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Extended-Distance Wireless Power Transfer System
With Constant Output Power and Transfer Efficiency
Based on Parity-Time-Symmetric Principle

Xujian Shu ", Bo Zhang

Abstract—Maintaining constant power transfer while keeping
near-unity transfer efficiency at varying transfer distances is a
major challenge for existing wireless power transfer (WPT) system
with multiple repeaters. In order to overcome the problem, this
article proposes a novel WPT mechanism with multiple repeaters
based on the concept of parity-time symmetry. First, the coupled-
mode model of this WPT relay system is established. Then, the
steady-state transfer characteristics of the proposed WPT system
with an odd and even number of repeaters are analyzed. The
theoretical analysis shows that whether an odd or even number of
repeaters are inserted between the transmitting and receiving coils,
the proposed system automatically achieves constant output power
and transfer efficiency against the variation of the transfer distance
without any tuning or feedback within a certain distance. The
prototype with one repeater and two repeaters is implemented to
verify the validity of the theoretical analysis. Experimental results
show that the prototype with one repeater can transfer power
with an invariant transfer efficiency of 91 % and a constant output
power of 15 W within a transfer distance of 420 mm. Similarly, the
prototype with two repeaters transfers constant power of 15 W over
a transfer distance ranging from 420 to 500 mm, and the transfer
efficiency is constant near 89%.

Index Terms—Constant output power, constant transfer
efficiency, parity-time (PT) symmetric, repeater, wireless power
transfer (WPT).

1. INTRODUCTION

N RECENT decades, due to the benefits of high reliability,
I convenience, and safety, the WPT technology has developed
rapidly and widely, especially magnetic coupling resonance
wireless power transfer (MCR-WPT) technology. In 2007, Kurs
et al. [1] first introduced the coupled-mode theory (CMT) into
the modeling and analysis of MCR-WPT system, and success-
fully lita 60 W bulb without any wire connections over a distance
in excess of 2 m based on the principle of MCR, which was
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published in Science. Although the transfer efficiency dropped
from 70% to 45% when the transfer distance expanded from 1.5
to 2 m, the publication of this research result is still a significant
breakthrough in WPT technology, which has aroused great
interest in academia and industry. Subsequently, a large number
of researches on WPT have been published, and the WPT has
been thoroughly investigated in various applications, including
mobile phones chargers [2]-[4], electric vehicles charging [5]-
[7], and biomedical implants charging [8]-[10]. However, the
traditional WPT system is not robust against variation of transfer
distance and misalignment between coils [1], [11], which has
brought a significant challenge for the practical applications
of the WPT technology. To ensure stable and efficient power
transfer, several strategies have been proposed, including reso-
nant frequency tracking [12], [13], adding multiple intermediate
coils to realize adaptive impedance matching [14], [15], using
metamaterials to magnify the near field [16], and introducing
the concept of parity-time (PT) symmetry to achieve nonlinear
tuning [17], [18].

Indeed, optimizing the transfer efficiency of WPT systems
at varying distances is the focus of most existing researches.
PT symmetry provides a good idea to address this issue. The
concept of PT symmetry originates from quantum mechanics
[19], and the PT-symmetric system is defined by invariance
under the combined P- and T-reversal, where P-reversal means
spatial inversion, T-reversal consists of inverting the flow of time.
This concept was later introduced into optics [20], photonics
[21], acoustics [22], and electric circuits [23]. In 2017, PT sym-
metry was first introduced into the WPT system with a two-coil
structure by Assawaworrarit et al. [17]. When the PT-symmetric
conditions are satisfied, a near-unity power transfer efficiency
that is insensitive to the coupling coefficient is achieved in the
exact PT-symmetric region.

Furthermore, as one of the fundamental approaches to in-
crease the operating distance, the system with repeaters can
significantly improve its transfer efficiency compared with that
of the two-coil scheme. Recently, a number of studies of WPT
relay systems have been undertaken. For instance, Oh [24]
analyzed the influence of the intermediate coil on the voltage
transfer function of the WPT system, and presented an output
voltage regulation method by adding additional wireless serial
communication modules, which increase the complexity of sys-
tem design. Wen et al. [25] used the multiobjective optimization
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Fig. 1.
system.

Schematic of the proposed nonlinear PT-symmetric-based WPT relay

algorithm to optimize the parameters of the relay coil to improve
the transfer efficiency, but the calculation is complicated. Kim
et al. [26] analyzed a symmetric three-coil WPT system using
the CMT and showed that the optimum position for a repeater to
maximize the output power is the center between the transmitting
coil (Tx) and receiving coil (Rx). The authors of [27]-[29]
compared the system energy efficiency of two- and three-coil
WPT systems, and showed that the three-coil WPT system could
achieve higher system energy efficiency and lower sensitivity
to load change. Moon et al. [30] proposed a high-efficiency
WPT system with an asymmetric four-coil resonator, which
uses two intermediate coils on the primary side to boost the
apparent coupling coefficient, thereby improving the transfer
efficiency. Liu et al. [31] proposed a coupling coefficient tuning
scheme for a WPT system with double intermediate resonators
to maximize the power transfer efficiency, in which the cal-
culation is complicated and the shape of the coil is restricted.
However, the above existing work mainly focuses on optimizing
the transfer characteristics for the fixed operating condition.
When the transfer distance changes or the coils are misaligned,
the transfer efficiency and output power deteriorated seriously.
Therefore, it is difficult for the conventional WPT relay system
to operate stably and efficiently at varying transfer distances or
misalignment.

Inthis article, a generalized PT-symmetric-based WPT system
with multiple repeaters is proposed, in which not only the
operating distance is improved, but also the output power and
transfer efficiency remain constant under a misalignment or
variation of the transfer distance, thereby guaranteeing stable
and efficient power transfer. In Section II, the coupled-mode
model (CMM) of the proposed WPT relay system is established.
The PT-symmetric conditions for the system with an odd number
of repeaters are deduced, and the characteristics, including the
operating frequency, output power, critical coupling coefficient,
and transfer efficiency are analyzed in Section III. Similarly,
Section IV derived the PT-symmetric conditions and analyzed
the transfer characteristics of the system with an even number
of repeaters. Then, a 15 W prototype is implemented and tested
to validate the validity of the theoretical analysis in Section V.
Finally, the conclusion is given in Section VI.

II. SYSTEM STRUCTURE AND MODELING

The WPT system with multiple repeaters based on the non-
linear PT-symmetric model is proposed, as shown in Fig. 1.
Here, —Rx is a negative resistance that is used as a power
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source to provide input voltage vg to the system. Ly, Lo, ...,
and L,, are the self-inductances of the coils. ry, ro,..., and r,
are the internal resistances of the coils. C;, Co,..., and C,,
are the tuning capacitances. M2, Ms3, and M,,_1,, are mutual
inductances between adjacent coils. Generally, for a WPT relay
system, compared with the strong coupling coefficients between
two adjacent coils k,,—1 (=M,,—1n//Ln-1Ln ., n=2,3,...),the
coupling coefficients between nonadjacent coils that are far away
from each other can be negligible, i.e., k;j (=M;;/\/Li;L;) ~
0G=1,2,....n —2;j=i+2,i+3,...,n). M,_1 , is the
mutual inductance between n-1th and nth adjacent coils, M;
is the mutual inductance between the ith and jth nonadjacent
coils. Finally, considering that both the inductive load and the
capacitive load can be expressed in the form of impedance, which
only affects the specific expressions of the natural frequency and
load rate of the receiver, the form of the coupled-mode equation
remains unchanged. Without loss of generality, we only consider
purely resistive load, that is, Ry, is the equivalent load resistance.

According to the dynamic modeling method of CMM [32], the
dynamic equations of the proposed WPT system with multiple
repeaters can be derived as

a;
az
dlas| -
dt
Qn
jor—F+g -t 0 0 ay
I e = B 0 ||
0 —je2k2 jwy -2 0 as
0 0 0 < jwp — Tk | | an

ey

Here, the subscript n (= 1, 2,...) denote the oscillators of
Tx, intermediate coils (Ixy, IXo, ...), and Rx, respectively. a,, =
3V Ly (in % jw, Cpucy) are coupled modes, which are defined
so that the energy contained in the oscillator n is |a,|*. w, =
1/\/L,,C,, are natural resonant frequencies of oscillators. i,, are
the currents flowing through the coils L,,, u ¢, are the voltages
across the tuning capacitances C,,. 7,, = r,,/L,, are internal loss
rates of oscillators, 71, = R/L,, is the load rate, 7,,, = 7, +
71. 9 = Vs /(2v/L1]a.]) is the gain rate of Tx, which depends
on the module value |a; | and the root-mean-square (rms) value
Vs of input voltage vs.

III. ANALYSIS OF PT-SYMMETRIC MODEL OF SYSTEM
‘WITH AN ODD NUMBER OF REPEATERS

The system in which the dynamic model is invariant with
respect to the combined P- and T-reversal is PT-symmetric.
Such systems are generally accomplished by adding balanced
energy gain and loss mechanisms. In electricity, the P-reversal is
equivalent to exchanging labels corresponding to pairs of associ-
ated circuit components. T-reversal only requires modification
of the resistor due to its dissipative nature. When the circuit
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parameters of a system satisfy the PT-symmetric conditions,
the energy stored in the transmitting oscillator remains equal
to the energy stored in the receiving oscillator, i.e., the power
provided by the gain is absorbed completely by the load and
the internal resistances, typically resulting in constant transfer
efficiency [17], [18].

Taking one repeater as an example to obtain the PT-symmetric
model and analyze the transfer characteristics of the three-coil
WPT relay system, which can be generalized into the WPT relay
system with an odd number of repeaters. For a complete energy
transfer, the natural resonant frequencies of Tx, Ix;, and Rx
should be close, i.e., w ~ wa ~ w3 = wy [33]. Considering that
the repeater Ix; mainly plays the role of widening the transfer
distance, its internal resistances ro is small enough to be ignored.
And the maximum efficiency can be achieved for the case that
the Ix; is located in the center between Tx and Rx [26]. Thus,
supposing that ro ~ 0 and k; = ko = k., the coupled-mode
equations of the proposed WPT relay system with one repeater
can be rearranged as

. T s wokm
d|a Jwo — 5 +g —j5™ 0 a;
a — swokm 3 swokim
Al I o S W sl M
as 0 —jem jwo — ] a3

©)

Assuming that the steady solutions are the form [a1, a2, as]”

=[A1,As, A3 A, (n=1,2,3) are the amplitudes of a,,, w

is the operating frequency of the three-coil WPT relay system,
which is determined by the characteristic equation as follows:

jlw— wo)};L T g jwoly Ok
jwo "5 j(w—wp) jwo " =0. (3)
0 jwo% j(w—wo) + 5

Separating the real and imaginary parts of the characteristic
equation, we can get

(w—wo) [(w —w)? —

(3+3

Lughl, — 2 (3 —9)] =0
—9) [(w—wo)” = Jwik2] = 0.

The operating frequencies of the three-coil WPT relay system
are obtained from the solutions of (4), which are described as
follows:

“

Case 1: Exact PT-symmetric state.

In this case, the PT symmetry is exact. In order to ensure that
the operating frequency w is purely real, the coupling coefficient
k., has to satisfy the constraint condition that k,,, > k¢. Here,
k¢ is the critical coupling coefficient, which can be derived as

®)

_ T3L
Vaowy
From (5), it can be seen that the critical coupling coefficient

k¢ is determined by the load resistance and natural frequency

of the coil, and it is 1/+/2 times of the critical coupling strength
of the conventional second-order PT-symmetric WPT system

[17], [18]. Thus, compared with the conventional PT-symmetric

WPT system, the operating distance that the system maintains

constant output power and transfer efficiency has been effec-

tively improved.

ko
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Then, the gain coefficient g and operating frequency w can be
deduced as

g= T1+T3L
2
B TR (©)
w=uwo T /5w5ks — 1731

By substituting (6) into (2), the amplitude of the modes a;
and a3 can be obtained as
%
v 1L (T1 + 7'3L) ’

Thus, the output power P, and transfer efficiency 7 of the
system in this state can be derived as
TI, V2

e 8
Ll(Tl —|—T3L)2 ®

la,| = |az| =

(N

Pout = 7-L‘a3|2 =

2
TL|Q T,
0= o =— ©)

7'1|(11|2—&—7'3L|L13|2 T+ Tar

From (8) and (9), it can be found that the power delivered to the
load and the transfer efficiency only depend on the parameters of
coils and the load resistance, and are independent of the coupling
coefficient, which means that the system is robust to the variation
of the transfer distance or misalignment in the strong coupling
region (k,, > k¢) to a certain extent.

Case 2: Broken PT-symmetric state.

At the critical coupling point k¢, the operating frequencies
begin to undergo a bifurcation process and branch into two
conjugate pairs, the PT symmetry is spontaneously broken. In the
region (k,, < k¢), the PT symmetry is broken, the corresponding
gain coefficient g and operating frequency w of the system are

wik2,
9=75 2073%
w = wo (1 + §l<;m) .
In this case, the amplitude of the modes a; and a3 can be
obtained as

(10)

73r Vs

ail = 11)

laa] VL (173 + wik2,) (
wokm wokm Vs

az| = ——|a1| = . 12

‘ 3| T3L, | 1‘ m(7173L+w8k%L) ( )

Then, the output power P, and transfer efficiency 7 of the
system in this state can be derived as

TR V2

Ll(T17'3L + wgk?n)Z

Pou = Tlas|” = (13)

_ wgk?nTL (14)
7L (Ti73L 4 wik2,)

2
TL|(L3|

’7'1|(11|2 —|-73L\a3|2

From (13) and (14), it can be observed that the output power
and transfer efficiency depend on the coupling coefficient rather
than remain constant.

Case 3: Resonant state.

In this case, the system works in the resonant state, which
means that the operating frequency is equal to the natural
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resonant frequency of the coil, i.e., w = wy. Besides, the gain
coefficient g exactly balances out the loss of the coils, i.e., g
= (71 + 731)/2. Substituting w = wg and g = (11 + T31)/2
into (2), the amplitude of the modes a; and a3 can be derived
to be the same as (7). Then, the output power Py, and transfer
efficiency 7 of the system in this state can be deduced to be the
same as (8) and (9), respectively.

From the above analysis, it can be seen that the proposed
WPT relay system with one repeater has three working states,
and the system can automatically select a certain working state
for stable operation at a certain transfer distance. In the exact
PT-symmetric and resonant states, the output power and transfer
efficiency are constant, which are independent of the coupling
coefficient.

The same analysis can be extended to more than one repeater.
For the systems with repeater numbers of 3, 5, 7,..., there
are still three operating states, and output power and transfer
efficiency of the system can remain constant against the variation
of transfer distance in the exact PT-symmetric and resonant
states. Generally, in the systems with an odd number of repeaters,
it is not desirable to operate in the broken PT-symmetric state
owing to the variable output power and transfer efficiency related
to the coupling coefficient.

IV. ANALYSIS OF PT-SYMMETRIC MODEL OF SYSTEM
WITH AN EVEN NUMBER OF REPEATERS

Taking the WPT relay system with two repeaters as an exam-
ple of an odd number of repeaters. Assuming that w; ~ wy ~
w3 AWy =wy, 2 ~0,r3~0,and k; = k3, the dynamic equations
of this four-coil WPT relay system can be written as

ay
d |a
dt | a3
_a4
jwo — T+ g —je¥r 0 0 a,
e e a3
= 0 _ijQk:Z jUJO ongkl as
i 0 0 j“"’;l jwo — L ay

5)

By calculating operating frequency, the real and imaginary
parts of the characteristic equation can be separated as

2(2k24k2
(@ — wo)* — (w — wp)? WM;(B—Q)}
2 27_ . 47.4
TR (- g) + S5t =0

2(1.2 .2
)2_“0("2'%2)} (%+“Tb—g):0.

(16)

(w—wo) [(w—wo
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Then, the operating frequencies can be found as follows.
Case 1: Exact PT-symmetric state.

In this case, the gain coefficient g and operating frequency w
can be derived as (17) shown at the bottom of this page.

In order to ensure that all four operating frequencies are real,
the coupling coefficient ko has to satisfy the constraint condition
that kcp, < ko < kcu. kor and kcp are the critical coupling
coefficients, which determines the effective distance that the
system can transfer power stably, can be described as

— 273p i
kCL—kl\/Zv”wak%‘?—w

UJok%
Tar "

(18)

kcu =

Here, kq is assumed to be a definite value, which has to
satisfy k1 > 74 1./(2w) to ensure that k¢, is real. If the coupling
coefficients between adjacent coils are equal, i.e., k1 = ky =
ks, the constraint condition of the coupling coefficients will
degenerate into ko > 741/wq.

As can be seen from (18), kcr, and k¢ are determined by the
coupling coefficient between Tx (Rx) and Ixy (Ixs) k1, and kcr,
determines the farthest boundary of the exact PT-symmetric re-
gion, which is always smaller than the critical coupling strength
of the conventional second-order PT-symmetric WPT system
[17], [18], and the degree of reduction is determined by k;.
Thus, by adjusting k;, the transfer distance can be improved
and regulated to meet specific application requirements.

Then, the amplitude of the modes a; and a4 can be derived as

V.
VL1 (11 + 1)

Hence, the output power P, and transfer efficiency 7 of the
system in this state can be written as

la1| = [aa| = (19)

TL V2
— (20)

P = TL|a4\2 = —5
o Li(71 + Tar)

TL|CL4‘2 _ TL

(21)

B 7'1|CL1|2+T4L‘0,4|2 T1 +7—4L.

From (20) and (21), it can be seen that the four-coil WPT relay
system can achieve constant output power and transfer efficiency
against the varying transfer distances in the exact PT-symmetric
region (kcr, < ko < kcn).

Case 2: Broken PT-symmetric state.

In this case, if k1 # ko, the constraint conditions of ko are
ko < k¢, and kg > kcp, but if ki = ko, the restricted condition
of ko will degenerate to ko < 74/wg. The following analysis
only considers the case of k; # ko.

+
w = wo {1:|: %

(207 + k%) — Tk + \/4k§ (k- k) + (K3 + “)2]

A7)
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The gain coefficient g and operating frequency w can be
derived as

T w?k2
9=3+ 55 o
w=wp (I:I: sV k3 +k§) .
The amplitude of the modes a; and a4 are
Tar Vs
a| —= (23)
a1 VL1 (T17aL + wik3)
wok
jas] = == Jas . (24)

Then, the output power P, and transfer efficiency 7 of the
system in this state can be obtained as

wik3T V2
Py = 7pfayf’ = —02Es (25)
L1(7'17'4L +w0k2)
2 2.2
n= TL|ay| _ WoRaTL ) (26)

mila1|® + 74 |aq)? (7L + wik3) Tar
Case 3: Resonant state.

In this case, the system works in the resonant state, the
operating frequency is located at w = w, and the gain coefficient
g can be deduced as

1 w%k‘f
2 2k%T4L '

g= 27

The amplitude of the modes @; and a4 can be written as

k37ar Vs
a| = 28)
= i + D (
wok?
jas] = 2 Jaa . (29)

Then, the output power P, and transfer efficiency 7 of the
system in this state can be derived as

w2k4/€27' V'SZ
Py = 7rfayf’ = — 0122 (30)
L1 (k‘27'17'4L + kajl)
7'L|a4|2 w%k‘er 31)

B mila1* + 74 |ag)? (K3 miTan + wEkd) Tan

From the above analysis, it can be seen that the proposed WPT
relay system with two repeaters achieves constant output power
and near-unity transfer efficiency in the exact PT-symmetric
state. Once the transfer distance exceeds the constraints, the
system will work in the broken PT-symmetric or resonant state.
The output power and transfer efficiency will vary with the
transfer distance, which is different from the systems with an
odd number of repeaters.

The same analysis can be extended to the system with repeater
numbers of 6, 8, 10,.... In general, in systems with an even
number of repeaters, it is not desirable to operate in the bro-
ken PT-symmetric state and resonant state due to the variable
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Fig. 2. Negative resistance —Ry implementation. (a) Full-bridge inverter
realizing —RN. (b) Control circuit of —RN. (c) Voltage and current of —RN
in the steady state.

output power and transfer efficiency related to the coupling
coefficient.

V. EXPERIMENTAL VERIFICATION

A. Negative Resistance Implementation

The negative resistance is essential for the operation of the
proposed relay system with constant output power and transfer
efficiency. It is an active device that obeys Ohm’s law, its current
flows backward from low voltage to high voltage, and its volt—
ampere characteristic curve is a negatively sloped line [23].

Fig. 2(a) shows the circuit of a full-bridge inverter for realizing
a negative resistance —Ry. The control circuit is shown in
Fig. 2(b), in which the current of Tx is used as the feedback
signal to generate the driving signals of the switches S1~S,. The
zero-crossing comparator keeps the phase difference between
the output voltage and current of the full-bridge at 180°, thereby
realizing the voltage—current characteristic of the negative resis-
tance, as shown in Fig. 2(c).

Moreover, the fundamental component of the output voltage
of the full-bridge inverter can be derived as

o 2\/ﬁ‘/dc
= 771_ .

Vs (32)
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Fig. 3. Experimental prototype of the proposed PT-symmetric-based WPT
system with a repeater.

TABLE I
PARAMETERS OF THE PROTOTYPE

Symbol Description Values
Vbe DC source voltage 15V
L Inductance of Tx 15.48uH
L, Inductance of Ix; 15.47uH
Ls Inductance of Ix, 15.50uH
Ly Inductance of Rx 15.52uH
Ci Tuning capacitance of Tx 1.67nF
C, Tuning capacitance of Ix; 1.67nF
Cs Tuning capacitance of Ix, 1.66nF
Cy Tuning capacitance of Rx 1.66nF
2] Parasitic resistance of Tx 245.66mQ
123 Parasitic resistance of Ix; 243.95mQ
3 Parasitic resistance of Ix, 208.21mQ
A Parasitic resistance of Rx 222.16mQ
Ry Equivalent load resistance 10Q

B. System Implementation

Fig. 3 shows the experimental prototype. The size of each
coil is 320 mm x 320 mm, and the coils are fabricated by using
®0.05 mm*800 silk covered wire with the turn spacing of 1.4
mm. All measured electrical parameters of the prototype are
listed in Table I, which are obtained by the precise impedance
analyzer (Wayne Kerr 6500B).

Based on the theoretical analysis in Sections III and IV, for
the one-repeater system, the critical coupling coefficient k¢ can
be calculated as 0.0748. Similarly, for the two-repeater system,
the coupling coefficient k; has to satisfy k; > 0.0529. Here,
considering that the exact PT-symmetric region (kcr, < ko <
kcyr) is determined by k1, we assume that k; is 0.12, then the
critical coupling coefficients k¢, and k¢ can be calculated as
0.0777 and 0.1362, respectively. Therefore, the effective range
that the system maintains constant output power and constant
transfer efficiency is limited to 0.0777 < ko < 0.1362.

C. Experimental Results and Discussion

The values of mutual inductance between two adjacent coils
were measured by the precise impedance analyzer (Wayne
Kerr 6500B). Fig. 4(a) shows the variation curves of coupling
coefficients (k1, ko) with the center-to-center distance of the
coils in the one-repeater system, from which the critical dis-
tance corresponding to ko = 0.0748 is near 210 mm for the
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Fig. 4. Measured results of coupling coefficient versus center-to-center dis-
tance between two adjacent coils for the coaxial aligned case. (a) k1 and k2 in
the one-repeater system. (b) k1, k2, and k3 in the two-repeater system.

coaxial aligned case. Therefore, the critical transfer distance
di3 between Tx and Rx is near 420 mm. Fig. 4(b) depicts the
relationship curves between the coupling coefficients (k1, ko, k3)
and the center-to-center distance of the coils in the two-repeater
system. Here, k; (k3) is set as 0.12, which corresponds to the
distance dq2 (ds4) ~150 mm for the coaxial aligned case. And
the range of transfer distance ds3 corresponding to ks is about
120mm < do3 < 200 mm. Thus, the critical region of the transfer
distance di4 between Tx and Rx is about 420 mm < dq4 <
500 mm.

Fig. 5 shows the operational waveforms of the one-repeater
prototype when the Rx is placed in different positions within the
exact PT-symmetric region. Based on the theoretical analysis
in Section III, in the exact PT-symmetric region, the system
automatically operates in the exact PT-symmetric state or the
resonant state, in which the output power and transfer efficiency
of the proposed system remain constant. When the relative
positions of Tx and Rx are 1) d13 = 240 mm, 2) d13 = 320 mm,
and 3) d13 = 400 mm, the rms values of the currents i; and i3 are
equal, respectively, typically resulting in constant output power
and invariant transfer efficiency. The experimental measured
data of output power P, transfer efficiency 7 and operating
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Fig. 5. Operation waveforms of the one-repeater prototype when the three

coils are coaxial aligned. (a) di3 = 240 mm. (b) d13 = 320 mm. (¢) d13 =
400 mm.

frequency fare described in Fig. 6. The solid lines represent the
theoretical calculated curves, the purple square discrete points
denote the simulated values, and the blue triangular discrete
points represent the experimental measured results.

As can be seen from Fig. 6, the output power and transfer
efficiency of the one-repeater system remain constant within a
range of about 420 mm. In this region, the output power of the
one-repeater prototype is nearly stable at 15 W, and the transfer
efficiency is constant near 91%. When the transfer distance
exceeds 420 mm, the output power and transfer efficiency of
the prototype are dependent on the variation of the transfer
distance and do not remain constant, which is not desirable.
Besides, as is illustrated in Fig. 6(c), the operating frequency of
the one-repeater system has three real solutions in the exact PT-
symmetric region (k,, > k¢) and broken PT-symmetric region
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Fig. 6. Transfer performance of the one-repeater prototype for the coaxial
aligned case. (a) Output power Py versus the transfer distance d 3. (b) Transfer
efficiency 7) versus the transfer distance d13. (c) Operating frequency w versus
the transfer distance d13.

(k. < k). Here, in the range of d13 > 420 mm, the one-repeater
prototype automatically works in the exact PT-symmetric state,
but for the range of d;3 < 420 mm, the prototype operates in the
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TABLE II
OUTPUT POWER AND TRANSFER EFFICIENCY OF THE EXPERIMENTAL ONE-REPEATER PROTOTYPE

Exact PT-symmetric region Broken PT-symmetric region

d]} (mm)

200 240 280 320 360 400 440 460 480 500 520
Calculated Poy (W) 16.69 1669  16.69  16.69  16.69  16.69  35.00 39.86 44.48 49.89 56.26
Measured P (W) 1513 1538 1588 1588 1638 1613  28.75 32.45 34.18 37.86 41.95

Relative error 9.35% -7.85% -4.85% -4.85% -1.86% -336% -17.86% -18.59% -23.16% -24.11% -25.44%
Calculated (%)  95.53 9553 9553 9553 9553 9553  92.86 92.13 91.42 90.57 89.55
Measured (%) 8824 9039  91.16  91.16  91.94 9262  85.77 84.21 83.15 81.95 80.41

Relative error 7.63%  -538% -4.57% -457% -3.76% -3.05%  -7.64%  -8.60%  -9.05%  -9.52%  -10.21%

TABLE I1I

OUTPUT POWER AND TRANSFER EFFICIENCY OF THE EXPERIMENTAL TWO-REPEATER PROTOTYPE

Broken PT-symmetric region

Exact PT-symmetric region

Broken PT-symmetric region

d14 (mm)

400 410 420 440 460 430 500 510 520 530
Calculated Poy (W) 25.35 21.59 17.60 16.69 16.69 16.69 3248 35.90 40.95 45.75
Measured Poy (W) 26.75 20.45 15.38 15.88 15.88 15.88 15.63 29.33 31.03 31.26

Relative error 552%  -5.28%  -12.61%  -4.85%  -4.85%  -4.85% -51.88%  -18.3% -2422% -31.67%
Calculated 5 (%) 94.28 94.83 95.40 95.53 95.53 95.53 93.24 92.73 91.96 91.22
Measured 7 (%) 90.26 89.78 85.64 89.77 87.76 89.09 87.68 86.64 84.00 82.18

Relative error 426%  -533% -1023%  -6.03%  -8.13%  -6.74% = -596%  -6.57%  -8.66%  -9.91%

broken PT-symmetric state, the measured operating frequencies
are in good agreement with the calculated results. To sum up,
for the one-repeater prototype, the output power and transfer
efficiency always remain constant against the variation of the
coupling coefficient in the exact PT-symmetric region, no matter
the system works in the exact PT-symmetric state or the resonant
state.

Furthermore, the calculated and measured values of the output
power and transfer efficiency and their differences in percent-
age are listed in Table II. Considering that the coupled-mode
approach is an approximate method, and the internal resistance
of the repeater exists in the actual circuit, the errors between
experimental results and theoretical analysis are in an acceptable
range. More detailed error analysis is elaborated at the end of
this section.

Fig. 7 shows the operational waveforms of the two-repeater
prototype when the Rx is placed in different positions within
the exact PT-symmetric region, in which the four coils are
coaxial aligned. According to the equal rms values of the
currents i; and iy at different relative positions: 1) diy =
420 mm, 2) di4 = 460 mm, and 3) di;4, = 500 mm between
Tx and Rx, it can be easily judged that the proposed system
works in the exact PT-symmetric state, in which the output
power and transfer efficiency of the proposed system remain
constant.

Fig. 8 depicts the experimental measured data of output
power P, transfer efficiency 7, and operating frequency f.
The calculated and measured values of the output power and
transfer efficiency and their differences in percentage are listed
in Table I1I. It is noted that the relative error of the output power at
position d14 = 500 mm is very large because this position is near

the critical position, and due to the slight variations of the actual
parameters in the experiment, the system works in the exact
PT-symmetric state. The detailed error analysis is elaborated at
the end of this section.

As isillustrated in Fig. 8, the two-repeater prototype achieves
a stable power transfer of about 15 W with a constant transfer
efficiency of approximately 89% within a range of about 420—
500 mm air gap. In this region, the operating frequency of the
system has five real solutions, and the system works on a certain
operating frequency branch. Here, the two-repeater prototype
automatically works in the exact PT-symmetric state, in which
the output power and transfer efficiency are independent of
the transfer distance. While in the broken PT-symmetric region
(d14 > 500 mm and di4 < 420 mm), the prototype works in
the broken PT-symmetric state or the resonant state, in which
both output power and transfer efficiency vary with different
transfer distance, which is not desirable. Therefore, for the two-
repeater system, it is desired that the system operates in the PT-
symmetric region, in which the output power and transfer effi-
ciency can maintain constant against the variation of the transfer
distance.

As can be observed from Figs. 6 and 8, there are discrepancies
between the theoretical analysis and experimental results, but it
is acceptable and does not affect the validity of the theoretical
analysis. The main reasons are summarized as follows: First,
the coupled-mode approach is an approximate method, the
coupled-mode approximation conditions including equal natural
frequencies of coils, high quality factors, and weak coupling
coefficients [33]-[35] are not always strictly satisfied in the
experiments. Second, for a high-order PT-symmetric WPT sys-
tem, the coupled-mode equation of the system must satisfy the
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Fig.7. Operation waveforms of the two-repeater prototype when the four coils
are coaxial aligned. (a) d14 = 420 mm. (b) d14 = 460 mm. (c) d14 = 500 mm.

PT-symmetric conditions to achieve PT symmetry [23], but there
are some deviations in the experiments. Last, in the experiment,
the natural frequencies of coils are slightly shifted due to the
positions of coils and the movement of transfer distance, and
the coupling coefficients between adjacent coils are slightly
different due to measurement errors. Besides, the internal re-
sistances of the repeaters are inevitable in the actual circuit.
The farther the transfer distance is, the more obvious the influ-
ence of the internal resistances on the transfer characteristics
will be.

D. Comparison With Existing WPT Relay Systems

Table IV compares transfer performances of existing WPT
systems with one and two repeaters published in recent years.
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Fig. 8. Transfer performance of the two-repeater prototype for the coaxial
aligned case. (a) Output power Pq ¢ versus the transfer distance d1 4. (b) Transfer
efficiency 7) versus the transfer distance d14. (c) Operating frequency w versus
the transfer distance dq4.

According to Table IV, the PT-symmetric WPT relay system
with multiple repeaters proposed in this article has competitive
advantages.
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TABLE IV
COMPARISON OF EXISTING WPT SYSTEMS

Frequency  Distance Power  Efficiency = Operating

Ref.  Coils " hz) (mm) (W) (%) condition
[24] 3 99 242 1000 87.5 Fixed
[25] 3 200 100 152 95.6 Fixed
[27] 3 115.6 30 5.6l 61.4 Fixed
[29] 3 6780 200 - 65 Fixed
[30] 4 90 200 3300 96.56 Fixed
[31] 4 4630 450 3.1 724 Fixed
This 3 991 420 15 91 Variable
paper 4 991 500 15 89 Variable

VI. CONCLUSION

In this article, a robust extended-distance WPT system with
multiple repeaters based on the concept of PT symmetry was
proposed, in which the generalized PT-symmetric model for the
multirepeater WPT system was presented to evaluate the benefits
of the proposed system. The major contributions of this article
are as follows.

1) We propose the PT-symmetric WPT system with any
number of repeaters, and verify the difference between odd
and even number of repeaters to operate in PT symmetry,
which is useful to extend the transfer distance.

2) We find that the critical coupling coefficient of the PT-
symmetric WPT system with any number of repeaters is
reduced, which improves the maximum transfer distance
of the PT-symmetric region.

3) For the even number of repeaters, the output power and
transfer efficiency can remain constant against the varia-
tion of the coupling coefficient in the exact PT-symmetric
region without maintaining k; = ko, which indicates that
the system is robust against the misalignments and varia-
tions in the transfer distance.

4) For the odd number of repeaters, the operating frequency
of the system in the resonant state is fixed, and the output
power and transfer efficiency can be kept constant in
the near-field range. Besides, the system effectively over-
comes the frequency splitting phenomenon of the existing
MCR-WPT system in the strong coupling region.

Based on the PT-symmetric model, the multirepeater WPT
system can achieve stable output power and constant transfer ef-
ficiency that are independent of transfer distance variation in the
exact PT-symmetric region. To verify the transfer performances
of the PT-symmetric-based multi-repeater WPT system, a 15-W
prototype was implemented and tested. The experimental results
validate the theoretical analysis.
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