-exact symmetry region, featuring two frequency branches for the system’s operating
frequency. The system’s operating frequency fluctuates continuously with the coupling
coefficient k. When the operating frequency satisfies ω = ω0, the system operates in
the resonant state, akin to a standard three-coil MCR-WPT system. When 0 < k < kc,
frequency bifurcation persists, leading to two branched frequencies with varying operating
frequencies concerning the coupling coefficient.

The currents IT and IR represent the root mean square (RMS) of the current
.
IT and

.
IR, respectively. By substituting (2) into (1) and simplifying it, the relationship between
current

.
IT and

.
IR can be obtained.

j
ω2

ω2
0

k2
√

LT
.
IT =

[(
ω

ω0
− ω0

ω

)
Q−1

R + j
(

ω

ω0
− ω0

ω

)2
− ω2

ω2
0

k2

]√
LR

.
IR (5)

2.2.1. In the PT-Exact Symmetry State

In the PT-exact symmetry state, the system functions within a PT-exact symmetric
realm, where the gain and output characteristics remain unaffected by the system’s coupling
coefficient.

This assertion is justified by Equation (4). As observed, when the system resides in the
PT-exact symmetric region, the operating frequency of the system satisfies
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ω = ω0

[
2−Q−2

R ±
√
(2−Q−2

R )
2−4(1−2k2)

2(1−2k2)

] 1
2

. By substituting Equation (4) into Equation (5),



GI−e =
IR
IT

=

∣∣∣∣∣
.
IR
.
IT

∣∣∣∣∣ =
√

LR
LT

GU−e =
UR
Uin

=
IRRLeq

IT RT
=

RLeq(
RLeq + rR

)√ LT
LR

+ rT

√
LR
LT

(6)



ηe =
I2
RRLeq

I2
Tr1 + I2

Rr3 + I2
RRLeq

=
1

LRrT
LT RLeq

+
rR

RLeq
+ 1

PLeq−e =
U2

R
RLeq

=
RLeqU2

in
LT
LR

(
RLeq + rR

)2
+ 2rT

(
RLeq + rR

)
+

LR
LT

r2
T

(7)

2.2.2. In the PT-Broken State

In the PT-broken state, the system operates in a region where the gain and output
characteristics fluctuate with the coupling coefficient. Here, the operating frequency sat-
isfies ω = ω0/

√
1± k. Substituting ω = ω0/

√
1± k into Equation (4) results in the

following equations:
GI−b ==

ω0k
√

LT LR

(RLeq + rR)
√

1± k

GU−b =
RLeqω0k

√
LT LR(1± k)

ω2
0k2LT LR + rT(1± k)

(
RLeq + rR

) (8)


ηb =

RLeqLT LRω2
0k2(

RLeq + rR
)2
(1± k)rT +

(
RLeq + rR

)
LT LRω2

0k2

PLeq−b =
RLeqω2

0k2LT LR(1± k)U2
in[

ω2
0k2LT LR + rT(1± k)

(
RLeq + rR

)]2
(9)

2.2.3. In the Resonant State

In this state, the voltage and current gains mirror those in (6), suggesting that the
output power PLeq−r and transmission efficiency ηr of the system are consistent with those
in (7), respectively.

3. Proposed Three-Coil PT-WPT System

In this section, a three-coil PT-WPT system, characterized by its rated output traits, is
introduced and thoroughly analyzed. The system’s structure is meticulously examined,
and a control strategy utilizing a singular side parameter to secure a constant output power
is devised.

3.1. With Boost Converter and Receiver Side Rectifier Model

The system configuration, involving the Boost converter and rectifier, is illustrated
in Figure 2. The relationship between the inverter input voltage Ud and the DC supply
voltage UDC can be expressed as follows:

Ud =
UDC

1− D
(10)



Appl. Sci. 2023, 13, 12188 6 of 18

where D is the duty cycle. At the receiving end, the electrical energy is converted into DC
power through a full-bridge rectifier with filter capacitors to act on the DC load RL. The
voltage at both ends of the DC load was UL, and the rectifier input voltage and current were
IR and UR, respectively. Accounting for the filter capacitors, only the fundamental wave of
the current–voltage at the rectifier end is considered. The current IL flowing through the
DC load RL is expressed as follows:

IL =
1
π

∫ π

0

√
2IR sin(ωt)d(ωt) =

2
√

2
π

IR (11)

Assuming neglect of the rectifier’s power loss, the relationship between the DC load
and the equivalent AC load is expressed as follows:

RLeq =
8
π

RL (12)
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3.2. Self-Oscillation Control Strategy for Achieving Constant Output

In the context of the previous section’s analysis, the three-coil PT-WPT system, char-
acterized by negative resistance, functions within the PT-exact state. In this state, the
output voltage and current are exclusively linked to the system’s internal parameters. The
equivalent AC output voltage, current, and power remain constant as the system stabilizes.

Negative resistance can be achieved by sampling the loop current iT within the reso-
nant tank at the transmitting end. Figure 3 illustrates the negative-resistance control circuit
and its implementation strategy. The current is sampled, captured, and transformed into
a voltage signal by a current-sense transformer CU8965. It is then directed to the zero-
crossing comparator AD8611 and dead time generation circuit to convert it into rectangular
PWM signals. The isolated driver chip Silicon Labs SI8271, serves as the driver for the
full-bridge inverter circuit, amplifying the PWM signals from the comparator.

Figure 4 shows the full-bridge inverter output waveform and the PWM signal gov-
erned by self-oscillation control. Ideally, disregarding the MOSFET switching dead time,
the duty cycle width of the PWM signal of switches S1–S4 is 50%. The inverter output
voltage uin and its fundamental component uin−FHA are in phase with the current iT . The
effective values of the fundamental component of the inverter output voltage Uin and the
inverter input voltage Ud are expressed as follows:

Uin =
2
√

2
π

Ud (13)
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3.3. Online Load Resistance Identification and System Status Detection

For the three-coil PT-WPT system to operate in the exact state, ensuring identical
coupling coefficients between adjacent coils is imperative. The equivalent load-resistance
data and real-time information on the load RL and the distance between coupling coils
must be acquired.

By combining (3) and (13) with Uin = IT RT , the estimated load resistance can be
derived as follows:

RL−est =
π2

8

[
LR
LT

(
Uin
IT
− rT

)
− rR

]
(14)

In [3], a system operating mode analysis was performed by detecting the working
frequency and comparing the relationship between the operating frequency and the intrinsic
resonant frequency. However, in the operating broken state of the three-coil PT-WPT system,
a bifurcation frequency exists, making it challenging to judge the operating mode through
a frequency comparison. To discern whether the system is functioning within the PT-exact
state, it is proposed to calculate the inverter output voltage and current RMS using reflected
impedance analysis.
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The equivalent transmitting-side circuit of the system is shown in Figure 5, and the
input impedance Zin of the system is expressed by (15):

Zin = rT + jωLT − j
1

ωCT
+

ω2M2
T1

jωL1 − j
1

ωC1
+

ω2M2
R1

jωLR − j
1

ωCR
+ RLeq + rR

(15)
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Upon substituting the expression for operating frequency from (4) to (15),

Zin = rT + rR + RLeq (16)

In the PT-exact and resonant states, the system exhibits a consistent input impedance.
This input impedance consistently complies with (16) when the system functions in the
resonant state. Therefore, the system’s input impedance can be computed as a reference
value by transmitting a PWM signal with a fixed frequency before the system commences
operation. This input impedance calculation was conducted during self-oscillation control,
issuing a misalignment warning when the system was in the broken region. The flow of
the system’s working state detection is illustrated in Figure 6.
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3.4. Variable Negative Resistance Control Strategy Based on Primary Side Regulation

Building upon the analysis in Section 2.2, it is evident that the system’s output power
solely relies on the system’s equivalent AC load RLeq and the inverter output voltage Uin
when functioning within the PT-exact symmetry region. Consequently, adjusting the duty
cycle of the boost circuit alters the negative resistance and, consequently, the inverter output
voltage Uin.

By combining (10) and (13), the equivalent AC load output power of the system is
obtained as follows:

PLeq =

8
π2

U2
DC

(1− D)2 RLeq

LT
LR

(
RLeq + rR

)2
+ 2rT

(
RLeq + rR

)
+

LR
LT

r2
T

(17)

Equation (17) depicts that output regulation can be attained by adjusting the boost
converter’s duty cycle. Assuming the power loss of the full-bridge rectifier is negligible,
the output power PL of the DC load satisfies PL = I2

LRL = PLeq. By combining (6) and (11),
the estimated DC output power of the system can be calculated as follows:

PL−est =
8LT

π2LR
I2
T RL−est (18)

Upon determining the estimated system’s output power, the system’s output power is
regulated through the closed-loop PI control shown in Figure 7. As the load changes, the
real-time assessment of output current iT and output voltage uT are obtained, and their
RMS values of the fundamental wave are individually computed. The DC load resistance
and output characteristics are estimated using (14) and (18), while the estimated output
value PL−est is compared with a preset reference value PL−re f representing the desired
output characteristics. The error ∆PL = PL−re f − PL−est is fed to the PI controller, which
generates the duty cycle D. The switching driver then produces the PWM signal and
propels the boost converter. This control method can be effectively implemented within
the exact state of the system PT using a straightforward control algorithm and obviates the
necessity for system resonant cavity topology switching.
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4. Experimental Verification

Building on the earlier analysis, an experimental prototype was meticulously de-
vised and produced to assess the performance of the proposed three-coil PT-WPT system,
emphasizing a consistent output operation mode controlled from the transmitting side.

4.1. Coupling Coil Structure Design and Simulation

For the three-coil PT-WPT system, the coupling coil must meet specific criteria. Firstly,
the transmitting coil should have a substantial transmission area to facilitate a large flux
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region. Additionally, the relay and receiving coils need to conserve space. This study
employed square coils with rounded corners to reduce sharp current changes at right
angles for both the relay and receiving coils, maintaining a high quality factor. To conserve
space, a multilayer coil winding method was utilized to augment the coil’s self-inductance.
The system’s structure is schematically depicted in Figure 8. The self-inductance of a
multilayer coil is composed of the self-inductance of each layer, the strong positive mutual
inductance between the coils, and the staggered connection between the coil layers, as
depicted in Figure 9a,b. The self-inductance and mutual inductance between two adjacent
resonant cavities can be expressed by Equations (19) and (20).

L = ∑n
i=1 Li + 2∑n

i,j=1,i 6=j Mij (19)

where Li denotes the self-inductance of layer i of the multilayer coil and Mij denotes the
mutual inductance of layer i and layer j coils.

MT1 =
n
∑

i=1
MTi

MR1 =
n
∑

i,j=1,i 6=j
M′ij

(20)

where MTi denotes the mutual inductance between the transmitting coil and the coil of
layer i of the relay coil, and M′ij denotes the mutual inductance between layer i of the relay
coil and layer j of the receiving coil.

The relationship between the coil’s internal resistance, its radius, number of layers,
turns per layer, and turn spacing in the multilayer coil were examined. This analysis also
considered the impact of increased self- and mutual inductance on the coupling coefficient
and flux loss resulting from a significant variance in the number of coil turns. The relay
and receiver coils shared the same design constraints, leading to the transmitting coil and
multilayer coil’s similar design requirements.{

|NT − Nm| ≤ 12

|aT − am| ≤ 10 cm
(21)

NT and Nm represent the numbers of turns of the transmitting and multilayer coils,
respectively. aT and am denote the distances from the center of the transmitting coil and
multilayer coils to the outermost layer of the coil, respectively.
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To satisfy the three-coil PT symmetry condition, it is crucial to disregard the multilayer
coil’s internal resistance and mutual inductance MTR, considering the coil’s boundary constraint.

rm ≤ 1
10 RLeq

MTR ≤ 1
10 MTr

0 < NT < 25

0 < Nm < 15

2 cm < lp < 18 cm

2 cm < ls < 8 cm

(22)

The optimized coil parameters are shown in Table 1.

Table 1. Design parameters of transmitting and multilayer coils.

Structure Parameters Parameters Values

Outside diameter of transmitting coil lp 14 cm
Number of turns of transmitting coil NT 11

Multilayer coil outer diameter ls 5 cm
Number of turns of multilayer coils Nm 8

Winding width tw 1.5 mm
Turn spacing of coils tr 3.78 mm

Multilayer coil layer spacing tl 5.5 mm

The magnetic field intensity distributions of the single-layer transmitting coil and
the multilayer coil were studied using ANSYS 2022 R1 Maxwell finite element analysis
software. Figure 10 illustrates the magnetic field intensity distributions of both coils under
the same excitation.
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4.2. Experimental Construction

An experimental prototype was developed to validate the proposed theoretical analysis and
parametric design method. The coils were wound with Leeds wire (φ 0.04 mm× 1000 strands,
outside φ 1.4 mm) to counteract the skin effect, adhering to the specifications in Table 1.
The experimental set up, as depicted in Figure 11, included three designed coupling coils, a
50 V DC input voltage provided by the KXN-10010D DC power supply, and boost converter
(MOSFET: Infineon IRFP4227PBF, Schottky diode: ON MBR40250TG). The resonant tank
compensation capacitor was derived by connecting several chip capacitors in parallel, and
the RMS value was sampled using AD637. The full-bridge rectifier circuit at the receiver
side consisted of four Schottky diodes (V15PM15) using an electronic load as the test load.
Table 2 lists the other measured parameters of the system.
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Table 2. The experimental parameters.

Parameters Values Parameters Values

UDC 24 V r1 0.162 Ω
LT 59.52 µH LR 73.19 µH
CT 2.6599 nf CR 2.1631 nf
rT 0.234 Ω rR 0.197 Ω
L1 72.26 µH L f 120 µH
C1 2.1909 nf f0 400 kHz
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The relocation of the relay and receiving coils was performed with a radial shift
to ensure uniform coupling coefficients among adjacent coils. Figure 12 illustrates the
fluctuation in coupling coefficients of adjacent coils at different total transmission distances.
The theoretical findings were derived from Neumann’s equation [24], while the actual
mutual inductance was determined using a precision impedance analyzer (Wayne Kerr
6500 B) coupled with an LCR tester (Agilent 4263 B). The graph indicates the PT-exact
symmetry area of the dual-coil PT-WPT system in white and the PT-exact symmetry regions
of the three-coil PT-WPT system in white and yellow. The grey area indicates the PT-broken
symmetry region within the three-coil PT-WPT system.

Figure 12. Measurement results of the coupling coefficient between adjacent coils and the total
transmission distance.

4.3. Experimental Results
4.3.1. Steady-State Performance of the System

Figure 13 displays the experimental frequency, output power, and transmission ef-
ficiency curves for different total transmission distances, when RL = 10 Ω. As depicted
in Figure 13a, the measured switching frequency aligns with the calculated results in
Figure 13c, maintaining the system’s transmission efficiency at around 89% and a steady
output power of approximately 48 W. Once the total transmission distance d exceeds 32 cm,
the system operates in the PT-broken region, substantially reducing the transmission effi-
ciency. Hence, it is essential to avoid operating in the PT-broken region. The experimental
waveforms are depicted in Figure 14.

The inverter’s output voltage and current, as shown in Figure 14, persistently maintain
the same phase, affirming the method’s ability to retain a permanent negative resistance.
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4.3.2. Experimental Results of the Proposed Control Strategy

To validate the proposed load prediction and rated-output power control strategy, the
boost duty cycle was initially set at 0.5. Online load identification involved calculating the
RMS values Uin and IT at various loads using (14).

Table 3 summarizes the experimental results for RL−est and the corresponding error
∆R(∆R = RL−est− RL) at D = 0.5. The error ∆R is less than 4.3% for adjacent coil coupling
coefficients k = 0.15 and k = 0.096, which decreases with increasing RL. The average value
of RL−est can be used to reduce errors. The maximum error ∆Rmax is 4.10% for RL = 10 Ω,
and the minimum error ∆Rmin is 1.75%, corresponding to RL = 20 Ω.

Table 3. Experimental results of online load identification.

Load Resistance Total Transmission Distance
(Coupling Coefficient of Adjacent Coils)

RL(Ω)
d = 21 cm
(k = 0.12)

d = 25 cm
(k = 0.08)

RL−est(Ω) ∆R RL−est(Ω) ∆R
10 10.41 4.10% 10.37 3.70%
12 12.44 3.67% 12.41 3.417%
14 14.49 3.50% 14.45 3.214%
16 16.54 3.375% 16.56 3.50%

Figure 15 shows the experimental waveform plots for different output parameter
settings. Table 4 illustrates the experimental results of the rated output control at a rated
output power of 48 W. The table indicates that the error of the output power control strategy
is less than 4% for various adjacent coil coupling coefficients and loads. The system’s output
remained stable even with fluctuations in adjacent-coil coupling coefficients, confirming
the accuracy of the constant-output control strategy.
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Table 4. Error analysis of output power control.

Reference Output
Power

Total Transmission Distance
(Coupling Coefficient of Adjacent Coils)

Pre f = 48 W
d = 21 cm
(k = 0.12)

d = 25 cm
(k = 0.08)

RL(Ω) PL−est(W) ∆P PL−est(W) ∆P
10 46.17 3.819% 46.11 3.935%
12 46.33 3.47% 46.34 3.453%
14 46.45 3.23% 46.44 3.247%
16 46.5 3.126% 46.4395 3.251%

4.3.3. Dynamic Performance of the Proposed Three-Coil PT-WPT System

Figure 16 presents the dynamic waveform of the proposed system. Figure 16a illus-
trates the system’s start-up waveform for a coupling coefficient of 0.1 for adjacent coils.
When the total transmission distance was fixed at 15 cm, a step change in the load resistor
was executed, depicted in Figure 16b. With a sudden change in the DC load from 12 to
16 Ω in constant power mode, the waveforms show a reduction in load voltage from 7.35
to 3.96 V and an increase in load current from 2 to 3.85 A.
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4.3.4. Error Analysis

The specific error between the experimental and theoretical data is attributed to various
factors: (1) The asymmetric coupling coil design in this study resulted in deviations in
coupling coefficients, yet the system retained PT symmetry. (2) The proposed multilayer
coil internal resistance can only be controlled to a minimum in practice. (3) Tolerance
in the coupling coil and compensation capacitor can shift the resonant frequency, while
multiple parallel capacitors can resolve this and cause capacitor errors. (4) Experimental
measurement equipment can also contribute to errors.

4.3.5. Comparison with Other WPT Systems

Compared with the two-coil PT-WPT system, the three-coil PT-WPT system signifi-
cantly extends the distance between the special symmetry zones of the PT without adding
complex controls or additional components. Table 5 contrasts the results in this paper
with those in other published papers. The proposed system offers several advantages
compared with other WPT systems: it achieves a consistent output independent of the
coupling coefficient and load resistance.
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Table 5. Comparison between the proposed system and others.

Reference Freq Power Control Control Method Output Power

[25] 100 kHz Controllable Transmitter control and Communication needed Unstable
[26] 108 kHz Controllable Dual Transmitter control and no communication required Unstable
[19] 371.1 kHz Uncontrollable None Constant
This work 400 kHz Controllable Transmitter control and Communication needed Constant

5. Conclusions

This study examines the three-coil PT-WPT system by employing circuit theory. The
system’s transmission efficiency, output power, and transmission gain were derived and
compared with those of a two-coil PT-WPT system, demonstrating a notable enhancement
in the PT-exact symmetry region. Furthermore, a novel control strategy for maintaining the
system’s rated output power utilizing solely transmitter information is proposed based on
the transmission characteristics of the three-coil PT-WPT system. This strategy enables the
system to retain stability at predefined values, even when the load undergoes alterations.
Additionally, a reflection impedance detection method is introduced to discern the system’s
operation within the PT-exact region. The prototype design specifically employs a multi-
layer coil method for winding relay and receiver coils, and effectively reduces the spatial
footprint of the system. The experimental results validate that the proposed control strategy
can sustain a transmission efficiency exceeding 90%, aligned with the defined reference
performance, while maintaining output performance errors below 5%. In summary, this
method offers a substantial enhancement to PT-symmetric systems without complicating
control mechanisms, thus indicating a wide range of potential applications.
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