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Abstract—The wireless power transfer (WPT) system based
on parity-time (PT) symmetry has the advantages of robustness,
stable, and efficient power transmission. However, the region of
PT symmetry is limited, which cannot satisfy some practical re-
quirements. Multiple transmitting coils have been shown to im-
prove the misalignment tolerance of WPT systems. Towards this
end, a parity-time-symmetric-based WPT (PT-based WPT) system
with double-transmitting coil is presented in this article. First,
an approximate equivalent circuit model of this PT-based WPT
system was developed. Second, compared with the conventional
single transmitting coil PT-based WPT system, the proposed system
expands the PT symmetry region and provides higher output power
and transmission efficiency. Furthermore, the mutual inductance
between two transmitting coils can be designed to meet the re-
quirements of different scenarios, which improves the freedom of
system design. Finally, a 30 W prototype is designed to evaluate the
proposed WPT system. Experimental results show that the critical
coupling coefficient is reduced by about 12.5% at k12 = 0.51, which
implies a longer transmission distance. Moreover, the maximum
output voltage fluctuation in the strongly coupled region is only
3.5%, while the transfer efficiency is approximately constant, which
implies stable and efficient power transfer.

Index Terms—Mutual inductance, parity-time (PT) symmetry,
transmitting coil, wireless power transfer (WPT).

I. INTRODUCTION

W ITH the advantages of electrical isolation, safety, and
convenience, wireless power transfer technology has

shown great potential for application in recent years in con-
sumer electronics such as unmanned aerial vehicles [1], electric
vehicles [2], [3], and implantable biomedical devices [4], [5].

In recent years, magnetic coupling resonance wireless power
transfer (WPT) has stood out among many WPT technologies
with its unique advantages, setting off a worldwide research
upsurge [6]. The stable output of power is one of the application
goals pursued by WPT technology. Unfortunately, magnetically
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coupled resonance WPT systems are not robust when mutual
inductance varies, and thus fluctuations in transmission power
and transmission efficiency occur. To obtain robust and efficient
power transfer during mutual inductance varies, methods such
as parameter estimation [7], [8], frequency tracking [9], [10],
impedance matching [11], [12], and coupling coil optimization
[13], [14], [15] can be used. However, most of these methods
inevitably have the disadvantages of complex control and low
transmission efficiency, and the system feedback control cannot
be separated from the wireless communication between the
transmitter and the receiver.

In 2017, the parity-time (PT) symmetric principle was in-
troduced to WPT for the first time [16], providing an interdisci-
plinary solution to improve the robustness of WPT system. In the
precise PT-symmetric region (also known as strong coupling re-
gion), the PT-based WPT can automatically select the operating
frequency corresponding to the highest efficiency, thus ensuring
robust power transfer over a wide range of coupling coefficients
without any active tuning and feedback control. In PT-based
WPT systems, the gain element used to provide power to the sys-
tem is necessary. In [16], the nonlinear operational-amplifier was
used as a gain element, however, this resulted in extremely low
transmission efficiency as well as transmission power, which was
not sufficient for practical applications. Subsequently, Strategies
for the implementation of gain elements based on bridge invert-
ers and class E inverters are presented in [17] and [18], [19],
respectively, which greatly improve the transmission efficiency
and transmission power of PT-based WPT systems [20], [21].

The robustness of the PT-based WPT system in the strongly
coupled region is undeniably impressive, however, this is limited
by the transmission distance. In [22], the transmission distance is
enhanced by additional inductors on the receiver, which reduces
the transmission efficiency and increases the size of the receiver.
A high-order PT system using S/S/PS compensation is proposed
in [23], which improves the transmission distance by reducing
the equivalent load resistance of the receiver, however, this
significantly reduces the transmission efficiency.

In addition, relay coils are commonly used to enhance the
transmission distance of WPT systems [24]. In [25], [26], and
[27], a PT system with relay coils is used to extend the trans-
mission range. However, equal coupling coefficients between
adjacent resonant cavities are necessary to be satisfied, which
requires precise mechanical control and is difficult to achieve in
practice. Multiple transmitting coils have been shown to improve
the misalignment tolerance of WPT systems [28], [29], [30].
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Fig. 1. Equivalent circuit of PT-based WPT system with double transmitting
coils.

In [29], a WPT system with triple decoupled transmit coil is
proposed to improve the coupling stability by controlling the
phase of the primary current. The flux distribution of different
pads was compared in [30], and the results showed that the mul-
ticoil pad can enhance the misalignment tolerance of the system
in different orientations. On this basis, a three-mode pseudo-
Hermitian dual-transmitter-single-receiver system is proposed
in [31], which can achieve frequency-stable high-efficiency
power transfer in the strong coupling region, yet the transmission
power fluctuates considerably with coupling coefficient.

To address the abovementioned issues, this article proposes
a WPT system with double transmitting coils based on the
PT symmetry principle. The main works and contributions are
summarized as follows.

1) A PT-based WPT system with double transmitting coils
is proposed by introducing the PT-symmetry principle
into the multitransmission coil system. This PT-based
WPT system can effectively reduce the critical coupling
coefficient and improve the transmission efficiency as well
as the transmission power.

2) An approximate simplified model of the proposed PT-
based WPT system is developed, and the approximate sys-
tem operating conditions and transmission characteristics
are obtained by this model. Moreover, the feasibility of
the approximation condition is demonstrated.

3) The coupling between two transmitting coils can be ad-
justed to meet the requirements of different practical ap-
plication scenarios.

The rest of this article is organized as follows. In Section II,
the circuit model of the proposed system is established, then the
feasibility of approximation treatment is analyzed. In Section III,
the proposed system is compared with the single transmitting
coil PT-based WPT system. In Section IV, the control strategy
and hardware scheme are introduced, and a 30 W prototype is
built. Finally, Section V concludes this article.

II. THEORETICAL ANALYSIS AND MODELING

A. System Modeling and Analysis

Different from the conventional PT-based WPT system with
a single transmitter coil, this proposed system is equipped with
double transmitting coils. Fig. 1 shows the equivalent circuit
of the PT-based WPT system with double transmitting coils,

where negative resistance -RN is used to provide input power
to the system, and the corresponding input voltage is uin. L1

and L2 represent the self-inductances of the double transmitting
coils, respectively. r1, r2 represents their internal resistance,
respectively. L3 and r3 represent the self-inductance and internal
resistance of the receiver coil. In this article, two transmitting
coils are assumed to be completely symmetrical, i.e., L1 = L2,
r1 = r2. M12 is the mutual inductance between the two trans-
mitting coils, M13 and M23 are the mutual inductance between
the two transmitting coils and the receiving coils, respectively.
kij represents the coupling coefficient corresponding to Mij, and
kij =

Mij√
LiLj

(i, j = 1, 2, 3, i � j). C1, C3 are the compensating

capacitors for the transmitter and the receiver, respectively. RL

is the equivalent load resistance, and uo is the output voltage.
Based on the circuit theory, supposeX1 = ωL1 − 1

ωC1
,X3 =

ωL3 − 1
ωC3

, the circuit model of PT-based WPT system pro-
posed in this article can be expressed as[

r1 −RN + jX1 −RN + 1
jωC1

+ jωM12 jωM13

−RN + 1
jωC1

+ jωM12 r2 −RN + 1
jωC1

+ jωL2 jωM23

jωM13 jωM23 r3 +RL + jX3

]

×

⎡
⎢⎢⎣

•
I11
•
I12
•
I3

⎤
⎥⎥⎦ = 0. (1)

Then, the operating frequency ω can be determined by the
following characteristic equation:∣∣∣∣∣

r1 −RN +X1 −RN + 1
jωC1

+ jωM12 jωM13

−RN + 1
jωC1

+ jωM12 r2 −RN + 1
jωC1

+ jωL2 jωM23

jωM13 jωM23 r3 +RL +X3

∣∣∣∣∣=0.
(2)

The compensation capacitors C1, C3 are determined by (3),
where ω0 is the resonance frequency of the system. Since the
position of the transmitter is fixed and no longer move, the values
of the compensation capacitance C1 and C3 can be considered
fixed

C1 =
2

ω2
0L1(1 + k12)

, C3 =
1

ω2
0L3

(3)

Based on (3), (2) can be reduced to (4) shown at the bottom
of the next page, where a = 2− 1

ε , ε = 1−k12

(k13−k23)
2 . When k13

and k23 are close, a can be approximated by

a = 2− 1

ε
≈ 2. (5)

Based on (5), (4) can be simplified as

(ω2 − ω2
0)

((
1− 2k2

k12 + 1

)
ω4

ω4
0

+
ω2

ω2
0

(
(RL + r3)

2

ω2
0L

2
3

− 2

)
+ 1

)
= 0 (6)

where k =
√
k13k23 is defined as the equivalent coupling coef-

ficient.



13398 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

The steady-state solution of ω is

ω =

{
ω0, k < kc

ω1,2 = ω0

√
γ±

√
γ2−4b

2b , k ≥ kc
(7)

where kc = β
√

1− γ2

4 is the critical coupling coefficient of the

system and β =
√

1+k12

2 , γ = 2− ( r3+RL

ω0L3
)
2
, b = 1− 2k2

1+k12
.

From (7), the system stable operation region is divided into
the strong coupling region (i.e., k ≥ kc) and the weak coupling
region (i.e., k< kc). In the strong coupling region, the system au-
tomatically oscillates at ω1,2, while in the weak coupling region
there is only one real number solution, ω0 [17]. Furthermore, it
can be seen from (7) that the value of k12 can be adjusted to obtain
different kc, thus adapting to different application scenarios.

B. Transmission Characteristics Analysis

When the system is in the strongly coupled region, the
negative resistance RN and current gain I3/I1 are obtained by
substituting (5) and (7) into (2) and (1), respectively, as follows:

RN =
L1 (r3 +RL)β

2

L3
+

1

2
r1 (8)

I3
I1

= β

√
L1

L3
. (9)

In the strongly coupled region, load estimation can be per-
formed on the primary side according to (8) without any wireless
communication as well as feedback control, which is advanta-
geous for applications requiring constant voltage and constant
current charging.

In addition, it can be seen from (9) that the current gain I3/I1
is independent of k13 and k23 in the strong coupling region. The
voltage gain Uo/Uin can be obtained by

Uo

Uin
=

I3RL

I1RN
=

RL

(r3 +RL)β
√

L1

L3
+ r1

2β

√
L3

L1

. (10)

According to (9) and (10), the output power Po and transmis-
sion efficiency η are determined by

η =
I23RL

I21RN
=

RL

L3

2β2L1
r1 + r3 +RL

(11)

Po =
U2
o

RL
=

RLU
2
in

β2L1

L3
(r3 +RL)

2 +
L3r21
4β2L1

+ (r3 +RL) r1
.

(12)

From (10) to (12), it can be seen that the output voltage,
transmission efficiency, and transmission power of the proposed

Fig. 2. Approximate deviations of output voltage when k13 � k23.

system are independent of the coupling coefficient in the strong
coupling region.

C. Feasibility Analysis When k13 � k23

In practical, the different positions of coupling coils will result
in (5) not being satisfied, which will introduce errors into the
theoretical analysis. Let δ = k13 – k23 when assuming k13 ≥
k23. In order to verify the impact of δ on the theoretical analysis
of the system, the deviations of the output voltage under different
values of δ and ε are given in Fig. 2, where the normalized output

voltage error eu is defined by eu =
(Uo)δ �=0−(Uo)δ=0

(Uo)δ=0
. The other

parameters used in the Fig. 2 are L1 = L2 = L3 = 272 μH, r1 =
r2 = r3 = 0.65Ω, Ro = 20Ω, f0 = 150 kHz, k23 = −δ+

√
δ2+4k2

2 ,
and k13 = k23 + δ.

As can be seen from Fig. 2, first of all, the theoretical error
increases with decreasing ε, but it is mainly concentrated near the
critical coupling coefficient, which is mainly due to the slight
shift of the actual critical coupling coefficient. Second, when
δ = 0.1, ε = 60, corresponding to k13 = 0.134, k23 = 0.034, eu
reaches a maximum of 7.17% at this point, which means that
the system is still robust in k13 �k23. Finally, eu can be reduced
by increasing ε, which can be achieved by coupling mechanism
optimization.

III. ANALYSIS AND COMPARISON OF TRANSMISSION

CHARACTERISTICS

To further illustrate the advantages of the proposed structure,
Table I gives a comparison of the transmission characteristics of
the PT-based WPT systems with single and double transmitting

ω2

{(
1 +

a− 2

k12+1
− 2k13k23

k12 + 1

)
ω4

ω4
0

(aω2 − 2ω2
0) +

ω2

ω2
0

(
2(RL + r3)

2(ω2 − ω2
0)

ω2
0L

2
3

− (a+ 2)
(a
2
ω2 − ω2

0

))
+ (aω2 − 2ω2

0)

}

+
r21
L2
1

(
ω2 − ω2

0

)
(k12 − 1)2

((
2− (a− 2)(k12 − 1) + 4k13k23

1 + k12

)
ω4

ω4
0

+ 2
R2

L

ω2
0L

2
3

ω2

ω2
0

− 4
ω2

ω2
0

+ 2

)
+

2r1RL

L1L3

ω4

ω4
0

(a− 2)
(
ω2 − ω2

0

)
k12+1

= 0.

(4)
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TABLE I
PERFORMANCE COMPARISON BETWEEN THE PROPOSED SYSTEM WITH DOUBLE TRANSMITTING COIL AND THE CONVENTIONAL SYSTEM WITH SINGLE

TRANSMITTING COIL

Fig. 3. Critical coupling coefficient versus load.

coils, respectively. It can be seen that the critical coupling
coefficient of the double transmitting coils system is reduced
by a factor of β compared to the single transmitting coil system,
which implies a longer transmission distance. In addition, for
the same parameters, higher efficiency and transmission power
can be obtained with the proposed structure without sacrificing
the size of the receiver.

Then, to make the comparison more intuitive, the correspond-
ing transmission characteristic can be obtained by means of the
expressions in Table I. From Figs. 3, 4, and 5, it can be seen
that the transmission efficiency of the proposed system was the
same as the single transmitting PT-WPT system at k12 = 0,
while the critical coupling coefficients of both are the same at
k12 = 1. Furthermore, the critical coupling coefficient decreases
and the output power increases as k12 decreases, while the
transmission efficiency decreases slightly. Therefore, k12 can
be reasonably selected to meet the requirements of different
application scenario.

IV. EXPERIMENTAL VERIFICATION

A. Implementation of Negative Resistance

The realization of negative resistance is crucial to the op-
eration of the system. In the previous work, several methods
have been proposed to realize the negative resistance, includ-
ing nonlinear operational amplifier [16], self-excited oscillation

Fig. 4. Output power versus load.

Fig. 5. Transfer efficiency versus load.

control bridge inverter [17], and Class E inverter [18], [19]. The
self-excited oscillation control strategy has the advantages of
simple control and high efficiency. Therefore, the self-excited
oscillation method is used in this work to control the full-bridge
inverter and realize the negative resistance. Its control strat-
egy and detailed hardware implementation scheme are shown
in Fig. 6(a) and (b), respectively. First, the output current of
the full-bridge inverter is sampled by the current transformer
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Fig. 6. Self-excited oscillation control strategy for negative resistance.
(a) Equivalent circuit. (b) Controller implementation.

TABLE II
PARAMETERS OF THE PROTOTYPE

CU9865, then it passes through the zero-crossing comparator
TL3016 to generate the rectangular control signal, and eventu-
ally the drivers SI8274 is used to control Q1–Q4. Moreover, the
fundamental component of the output voltage can be deduced
as

Uin =
2
√
2UDC

π
. (13)

B. Experimental Setup

A 30 W experimental prototype with parameters listed in
Table II is constructed, and its circuit equivalent is shown in
Fig. 7(a), where the rectifier is composed by D1–D4, Cf is the
filter capacitor of the rectifier, Ro is the load resistance of the
rectifier, and RL = 8Ro/π2. The experimental prototype is shown
in Fig. 7(b), where both the transmitter and receiver adopt the
same size planar coiled coil structure and are tightly coiled by
the Litz wire (0.05 mm diameter, 800 strands). The outer and
inner diameters of the coil are 350 mm and 243 mm, respectively.
Receiving coil is placed individually, and the two transmitting
coils were placed in stack to obtain proper mutual inductance,

Fig. 7. PT-based WPT with double transmitting coils. (a) Overall equivalent
circuit. (b) Experimental prototype.

the coupling coefficient k12 is 0.53, which was measured by
a precision impedance analyzer (Wayne Kerr 6500B). Fig. 8
shows the variation of the coupling coefficients k13, k23, and
k when the coils are misaligned in the X- and Y-directions,
respectively. It can be seen that k decreases more slowly when
misaligned in the X-direction compared to misalignment in the
Y-direction. Moreover, the variations of the coupling coefficients
almost overlap when misaligned in the Y-direction due to the
symmetry of the double transmitting coils.

C. Experimental Results

Fig. 9 shows the variation of the operating frequency of the
prototype when the position of the receiver coil changes. Based
on Table I, it can be obtained that kc = 0.0851 when Ro =
30 Ω, which is 12.5% lower compared to 0.0973 for the single
transmitter coil PT-based WPT system, effectively improving
the transmission distance. Besides, when k < kc, the operating
frequency fluctuates around the resonant frequency, while when
k ≥ kc, the experimental frequency varies mainly around the
high frequency branch, which is consistent with the theoretical
analysis.

Fig. 10 shows the experimental waveforms when X-direction
misalignment occurs. The experimental results show that the
input voltage source can always be approximately equivalent
to a negative resistance, which verify the effectiveness of the
self-oscillation strategy in Section IV. Fig. 11 shows the output
voltage gain as well as transmission efficiency at X-direction
coil offset, and it can be seen that the transfer efficiency as well
as voltage gain appears to inflection at approximately ΔX =
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Fig. 8. Coupling coefficient versus transmission distance. (a) Coil misalign-
ment in X-direction. (b) Coil misalignment in Y-direction.

Fig. 9. Experimental operating frequency.

17 cm, at which point the corresponding equivalent coupling
coefficient k is actually 0.0858, the theoretical value is 0.0851,
and the theoretical value is close to the actual value. Also, it
can be seen from Figs. 8 and 11 that there is k13 � k23 when
the coils are misaligned in the X-direction, while the maximum
fluctuation of output voltage and transfer efficiency within k
≥ kc is only 3.5% and 0.55%, respectively, while the overall
efficiency varies between 87.2% and 88.9%.

Fig. 10. Experimental waveforms of coil X-direction misalignment. (a) ΔX
= 4 cm. (b) ΔX = 8 cm. (c) ΔX = 12 cm. (d) ΔX = 16 cm.

Fig. 11. Voltage gain and transfer efficiency in X-direction misalignment.

Fig. 12. Experimental waveforms of coil Y-direction misalignment. (a) ΔY
= 10 cm. (b) ΔY = 14 cm. (c) ΔY = 18 cm. (d) ΔY = 22 cm.

To further verify the correctness of the theoretical analysis,
Figs. 12 and 13 show the experimental waveforms, output volt-
age gain and transmission efficiency of the prototype when the
Y-direction misalignment occurs. It can be seen that the input
voltage and input current can remain in phase when the coil is
misaligned. Additional, when ΔY ≥ 22 cm, the system enters
the weak coupling region, where the corresponding equivalent
coupling coefficient k is 0.0828, the theoretical value is 0.0851,



13402 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

TABLE III
COMPARISON OF EXISTING WPT SYSTEMS

Fig. 13. Voltage gain and transfer efficiency in Y-direction misalignment.

Fig. 14. Experimental waveforms when k12 = 0.84. (a) ΔX = 0 cm, ΔY =
10 cm. (b) ΔX = 5 cm, ΔY = 10 cm. (c) ΔX = 0 cm, ΔY = 15 cm. (d) ΔX
= 5 cm, ΔY = 15 cm.

and the theoretical value is close to the actual value. When
ΔY < 22 cm, the maximum fluctuation of output voltage gain
is 2%, which is smaller than the misalignment fluctuation in
X-direction, mainly due to the smaller δ in Y-direction misalign-
ment. Finally, the transmission efficiency of the system is always
higher than 94% in the strongly coupled region, and the overall
efficiency is around 88%, which achieves robust and efficient

power transmission. The experimental results are in accordance
with the theoretical analysis.

Fig. 14 shows the experimental waveforms of coil misalign-
ment in different directions when k12 = 0.84. It can be seen
that an increase in k12 brings about a decrease in transfer power
compared to k12 = 0.53 in Figs. 10 to 13. However, as can be
seen in Fig. 5, a larger k12 implies a higher transmission effi-
ciency. Furthermore, the variation of the system output voltage
is within 3% for various coil misalignments, which verifies the
correctness of the theoretical analysis.

Table III compares the transmission characteristics of several
WPT systems issued in recent years. It can be seen that the
PT-WPT system with double-transmitting coil proposed in this
article has competitive advantages in terms of transfer distance,
transfer efficiency, and transfer power and without increasing
the volume of the receiver.

V. CONCLUSION

In order to improve the antimisalignment capability of WPT
system, a PT-based WPT system with double transmitting coils
is presented. Although the double transmitting coil structure in-
creases the complexity of the system model, a simplified system
model is proposed by approximate equivalent method, and on
this basis, the frequency, transmission efficiency, transmission
power, and other analytical equations are obtained. Compared
with the single transmitting coil PT-based WPT system, the
proposed system improves the transmission distance, increases
the transmission power and transmission efficiency, and ensures
the compactness and light weight of the receiver. The feasibility
of the approximate equivalent method proposed in this article
was verified by coil misalignment experiments, which showed
that the maximum fluctuation of output voltage gain within the
strongly coupled region was only about 3.5%, and the transmis-
sion efficiency was always stable above 94%. Finally, the trans-
mitter can be designed to obtain different coupling coefficients
k12, which can meet the requirements of transmission power and
transmission efficiency in different application scenarios. With
a coupling coefficient of k12 = 0.53, the strongly coupled region
of the double transmitter system is extended by about 12.5%
compared to the conventional single transmitter PT-based WPT
system.
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