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Abstract—This article presents the analytical modeling of syn-  vg Switch voltage.
chr.onous ?lass E rectifiers with t.he loa.d-independent ope.rati_on, Vsn = £5. Normalized switch voltage.
which achieves zero-phase-angle input impedance, soft-switching . L0
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over the entire load range with a constant voltage gain. The optimal . _is N lized switch
design of the synchronous class E rectifier is proposed to realize ?S” T T Orn.la 1zed switch current.
both zero-voltage-switching turn-ON and zero-current-switching 7Ly Current passing through L.
turn-OFF at the expected output power. An LCC-S compen- [ . Current passing through Ly at wt = 7.
sated MHz-WPT topology, which comprises the push—pull class _ Iinwly lized I
E inverter and rectifier with the load-independent operation, is Px Vilc -orma I.Ze L
proposed to achieve the fully soft-switching and a nearly constant ¢ = W Normalized resonant frequency of Ly and
voltage gain over the entire load range. The efficiency improve- i
ment of the compensation network is also investigated to provide ’ LewL; .
a design methodology for the proposed topology. A 6.78-MHz P = v Load factor of a rectifier.
WPT prototype, along with an alternative phase detector usingan  p,y,,  Optimal rated value of p.
au}.xiliary coil to realize phase detection, is built to validate the' ama- R Load resistance mapping to popun-
lytical model and the proposed methodology. The system efficiency R, Rated load resistance of a rectifier.
reaches 86.7% at 214-W output. The synchronous push—pull class G Vol i of i
E rectifier maintains soft-switching over the load range, and the rec oltage gain of a rectitler. .
rectification efficiency reaches 94.6%. Tyer Rated output current of a rectifier.
. ) Py Rated output power of a rectifier.
Index Terms—Class E, load independent, synchronous rectifier, G | 1 of hepull -
wireless power transfer (WPT). recd Voltage gain of a push—pull rectifier.
Ginv_a Voltage gain of a push—pull inverter.
Gmag  Voltage gain of a resonant tank.
NOMENCLATURE P, 4 Output power of a push—pull rectifier.
W Angular frequency. Py 4 Rated output power of a push—pull rectifier.
fac Input current of rectifier. R, 4 Rated load resistance of a push—pull rectifier.
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1. INTRODUCTION

IRELESS power transfer (WPT) is getting more at-
W tractive for the applications of power electronics (e.g.,
portable devices, medical implants, electric vehicles, etc.)
[1]-[5]. For WPT systems based on magnetic coupling, increas-
ing operation frequency usually means smaller magnetic com-
ponents and higher induced voltage. It is conducive to reduce
the system size, extend the transfer distance, and enhance mis-
alignment tolerance. However, the increased frequency brings a
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challenge to high-efficiency and high-reliable MHz-WPT sys-
tems because of the substantial losses of the switches and the
resonant tank. Up to now, the issues on high-frequency rectifiers
are attracting more attention as the rectification loss constitutes
a large portion of the system losses [6]—[13].

Various topologies can realize the high-frequency rectifica-
tion, such as full-bridge [14], class E [15], class DE [16],
class EF [17], and class F [18]. Due to the increased switching
losses, the rectification efficiency may distinctly reduce when
working in the MHz region. Moreover, the parasitic inductance
and capacitance may cause serious ringing (i.e., high-frequency
harmonics) at the instant of switching. This phenomenon not
only leads to additional losses but also results in electromag-
netic interference issues. Therefore, the soft-switching resonant
rectifiers are required to overcome the above-mentioned issues.

Class E resonant rectifiers are attractive for MHz-WPT ap-
plications due to its simplicity and low harmonic contents [19].
The conventional half-wave class E rectifiers can achieve low-
voltage-derivation switching (i.e., the diode turns OFF at zero
dvp/dt and turns ON at low dvp/dt) by using a capacitor in
parallel with the diode [20], [21]. A similar approach can be
implemented to achieve low-current-derivation switching (i.e.,
the diode turns ON at zero dip /dt and turns OFF at low dip /dt)
by using an inductor in series with the diode [22]. Besides,
the harmonic contents can be further reduced by interleaving
two half-wave rectifiers, which constitute a full-wave class E
rectifier. Both of the class E half-wave and full-wave rectifiers
for MHz-WPT systems were discussed [7], [9]. However, the
inherent forward voltage of diodes will cause high conducting
losses, which limit the applications of class E rectifiers.

The synchronous rectification is a promising way to reduce
the losses caused by diode-based rectifiers. Class E and its
derivative topologies (e.g., class EF and push—pull class E),
which comprise only low-side-driven switches, are preferred
for MHz-WPT systems. Different from the diodes that block the
reverse current, the synchronous switches are able to conduct
bidirectionally. Thus, the synchronous rectifiers can operate as
time-reversed inverters. Synchronous class E rectifiers can be
found in many dc—dc converters with the operation frequency
from kHz to GHz [23]-[27]. However, so far, there are few
articles those discussed the synchronous class E rectifiers for
MHz-WPT systems, of which the resonant tank is different from
that of conventional dc—dc converters [8]-[13].

The phase shift control is usually required to achieve soft-
switching of synchronous rectifiers by adjusting the switching
phase over the load range [10]. Generally, two kinds of meth-
ods can directly realize the phase detection, i.e., the voltage-
comparator-based [8] and the current-transformer-based [9],
[10]. As in [8], a voltage comparator is implemented to detect
the threshold of the switch voltage and generate a fixed-width
pulse. However, the waveform of the switch voltage changes
as the load varies, and results in an unexpected switching phase
shift. This issue will be more troublesome in the differential (i.e.,
push—pull) class E topology due to the unbalance voltage wave-
forms [28]. In [9], the zero-current detection is implemented
to generate the gate driving signal of several hundred kHz.
However, it is challenging for the existing current transformers
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to work in the MHz region due to the bandwidth limitation. The
self-oscillating resonant gate driver is another potential solution
to drive the synchronous switches [24]. However, the switching
phase is also sensitive to the load variation since the driver is
energized by an alternating voltage node of the rectifier.

The existing studies still lack a preferable method to
drive the synchronous switches avoiding the unexpected phase
shift caused by the load variation. Consequently, the load-
independent class E rectifiers are preferable to simplify the con-
trol since the optimal switching phase is constant. Theoretically,
the parameters of the synchronous rectifiers are identical with
that of the inverters. However, modeling the load-independent
operation from the perspective of inversion cannot provide a
concise method to obtain the impedance features and the circuit
parameters of load-independent class E rectifiers. The rectifica-
tion efficiency and the voltage gain are highly dependent on the
impedance features, which are related to load variation. Due to
the lack of detailed analytical modeling in the existing literature,
it is difficult to analyze and optimize the load-independent
synchronous class E rectifiers for MHz-WPT applications.

This article investigates the analytical modeling of syn-
chronous class E rectifiers with the load-independent operation
from the perspective of rectification. It provides a straightfor-
ward method to analyze and design the load-independent syn-
chronous class E rectifiers. Based on the model, the implementa-
tion for the proposed MHz-WPT topology is also presented. Sec-
tion II presents the detailed analytical derivation of the single-
switch synchronous class E rectifiers with the load-independent
operation, which achieves both zero-phase-angle (ZPA) input
and soft-switching over the entire load range with a constant
voltage gain. The optimal design is proposed according to the
analytical expressions deducted. Then, Section III proposes an
LCC-S compensated MHz-WPT topology combined with the
load-independent push—pull synchronous class E rectifier, which
is derived from the single-switch one. The improved design
method of the compensation network is also investigated to
provide a design methodology for the proposed topology. In
Section IV, a design example is presented and simulated. Then,
in Section V, the hardware implementation is also illustrated
regarding the inverter, the rectifier, the compensation network,
and the phase detector avoiding the unexpected phase shift
of conventional methods. The 6.78-MHz WPT prototype is
built and tested to validate the analytical model and the opti-
mization method proposed. Finally, the conclusion is given in
Section VI.

II. ANALYTICAL MODELING AND DESIGN OPTIMIZATION OF
LOAD-INDEPENDENT SYNCHRONOUS CLASS E RECTIFIERS

The concept of load-independent class E inverters was in-
troduced in [29]. The modeling of the load-independent syn-
chronous class E rectifiers can begin with the derivation of switch
voltage, which is similar to modeling the inverters.

A. Switch Voltage

Fig. 1 illustrates the topology of the synchronous class-E
rectifier. It is assumed that the switch has zero ON-resistance and



HUANG et al.: SYNCHRONOUS PUSH-PULL CLASS E RECTIFIERS WITH LOAD-INDEPENDENT OPERATION FOR MEGAHERTZ WPT

Lo+ Lq

—
A

>
Vac S Cace == Vae = Rac

Fig. 1. Synchronous class E rectifier with finite inductance. The output induc-
tor L 7 parallel capacitor C »and external inductor L, construct aload network,
which shapes the switch voltage to achieve soft-switching or other features. The
input filter (L, and C,) resonates at the operation frequency.

infinite OFF-resistance. The switch is ON during 0 < wt < 7 and
OFFduring m < wt < 27. The equivalent series resistance (ESR)
of passive components is ignored. The input current, which is
filtered by the input filter with high enough /L,/C,, can be
expressed by

fac(Wt) = I - sin(wt + ). (1)
The ON-state switch current during 0 < wt < 7 is given by

Vae
wlL
When the switch is in the OFF-state, C'y is charged by 7,. and
11,. Thus, the switch voltage for 7 < wt < 27 meets

ig(wt) =Ip. + (wt — ) + dae(wi). 2)

dv 1t ,
wC' - det =00/ (Vae — vg)dwt + Ipx + dge(wt). (3)
Differentiating both sides gives
1 d?vgy,
QT2 dwt? —p-cos(wt + ¢) +vs, —1=0. )

Thus, the general solution of the normalized switch voltage is

ven(wt) = 1+ & cos(qwt) + & sin(qwt) — E3q cos(wt + )
(&)

where

P

=T

The coefficients £ and &» can be obtained by solving the

expressions for zero-voltage-switching (ZVS) turn-OFF, i.e.,

€3

(6)

vgn(m) =0 7
dvgy, (wt) 9 9 .

—— = T . . 8

dot |, q“px + ¢°p - sin(yp) (8)

Then, & and &, are given by
§1 = — &s[sin(gm) sin(p) + g cos(gm) cos(¢)]
(qm)
§2 = E3[cos(gm) sin(p) — gsin(gm) cos(p)]
+qcos(qm) - (pr + psin(p)) —sin(gm).  (9)

— gsin(gm) - (pr + psin(p)) — cos

Solving the equation for volt—second balance of L gives

_ géscos(p) + 1
qtan(<r)?

2¢€ssin(p) + 7 &sin(yp)
2sin(4F)? q

T

(10)
— psin(ep).
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Consequently, the normalized switch voltage is expressed as
a function of three variables, i.e., ¢, p, and ¢.

B. Criteria of Load-Independent Operation

Fourier series can be applied to analyze the voltage gain and
input impedance. The fundamental harmonic of vg, can be
separated into the active (Vg,,) part and the reactive (Vx,,) part
given by

1 2m
Vin = 7/ Vgn (wt) sin(wt + ¢)dwt (11)
71— K
1 2
Vip = 7/ Vg (wt) cos(wt + ¢)dwt. (12)
i s

To figure out the switch voltage with load variation, deriving
(11) and (12) with respect to p gives

dVan 2q¢* cot(%)2 ) )
= . 13
= |2 e (13
, 4 ~ 1
dVxn _ 4 cos(w)(co&(.qﬁ : ) - sin(y)
dp m(g? — 1) sin(%4F)?
23 cot (4 2
q- co ( ) ) q . (14)
m(q* = 1)%  2(¢* - 1)
Let ¢ = 7, (13) and (14) can be simplified as
A
% =0 (15)
D pn
which means Vg, is irrelevant to load variation and
dVxn 2¢° cot(4LE 2
&= T (e —(12)2) 2( 7 n 10
D lo=rn q q

As ¢ is constant for physical rectifiers, Vx,, is proportional to
the input current. The voltage gain of the rectifier meets

1 Vac < Ly )
Grec Vzic 54 Lf R
Thus, Vx,, can be compensated by fixed inductance given by
Ly, = —&Ly. (18)

Therefore, by applying the particular values of ¢ and L,, the
compensated input impedance is purely resistive. A constant
load-independent voltage gain is achieved and given by

1
Grec =

(19)
2 _a
T + (1—q?) tan(%)

To achieve ZVS turn-ON at wt = 27, g can be obtained by
numerically solving

sin(gm)(qm + 2¢%&3 sin(y)

ven(2m) =2+ 2sin(1)? =0 (20)
where ¢ = 7. Thus
q = 1.291547. (21)
Then, (16) gives
&4 = —0.266228. (22)
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3 E—— Rac = Roptm
—+— Rge=05R,
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0
<—— reverse voltage
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7|' 1.257 1.57 1.75m 2
wt
Fig. 2. Normalized switch voltage vg,, versus load resistance Rgc. ZVS

turn-ON is achieved regardless of load variation. The peak voltage increases
as Rgc decreases. The peak vg,, reaches 4.397 at Rqc = 0.5Ropm, compared
with 3.631 at Ry = Ropu. The reverse voltage usually causes unexpected
conducting of physical switches and affect the load-independent operation.

The load-independent voltage gain is given by

Grec = 0.629125. (23)

Consequently, (21) and (22) give the normalized parameters
that are identical for the synchronous class E rectifiers achieving
the load-independent operation. It realizes ZVS turn-ON and
ZPA input impedance over the entire load range with the constant
voltage gain.

C. Design Optimization

In order to design a practical rectifier, the rated parameters
have to be calculated to satisfy the required efficiency and the
expected output specifications. In this section, an optimal design
is proposed to achieve ZVS turn-ON and zero-current-switching
(ZCS) turn-OFF at the rated condition, which achieves the max-
imum efficiency at the expected output power.

The value of p achieving ZCS turn-OFF can be obtained by
solving

den 7Tq2 o
=7 __ Deot () =0 (24
dwt |,,_.  2sin(4)? +q(§+1)co 5 24)

which gives the optimal value of p as

Doptm = 1.648457. (25)
According to the definition of p, popm can be rewritten as
wL
Poptm = 2CTvrec . Rif (26)
optm

where Ropuy is the optimal load resistance mapping to Popim-
The switch voltage under load variation can be obtained by
using different values of p mapping to Rg4.. As shown in Fig. 2,
the switch maintains ZVS regardless of load variation. When
Ry. < Ropm, the switch will conduct reversely during a specific
interval. Normally, the practical switches (MOSFET, GaN FET,
etc.) conduct reversely with a limited voltage. Thus, this phe-
nomenon will cause additional switching losses and also affect
the voltage gain. Therefore, in this article, we use Ropm as the
optimal rated Ry, i.e., R, = Ropm. The synchronous switches
can prevent the reverse conducting at OFF-state over the load
range from the rated value to infinite.
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forward current
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VS Ry = 10Ropim
sE —e— Ry = 5Roptm
6 E —2— Ry = 2Roptm
) —o— Rae = Roptm
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0 0.257 0.57 0.75m 7l'
wt

Fig. 3. Normalized switch current ¢ g,, versus load resistance Rg4c. The zero-
cross instant moves as load varies. The current amplitude increases as Ryc
decreases (i.e., the output power increases).

Consequently, the optimal parameters of a physical rectifier
are obtained by

V2
R, =& 27
P, 27
Rr * Poptm
Ly=——727— 28
! 2WC"‘rec ( )
1
= 2
Cy Lj- Puw? 29

Besides, Lx is given by (18). The above equations can realize
the load-independent class E rectifiers, which achieve ZPA input
impedance and ZVS turn-ON over the entire load range with the
constant voltage gain. Moreover, the efficiency is expected to
reach the maximum value at the rated condition.

Fig. 3 illustrates ¢ g,, versus R4, where the normalized switch
current is expressed as

. is wt
ign(wt) = I( )
der
2G, : .
—= .p-sin(wt+ @) +irpm(wt) 0<wt< 730
= poptm
0 T <wt<2w
where the normalized iy, s is given by
. irf(wt
irfn(wt) = 7L}‘( )
DCr
— 7+ wt+ pr O<wt<m 31D
Poptm Dr —|—/ (1 —vgp)dwt m™< wt < 27.

As shown in Fig. 3, the direction of the switch current turns
into forward during a specific interval. The zero-cross point
moves as Ry varies. It means that the zero-crossing-detection of
the switch current is not applicable for synchronous switching.

As in Fig. 4, the current amplitude through L, keeps large
over the entire load range. Consequently, the loss of L takes
a significant part in the total loss of the class E rectifier; which
implies that the efficiency will be reduced by using a lower rated
value of p (i.e., lower Ly).
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—=— Ry = 10Roptm
—o— Rae = 5Ropim
—t— Ry, = 2Raptm

_;‘—Rdc = Roptm
o Rge = 0.5Rpim |
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Fig. 4. Normalized inductor current iy, r,, versus load resistance Rgqc. The
peak—peak value of the current is nearly constant as load varies.

As aresult, the optimal circuit parameters of load-independent
class E rectifiers, which achieve both ZVS turn-ON and ZCS
turn-OFF at the rated load, can be obtained by (18) and (27)—(29).

III. WPT SYSTEMS USING LOAD-INDEPENDENT
SYNCHRONOUS PUSH-PULL CLASS E RECTIFIER

As analyzed in Section II, the load-independent class E recti-
fier can realize soft-switching and ZPA input over the entire load
range with the constant voltage gain. The features are prefer-
able for the typical MHz-WPT systems to operate at resonant
mode and maintain high-efficiency transfer over the load range.
However, the single-switch class E rectifier maintains 77,y of
large harmonics over the entire load range, and will result in
distinctly voltage ripples and electromagnetic interference. As
an alternative solution, the push—pull class E topology can be
implemented to reduce the voltage ripple and suppress harmonic
contents.

This section proposes a MHz-WPT topology, of which the
inverter and the rectifier are derived from the load-independent
operation analyzed in Section II. As illustrated in Fig. 5, the
push—pull class E topology is implemented for both of the
inverter and the rectifier to reduce the harmonic contents and
increase the power capability. The inverter and the rectifier
are connected by the magnetic resonant tank (i.e., the LCC-S
compensated coupling coils). Naturally, the voltage gain of the
proposed topology can be calculated by

C"vat = CTVinvfd : Gmag . Grecfd (32)
where Giny_d, Gmag, and Grec_q are the voltage gains of the
push—pull inverter, the resonant tank, and the push—pull rectifier
of the WPT system, respectively. The topology of the push—pull
class E inverter is symmetric with that of the rectifier, result-
ing in Gipy ¢ = 2Ghec and Gree g = Gree/2. Thus, (32) can be
simplified as Gyp; = Gmag-

It is worth noting that full-bridge rectifiers are not practi-
cable in the proposed WPT topology. The nonresistive input
impedance of the full-bridge rectifier will cause detuning oper-
ation of the class E inverter and significantly change the voltage
gain. Moreover, it is also difficult to build a 6.78-MHz full-bridge
rectifier that can deliver hundreds of watts due to the parasitic
ringing and high-harmonic contents.
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The proposed WPT topology is well simplified since the first
resonant loop acts as an output filter of the inverter, and the third
loop acts as an input filter of the rectifier. The external inductance
L, can be integrated with L; and L3 of the compensation
network. The analysis and design methodology of the proposed
topology are presented in this section as follows.

A. Synchronous Push—Pull Class E Topology With
Load-Independent Operation

The push—pull class E rectifier, which comprises two switches
operating differentially (i.e., interleaving with 180° shift switch-
ing), can naturally eliminate the odd-order harmonics at the
output node. Thus, it is conducive to suppress the current ripples
through the dc capacitor and reduce the electromagnetic interfer-
ence [9], [28]. Combined with the load-independent operation,
the synchronous push—pull class E rectifier can also achieve
ZPA input impedance and soft-switching over the entire load
range. The feature of ZPA impedance is promising to realize a
high-efficiency transfer as the magnetic resonant tank maintains
resonance at the constant frequency over the entire load range.

As shown in Fig. 6, the rectifier input connects to the series-
compensated resonant loop. The receiving coil provides the
input and external inductance of the rectifier, i.e., L, and L,.
The switch S3 is ON during 0 < wt < 7 and OFF during 7 <
wt < 2m. Inreverse, Sy is OFF during 0 < wt < 7 and ONduring
m < wt < 2m. Since the switches operate differentially, the
switching behavior is the same as in a single-switch synchronous
class E rectifier. Therefore, the aforementioned optimal design
methodology is also applicable to realize the load-independent
operation for push—pull class E rectifiers. The parameters can be
mapped to a single-switch class E rectifier as in Fig. 1, i.e.,

V2
R, 4= Pidcd (33)
Ry g :
Lis= ;‘jip‘m‘m = 2.620237 - Rw—d (34)
rec
G 1
Ciro=—1T  =0228791- —. (35
f1.2 Rr_d . poptmq2w Rr_d % ( )

In the proposed WPT topology, the same parameters of the
synchronous rectifier (i.e., Ly, L, and C) are also applied to
the inverter. As the synchronous rectifier can be regarded as the
time-reversed inverter, the push—pull class E inverter can also
achieve the load-independent operation, which achieves soft-
switching over the entire load range with a constant voltage
gain.

B. Magnetic Resonant Tank of WPT Systems

1) Topology: The resonant tank is formed by the coupling
coils and the compensation network. As in Fig. 7, the transmit-
ting coil is compensated by an LC'C net. The receiving coil is
compensated by a capacitor C’ in series. Thus, the resonant tank
comprises three LC' loops resonating at the operation frequency.
The parameters meet

1
— = L1Cy = LyCoeq = L3C3

w?

(36)
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Ldei it

Inverter% I Magnetic resonant tank % IRectlﬁer

Proposed WPT topology using the push—pull class E inverter and rectifier with the load-independent operation. Note that L. = L1 4+ 2L, Ly =

Vici

Fig. 5.
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Lo,

and L, = L3 + 2L, The rectifier parameters (i.e., L ¢, L, and C'y) are also applied to the push—pull class E inverter to achieve the load-independent operation.

where

€10y
Cy+Cy’
As Ly and (] resonate at the operation frequency, the current

through the transmitting coil can be obtained by Norton’s theo-
rem, i.e.,

C2eq = (37)

Viny
= — 38
j le ( )
which is irrelevant to load resistance. Therefore, the voltage gain
is obtained by

G ‘/rac

= = jwhkasy/LaLs - Ir =
Thus, the compensation network realizes a load-independent
voltage gain. The input impedance of resonant tank can be
calculated by

ko3v/ LoLg (39)
Ly

inv

k2 w2l L
Znag = R + “27” (40)
lop2
k w2L2L3
Zigpz = R + ~ 2= 272 41
lop2 2 RS +Rac ( )

Therefore, the input impedance of the resonant tank is ZPA
regardless of load variation, which is preferable for the push—pull
class E inverter.

2) Efficiency Improvement: As the resonant tank is separated
into three compensated loops, the efficiency of each loop can be
calculated individually, i.e.,

Qs
= 42
"= 0.t 0n (42)
k2
2 = 2 1 231 1 (43)
K (a- + o0
ns = (& + &) (44)

o (L 1 _Qs+Qr
kg (Qs tar ) + 5+ o

Thus, the efficiency of the resonant tank is given by
Tmag = 117273 (45)

To obtain the proper L3, the resonant tank design can begin
with selecting (1. Solving zero derivative of (45), i.e.,

dnmag
dQr

N 2 1
@3 \V ke + Q1Q2
v Q2Q3k23 +1 + Q2f + QleQs

where k¢4 can be re-expressed according to (39), i.e.,

=0 (46)

gives

QLoptm - (47)

k23 .
Gmag

&
Lo

keq = (48)

where Gy is given by specifications. ko3 and \/Ls/ Lo are
limited by the size and transfer distance of coupling coils.

Thus, L3 and R,. can be calculated according to the output
specifications and Qopim- The load resistance of the resonant

tank (i.e., the input resistance of the push—pull class E rectifier)
is approximately given by
2R

Rae = G;i“’ = 5.053074 - Ryco. (49)

rec

The rated R, can be calculated by substituting Rgc, with R, 4,
which is given by application specifications.

To figure out how much efficiency variation the load quality
selection can cause, take a parameter set for example, where
Q13 = 300, ko3 = 0.273, and k15 = 0.412. The efficiency of
the resonant is 95.3% at @, = 1, and reaches 97.1% at the
optimal Q1 = QLopm = 3.05. In other words, the resonant tank
loss can be reduced by 39.4% after load quality optimization
in this example. Thus, optimizing (1, is critical for efficiency
improvement of the resonant tank.

As shown in Fig. 8, an improved design flowchart is pro-
posed for the resonant tank to adjust the parameters according
to measurement. The FEM simulation is used for optimizing
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Fig. 6. Synchronous push—pull class E rectifier with the load-independent

operation. The receiving coil combines the input inductance and the external
inductance, i.e., L, = L, + 2L,. The voltage source vy, represents the in-
duced electromotive force of the receiving coil by the mutual inductance of
coupling coils. S3 and Sy operate differentially with 50% duty cycle. Due to the
interleaving, the current ripple through Cyc, is significantly reduced compared
with that of the single-switch synchronous class E rectifier. (a) Equivalent circuit.
(b) Key waveforms.

>
u Ly Cy | 2y +
Vinv @ Ch—= Lo :E Vrac

- ¢

Zmad

Fig.7. Magnetic resonant tank formed by the coupling coils and the LC'C-S
compensation network. vipy is the output voltage of the inverter. I, is the input
resistance of the rectifier. Note that L, is excluded from the analysis of the
resonant tank.

the quality factors of the coils by adjusting the cross-sectional
diameter and pitch of the wires. Then, the simulated results are
used as the initial parameters for each adjustment loop. Finally,
the improved design procedure makes the measured practical ()1,
close to the optimal value as possible, and achieves the optimal
efficiency of the resonant tank.
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Fig. 8. Efficiency improvement of the LC'C-S compensated resonant tank.
Note that the tuned frequency of loop; and loops should be adjusted according to
(50). The values of Lo and L3 are obtained by Ly = Lo and L,, = L3 4 2L,.

Since L, of the push—pull class E rectifier/inverter is attached
to the physical compensation network, the measured inductance
values of resonant loops are Lines1 = L1 + 2L4, Lineso = Ly =
Lo, and Lyes3s = L, = Ls + 2L,. Thus, the expected tuned
frequency of loop; and loop; should be adjusted to

Lmesl,S - 2L1’

' fop (50)

fmes1,3 =
e Lmesl,3
where f,p is the operation frequency, L, is the measured induc-
tance, and f,s is the actual tuned frequency of resonant loops.
Similarly, the coupling coefficient for resonant tank design is
calculated by

L
L. —2L,

Thus, the coupling coefficient of the practical coupling coils (k)
is different from that for resonant tank design (k23).

kog = Ky - (G

IV. EXAMPLE DESIGN, HARDWARE IMPLEMENTATION,
AND SIMULATION

A. Design and Hardware Implementation

A prototype working at 6.78 MHz is built to achieve 48 to
48 V WPT for unmanned aerial vehicles. Table I illustrates the
circuit parameters, which are obtained as follows.

1) Load-Independent Push—Pull Class E Rectifier and In-
verter: As in Table I, the parameters of the inverter and the
rectifier are obtained by (33)—(35). The theoretical rated power
used for calculation is 220 W for both the inverter and the
rectifier. As mentioned above, since the inverter can be regarded
as a time-reversed synchronous rectifier, they use the same
parameters to achieve load-independent operation.

Because of the conversation losses, the optimal condition,
which achieves ZVS turn-ON and ZCS turn-OFF, is expected to
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TABLE I
PARAMETERS OF PUSH-PULL CLASS E INVERTER AND RECTIFIER

Circuit parameter Value
Viei 48V
Inverter L£1I’2 ?471411 EE
Cri2 513 pF
Ry, 10.473 Q
Rectifier L£i74 ?471411 EE
Cr3a 513 pF
Operation frequency 6.78 MHz
Theoretical rated power 220 W
GaN FET (S1~4) TP65HO070LDG

TABLE II
PARAMETERS OF MAGNETIC RESONANT TANK

Parameter Calc. Meas.*
Outer diameter 150 mm
Transmitting coil® Number of turns 8
Pitch 4.5 mm
Inductance L 9.81 uH 10.46 puH
Outer diameter 100 mm
Receiving coil? Number of turns 7
Pitch 4.2 mm
Inductance L, 4.13 pH 4.15 pH
L1 +2Ly 2.01 pH 2.05 pH
Compensation C 323.57 pF 322.70 pF
network Ca 62.93 pF 63.32 pF
C3 144.93 pF  145.18 pF
Transfer distance 3 cm
Operation frequency 6.78 MHz

* Measured by the impedance analyzer (4294A). ® The coupling coils are made of the
solid copper wires of 2-mm diameter.

be realized at the output power of about 200 W, which is lower
than the theoretical rated output power.

2) Magnetic Resonant Tank: The resonant tank design can
begin with the physical size of the coupling coils (i.e., L; and
L,). In this example, both of the transmitting coil (15 cm by
15 cm) and receiving coil (10 cm by 10 cm) are circular spiral
coils fixed in the square covers, and the transfer distance is
fixed at 3 cm. Hence, the coupling coefficient is about 0.27
according to an 2D FEM (finite element method) simulation
using cylindrical coordinate. In order to realize a conversation
ratio of 1:1, the L, according to (39), is given by

Ly = kogv/LaLs

The ratio of Ly to L3 is about 0.386. The estimated Q1.3 is 300.
Thus, the optimal loaded quality factor of receiver loop can be
calculated as Q roptm = 3.047.

Asin Table II, the parameters of resonant tank can be obtained
based on the design flowchart. The measured k.q and ko3 are
0.403 and 0.33, respectively. The measured )13 are 278, 216,
and 290, respectively. Hence, the actual optimal loaded quality
factor is about 2.688 corresponding to the load resistance Rgco =
11.93 €, which is close to the rated load resistance in Table I.

3) Phase Detector: In a practical synchronous rectifier, the
switches have to be driven with a proper phase shift from the
input source. Thus, it requires a phase detector to synchronize
the switching phase.

(52)
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Synchronous
push-pull Rae
class E rectifier

Sync. signal

Aux. coil

Receiving coi

(b)

Fig. 9. Principle of the phase detector using the auxiliary coil. (a) Circuit
schematic. (b) Coil structure of the receiver. (¢) Hardware implementation of
auxiliary coil. The transmitting coil L; and the receiving coil L,. construct the
magnetic link of the WPT system. The auxiliary coil comprises three turns,
of which the winding direction of the outer turn is opposite to the inner two
turns. The auxiliary coil is adjusted to be decoupled with the receiving coil (i.e.,
M,, = 0), but maintaining a enough mutual inductance with the transmitting
coil (i.e., Mg # 0).

As analyzed in Section II, the load-independent operation
achieves the ZPA input of the rectifier over the entire load
range with a constant phase shift ¢ = 7. Hence, the synchronous
switches can be driven by a pulse with a constant phase shift from
the input voltage. Naturally, the phase detection can be achieved
without using current transformers or sensing the switch voltage,
which may cause the unexpected switching phase shift due to
load variation.

In this article, we use an alternative method to realize the phase
detection. As illustrated in Fig. 9, the auxiliary coil is attached to
the receiving coil and indirectly detects the phase of the induced
voltage. It is decoupled with the receiving coil, but maintains a
proper mutual inductance with the transmitting coil. Thus, the
induced voltage Vaux can be expressed as

Vaux = jwMaIt + jWMraIr- (53)

Since M,, = 0, the detected phase is irrelevant to the receiving
coil current, avoiding the unexpected phase shift. The induced
voltage of the auxiliary coil has a constant phase shift related to
the driving phase of synchronous switches.

As in Table III, the wire diameter of the auxiliary coil is small
enough to neglect the parasitic capacitance and ensure that the
available operation frequency is much higher than the switching
frequency.

As shown in Fig. 9(a), the auxiliary coil is compensated by a
T-type LLC' network, of which parameters meet

1

E = (Laux + Lal) +Cq = Laz - Cq. (54
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TABLE III
PARAMETERS OF AUXILIARY COIL

Parameter Value
Number of turns 3
Outer diameter of turns | 48 mm, 50 mm, 100 mm
Mg 127 nH
Lauaz 710 nH
Self-resonant frequency 46.5 MHz

As the auxiliary coil is decoupled with the receiving coil, the
current source can be expressed as

jaux = _W2Maca : jt- (55)

Thus, the amplitude and phase are irrelevant to the variation of
Raco. We use a pair of antiparallel diodes to limit and shape the
output voltage of the T-type network to a near-square waveform,
of which the rise/fall time is shorter. Then, the comparator
generates a synchronization signal sent to the driving circuit
of the rectifier. Finally, the switch drivers can be triggered at the
expected instant.

Using series capacitor is potential compensation for the aux-
iliary coil. However, the auxiliary will act as a voltage source,
which cannot drive diodes due to the current limitation. Conse-
quently, the movement of the receiver will result in a wide-range
input voltage of the comparator when the diodes are removed.
The trigger phase of the comparator will vary as the receiver
moves. Moreover, the input voltage may exceed the withstand
voltage and degrade the reliability of the signal processing
circuit. Thus, it will be complicated for the series-capacitor
compensation to obtain a reliable phase detector.

B. Circuit Simulation

The design example is simulated by MATLAB Simulink with
the calculated parameters in the tables above. The synchroniza-
tion circuit is also included in the schematic to verify the phase
detector.

Asin Fig. 10, a 50-us delay is added before the driving pulses
of synchronous switches are launched. Thus, the initial output
voltage is built by the diode-based rectification. The delay is
also implemented in the experimental prototype by using an
RC delayer, and provides the following benefits.

1) The v4s overshoot can be well suppressed since the diode-

based rectification achieves the soft-switching naturally.

2) The auxiliary power supply for the driving circuit can be
powered up adequately regardless of the load conditions,
such as deeply discharged batteries.

3) The synchronous rectifier can be activated with a steady
phase signal and thus avoiding the interference caused by
power-ON transient.

The transient performance and voltage overshoot are related
to the Cyco, Whichis a4.7-uF capacitor used in the simulation. As
in Fig. 10(a), a ten times load step is placed at 200 us. The output
voltage slightly varies from 48.3 to 48 V as the load resistance
steps from 105 to 10.5 €2. In other words, the output voltage
varies lower than 0.6% as the output power steps from 10% to
the rated value. Similarly, the variation is below 0.8% when the
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Fig. 10. Simulated output voltage and drain—source voltages of the syn-

chronous push—pull class E rectifier with the load-independent operation. The
output voltage varies lower than 0.8% over entire the load range without using
close-loop control. (a) Output voltage. (b) Drain—source voltages.

load steps from 10.5 € to no load. Therefore, the output voltage
is nearly constant regardless of load variation. It also implies
that the ZPA input impedance of the rectifier is realized since
the system efficiency, the voltage gain, and the soft-switching of
the inverter will be affected if the load of the resonant tank is not
resistive. The simulation results match well with the theoretical
analysis.

Fig. 10(b) illustrates the drain—source voltage of the rectifier,
i.e., Vgs3~4. The peak voltage slightly decreases as Rgc, reduces.
The waveforms present an envelope (i.e., outline) related to the
transient state of V., and they are unbalanced until the system
reaches a steady state. This phenomenon will be even worse in
practical systems due to parameter tolerances. Thus, the con-
ventional phase-detection methods for single-switch rectifiers
cannot be implemented directly for the synchronous push—pull
class E rectifiers. By using the alternative method above, the
phase signal is excited by the transmitting coil current. Thus,
the driving pulses of synchronous switches are irreverent to the
receiving coil current and the load resistance. Fig. 11 illustrates
v4s With a smaller time scale. The switches used in the simulation
are ideal with linear parasitic capacitance, and the vg4s shape
variation matches well with the theoretical curves in Fig. 2.

V. EXPERIMENT SETUP AND MEASUREMENT
A. Experiment Setup

Fig. 12 illustrates the experiment setup, which is built to verify
the design methodology. As in Fig. 12(b), the circuit board of
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Fig. 11. Simulated drain—source voltages. The switches keep ZVS turn-ON

as load varies. The ZCS turn-OFF is achieved at the rated load resistance. (a)
Raco =105, P, g =22.3 W. (b) Rgco = 10.5Q, P, 4 =219.9W.

the rectifier comprises the auxiliary power supply, the phase
detector, and the rectification stage. L4 are constructed by
helical air-core coils, of which ESRs are nearly constant over
the load range. When the inverter is powered up, the rectifier
operates at diode-based rectification mode until the output volt-
age of the auxiliary power supply is at steady state. An RC
circuit (on the bottom side of the printed circuit board (PCB))
is implemented to set the delay before the synchronous driving
pulses are enabled. The PCB layout is also implemented for the
inverter, except its driving pulses that are generated by the signal
generator. As in Fig. 12(c), the coupling coils are made of solid
copper wires without using magnetic cores. Thus, the quality
factors keep constant regardless of the exciting current. The
auxiliary coil is decoupled with the receiving coil by adjusting
the wire arrangement of the auxiliary coil. It connects to the
phase detection circuit to drive the synchronous switches with
a proper phase shift as illustrated in Fig. 13. Although the
prototype is designed for fixed-position transfer, it is verified
that the proposed phase detection is also applicable for the
synchronous rectification of MHz-WPT systems with variable
coupling. The switching phase keeps constant as the receiving
coil moves horizontally with respect to the transmitting coil.

B. Measurement

Fig. 14 illustrates the measured V;; and Vi, of the syn-
chronous switches. The rectifier maintains ZVS over the de-
signed load range. It matches well with the calculation and
simulation in Figs. 2 and 11.

AsinFig. 14(a), the ZVS turn-ON is achieved, and the turn-OFF
current is nonzero when the rectifier is at light load. The turn-OFF
current decreases as the output power increases. As illustrated in
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Fig. 12. Experiment setup. The transfer distance is fixed at 3 cm (k¢ =
0.316). The auxiliary coil is integrated on the receiving coil. (a) Measurement
platform. (b) PCB of the active rectifier. (c) Coil structure.
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Fig. 13.  Driving pulses of the synchronous switches, the transmitting coil
current, and the open-load voltage of the receiving coil. The phase shift is
adjusted according to the propagation delay of the driving circuit. (a) Aligned
without position shift. (b) Misaligned with a 7-cm position shift.
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Fig. 14.  Measured Vs and Vs of the synchronous switches versus load
variation. The soft-switching is maintained over the designed load range,
and it tends to be lost when the output power exceeds the rated value. (a)
Ryco =124.73 Q, P, ¢ = 18.5 W, Vo =48.02 V. (b) Ryeo = 11.84 Q,
Py, g =194.1 W, Vyeo =47.95 V. (¢) Raeo =7.88 Q, P, ¢ =291.5 W,
Vico = 47.94 V.

Fig. 14(b), both the ZVS turn-ON and ZCS turn-OFF are achieved
when the output power is close to 200 W, which is the expected
value achieving maximum efficiency. Besides, as illustrated in
Fig. 14(c), the switches begin to conduct reversely at turn-OFF
instant as the output power is above the rated value. Meanwhile,
the switches are turning-ON before the drain—source voltage
decreases to zero. Thus, the unreleased switch voltage will
energize the resonance loop formed by the parasitic inductance
and the parallel capacitance, resulting in a parasitic ringing
phenomenon.

As in Fig. 15, the drain—source voltage of the inverter shows
a similar variation to that of the rectifier. That means the load
impedance of the inverter is resistive or near resistive.

Fig. 16 illustrates the measured efficiency and the voltage gain
of the prototype. The efficiency of the resonant tank and the
synchronous rectifier are estimated according to the measured
quality factors and system efficiency. The measured peak system
efficiency reaches 86.7% at 213.5 W (Ryco = 10.79 ), of which
the rectifier efficiency also reaches its peak value 94.6%, which
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Fig. 15.  Measured V of the inverter versus load variation. The PCB layout

of the rectifier is also implemented for the inverter, of which gate drivers are
excited by the signal generator. The drain—source voltage varies as load varies,
similar to the synchronous rectifier.
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Fig.16. Measured efficiency and voltage gain (Vjeo / Vici) versus output power

(labeled). The output voltage is fixed at about 48 V by adjusting the input voltage.
There is no external auxiliary dc source applied to the circuit board.

is the same as at 194.1 W. The measured system efficiency is
almost the same over the output power range from 194.1 to
253.3 W, and reaches its peak value at about 200 W, which
matches well with the theoretical analysis. When the output
power is above the rated value, the efficiency will not step down
immediately. However, the temperature of the switches and the
inductors will increase sharply as the output power increase to
above 300 W. Eventually, the maximum output power is limited
by thermal distribution. The measured gain decreases slowly
as the output power increases due to the ESRs and nonlinear
parasitic capacitance. The decrease accelerates when the output
power is above 200 W. As a solution, feedback control, which is
not discussed in this article, can be adopted to obtain a precise
output voltage.

Fig. 16 also makes a comparison of the system efficiency with
turn-ON and turn-OFF synchronous rectification. Turning OFF the
synchronous driving pulses will result in a different diode-based
rectification mode. The two rectification modes are different in
terms of duty cycle, input impedance, voltage gain, drain—source
voltage, etc. For the diode-based rectification, the driving circuit
is not needed. When the output power is below 100 W, the sys-
tem efficiency with diode-based rectification is slightly higher.
However, when the driving loss (about 2 W) is excluded from the
efficiency calculation, the system efficiency with synchronous
rectification is always higher over the entire load range. Since
the max surface temperature of the switches will exceed 100 °C,
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the diode-based rectification is not able to output power above
200 W. Therefore, the synchronous rectification can output much
higher power than the diode-based rectification.

VI. CONCLUSION

This article presents the analytical modeling and optimiza-
tion of the load-independent synchronous class E rectifiers. An
LCC-S compensated MHz-WPT topology, which comprises
the push—pull class E inverter and rectifier with load-independent
operation, is proposed to achieve the fully soft-switching and a
nearly constant voltage gain over the entire load range. The im-
proved design of the compensation network is also investigated
to provide a design methodology of the proposed topology. The
following conclusions can be made.

1) The ideal load-independent synchronous class E rectifiers
realize the ZPA input impedance and the soft-switching
over the entire load range with the constant voltage gain.
The measured switching behavior matches well with the
theoretical analysis.

2) The proposed optimal parameters of the synchronous class
E rectifier realize both ZVS turn-ON and ZCS turn-OFFat
the rated output power. The measured efficiency reaches
its maximum value (94.6%) near the designed rated con-
dition. It provides a preferable design method of the syn-
chronous class E rectifiers.

3) The auxiliary coil can indirectly detect the optimal switch-
ing phase of the synchronous switches. Benefited from de-
coupling the auxiliary coil and receiving coil, the phase de-
tection prevents mutual interference between the switches
of the synchronous push—pull class E rectifier. It shows
high stability in the MHz region without adding distin-
guishable loss.

4) The proposed improved design method of the LC'C-S
compensation network is conducive to improve the system
efficiency. The measured system efficiency reaches its
peak value (86.7%, 214 W) near the designed rated output
power. It matches well with the theoretical optimal loaded
quality.
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