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Abstract—This paper proposes and implements a hybrid
frequency pacing (HFP) technique for resonating a high-order
transformed wireless power transfer (WPT) system with robust
zero-voltage switching (ZVS). As a hybrid frequency modulation,
the proposed HFP can efficiently tune the innate constant-
frequency resonances of WPT. It can facilitate the pulse width
modulated inverters to totally get rid of the high-frequency hard-
switching while reducing the switching frequency and improving
the system efficiency. For typical low-order boost-WPT-based
scenarios, the rectification effect may cause waveform distortions
and involve a very low virtual capacitance, thus leading to great
degradations on the ZVS and zero-phase-angle operation. In
addition to achieving a load-independent constant-voltage/-
current output, a high-order LCC network is deeply investigated
to act as two-stage impedance transformations. By flexibly
utilizing the rectification-caused virtual derivatives with the high-
order transformations, it reliably contributes to a robust ZVS-
HFP. The experimental system efficiency can be over 91.5% with
the full-range ZVS operation. Theoretical analysis and
experimental results are both provided to verify the feasibility of
proposed ZVS-HFP for tuning the high-order LCC-transformed
WPT system.

Index Terms—Wireless power transfer, hybrid frequency
pacing, high-order LCC transformation, zero-voltage switching.

. INTRODUCTION

S a carrier of wireless energy, the electromagnetic field

resonance enables the wireless power transfer (WPT)
system to wirelessly deliver wireless power with high
efficiency and capacity [1]. Recently, the WPT technology
using magnetic resonant coupling [2] is extensively explored
and forms the basis of various industrial applications and
interdisciplinary areas, such as electric vehicle wireless
charging [3], [4], wireless motors [5], wireless lighting [6],
wireless energy-on-demand [7] and wireless energy encryp-
tion [8]. Identified as an epoch-making technology, the WPT
takes the advantages of cleanness and convenience, reliable
electrical isolation and maintenance-free over its wired
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counterparts.

In addition to transferring energy wirelessly, these WPT-
based applications desire high controllability of output power,
voltage or current. Various control methods were developed,
such as for the wireless battery charging [9], wireless motor
speed regulation [5] and wireless dimming control [10].
Generally, these control methods can be classified as the pulse
width modulation (PWM) [11], [12], pulse density modulation
[13], pulse frequency modulation [7], [14], pulse phase or
amplitude modulation and hybrid modulation [15]. Also, they
can be readily used in either half-bridge or full-bridge
inverters. Typically, the PWM involves higher high-frequency
hard-switching loss during power control because the zero-
voltage-switching (ZVS) operation will be deteriorated by a
variable duty cycle without using a complicated ZVS angle
control [16]. Although the pulse density modulation can
provide the desired ZVS [13], it suffers from the low
subharmonics and the need of inverter modification. Similar to
the bang-bang/ON-OFF control [17]-[19] modulated near
twice the switching frequency, the hybrid frequency pacing
(HFP) is regularly modulated between two switching
frequencies to directly generate the desired ZVS turning ON-
OFF sequence with the shortest modulation period.

To improve the system performance of WPT, the load-
independent output characteristics of high-order compensation
networks are of increasing interest. First, a double-sided LCC
compensation network was proposed, which incorporates a
ZV'S tuning method to enable the WPT system resonating at a
constant frequency while keeping independent of the coupling
coefficient and load condition [20]. Second, a family of
higher-order compensation circuits were identified to exhibit a
constant-voltage/-current output with unity power factor and
soft-switching [21]. Besides, a general modeling method for
arbitrary high-order resonant networks was reported to get
both the load-independent voltage and current transfer charac-
teristics [22]. Also, multiple resonant frequencies of high-
order resonant networks were developed for the realization of
multi-frequency and/or multi-phase WPT [23], [24]. Third, a
mixed high-order compensation network was developed for
generating multiple constant current outputs for powering
light emitting diodes (LEDs) [6]. Withstanding the constraints
of transformer parameters, a variable-parameter T-circuit
network was demonstrated to merit more design freedom for a
flexible charging current/voltage management [9]. Neverthe-
less, almost all these compensation networks are to improve
the output characteristics and to free the system design from
constraints. Other important features of the high-order
network have not been investigated.

Differing from the general perception that unity power
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factor is desired for WPT systems, a phenomenon of power
factor variation was first revealed and studied in both the
continuous and discontinuous current modes [25]. For some
scenarios such as battery trickle charging and LED dimming,
lower power is required in a boost WPT system in which the
switching frequency varies around the resonant frequency.
During dynamic frequency deviation, the system efficiency
and the zero-phase-angle (ZPA) or ZVS operation may fail to
maintain. More significantly, the utilization of relevant
impedance transformation and caused derivatives is nearly
unexplored.

To solve the above problems, a high-order LCC network is
proposed to act a new role of impedance transformation apart
from the conventional compensation for achieving load-
independent outputs. This paper conceives a high-order LCC-
transformed WPT system using an HFP technique that flexibly
converts and utilizes the very low rectification-caused impe-
dance and phase derivatives to improve the system perfor-
mance. It reliably contributes to a robust ZVS without any
inverter modification while reducing the switching frequency.

Section Il will discuss the operating principle, multiple
harmonic analysis and rectification-caused derivatives of the
proposed HFP-WPT system. Section Il will introduce the
two-stage high-order transformations to convert and utilize the
caused derivatives. In Section IV, a robust ZVS-HFP

Boost WPT LCC network

GaN inverter

5 i;ry Rectifier

technique will be proposed for efficiently tuning the WPT
while reducing the switching frequency. In Section V, an
experimental prototype will be accordingly constructed and
tested to verify the proposed high-order LCC-transformed
WPT system using the ZVS-HFP technique. A conclusion will
be drawn in Section VI.

Il. HYBRID FREQUENCY PACING WPT

A. Topology and Control System

The proposed high-order LCC-transformed HFP-WPT
system is depicted in Fig. 1. The whole boost WPT system
mainly comprises one gallium nitride (GaN) inverter, one
series-compensated transmitter and one LCC-compensated
receiver. The so-called boost WPT works like a boost
converter with a step-up ratio. In some WPT-based
applications, such as battery trickle charging and LED
dimming, their equivalent load resistances may gradually vary
to be larger, and thus the system will probably operate at a
stage of boost conversion. Consequently, the rectification
effect of used rectifiers may cause distortions on the voltage
and current, and involve a very low virtual inductance, thus
resulting in non-unity power factor and non-ZPA. As an
illustration, this paper investigates a research objective of
wirelessly powering and dimming multiple LEDs.
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Fig. 1. HFP technique for tuning the high-order LCC-transformed boost WPT system. (a) Topology and control. (b) Derived equivalent circuits.
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Fig. 2. Alternative pacing control methods with various duty ratios. (a) PWM with non-ZVS. (b) HFP with ZVS.

In Fig. 1, Ly, Ru, Cy, Rey, i, Ucy Lr, Rur, Cr, Rer, i @and ucy
with subscripts t and r denote the resonant coil inductances,

coil internal resistances, resonant capacitances, capacitor
equivalent series resistances (ESRs), resonant currents and
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resonant voltages of the transmitter and receiver circuits,
respectively; Lt, Ris, Cr and Ry are the filter inductor, internal
resistance, filter capacitor and ESR; M is the mutual
inductance between the WPT coils. The receiver adopts a
high-order LCC compensation network comprising a filter (L,
Cr) and a resonant capacitor (C,), which form a T-LCCL (T-
type) circuit via directly incorporating with the receiver coil
(Ly). Also, the equivalent circuits are derived as shown in Fig.
1(b), where L=L~1/(w?C;) is the equivalent inductance. The
derived equivalent T-LCL WPT scheme can work as one
added high-order transformation of the rectification-caused
virtual derivatives while additionally contributing to a
controllable load-independent constant-voltage/-current output
[21], [22] for the WPT-based applications.

Besides, the principle of proposed HFP technique is also
illustrated in Fig. 1, where the load current can be sensed at
the secondary side with a low-pass filter (LPF), and then
remotely delivered to the primary side in real-time via a
Bluetooth low energy (BLE) device. Accordingly, a PI
controller will be used to regulate the control objective of duty
ratio 6. Finally, the HFP sine-wave will be produced for zero-
cross comparison and thus generate the driving signals for
switching the GaN inverter. Practically, the zero-cross
comparison can be implemented in either digital method or
analog circuit using an operational amplifier. Also, it can
readily be programmed to implement in both the computer
simulation and controller. In particular, the PWM interrupt is
used to produce the desired HFP gate signal in
experimentation. The interrupt frequency is set as twice the
resonant frequency (2f). When the interrupt count equals Ny or
(N1+Ny), the interrupt is configured to trigger alternately at the
(2n£1)th event, and the gate signal is toggled in the interrupt
process, thus directly generating the HFP gate signal. As a
result, the HFP technique can readily resonate the proposed
high-order LCC-transformed WPT system for controlling the
illuminance of LEDs remotely at the transmitter side.

To realize the wireless power regulation, the proposed HFP
involves two switching frequencies of f/(2n«1) and modulates
them according to a new duty ratio. Usually, the modulated
frequencies are selected as the fundamental resonant
frequency f and its subharmonic one /3 to satisfy the general
requirements. The new duty ratio is a ratio of the fundamental-
frequency half-cycle number to the total modulated half-cycle
number. Although the HFP is modulated two switching
frequencies, it can effectively tune the WPT system with a
constant-frequency resonance and achieve the ZVS in the
meantime. In particular, two main problems solved can be
summarized as follow: First, the proposed HFP technique is to
realize the frequency-reduced robust ZVS instead of the non-
ZV'S under the PWM during power control; Second, the use of
high-order transformation is to withstand and tactfully utilize
the very low variations of impedance and phase caused by
rectification, thus maintaining a robust ZVS. Otherwise, the
rectification-caused variations will deteriorate the ZVS by
using only a low-order transformation

In conventional WPT schemes, the power regulation
usually adopts the PWM control, which is realized by
adjusting its duty ratio during each resonant cycle. However,
such a variable duty ratio may inevitably cause the high-

frequency hard-switching losses and reducing the operation
efficiency, thus degrading the system performance. The
variable duty ratio of PWM is differed by comparing a
variable-amplitude modulation signal with a constant-
frequency carrier as shown in Fig. 2(a), whereas that of the
proposed HFP is generated by comparing a constant-
amplitude modulation signal with a variable-frequency carrier
as shown in Fig. 2(b). In contrast, this HFP mechanism can
not only suppress the switching frequency but also maintain a
full-range robust ZVS against the variable duty ratio and
various rectification-caused derivatives owing to the
assistance of high-order transformation, thus mitigating the
power losses and improving the system efficiency. According
to the practical power-on-demand and load characteristics, the
proposed HFP technique can be readily extended to apply in
various WPT-based applications while maintaining a robust
ZV'S operation.

B. Multiple Harmonic Analysis of Switching Angle Charac-

teristics

As control objectives in Fig. 2, the duty ratio d of PWM is
the pulse width, while the duty ratio =N1/(N1+N,) of HFP is
the ratio of the number N; of half-cycles, modulated at the
frequency of fi, to the total number (N;+N,) of half-cycles,
modulated at two frequencies of f; and fs.

Both the PWM and HFP outputs of uacpwm and uacre in
Fig. 2 can be expressed in the form of Fourier series

Upe pum (8,0, @) =dU,, +2U—i”Zsin(nnd )cos(na)t —wTde
' nm n=1

()
uAC,HFP (t; 51 a)l! C()Z) = 5DCU'
N on, U, ZSm(n jcos(nwlt—nwl-rlj
on+(1-6)n, nu = 2 4

1-6) , 2U,, ,T,
+5n1+(1—g)n2 Zsm( Jcos(nwz j(Z)

nt 43
where uacHre(t, J, w1, w?) is the average Fourier series of the
piecewise HFP output uac, which contains no even-order
harmonics; Ui, is the DC input voltage; T, T, and T, are the
periods of frequencies f, f; and f,, and w, w1 and w> are their
angular frequencies, respectively; ne Z* is the nth harmonic
order, and JpcUin is the DC component. The njith and nyth
terms of trigonometric functions both construct the
fundamental component (w) for tuning the WPT system as
given by

Uac Hrp 1 (t,0,0)=

én, 2U,, ( nm ) ( noT, j
sin cos| nt -2+
on +(1-8)n, nn 2 4
(1-8)n, 2v,, (n ) ( n, a;szj
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=(2n; Y@, =(2n; +1)@,, N, €Z’

ny Ny

(4)

Thus, the root-mean-square values and ratio coefficients of the
nth harmonic PWM and HFP outputs can be generalized as
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Accordingly, these two control methods can be interrelated by
5AC,HFP,n:5AC,PWM,n (n=1, 3, 5, ), where 0<6<1 and
0<d<50%.

In Fig. 2, the switching phase angles of PWM and HFP can
be respectively derived as

nt  nedT 1
Dowm,n,o TS T, T n“[z_dj ()
ANONE 0 T @, 0
Xiirpne = n(z_fj =0% A, = n(z‘%j =0° (8)

Hence, the ZPA can be realized with only d=0.5 under the
PWM. Otherwise, it will gradually increase with a decreasing
duty ratio d as shown in Fig. 2(a), which indicates that the
ZVS will fail and become difficult to maintain against a
dynamically varied duty ratio. In contrast, the ZPA can always
keep a good tolerance to such a variable duty ratio under the
HFP in Fig. 2(b), thus readily realizing and maintaining the
ZVS by involving a very low inductance.
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Fig. 3. Theoretical waveforms. (a) SS network. (b) S-LCC network (a, b, c, d).

C. Rectification-Caused Impedance and Phase Derivatives

In a general WPT system, the rectifier usually works in a
continuous current mode. The AC input voltage u, before the
rectification is normally in the shape of a square waveform
without DC offset. For a boost WPT system in Fig. 1,
however, the existences of rectifier and output filter capacitor
Co will result in generating a non-negligible DC voltage
source U, after the rectification. Thus, the equivalent circuit of
rectification should be regarded as a square-wave voltage
source Uy rather than a pure load impedance at the secondary
side in Fig. 1(b). Worse still, the filter inductor current i+ and
the square-wave voltage u,c will be both distorted (d<0.5) with
a highly boost ratio as shown in Fig. 3, where the low-order
series-series (SS) and high-order series-LCC (S-LCC)
networks are adopted in Figs. 3(a) and 3(b), respectively.
Inevitably, it will cause a series of very low deviations on the
impedance, power factor, ZPA operating frequency and
switching phase angle, which may slightly change with a

varying load, thus deteriorating the ZPA or ZVS operation.
The distorted input voltage ug is rich in harmonics and can be
expressed in Fourier series

u,(td,e) =

AU, +2V) Zsm( Jsm ndn)sm[na)t n[%—d) }(9)

where VD is the diode forward voltage of rectifier.
By applying the multiple harmonic analysis [11], the
equivalent impedance can be modeled in the form of vector

F (Zac ) = [Zac,l Zac,z e L (10)

ac,n

All the variables with a subscript n are their nth components.
Since the equivalent voltage source in (9) contains no even-
order harmonics, the even-order impedances in Za, such as
Zac2 OF Zaca, can be ignored. The filter current vector
comprising the fundamental and harmonic components can be
expressed as

.
F('Lf):[lu,l ILf,z ILf,n:| (11)
where each element can be accordingly derived as

()=

ac,n

Msm[ 5 Jsm(ndn)sm{nwt n[%—dj } (12)

ac,n nn

In Fig. 1(b), assuming R=Ri+Rct, R=Ri+Rcr, and Ri=Ris+Rc,
the Kirchhoff’s voltage law provides the general equation as
given by

U, Ri+Zn+Zgn L s I
, Lf cf, cf, (13)
EM,n ZCf ,n Rr +ZLren +ZCf n I rn

where ZLre,n:jna)Lre, ZCf,n:]-/(anl)Cf)+RCf, and ZLf,n—JnCOLf- It
yields

Z =

ac,n

acn
- I:sz +ZLf,n +ZCf,n
Lf,n

Z2 Z E
Ccf,n Cf,n M,n (14)
Lre,n R + ZLre n ZCf n I Lf,n

E,, :(Rr+Rcf)[Rf +m(za°'l)}_zf )

ILf,l ZCf,l
Defining o=[w 2w 3w --- nw], the phasors of the induced
electromotive force Em=jwMlI; and the transmitter current I
dominantly comprise the fundamental components nearly
without the high-order harmonics. Also, the fundamental
impedance Z.c1 and the high-order harmonic one Zsn (n>1)
can be respectively derived as

TR +Zyen + 2

-U z E
7 — ac,1 —-R. - cf1 7 + M,1 =R 7
ac,1 | i f Rr + Rcf Ccf,1 | i ( ac,l) (16)
-U z?
Zyn =" =Ry +Zy +Zg il 17
ac,n ILf'n Lf Lf,n Cf,n R + ZLre ; Zcf \ ( )

Finally, the rectification circuit can be expressed by its equiva-
lent complex impedance as

Zac:F(ZaC)TF(ILf )%:m(zac)_’—js(zac) (18)

ac,1
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where R(-) and 3(-) denote the real part and the imaginary
part, respectively. The phase @ac, by which Ua leads Iy, is
close to zero (0°<gac < 90°) and can be obtained as

@,. =arctan E (19)
SR(ZaC)

Since the amplitudes of high-order harmonics decrease to be
extremely low, ¢, can be accurately predicted by choosing a
proper value of n. With a series of very low derivatives, the
operating frequency of inverter may need to slightly deviate
for maintaining the ZPA or ZVS operation. However, such
derivatives may be sensitively influenced by the changes in
load and displacements.

D.Scenario of Removing DC Filter Capacitor

Providing that the DC filter capacitor C, after the rectifier is
removed, the AC input voltage u, is rectified to become the
positive sinusoidal half-cycles, and the rectified DC output
voltage U, will freewheel without filtering. Hence, the
rectification will no longer generate a constant DC voltage
source U,. The rectifier will work in a continuous current
mode again just like in a general WPT system with a unity
power factor, and thus its input voltage and current are both
theoretically sinusoidal without any distortions. The
equivalent circuit of rectifier can be modeled as a pure load
impedance instead of a square-wave voltage source Ug in Fig.
1(b). Consequently, the phenomena of waveform distortions
as well as the rectification-caused impedance and phase
deviations will disappear once removing the filter C.

I1l. HIGH-ORDER IMPEDANCE TRANSFORMATION

A. One-Stage Transformation with Low-Order Compensation
The system characteristics are dominated by the
fundamental components of variables, and thus the first
harmonic analysis can still be used as an effective study on the
transformation of caused impedance and phase derivatives. In
Fig. 4, instead of connecting C;p in parallel, the SS topology
concatenates C,s in series. Since the series-parallel topology
suffers from high sensitivity of displacement deviations and
load variations, the SS one is selected as the research objective
for comparative analysis. To tune the SS-WPT resonance, its
resonant parameters should satisfy LiCi=LC;s=1/w?.
Representing the virtual inductor —-M by an equivalent capa-
citor Cw [6], their values can be equivalently interrelated as
1
Ry (20)
With the SS compensation, the process of one-stage
impedance transformation among the ports 1-4 in Fig. 4 can
be written as

le,ss = jCULr + joC +R +Z, (21)
(CUM )2 I:Rr +m(zac)_ jS(Zac)]
34,58 = 2 2 (22)
[R,+§R(Zac)] +S(Zac)
. 1
Zpcss = Job +— c +R A+ 2y (23)

t
where Zacss denotes the input impedance of transmitter.

Accordingly, the very low inductance J(Zac) will be converted
into a capacitance J(Zssss) at the primary said. Fig. 5 shows
the theoretical phasor diagram, which well agrees with the
analysis of SS network in Fig. 3. Considering no parasitic
resistances of resonant circuits, the rectification-caused
inductive impedance angle ¢, will be delivered as a same
capacitive impedance angle (pac=¢ac) to the primary said,
while gac<gpac once taking into account the parasitic
resistances. Because of failing to utilize the rectification-
caused impedance, the input voltage Uac lags the transmitter
current Iy by a very small angle, which deteriorates the ZPA or
ZVS operation unless dynamically deviating the initial
frequency under both the PWM and HFP.
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B. Two-Stage Transformation with High-Order Compensation

With the high-order S-LCC compensation, the resonant

parameters should be tuned as
1 1

LC=— LC=—
1 1 1 (24)
Lr _Lf :Q)Z_Cr’ Lre = Lf = Lr _C()Z_Cr’ Lre 'Cf :E
In Fig. 6, the first-stage impedance transformation happens via
the T-LCL circuit to the ports 1-2 as given by

(Jwa —Ry )2
Z =R +R. —
12,S-LCC r Cf Rf +SR(Zac)+ js(zac)
=R +Ry — B _Ajc (25)
A=[R, +iR(ZaC)]2 +3(2, ) (26)

B =|:Réf _(wa )2:||:Rf +m(zac):|_2waRCf3(zac) (27)

C=3(2.)|Rés ~(ok ) |+ 20LRe [R+91(2.)] (28)

which converts the very low inductance J(Zs) to become a
very low capacitance 3(Ziz2s-.cc). In Fig. 5, the phase ¢ac, by
which Uy leads I, is transformed as a phase ¢, by which Em
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lags Ir.

The second-stage transformation is realized by the T-CLC
circuit to the ports 3-4. Such a capacitance J(Zizs-.cc) will be
converted into a very low inductance J(Zsss-Lcc) as given by

A(oM )" {A(R, +R; )-B - iC}
Z34,S-LCC = 2 N (29)
[A(R +Ry)-B] +C

The input impedance of Zacs.icc has the same form with
Zacss in (23). In Fig. 5, the phase ¢y is further transformed as
a phase gac, by which Uac leads It, which well agrees with the
analysis of high-order S-LCC network in Fig. 3. It is close to
zero (0°<gpac < 90°) and can be slightly reduced as given by

-C
=arctan| —— | <
goAC |: A(Rr + Rcf )_ B:| (pac (30)

The introduction of a high-order LCC-compensated network
adds an extra stage of impedance transformation.
Consequently, the very low rectification-caused inductance
3(Zac) can be indirectly delivered to the primary side for
contributing to a ZVS. Taking into account the parasitic
resistances of high-order networks, the introduced high-order
transformation can slightly suppress a series of tiny
rectification-caused deviations on the impedance, power
factor, ZPA operating frequency and switching phase angle.
Finally, it succeeds to flexibly utilize the caused derivatives
and leads the rectifier input impedance Z,. to be transformed
as a tinier transmitter input inductance Zacs-Lcc for the robust
ZVS realization.

With the two-stage transformations of two T-type circuits,
the transmitter current phasor I, and the receiver filter one I
are in phase. From (6) and (9), the fundamental component of
input voltage uac nep at the primary side can be rewritten as

Uac,Hrp 1 (t,0,0)=

2Uin /713 H 1
e U ) BRI

For the exemplified scenarios of battery trickle charging and
LED dimming, the load may continuously vary during power
control, thus inevitably leading to a variable impedance phase
@ac. In the boost WPT systems with probably varying loads, a
coefficient AC; is designed to optimize the capacitor C; and to
compensate the rectification-caused inductance as given by
1

—<¢
(C,—AC,)

where ¢ is a minimal positive number. Thus, a very low
inductance can be properly remained for realizing and

maintaining the ZVS under the HFP rather than the PWM due
to its variable duty ratio d.

min(3(Zac))+ oL, - (32)
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Fig. 6. Simplified equivalent circuit with high-order compensation.

C. Frequency-Domain Analysis

In Fig. 3, the rectification may cause a low inductance in
the output impedance Z,. System optimization is not
conducted by either optimizing C; or slightly reducing the
switching frequency. No matter in Fig. 7 or in Fig. 8, without
the rectification-caused derivatives of impedance and phase,
the ZPA operation can be realized in both the low-order and
high-order transformations, while the ZPA operation will
happen slight deviations once considering the rectification-
caused derivatives. Since the rectification-caused impedance
and phase derivatives are very low, the slight non-ZPA
operation can be tolerated at the receiver side. Significantly,
the rectification-caused derivatives may be sensitively
influenced by the changes in load and displacements. It is
difficult to be completely compensated but ready to be utilized
by involving the high-order transformation for the ZVS-HFP.

However, the one-stage low-order transformation forms
only one T-CLC circuit as shown in Fig. 4. In Fig. 7, this low
rectification-caused inductive impedance will be transformed
as a variably capacitive impedance, which will lead to a failed
utilization of rectification-caused derivatives. Consequently,
the ZV'S will be deteriorated even by using either the proposed
HFP or the PWM. In contrast, the two-stage high-order
transformation can form two T-circuits as shown in Fig. 6. In
Fig. 8(a), the first T-LCL circuit can transform the
rectification-caused inductive impedance to a low capacitive
impedance. In Fig. 8(b), the second T-CLC circuit can further
transform the generated capacitive impedance to a low
inductive impedance again. Also, either optimizing C; or
slightly reducing the switching frequency can compensate the
rectification-caused variations, and thus the phase angle gacs-
Lcc is reduced to a proper one which facilitates the proposed
HFP to maintain a robust ZVS during power control.
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Fig. 8. Impedance characteristics with high-order transformation. (a) Receiver

impedance (first transformation). (b) Input impedance (second transformation).

IV. HYBRID FREQUENCY PACING TECHNIQUE

A. Invariance of Oscillation Frequency

According to the equivalent circuits in Fig. 1(b), the
reflected impedance can be written as Zwr=Zzss-.cc. The
operating parameters of transmitter can be expressed in the
complex frequency domain as

(Uin/s_UCt (07)/5)

I(s) =

7 R(Zysice )+ R 8L, +1Cs 33)
U (S):|:Uin _Uct(o):l YCs

ct S S “R<Zg4,s.|_cc)+ R, +5sL, +1/CtS

where s=g+jw is a complex frequency parameter with a real
number o; Le=Li+3I(Zzss-Lcc)/w, and Ue(0_) is the initial vol-
tage through C; at the beginning of each switching period. By
applying the inverse Laplace transform, (33) can be solved as

i (t) = %{:(O_)e”“ sin( M- (o)) cut)

(34)
—at
Ug: (t) = [Um =[Uin -Uq(0)]e COS(«/l—(a/a))Za)t)}
where
_ s'R(Zszt,s-l_cc ) + Rl
a= (35)
2|:Lt + J(Z34,S-LCC )/w]
TABLEI
PROPOSED HFP EXAMPLES FOR TUNING WPT
Duty  Period HFP voltage uac and Output ratio
ratio § Thrp resonant it OACHFP1
1 T 1
1/2 2T 1/2
1/3 T 317
213 5T 3/5
1/4 5T 2/5
3/4 3T 213

The frequency deviation factor \1-(a/w)® is nearly unity
because of (a/w)?=0< 1. The transmitter resonant angular

frequency can be further expressed as w=w\l-(a/0) =@.

Thus, the system oscillation frequency is identified to retain
approximately constant in the boost WPT resonated by the
HFP technique. This oscillation frequency invariance
contributes to the realization of robust ZVS-HFP modulated
between two optimal frequencies of f/(2n1) regularly.
Although the amplitude of transmitter current might suffer
from slight exponential decays, the WPT resonances can still
be tuned by the HFP strategy and exhibit a good tolerance to
such exponential decays.

B. Zero-Voltage
Reduction

Two alternative pacing control methods — the PWM and the
proposed HFP are illustrated in Fig. 2 for power adjustment.
Both Fig. 2(a) and (7) indicate that the PWM will involve an
increasing switching phase angle with a decreasing duty ratio
d, and thus the ZVS cannot be readily guaranteed against such
a variable duty ratio, especially with only fixed compen-
sations. Toadd insult to injury, the hard-switching PWM
inverter will operate at a constant high frequency. The
deteriorated high-frequency hard-switching will result in more
power losses and thus inevitable degradations of the system
performance.

In contrast, with different duty ratios J, the proposed HFP
can successfully stimulate the LCC-transformed WPT to work
at a constant-frequency resonance as shown in Fig. 2(b),
where two hybrid switching frequencies of f; and f, are chosen
and regularly modulated at f/(2n:+1) (n € Z*). By controlling
the duty ratio 0 between two hybrid modulated frequencies,
the load current |, in Fig. 1(a) can be accurately predicted by

— Iorate (36)

on, +(1-5)n,
where lorate is the rated load current when §=1. The duty ratio §
of HFP can be derived as
N 2n. +1)-1/6,
_ 1 :( f ) ]7/ AC HFP,1 , (le Nz c N) (37)
N, +N, 2

where N1 and N> denote the minimum modulated numbers of
half-cycles switching at f; and f,, respectively. Under the HFP,
minimizing the numbers N1 and N2 can enable to lower the
input fluctuations and thus the output ones for system
optimization.

Switching and Switching Frequency

I, = 5AC,HFP,1 L orate

Switching
frequency f.
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Fig. 9. Control characteristics versus duty ratios d (PWM) and ¢ (HFP). (a)
Normalized average switching frequency fs. (b) Normalized wireless power
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For tuning the innate constant-frequency resonance of
various WPT systems, some HFP examples are listed in Table
| for illustration. As indicated in Fig. 2(b) and (8), the HFP
can maintain a stable switching phase angle for the ZVS
which is capable of withstanding the varying duty ratio and
also satisfying the requirement of power control. By
introducing the two-stage high-order impedance transfor-
mations, the converted tiny inductance in Zacs-icc will
contribute to the full-range ZVS operation during power
control with only fixed compensations. Significantly, the
ZVS-HFP can promisingly reduce both the high hard-
switching frequency and power losses suffered by the PWM,
thus improving the system efficiency.

To demonstrate their control characteristics, Figs. 9(a) and
9(b) show the normalized switching frequency fs and the
wireless power P, with respective to the duty ratios d
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(0<d<0.5) in the PWM and ¢ (0<o<l) in the HFP,
respectively, where dacpwwmi1=dacHre1 according to (5) and
(6). Fig. 9(a) indicates that the average switching frequency of
proposed HFP technique presents a reciprocal spiral which is
the inverse of Archimedes spiral. Under the HFP, the average
switching frequency fs will monotonously reduce with the
decreasing ¢ and ns during power control. Instead of switching
at a constant high frequency, using the HFP can effectively
reduce the average switching frequency as compared with
using the PWM. Fig. 9(b) shows a visualized comparison of
the power control performance, both wireless powers Po
exhibit monotonously increases with the increasing d and J or
the decreasing ns under the two above control methods. Also,
the HFP can output 11.11% (or 4.0%) of the rated power with
nt =1 (or 2) when =0 according to (6), which can sufficiently
meet the needs of power control.

~ 80 | sl -4
g S | |
k) g = | |
40 Ny | i la \
_E: 6 @ ] Q S \|§ @.._c \b‘,_,g: 6 @ \?\;Io
= oL ARRR} } ¥ | } i | } M
0 | 2 3 4 3 6 7 8 9 10
Harmonic order THD=63.67%
— o =15
oL BT S AVAVAVAVAVAVAVAY
z E I
s - 1)
S:. E.' 2F ~gle r J{
=2 a» 3! lc‘ N ol Q %\e
= .'} N F
Ll 3 ST T
0 3 4 5 6 7 8 9 10
Harmonic order THD=3.86%
HVAVAVAVAVAVAVAY
- o =
,E 2 i @6 —]
306 N g oo
= S S \
5 B ¢]
LR || ISR S A
0 | 2 3 4 5 [ 7 8 9 10
Harmonic order THD=2.09%
(b)

Fig. 10. Harmonic spectrums using FFT analysis. (a) PWM (d=0.27). (b) HFP (6=5/6).

C. Harmonic Analysis

By using the fast Fourier transformation (FFT), Figs. 10(a)
and 10(b) show the harmonic spectrums of the inverter output
Uac, transmitter current i; and receiver current i, at a 400-Q
load under the PWM and the HFP, respectively. In Fig. 10(a),
the total harmonic distortions (THDs) of uac, it and ir are
85.41%, 2.87% and 0.94%, respectively. Since the PWM duty
cycle d=0.27 is lower than 0.5, the even-order (2", 4%, 6™, ...)
harmonic components are produced and considerable, thereby
degrading the THD performance, especially for uac. In Fig.
10(b), the HFP duty ratio 6=5/6 is to equivalently control the
fundamental of uac. By eliminating the even-order harmonics,
the HFP can effectively reduce the THD of uac to 63.67% at
the expense of slightly increasing the inter-harmonics and
subharmonics. The high-order (3", 5%, 7%, ...) harmonics,
inter-harmonics and subharmonics are all significantly
suppressed by the WPT resonant circuits. Hence, the THDs of
irand i are 3.86% and 2.09%, slightly higher than those under
the PWM by around only 1%, which is mainly due to the
inter-harmonics and subharmonics near the switching
frequency. Nevertheless, the HFP can realize a robust ZVS for
power control.

D.Phase Characteristics and Efficiency Against Deviations

Without system optimizations by optimizing capacitor and
deviating frequency, Fig. 11 quantitatively assesses the caused
influences on phase characteristics with respect to the varying
loads and mutual inductances, respectively, after adding only a
high-order LCC-transformation. In Fig. 11(a), with a 5.0-uH
mutual inductance, neither the virtual impedance nor the phase
derivative occurs without using rectifier or filter capacitor Co.
Otherwise, they will gradually rise to a steady top value with
the increasing loads when the WPT operates at a boost mode.
In the high-order LCC-transformed WPT, the phases pac and
pac are both positive values as a result of the high-order
transformation. Also, pac is slightly lower than gac due to the
parasitic resistances. With the varying mutual inductances
caused by displacement deviations in Fig. 11(b), the angle gac
keeps a good tolerance and nearly stabilizes within the range
of 25.0°~25.5°, while pac slightly reduces after the two-stage
transformations, which well verifies the theoretical analysis in
Section 111. By tinily reducing either the transmitter capacitor
or the switching frequency, these derivatives of impedances
and phases can be readily alleviated and flexibly utilized for
realizing the robust ZVS. A switching phase angle can be
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stabilized for maintaining the ZVS, thus inherently withstan-
ding both the varying loads and mutual inductances. Whereas
in the SS-WPT with only one-stage transformation, a varying
phase gac, by which Uac lags Ii, will be generated with a
rectification-caused and converted virtual capacitance, which
deteriorates the ZVS, thus degrading the system performance.

Figs. 12(a) and 12(b) show the theoretical system
efficiencies of proposed high-order transformation scheme
versus the different loads and mutual inductances, respec-
tively. By adding a high-order LCC-transformation, the robust
ZVS can readily be realized in the proposed system even
operating in a boost mode. For the investigated scenarios of
battery trickle charging and LED dimming, since the
equivalent load will gradually increase, the system efficiency
will monotonously increase and finally stabilize at a maximum
value of 93.25% with an increasing load and a fixed 5.0-uH
mutual inductance. At a fixed load of 400 Q, this efficiency
will also monotonously increase with the increasing mutual
inductance and reach up to 95.01%.
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Fig. 11. Phase characteristics of two-stage high-order LCC-transformation
scheme. (a) With varying loads. (b) With varying mutual inductances.
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Fig. 12. System efficiencies of proposed high-order LCC-transformed HFP-
WPT system. (a) With different loads. (b) With different mutual inductances.
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Fig. 13. Experimental setup and geometries of WPT components.

V. EXPERIMENTAL VERIFICATIONS

To verify the feasibility of proposed high-order LCC-
transformed WPT using the ZVS-HFP technique, a prototype
using an LCC-transformation was constructed and the relevant
experimentation was performed for demonstration in Fig. 13,
where both the 3-D geometries of WPT components and the
detailed prototype are also illustrated. The design
specifications of prototype are listed in Table II, where the
estimated dissipation factor is 0.06% at 600 kHz. The coil AC
resistances are also listed. The inverter is populated with the
enhancement mode gallium nitride (eGaN) field-effect
transistors (FETs) of EPC2010C. The specification of Litz
wire is 250x0.10 mm.

TABLE Il

DESIGN SPECIFICATIONS AND PARAMETERS OF THE PROTOTYPE
Parameter Symbol Value
DC Input voltage Uin 40~80 V
Maximum DC output voltage Uo 120V
Turns of transmitter and receiver coils ng, Ny 8
Coil outline radius ry e 15cm
Transmitter coil inductance L 48.72 pH
Transmitter coil internal resistance Rut 0.260 Q
Transmitter compensated capacitance C 1.435nF
Transmitter capacitance ESR Rt 0111 Q
Receiver coil inductance L, 45.60 uH
Receiver coil internal resistance Rir 0.305Q
Receiver compensated capacitance C 3.416 nF
Receiver capacitance ESR Rer 0.047 Q
Coupling coefficient k 0.5-0.15
Receiver filter inductance L¢ 25.0 uH
Receiver filter internal resistance Ryt 0.293 Q
Receiver filter capacitance Cs 2.815nF
Receiver filter capacitance ESR Rer 0.057 Q
DC filter capacitance Co 1uF
Nominal resonant frequency f 600 kHz
Capacitor dissipation factor @100 kHz tand 0.04%
eGaN FETs EPC2010C -
Digital signal processer (DSP) TMS320F28335 -
Measured maximum system efficiency n 91.78%

A. Experimental Results
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Firstly, with different duty ratios d in the PWM and ¢ in the
HFP, Fig. 14 shows the measured waveforms of the input
voltage uac, transmitter current i, inductor current i+ and
input voltage u,c (before rectification) or output voltage U,. It
can be observed that the inputs (iLr and uac) before rectification
are distorted in the boost WPT. By adding the high-order
LCC-transformation to tactfully convert the phase derivatives,
system optimization is realized by tinily reducing either the
transmitter capacitor or the switching frequency so as to
reliably enable the robust ZVS. Under the PWM, Figs. 14(a),
14(c) and 14(e) indicate that the ZVS will be deteriorated with
a reducing duty ratio d, and thus the high-frequency hard-
switching will cause more power and efficiency losses.
Whereas under the HFP with a variable ¢, Figs. 14(b), 14(d)
and 14(f) show that the HFP input voltage can energize the
transmitter current slightly before the zero-crossing points
with a robust ZVS while maintaining the insignificant output
fluctuations and the high system efficiency during power
control. These measured results well confirm the oscillation
frequency invariance, switching frequency suppression and

IO I o
TR TR e I L e I A s r LT RS
AN —————,

(50V/div)

 J75vidiv | To30Asiv

1(20ps/div)

4 S 6 7 8 9 T 1 2 3 &
Harmonic order -

L 2 -5

A 1 R A RED Rt R RN RO B G RRD ORR GLLEERE

LB EEE T LT

W (50V/div)

T 0.30A7div

1 (20ps/div)

' A A A R TR e
Harmonic order ’

Fig. 16. Harmonic spectrums using FFT analysis. (a) PWM. (b) HFP.

Furthermore, during power control, Fig. 15 shows the
dynamic responses and their zoom-in waveforms by using the
proposed ZVS-HFP technique with a varying duty ratio .
With an increasing ¢ from 4/5 to 1.0 in Fig. 15(a), the HFP is
identified to dynamically energize the high-order LCC-
transformed WPT with a robust ZVS. Also, minimizing the
modulated numbers N; and N, can successfully enable the
WPT system to output the insignificant fluctuations. Similarly,
with a decreasing ¢ from 1.0 to 4/5 in Fig. 15(b), the HFP
input voltage can flexibly power the WPT scheme with the
ZVS and insignificant output fluctuations. Especially for
dynamic power adjustment, the use of high-order LCC-
transformation scheme, cooperating with the proposed HFP
technique, can reliably realize the full-range robust ZVS via
system optimization, thus readily getting rid of the
requirement of complex ZVS phase control [16]. By using the
FFT analysis, Figs. 16(a) and 16(b) show the harmonic
spectrums of the inverter output uac, transmitter current i; and

i

Harmonic order

Harmonic order

robust ZVS operation, which well agrees with their theoretical
analyses.
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receiver current i, under the PWM and the HFP, respectively.
In Fig. 16(a), the PWM produces the considerable even-order
(2m, 4t 6™, ...) harmonics, especially in uac, while the HFP
can significantly suppress the even-order harmonics but
involves the inter-harmonics and subharmonics, especially
near the switching frequency as shown in Fig. 16(b). As a
result, the high-order (2", 39, 4%, ...) harmonics are reduced
by using the HFP. Under two control methods, all the high-
order harmonics, inter-harmonics and subharmonics are
filtered to an insignificant level by the WPT resonant circuits.
It well confirms the harmonic analysis in Section V.
Although the THDs of currents i; and i, are slightly higher due
to the inter-harmonics and subharmonics, the HFP can realize
a robust ZVS for power control.

Finally, by applying the PWM and the ZVS-HFP (n¢=1),
respectively, Figs. 17(a) and 17(b) show the measured
switching angles and output powers P, versus their respective
control objectives of d and J, where dacpwmi=dac e from
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(5) and (6). In Fig. 17(a), the switching angle ¢ac slightly
increases under the HFP since the equivalent load increases
with the decreasing J. The high-order LCC-transformed WPT
can always satisfy the minimum requirement of switching
angle and operates stably within a ZVS region. Unfortunately,
the decreasing d and pulse width will gradually lower the
switching angle to become a negative value, which leads the
PWM inverter to work within a non-ZVS region. Besides, in
Fig. 17(b), two output powers monotonically decrease with the
decreasing duty ratios, which well verifies the power control
performance in Fig. 9(b). Fig. 17(c) shows the system
efficiencies and duty ratios with respect to the varying
percentage of output power. At 20-cm transfer distance, the
high-order LCC-transformed WPT using two control methods
works at the same system efficiency of 91.78% with the same
initial ZVS. During power control, however, the high-order
LCC-transformed WPT using the robust ZVS-HFP can
achieve a higher system efficiency, by up to 7.3%, than that
using the PWM. Also, it can be further improved with a lower
transfer distance or at a larger power level. These results well
confirm that the full-range robust ZVS-HFP technique can
effectively reduce the power losses and thus improve the
system efficiency. Consequently, the proposed ZVS-HFP is
promising practically attractive for various WPT applications
desiring wireless power control, such as battery charging
management, motor speed control and LED dimming.
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B. Discussions and Recommendations

The input voltage of 40 V is adopted at the 20-cm transfer
distance, which is compatible with the flexible battery-
powered scenarios. For a larger coupling coefficient up to
0.15, it should be gradually increased to 80 V for achieving
the same rated outputs. By designing parallel or series
combinations, the exact capacitors can be made up of various
specific capacitors picked up by using an LCR meter.
Practically, the resonant frequency can be flexibly adjusted for
selecting other readily available capacitors because the HFP is
based on digital implementation. The loose coupling is to
implement the WPT for a relatively long distance. Although

the electromagnetic exposure is not easy to be shielded, the
flux densities are very low for the exemplified low-power
LED dimming. Without any shielding, the electromagnetic
exposure may be insignificant with a very short safety
distance. The proposed system can be promisingly used in the
unguarded industrial or outdoor environments with good
isolation, waterproof, sparkproof and flexibility. Significantly,
the HFP and high-order transformation can be readily applied
to the more tightly coupled scenarios with easy shielding for
power control, such as domestic applications.

Under the PWM, the main part of inverter loss is due to the
high-frequency hard-switching. Under the ZVS-HFP techni-
que, the inverter switching loss is negligible. The HFP can
significantly reduce the inverter loss in either the relatively
low-frequency or high-frequency WPT applications in terms
of wireless power control, especially improving the system
efficiency for the high-frequency ones. The capacitance
tolerance is usually £5%. The HFP can achieve the reduced-
frequency ZVS against the +5% capacitance tolerance during
power control. With the —-5% capacitance tolerance, the
resonant frequency will slightly increase by 2.24%. The phase
@ac, by which Uac leads I;, will be lower and even probably
become negative. Hence, both the PWM and the HFP may fail
to maintain the ZVS except for optimizing the capacitors or
the switching frequency. Significantly, considering the same
capacitance tolerance, the HFP can still achieve a better
system performance than the PWM can during power control.
To avoid this influence, more precise capacitors can be used
with £2.5% capacitance tolerance which is available from
industries. Besides, either the switching frequency or capacitor
can be predesigned with a slight increase for realizing the
frequency-reduced ZVS-HFP.

Since the ZVS-HFP technique is actually proceeding with
the rhythm of transmitter resonance, it can be extended to any
WPT topologies using series/parallel, high-order T-circuits
and their higher-order combination networks, so long as the
transmitter resonates stably. These topologies can enable the
WPT system to achieve both the load-independent outputs
[21] and the desired transfer ratio [22]. It should be noted that
there are no requirements and limitations for receiver
topologies but few ones for transmitter: 1) Parallel
compensation is not suitable to be powered by voltage-source
inverters; 2) If the high-order or higher-order T-circuits are
used, only the first T-circuit after the inverter should be tuned
to form the required resonance in [22], and all other T-circuits
can be flexibly tuned according to [20] and [22]; 3) Switching
frequency deviation should be taken for both the HFP and the
PWM to cope with the frequency bifurcation. On the other
hand, the HFP can effectively eliminate the even-order
harmonics during power control compared with the PWM
(d<0.5) but at the expense of slightly adding the inter-
harmonics and subharmonics near the switching frequency.
Hence, the transmitter current will slightly fluctuate, while the
receiver fluctuations are insignificant. The bandwidth of
control loop will be low and mainly restricted by the
connection interval of wireless communication [26], but the
control system can keep stable with the required phase and
gain margins withstanding a load step. Also, the ZVS-HFP
modulation will not increase the possibility of system
instability as compared with the PWM.
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V1. CONCLUSION

In this paper, an HFP technique and a high-order LCC
transformation have been proposed and then implemented for
tuning a high-efficiency WPT system with a robust ZVS. By
pacing the electromagnetic resonances for hybrid-frequency
energized WPT, the proposed HFP technique can readily
realize the reduced-frequency ZVS so as to improve the
system efficiency as compared with the PWM. For various
boost WPT scenarios with rectification-caused load-dependent
derivatives, a high-order LCC-transformation is newly
explored and identified to flexibly convert and utilize these
very low virtual derivatives, which can offer the required
switching angle for maintaining a robust ZVS-HFP. The
experimental system efficiency can be over 91.5% and
improved by up to 7.3% during power control with the full-
range robust ZVS operation. Both theoretical analysis and
hardware experimentation are given to verify the feasibility of
proposed HFP technique for tuning the high-order LCC-
transformed WPT system.
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