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Robust Class E* Wireless Power Transfer System
Based on Parity—Time Symmetry

Liangzong He

Abstract—Thanks to the superiority of zero-voltage switching
(ZVS), the Class E? topology has become a promising candidate in
wireless power transfer (WPT) at medium and small power levels.
However, in practical applications, it is a challenging and significant
issue to maintain robust WPT under varying transfer distances,
especially for the highly sensitive Class E power amplifier (PA). To
solve this issue, the parity—time (PT) theory is initially developed
into the Class E2 WPT system. A general design procedure for the
PT-symmetry-based Class E> WPT system is proposed, including
the parameters of the Class E PA, resonant tank, and Class E
rectifier. The power losses and efficiencies of the above-mentioned
components are analytically derived as well. The ZVS operation
is quantitatively described for the PT-symmetry-based Class E2
WPT system, demonstrating that the maximum phase variation
with coupling coefficient is rather small and independent of the
natural resonant frequency, thereby achieving robust and highly
efficient power transfer. Finally, the prototype with current feed-
back control to guarantee the PT mechanism and ZVS is built.
The experimental results illustrate that under various coupling
coefficients, robust and efficient power transfer is realized by a
165-W prototype with about 92.6% efficiency.

Index Terms—Class E? topology, parity—time symmetry, wireless
power transfer (WPT), zero-voltage switching (ZVS).

1. INTRODUCTION

HE research wave toward wireless power transfer (WPT)

has been raised once again across the world since a research
team led by Prof. M. Soljacic of MIT made a breakthrough
in middle-range WPT in 2007 [1]. In recent years, the main
progress of WPT concentrates on the improvement of transfer
distance, system efficiency, output power, and dynamic charac-
teristics [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14],[15],[16],[17],[18], [19], [20]. The distance and efficiency
between the transmitting and receiving coils in WPT systems can
be improved with an increase in the operating frequency in a
certain range. To operate at a higher frequency, both the inverter
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and rectifier are required to achieve a soft-switching state to
reduce losses, which has attracted considerable attention to the
Class E? topology, i.e., the Class E power amplifier (PA) and the
Class E rectifier.

The critical defect of the Class E PA is that only under or
suboptimum operating conditions, its zero-voltage switching
(ZVS) can be reached. As a consequence, many research groups
revolve around designing the parameters and optimizing the
subsystems to achieve higher system efficiency. In [3], an ana-
lytical design procedure for each component of a Class E> WPT
system was presented. In [4], the input impedance of the Class
E rectifier was accurately derived and used to design optimal
parameters for an MHz WPT system. By applying a numerical
design algorithm, an efficient WPT system with multiple re-
ceivers was designed in [5]. Chen et al. [6] replaced the parasitic
capacitance of the transistor with the charging capacitance to
achieve higher system efficiency. An efficient Class E driver
was realized in [7] to reduce the gate-drive power for MHz WPT
applications.

In WPT systems, it is desirable to realize robust and efficient
power transfer to reduce the waste of charging capacity and
extend the battery life. Meanwhile, owing to the inevitable
variation of the coupling coefficient, system output will suffer
a drastic drop in practical applications. For Class E> WPT
systems, the above-mentioned problem is aggravated due to
the sensitive Class E PA. Accordingly, some research teams
center on the analysis and design of Class E> WPT systems
with variable coupling coefficients. A steady-state analysis of a
Class E> WPT system outside nominal operation was raised in
[8], and a design procedure for Class E PA achieving ZVS at
any coupling coefficient was introduced in [9]. In [10], an active
Class E rectifier with output voltage regulation was developed,
which can maintain a stable output voltage under a range of
coupling coefficients. An active switched-capacitor Class E
rectifier was proposed in [11] to achieve constant output voltage
under varying operating conditions. However, the efficiency of
the aforementioned Class E rectifier is still reduced with an
increasing coupling coefficient. In [12], a harmonic injection
method was utilized on a Class E PA for ZVS with various
coupling coefficients. A robust impedance matching network
(IMN) and a tunable IMN were respectively established in [13]
and [14] to improve the robustness of Class E> WPT systems.
Nevertheless, additional circuits are required in [12], [13], and
[14], and the design methods of the latter two were complicated.

Thanks to Assawaworrarit et al. [15], the interdisciplinary
integration of parity—time (PT) symmetry and WPT initiates the
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Fig. 1. CMT model of the PT-symmetry-based WPT system.

feasibility of self-robust WPT systems. Originating from quan-
tum physics, PT symmetry implies the balance between gain and
loss under parity and time-reversal operations. By establishing a
PT-symmetric WPT system, robust and efficient power is auto-
matically guaranteed. Yet, the saturable gain element employed
in[15] to track PT symmetry was an operational amplifier, whose
intrinsic loss resulted in extremely low output (around 19.7 mW
of power and less than 10% of system efficiency). With the rise
of switch-mode power electronics, half-bridge and full-bridge
inverters replaced the inefficient operational amplifier for higher
efficiency and power [16], [17], [18], [19]. However, the conven-
tional half-bridge and full-bridge topologies are hard-switching
topologies, causing the need for extra soft-switching control
circuits. Besides, the transfer efficiency not only includes the
conversion loss, like switching loss or conduction loss, but also
depends on the impedance match and energy coupling between
the transmitter and receiver resonators. Hence, the traditional
topologies may exhibit the same transfer performance in terms
of constant transfer efficiency and power while suffering from
lower efficiency at the same output power. In comparison, the
Class E? topology has received more attention during high-
frequency, low-/medium-power WPT applications because it
employs only one active switch and one diode and enjoys in-
herent ZVS, zero derivative switching (ZDS), no shoot-through
problem, and a simple driving circuit. Therefore, this article
proposes a PT-symmetry-based Class E> WPT system with
robust and efficient output against varying coupling coefficients.
Our work extends from the previous works [16], [17], [18], [19],
[20] in the following aspects.

1) A universal design methodology for the PT-symmetry-
based Class E> WPT system is established, guiding other
WPT systems with mirror-symmetric oscillators between
the transmitter and receiver.

2) The power losses and efficiencies of each part of the PT-
symmetry-based Class E> WPT system are analytically
derived.

3) The ZVS operation is quantitatively described for the
PT-symmetry-based Class E> WPT system as a function
of the equivalent phase of the PA and the coupling coef-
ficient, indicating that the maximum phase variation with
coupling coefficient is rather small and independent of
the natural resonant frequency, so that the system output
remains approximately constant.

4) A control circuit with current feedback and an appropriate
phase shift is given to guarantee the PT mechanism and
ZVS.
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The rest of this article is organized as follows. In Section II, the
coupled-mode theory (CMT) model of the PT-symmetry-based
WPT system is analyzed. Section III presents the system struc-
ture, proposes a general design procedure for the PT-symmetry-
based Class E> WPT system, and analytically derives the power
losses and efficiencies of each component. The ZV'S operation is
quantitatively described as a function of the equivalent phase of
the Class E PA and the coupling coefficient, and the PT symmetry
principle for Class E? is analyzed in Section IV. Section V
builds a prototype to validate the theoretical analysis and design.
Finally, Section VI concludes this article.

II. CMT MODELING OF THE PT-SYMMETRY-BASED WPT
SYSTEM

The CMT model of the PT-symmetry-based WPT system is
shown in Fig. 1. The transmitter side makes up the gain circuit,
and the receiver side composes the loss circuit. Here, L;, C;,
and R; (t = 1, 2), respectively, represent the self-inductances,
tuning capacitances, and equivalent series resistances (ESRs) of
the transmitting and receiving coils. s represents the coupling
coefficient between the two coils, and they share the same natural
resonant frequency w; = ws = wp . — R’ denotes the equivalent
negative resistance of the gain circuit that provides energy for
the system, and Rp refers to the equivalent load resistance of
the loss circuit.

In the PT-symmetry-based WPT system, the parity reversal
operation is the mirror symmetry of the spatial coordinates
from the transmitting coil L; to the receiving coil Ly. The
time-reversal operation is the conservation of energy emitted by
the negative resistance — R’ in the gain circuit and absorbed by
the load R in the loss circuit. The output voltage of the negative
resistance — R’ is in the same phase as the output current, which
means that the negative resistance — R’ can be equivalent to a
power source. This characteristic of the negative resistance — R’
is the key to balancing gain and loss in the PT-symmetry-based
WPT system.

Introducing complex variables

a; = A; of (wi+0:) (1)

where |a;|* (i = 1, 2), respectively, symbolize the energy
in the transmitter and receiver resonators. A; and 0; are the
amplitude and phase of a;, respectively, both of which vary
slowly with time, giving the possibility of dynamic modeling
[21].

The gain saturation mechanism of tracking PT symmetry is
analyzed as follows. At the outset, there is little energy |a;|?
contained in the transmitter resonator. The negative resistance
— R/ feeds energy to the resonator tank that is then consumed by
the load Rp, setting off an exponential increase in |a1|?. With
the growth of a1 |?, the negative resistance — R’ converts into a
positive resistance that absorbs the excess energy, giving rise to
an exponential reduction of |a;|?. Once |a|? decreases, — R’
repeats the above-mentioned process until the gain balances out
the loss, and the PT symmetry is thereof automatically tracked.
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The dynamic equations of the CMT model can be described
as follows [17], [18]:

al
as |~
0+ =) %+ 1%

K C Kk w
T 291 — 1 s2 70

1:{112 Y2 —J 1:{112 %0 |:
J (1 + 17152) e

where wg = 1/1/L2C5 defines the natural resonant frequency,
91 = g10 — Y10 = 2Us/(mv/2L1) — Ry /2L characterizes the
gain rate of the transmitter resonator, and y2 = y20 + Yr =
Ry/2Ls + Rp/2Lo represents the loss rate of the receiver
resonator. The PT-symmetric conditions are as follows: g; =v-
and wy = w9 = wg .

By neglecting the second-order terms
(k has arelativelysmall but nonzero value), the dynamic
(2) can be simplified as follows:

ap | _ | Jwotgr  —j%K a; 3)
C.LQ 7j%l€ ij — Y2 as ’
From (3), we get the following characteristic equation:
J(w—wo) + g1 ISk
. ) =0 4
‘ I Jj(w—wo) =72 @

where w denotes the operating frequency.
Then, by separating the imaginary and real parts of (4), the
following is expressed:

=0
(&)

(w—wo)® + g1rs — %
(w—wo)(gr —A2) =0

Then, the steady solutions with w can be solved according to
(5) as follows:

(1.)2 2
w wo £/ K% — 3,

wo,

2
K2 o2

2
R< 552

(6)

The energy mode of the receiving resonator is expressed as
follows:

a K> 2
P TR B
Y10 + 72 = ai|, K< oo V2
-2 K2 4+y1072
(N

As can be observed from (6) and (7), a bifurcation of
the operating frequency occurs in the exact PT-symmetric re-
gion (k > 275 /wp), resulting in symmetric energy distribution
(la1] = |az| ). However, in the broken PT-symmetric region
(k < 272/wp), the system operates at the natural resonant fre-
quency. In this situation, the gain is less than the loss, resulting
in a waste of energy (|la1| > |az|).
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General topology of the PT-symmetry-based Class E> WPT system.

Fig. 2.

The output power Pr and transfer efficiency 7¢ of the reso-
nant tank are, respectively, derived as follows:

2vrg3glar 2
2YRIjol@1|” k> 2
(“/10+’YQ)2 ’ - ‘*”0,y2
2 . w
Pr = 2R |az]” = { 2yrglai 2522 2
Vw2 o\ k< wo 12
(TOK2+’Y10’Y2>
3)
TR > 2
2yfasf’ e T
2
ne = 2 5 = 'YRN*OKQ 9 .
2v10]@1|” + 272]az] — i K<
Y1075 +72 5> K2
)

Based on (8) and (9), it can be concluded that in the exact
PT-symmetric region (k > 272 /wy), both the output power Pg
and transfer efficiency 7¢ of the resonant tank are irrelevant to
the coupling coefficient . Since the ESRs of the transmitting
and receiving coils R; and Ry are well below the equivalent
load resistance Rpg, i.e., (Y10 + 720) < YR, robust and highly
efficient power transfer is theoretically realizable.

III. DESIGN PROCEDURE FOR THE PT-SYMMETRY-BASED
CLASS E2 WPT SYSTEM

Fig. 2 illustrates the general topology of the PT-symmetry-
based Class E2 WPT system, which contains a dc source, a
Class E PA, a resonant tank, a Class E rectifier, a dc load,
and a controller. The circuits in two blue dotted boxes could be
equivalent to —R’ and Rp, respectively, in Fig. 1. Provided the
circuitworksin g; =y, andw; = w2 = wy, the PT-symmetric
conditions could be satisfied.

Assuming Ps is the input power from the dc source, and P,
is the power received by the load. npa, 1¢, and nr represent
the efficiencies of the Class E PA, resonant tank, and Class E
rectifier, respectively.

The proposed design methodology for the PT-symmetry-
based Class E> WPT system is a universal one, with any provided
parameters of load resistance Ry, target output power P, and
natural resonant frequency wg. The duty ratio D of both the
switch in the PA and the diode in the rectifier is considered 0.5
for maximum power-output capability.
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Fig. 5. Circuit model of the Class E PA.

A. Class E Rectifier

The Class E rectifier consists of a choke inductor L,, a
rectifying diode D,., a shunt capacitor C,., and a filter capacitor
C'. As can be seen in Fig. 3, the receiver resonator is ideally
equivalent to a sinusoidal current source ig, and the current
through the choke inductor L, equals the dc output current /7.
Therefore, to obtain a constant output current, the inductance
L, is required to be sufficiently large [22]. A large capacitance
C'y is also needed for a small output voltage ripple [23].

According to Kazimierczuk [24], the solution for C.. is given
as follows:

1

C, = 10
mwo(Rr +rrr + rpyr) (19

where 71, denotes the ESR of the choke inductor L,., and 7,
refers to the ON-resistance of the diode D,..

The input impedance Zp of the rectifier can be represented
by a series combination of a resistance R and a reactance X,
which are, respectively, derived as follows:

R _ 5 Ry +r +7r—2r (11)
R_7T2+4 L Lr S Dr
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m(r?—4 7t — 47 + 16
Xp= ————+ r T 5 7 o9 A\ r
" 2(m2 4+ 4) {RL et w2 (w2 —4) b
(12)
The output current [, is calculated as follows:
Py,

Iy, =/ —. 13
L=4/ RL (13)

The input power Pgr of the rectifier is thereof obtained as
follows:

2
Pr =Py + Py, + Pp,~ 1} (RL + 1o+ STDT) (14)

where Pr,- and Pp, are the power losses on the chock inductor
L, and the diode D,., respectively.
The efficiency nr of the Class E rectifier is presented as
follows:
_ R S— (15)
Pr Rp+rpe+ %,

R

B. Resonant Tank

Fig. 4 shows the equivalent circuit model of the resonant tank,
where M characterizes the mutual inductance between L and
Lo, and Zp denotes the input impedance of the rectifier.

Based on the equivalent circuit model shown in Fig. 4, the
resonant equation of the receiver resonator is written as follows:

w0L2—wolc2 + Xrp= 0. (16)
Thus, the tuning capacitance CY is obtained as follows:
Cy = SN . a7
wo(wolz + Xr)
The mutual inductance M is given as follows:
M = k\/L1L,. (18)

In the broken PT-symmetric region, the operating frequency
stays constant at wy, so that the equivalent reactance X of the
receiving resonator is fully compensated by C'. The equivalent
resistance R of the receiving resonator can be calculated as
follows:

(wOM)2 OJ%HQLlLQ
Rr+ Ry Rr+ Ry’

As the operating frequency w adjusts with the change of the
coupling coefficient x in the exact PT-symmetric region, the
equivalent impedance Zg in the receiving resonator is no longer
pure resistive. It can be expressed as follows:

Rc =Ry + =Ry + (19)

(20)

Zs=j|wls —
J(wz oC

1
— +XR> + (Rr+ R>) .
2
Hence, the reflected impedance Z- on the transferring side
from the Zg is now a combination of R and X, as
w2M2 WZ/QQLl Lg

Z = =
¢ 2 Z.

2
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wQNZLlLQ(RRJng)
2
(Rr+R2)’~ (wlz-5hs +Xr)
=Ri + 7+ (Rr + Ro)

w?Kk2L1 Lo (szfwl 3

Re =Ry +

+XR)

2 1 2
(Rr+R2)"— (wL2*@+XR)
2

+2wo\/ 2L rZ—yI+ L K2y
2
2 o 2
Woi\/ 1R =3

From (21) and (22), it can be seen that the equivalent resistance
Re is a fixed value, whereas the equivalent reactance X¢
depends on the coupling coefficient.

The transfer efficiency 7¢ of the resonant tank is expressed
as follows:

Xo= - (22)

Ly

Rpr K> Rr+Ro
o Pr o %R1+RR+R2’ = wolz
nc - PC - ng2L1L2RR K< Rr+Ro
Ri(Rr+R2)°+(Rr+Rs)w2k2L1 Ly’ wo Lz
(23)
Ro = Ry + w2k2 Ly Ly (Rr+R2)
- 2
(Rr+R2)*~(wLa— k5 +Xr)
L
=R + 7L (Rr+ Ra)
Xo— W k2L1 L (wLa— ke +Xr)

- 2
(RrtR2)*~ (wha- ks +Xn)

2 L2
+2wo\/ 2L r2Z—y3+ L K23
Ly

2

which is equivalent to (9).
Therefore, the input power Po of the resonant tank can be
presented as follows:

_Ir

Po= . (24)
Ule]

C. Class E PA

As is depicted in Fig. 5, the Class E PA is comprised of a
choke inductor L, a bidirectional switch 57, a shunt capacitor
Cs, and a series of resonance L. Z¢ refers to the equivalent
impedance of the receiver resonator. The loaded quality factor
(21 of the series resonance L1 (1 is presumed to be sufficiently
high, so the reactance X is rather small at the natural resonant
frequency wy and large enough at higher harmonics to constrain
the output current ¢; of the PA, i.e., the current of the transmitter
resonator to be purely sinusoidal at wq [20].

According to Kazimierczuk [24], @1, C1, and Cs can be,
respectively, designed by the following equations:

- wOLl
@1 = Re (25)
Ci = ! e (26)
WORC |:Q1 - 16
Cs = i @7)

7w (72 +4)woRe”
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Fig. 6. Equivalent circuit model of the Class E PA (u1funa denotes the
fundamental of uq).

In the broken PT-symmetric region, the series reactance X
is calculated as follows:

1 s (7r2 -
16
However, in the exact PT-symmetric region, the series reac-
tance X7 is no longer constant, as

4)

X1 =wy Ly — Re. (28)

woCr

Xy = why — _ () Re+Xo (29
w01 16
whereas X + Xjis independent of the coupling coefficient, as
s (71'2 - 4)

Fig. 6 displays the equivalent circuit model of the Class E PA
shown in Fig. 5. A current source ¢g replaces Us, Ly, and Sy,
whereas C's, X¢ + X1, and R form the resonant circuit. The
equivalent impedance Z,q of the PA is given as follows:

1 .
Zeq:m//[Rc +j (Xe + X1)]. (31)

The phase of the equivalent impedance ¢¢q can be deduced as
follows:
(Xc+X1)* = (Xo + X1) oo + RE

Rco
wC's

Qeq = arctan [—

(32)
The minimum value of the choke inductance Ly, required
to ignore the ac ripple on the input current is given as follows

[24]:
2
Limin=2(—+1 .
d (4 ) fo

The input current /g and input voltage Ug of the PA are,
respectively, calculated as follows:

Re (33)

8 Us
Is = —-— 34
5T %244 Re 34
2+4
Us =1/ 2 ; PoRe . (35)
The input power Ps of the PA is obtained as follows:
Ps = Pc + Pry+ Pps + Py
m2+4 8 2428 (wts)?Pe
_ 1'2 f
s [I%C+7r2+4rLf+2(7r2+4) TDS} 12

(36)
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where Pr; is the power losses owing to the ESR of the chock
inductor Ly. Ppg and Py are the conduction loss and turn-OFF
loss on the switch S7, respectively.

Hence, the efficiency npa of the Class E PA can be presented
as follows:

Rc

= .
Pg Re + (wtfl)2 Rc | 7r28+47‘Lf + 2??5422) DS

(37)

As can be summarized in (9), (15), (23), and (37), when op-

erating in the exact PT-symmetric region, the system efficiency

7sys 1S a constant value determined only by the load Ry, and the

intrinsic parameters of the selected components.

IV. ZVS OPERATION ANALYSIS AND PT-SYMMETRY
PRINCIPLE ANALYSIS

The principle of the ZVS operation is that the bidirectional
switch S; of the Class E PA turns ON at zero voltage, leading
to zero switching loss and thus high efficiency. The derivative
of the drain-to-source voltage dups/d(wt) of the switch must
be less than or equal to zero when the switch turns ON, i.e., the
switch turns ON with the current through the shunt capacitor
declining, implying that the switch current gradually rises from
zero or negative after the switch is ON.

When the switch S7 in the PA turns ON at w¢ = 27, the ZVS
condition is satisfied at [24]

ups (27) = 0 (38)
and
du
y (w"f) =0 (39)
A. Derivative of the Drain-to-Source Voltage
The output current ¢ of the PA is given as follows:
i1 = Iy, sin (wt + @) (40)

where I,,, stands for the amplitude of 7;. ¢ denotes the phase
difference between i; and the output voltage u; of the PA.

The drain-to-source voltage upg of the switch is given as
follows [9], [25]:

ups = —— [lswt + I, cos (wt + @) — Iy cosd].  (41)
wCl
By differentiating (41), we can obtain the following:
dUDS 1 .
= Is — I, t . 42
dwt) ~ o, s~ Imsin(wt+9)] (“42)

The amplitude of the resonant current /,,, is given as follows
(9], [25]:

I, cos ¢. (43)

:ﬂ'Rc

Imposing (38) into (41), a relationship among Ig, I,,, and ¢
is found as follows:

2
Is = = cosoly, (44)
T
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TABLE I
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

fo Us Ly L, GCs
200 kHz 100V 57.8 pH 58.4 pH 10 nF
G G, G, Tif Tps
15.4 nF 14.2 nF 10 nF 03Q 0.08 Q
Ry R, Tir Tor R,
0.124 Q 0.129 Q 04Q 0.024 Q 25Q
Ly L, Pr K¢
2.5mH 1 mH 165 W 0.17

Substituting (43) and (44) into (42) yields the following:

115 - i o 2o ca] s

Substituting wt = 27 into (45), we get the following:
4Ug

_ 240 2 _
= Crko cos“¢ { - tan qﬁ] . (46)

dups
d (wt)

wt = 27

Using the condition dups/d(wt)|wt = 20 = 0, the optimum
phase lead ¢qp; of the output current ¢; relative to the output
voltage u; of the PA is calculated as follows:

2
¢opt = arctan — = 32.48°. 47)
T

From (46), it can be deduced that the ZV S condition is satisfied
at ¢ > Popt.

B. Equivalent Phase of the PA in the PT-Symmetry-Based
Class E*> WPT System

The critical coupling coefficient k¢ is given as follows:

29 Rr+tR

48
wo WOLQ ( )

K¢

As can be noticed from (47), k¢ is in reverse proportion to the
natural resonant frequency wy. Three different natural resonant
frequencies fo = 190, 200, and 210 kHz are, respectively,
imposed into (5), giving three sets of operating frequencies f.
As depicted in Fig. 7(a), with the increase in fj, ko decreases,
which is consistent with (48).

Fig. 7(b) displays the equivalent phase ¢4 as a function of the
coupling coefficient  that was deduced in (32) (the utilized pa-
rameters are the same as those given in Table I, ¢eqreaches ¢ at
the critical coupling coefficient). Two examples fo = 200 kHz
and 500 kHz are given in Fig. 8. The critical coupling coefficients
ke are 0.2 and 0.08, respectively. From the figure, the condition
Geq = Popt 1s satisfied, i.e., ZVS operation is achieved when the
system operates in the broken PT-symmetric region or the lower
branch of w in the exact PT-symmetric region. It can also be
seen that the maximum phase variation with coupling coefficient
(=~ 3.5%) is independent of the natural resonant frequency wy.

C. PT-symmetry Principle for Class E> WPT

The Class E PA works as a nonlinear controlled source with
equivalent nonlinear negative resistor — . Note that the class E
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f,=190 Kz | 2

—— 1,=200 kHz

210 kHz

Coupling Cocflicient

(@ (b)

Fig. 7. (a) Operating frequency f concerning coupling coefficient x.
(b) Equivalent phase ¢q as a function of coupling coefficient .

'y A
U] fund R

_fund

1.64Us

iljunq

I1_fund

—1.64Us

(2) (b)

Fig. 8. Fundamental component characteristics of Class E PA. (a) Voltage—
current characteristic. (b) Negative resistance characteristics.

PA has a fixed equivalent resistor Rg as (11). When the energy
increases to infinity on the transmitting side, the R’ trends to
be saturation value 0. Hence, the proposed Class E2 WPT could
work in a PT-symmetry eigenmode automatically. Assuming the
output current ¢y of the PA is given by (40), then it yields the
following:

0 for0 <wt < 27D
tan(wD+¢) sin D
U _ ) @D)=(1-D)costDrsmnD] {wt —27D (49)
2m(1-D
Us +m [cos(wt + &)
—cos(27D + ¢)|}, for 27D < wt < 27
cos2mD — 1

= t . 50
¢ =+ arctan 27r(1—D)+sin27rD] (50)

Considering D = 0.5, then it yields

Uy funa = 1.64Ug sin(wt + 6), 0 = arctg (g — i) . (5D

According to (51), the fundamental component characteristics
of Class E PA are plotted in Fig. 7. As can be seen from Fig. 7(a),
the fundamental voltage is limited to F1.64Ug, and R’ is nega-
tively correlated with the transmitting resonator current. When
the energy of the transmitting resonator tends to be infinity, R’
becomes saturated, as shown in Fig. 7(b). Hence, the Class E2
WPT could work in the eigenmode of PT symmetry.
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V. EXPERIMENTAL VERIFICATION

Based on the above-mentioned analysis, an experimental pro-
totype is implemented to practically evaluate the performance
of the PT-symmetry-based Class E> WPT system.

A. Control Strategy

According to the gain saturation mechanism of tracking PT
symmetry analyzed in Section II, by sampling only the current
11 of the transmitting resonator, the output voltage u; and output
current ¢; of the Class E PA can be controlled synchronously. The
PA is thereof turned into a negative resistance, self-tracking the
operating frequency to assure the satisfaction of PT symmetry.

The realization of the controller is on account of the circuit di-
agram shown in Fig. 9. A current sense transformer CU8965-AL
is used to sample the current ¢; of the transmitting resonator. Via
a differential amplifying circuit that consists of an operational
amplifier LM6171, the current ¢; is converted into a voltage
signal and then sent to an RC phase shifter. Different from the
previous work, the phase shifter is to offset the phase lead ¢¢q
of the current 7, relative to the voltage u;and to compensate for
the phase shift from the control circuit, such that the Class E
PA is locked in optimum or suboptimum operating conditions
for ZVS. The zero-crossing points of the signal coming from
the phase shifter are then detected by a comparator AD8561.
Finally, a gate driver Si8271 receives the output to generate the
gate driving signal Ugg of the switch .Sy.
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B. Experimental Setup

Fig. 10(a) displays a photograph of the experimental proto-
type, in which the switch S; utilizes a silicon carbide power
MOSFET (C2MO0080120D), and the rectifying diode D,. adopts a
Schottky power diode (MBR40250G). Each coil L; (z = 1, 2)
has an inner diameter of 5 cm and an outer diameter of 15 cm,
which is made by winding 16 turns of 500-strand wire on an
acrylic plate. Table I lists the parameters applied. The variation of
the coupling coefficient with the distance between the two coils is
measured and drawn in Fig. 11. Determined by the parameters in
Table I, the critical coupling coefficient r¢ is calculated as 0.17
according to (48). Fig. 10(b) displays the dynamic experimental
prototype, where the receiving end is carried by an electric toy
car.

The measurement approaches for the output power and system
efficiency are given as follows. The input power Py is directly
read from the dc source. The output voltage Uy, and current
I, are gauged by an oscilloscope. Finally, the output power
is obtained using the relation P, = Uy, - Ir, and the system
efficiency is acquired by (9).

C. Experimental Results

The experimental and calculated operating frequencies f
concerning the coupling coefficient s are depicted in Fig. 12,
showing the prototype operates in the lower branch of w in the
exact PT-symmetric region. The experimental results coincide
with the calculated values.
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Fig. 13 displays the experimental waveforms of the drain-to-
source voltage Ups and drain current /p of the switch, output
current I, and output voltage U, under a series of coupling
coefficients. The yellow waveform represents /1, and the green
waveform refers to Uy. In Fig. 13(b)-(d), x = 0.22, 0.32,
and 0.44, respectively, corresponding to the exact PT-symmetric
region, and both [, and U, remain approximately the same. The
realization of robust output power is thereof certified. However,
inFig. 13(a), x = 0.17,1.e., in the broken PT-symmetric region,
both I, and Uy, drop slightly, which corroborates the theoretical
analysis presented in Sections II and III.

The experimental waveforms of ugs and ¢4s and resonant
currents I; and I, of the transmitter and receiver resonators
with various coupling coefficients are illustrated in Fig. 14. The
blue and yellow waveforms, respectively, denote 145 and ;. It
can be observed that the phase difference between uys and 1,
i.e., the equivalent phase ¢.q of the PA, matches the theoretical
result shown in Fig. 7(b). It is therefore proven that the applied



HE et al.: ROBUST CLASS E? WPT SYSTEM BASED ON PARITY-TIME SYMMETRY

400 1
————y————
[
320 0.8
=
E 240 0.6 ;
z 5
& =
g 160 7_.'_._._._-_ 04 £
=
o [ ]
80 ® Measured 0.2
— Expected
0 0
0.1 0.2 0.3 0.4 0.5 0.6
Coupling coefficient
Fig. 15.  Output power and system efficiency of the proposed Class E> WPT

systems under different coupling coefficients (the red and black represent the
output power and efficiency, respectively).

PT-symmetry-based control strategy is feasible for the Class E?
WPT system.

The blue and pink waveforms in Figs. 13 and 14 represent
ugs and 74, respectively. It can be noticed that ZVS operation
is achieved in both exact and broken PT-symmetric regions,
which is overlapped with the quantitative description given in
Section IV. Meanwhile, it suggests that the ZVS could be easier
to be realized with the decreasing coupling coefficient x since
the equivalent phase ¢.q will become smaller at a low branch
of w, which is according to Fig. 7(b) as well. It is worth noting
that there are oscillations in the current due to the presence of
parasitic parameters.

Fig. 15 describes the output power and system efficiency
of the proposed and typical Class E> WPT systems in a wide
range of coupling coefficients. The expected 165 W of output
power (various coupling coefficients) and 92.6% of system
efficiency are respectively drawn with solid lines. The circles
and triangles depict the experimental results of the proposed
and typical systems, respectively. In the broken PT-symmetric
region, output power and system efficiency of both proposed
and typical systems drop with the decrease in the coupling
coefficient, due to the invariant operating frequency. In the exact
PT-symmetry region, output power and system efficiency of the
typical system first stay roughly the same and then drop with
the coupling coefficient increasing. By contrast, the proposed
system ensures that the ZVS condition is reached for the sensitive
Class E PA, even under the drastic variation of the coupling
coefficient (from 0.17 to 0.47). As a result, robust and highly
efficient power transfer is acquired for the PT-symmetry-based
Class E? WPT system.

What is worth mentioning is that, as seen from (7) and (8),
both output power Py and transfer efficiency 7 of the resonant
tank are theoretically irrelevant to the coupling coefficient s
in the exact PT-symmetric region (k > 27, /wy). However, y1¢
maybe a little different due to various operating frequencies.
Hence, in practice, the transfer power and efficiency may have
a few deviations.

Fig. 16(a) and (b) shows the dynamic waveforms of resonant
current i1, output current /7, and output voltage Uy, at a distance
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TABLE II
EXISTING PT-SYMMETRY-BASED WPT SYSTEMS
Inversion Rectifier . Output Soft
Ref. topology  topology Efficiency Power (W)  switching
[15] ~ operational o 35% 0.0197 N
amplifier
[16] Half-bridge ~ without 83.7% 10 N
[17] Full-bridge Full-bridge 90% 150 N
[18] Full-bridge Full-bridge ~ 91.9% 400 Y
[20] E without 92% 10 Y
Proposed E E 92.6% 165 Y

of 7-9.5 cm and 10-6 cm for the receiving end when the
receiving coil moves at a speed of 2 cm/s. It can be seen that
Iy, 19, and Uy, only fluctuate slightly when the distance changes
from 7 t0 9.5 cm and from 10 to 6 cm and remain unchanged. Itis
concluded that the E2-type WPT system based on PT symmetry
can achieve excellent range robustness control.

Table II shows the comparison of the performances of some
PT-symmetric WPT system prototypes published in recent years,
such as system efficiency, output power, and soft switch. As
can be seen from the table, the proposed E2 class WPT system
based on PT symmetry proposed in this article has significant
advantages due to its soft switching, high system efficiency,
and simple control circuit. At higher output power, a greater
efficiency advantage will be obtained.

VI. CONCLUSION

This article establishes a PT-symmetry-based Class E> WPT
system for robust and highly efficient power transfer. The
CMT modeling shows that when in the exact PT-symmetric
region, both the output power and transfer efficiency of the
PT-symmetry-based WPT system are independent of the cou-
pling coefficient. A universal design methodology for the PT-
symmetry-based Class E> WPT system is developed, guiding
other WPT systems with mirror-symmetric oscillators between
the transmitter and receiver. The power losses and efficiencies
of each part of the system are analytically derived. For the
first time, the ZVS operation is quantitatively described for
the PT-symmetry-based Class E> WPT system as a function
of the equivalent phase of the PA and the coupling coefficient,
revealing that the maximum phase variation with coupling co-
efficient is rather small and independent of the natural resonant
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frequency. The experimental results validate that a 165-W proto-
type can realize robust and highly efficient power transfer under
the variation of the coupling coefficient.
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