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Claims

A magnetic path coupling mechanism for wireless electric energy transmission,
characterized in that, it comprises: a primary side energy emission cushion and a
secondary side energy collection cushion, which are arranged opposite to each
other and in parallel with each other: both the primary side energy emission
cushion and the secondary side energy collection cushion are of a two-layer
structure, wherein, one layer is a coil layer formed by winding Litz wires, and the
other layer is a magnetic core layer. both the coil layer and the magnetic core layer
are of a centrosymmetric structure; wherein, the coil layer consists of two identical

coils lami h lly. and the ic core layer is aSudoku-
shaped grid layer consisting of 8 ferrite strips with the same length: the coil layer
of the primary side energy emission cushion and the coil layer of the secondary
side energy collection cushion are opposite to each other, and the opposite surfaces
of the primary side energy emission cushion and the secondary side energy
collection cushion are in mirror symmetry.

The path coupli hanism for wireless electric energy transmission

according to claim 1. characterized in that. the length of the ferrite strips is equal
1o the length of the rectangular coils.

The magnetic path coupling mechanism for wireless electric energy transmission

ding to claim 2, d in that, among the 4 ferrite strips in the middle
of the magnetic core layer. the positions of any two ferrite strips parallel to each
other meet the following condition:

w=0.2a

wherein, w is the outer margin between two ferrite strips parallel to each other: a
is the length of the rectangular coil.

The ic path coupli hanism for wireless electric energy transmission
ding to claim 3, ch: ized in that, the ratio of the width to the length of
the rectangular coil is 0.7.
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Analysis and Design of Multifrequency
Compensation Strategy for Wide Misalignment
Tolerance in Inductive Power Transfer Systems
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Abstract—In inductive power transfer systems, misalignment
can lead to inconsistent output power. In this article, a (opulogy

Index Terms—Detuned prlmnn, inductive power transfer (IPT),
ion, resonant

based on a primary-side detuned i

cuit is proposed to provide consistent output over a wide misalign-
ment range. This topology exhibits multiple Imersecling power
curves given multipl frequen-
cies. The coupling range, and associated misalignment range, can
be extended without increasing power and current variability by

the fi at curve inty
tions. Parameler design and seleclmn of the numlwr of switch-
ing are p ips between

power variation and coupling range are established. With this
approach, a choice of two suitable switching frequencies changes
output power by only 10% over a coupling coefficient range from
0.14 to 0.35. Three frequencies can support lower power variation
or a wider coupling range. Primary current at low coupling is lower
with the strategy than for conventional alternatives because reac-
tive power can be limited. A 1.5 kW prototype has been prepared
to verify the topology. The prototype confirms a power variation of
10% over a coupling coefficient range from 0.14 to 0.35 with two
fr ies. With three fr ies, power variation drops to 6.7 %
over the same coupling range.

Manuseript received 14 February 2023: revised 5 May 2023: accepted 2 June
2023. Date of publication 19 June 2023; date of current version 28 July 2023,
This work was supported in part by the National Natural Science Foundation
of China under Grants 51577171 and 51977190, and in part by the Zhejiang

iversity/University of I1linois at Urbana-Champaign Institute, led by Principal

Zirui Yao, Zhuhaobo Zhang, and Hao Ma are with the College of Electri
Engineering. Zhejiang University, Hangzhou 310027, China, and also with
the Zhejiang University/University of llinois at Urbana-Champaign Institute,
Haining 314400, China (e-mail: 11810009@zju.cdu.cn; zzhbpain@ 163.com;

nxi Li, Xuan Wei, and Xiangwei Shen are with the College
of Electrical Engincering. Zhejiang University, Hangzhou 310027, China (c-
mail: luoshiying0318@qq.com; 270342773@qq.com; 1029244098@qq.com;
12010014@zju.edu.cn).

Ni Zhang is with the College of Information Engineering, Zhejiang University
of Technology, Hangzhou 310027, China (e-mail: zn@zjut.edu.cn).

Philip T. Krein is with the College of Electrical Engincering, Zhejiang U
versity, Hangzhou 310027, China, also with the Zhejiang University/University
of lllinois at Urbana-Champaign Institute, Haining 314400, China, and also with
the University of Illinois at Urbana-Champaign, Urbana, IL 61820 USA (c-mail:
krein@illinois.cdu).

Color versions of one or more figures in this article are available at
htps:/fdoi.org/10.1 109/ TPEL.2023.3287352.

Digital Object Identifier 10.1109/TPEL.2023.3287352

0885-8993 © 2023 I Personal use is pcrmmc(l lml

I. INTRODUCTION

NDUCTIVE power transfer (IPT) systems can transfer en-
Icrgy to loads through magnetic coupling [1], [2], [3], [4],
[5]. Compared to c ional wire-c d electrical transfer
systems, IPT systems are appealing for electric ferries and other
large systems because of contactless performance metrics [6].
In [PT-charged electric ferries, for instance, relative positions
of primary and secondary coils change in real time owing to
water motion. The coupling coefficient and tr power
will be affected continuously by misalignment [6]. Other large
systems such as IPT for long-haul trucks or construction loaders
are less dynamic but still subject to uncertain misalignment [3],
[4], [5]. In any such system, improved performance is needed
across high coupling and low coupling. Although internal charge
regulation can maintain the charging voltage or current, the
power limit is affected by misalignment. Wide power variation
with misalignment will increase charging time, impose higher
component ratings, and decrease system efficiency [7]. A prac-
tical IPT system will benefit if it can maintain consistent output
power over a useful misalignment range.

In this article, a primary-side detuned multifrequency com-
pensation structure is proposed to enhance output characteristics
and keep th i overa wide mi: range. Multi-
ple separate switching frequencies are employed, and the proper
frequency is selected to enforce a limited input impedance range
to maintain consistent output power. The multifrequency ap-
proach here leads to multiple intersecting power versus coupling
coefficient curves. Based on these curves, the control strategy
changes the switching frequency to extend the misalignment
range given constrained power variation. The input impedance
angle range follows a similar level of variation. This is used to
advantage to keep reactive input low and reduce the primary
current at low coupling. The topology can ensure zero voltage
switching (ZVS) over the allowed range of coupling conditions.

Multifrequency melhods are known in IPT systems and have
been used in i s. Multi-inverter parallel op-
eration was presenled m [8] 91, dnd [10] to transfer power

requires |

See hitps://www.iee

html for more infi

from multiple primary coils to independent loads. In [11]. [12].

1 fhici 1

€a [31].[32]. PWM and

and [13]. a hybrid modulation pulsewidth modulation (PWM)
control method was proposed to generate different frequencies

to supply energy to multiple receivers. Hard switching and a
i high switching freq 'y affected system efficiency.

A selective power transfer method with multiple receivers [14]
has been proposed to achieve controllable power division by

active rectification are used to maintain consistent power, but
hard switching is employed for the inverter and rectifier [33].
In [34], a control method that integrates PWM with frequency
control is proposed to achieve soft switching over the allowed
range of operating conditions. This method will increase input
impedance angle and reactive power even with soft-switching

changing the switching frequency to match different secondary ~ operation.
resonant fr ies. A two-phase orth I coil structure with The proposed system seeks to address disadvantages of ac
a two-frequency phase-shifted control method was p! iin  switch approaches and control limits. By making use of switch-
[15] to realize targeted power dmnbunon belween loads with  ing frequency it adapts to pared
isali but the operati P d only for 1l toc ional singl q y p i pologies, the
li In [16], a v y hybrid p proposed topology extends the useful misalignment range while

topology mlegrales eenew—\enes (S-! S) compensation and LCC-
S p for the I and third-order harmonic

enforcing a power variation limit. The use of discrete switching
frequencies hdpi to avoid frequency bifurcation [35] compared

voltages of a full-bridge inverter to p li

The coupling coefficient needed to be high to achieve target
output power at the two frequencies because the third harmonic
voltage is one-third of the fundamental voltage.

The system described in this article is different. It uses a single
IPT stage without extra inverters or coils and employs multiple
switching frequencies to manage oulpul power and input current
variation over a range. Although it

o i qs Y conlmlv and the system can avoid
chattering near the coupling point by i
a hysteresis control in its frequency selection strategy.

The rest of this article is organized as follows. The pro-
posed primary detuned multifrequency compensation topology
is analyzed in Section II. Output characteristics of the pro-
posed lopology for diff bers of switching fi
and performance comparisons are described in

requires multiple resonant tuning tanks, it achieves consistent
performance for a single power transfer port.

IPT systems are characterized by loosely coupled transform-
ers. Many prior methods sought to enhdncc coupling rather
than ad 2 1o it. Flux pipe s [17], double-D
polarized couplers [18], double-D quadmlure configurations
[18]. quadrature coils [19]. and bipolar pads [20] have been
proposed to extend the range. In [21], p s

Section III. Parameter design and selection of the number of
switching frequencies are provided in Section IV. Experimental
results from a 1.5 kW prototype IPT system and comparisons to
other methods are presented in Section V. Finally, Section VI
concludes the article.

II. ANALYSIS OF THE PROPOSED PRIMARY DETUNED
MULTIFREQUENCY COMPENSATION TOPOLOGY

of the transformer that include coil shapes, coil di and
ferrite arrangements have been used to optimize the coupling
coefficient. A cubic-magnetic coupler was presented in [22]
based on concentrated magnetic flux. These methods can alle-
viate the impact of decreased coupling, but output power is still
affected. In some methods, extra coils were added to improve
misalignment performance [23]. [24], [25]. Although the output
power can be relatively constant, added coils introduce extra
loss, volume, and cost.

Topologies such as T-type [26] and X-type circuits [27] based
on detuned compensation structures have been proposed to
reduce output power variation with misalignment. The trans-
ferred power changed by as little as 20% with misalignment in
these cases. In [28]. a reconfigurable topology used ac switches
to apply two power-transfer coupling-coefficient curves. The
output power changed by only 10% over a coupling coefficient
range from 0.10t0 0.25, but the added ac switches and controllers
limit the ability to scale the approach to hlgher power. Hybnd
structures d with ¢ ional series p
circuits and LCC compensation circuits were proposed in [29]
and [30]. In those methods, the structure of the magnetic coupler
and performunce in certain directions are limited because of

among I circuits.

Converter comrol that includes pulse frequency modulation
(PFM) [31], [32] and PWM [33], [34] has been proposed to
improve misalignment performance. For PFM, primary current

The proposed multifrequency IPT system is shown in Fig. 1,
with an equivalent circuit. L, and L, are self-inductances of
the primary and secondary coils. The primary and secondary
resonant circuits consist of one series LC resonant tank and
n-1 parallel LCC resonant tanks, and have n resonant frequen-
cies. There is one resonant tank for each potential choice of
switching frequency. When n = 1, the circuit is a conventional
S-S compensation topology. The ideal input-to-output voltage
gain versus frequency for the resonant set is shown in Fig. 2.
The network acts as a multiple bandpass filter, and when the
switching frequency matches any of the multifrequency network
resonances, the ideal voltage gain is 1. An important considera-
tion is that component quality factor Q will enter into practical
performance. Each additional tank introduces its own series
resistance, reducing the overall voltage gain. The dc source
Vin supplies a MOSFET bridge (S1, Sz, S3, S4). The secondary
resonant circuit drives load R,, through rectifier bridge Dy, D2,
D3, Dy.

Fundamental harmonic analysis is used here. The simplified
ideal circuit in Fig. 1(b) defines

Uap = 22V, Uep = 22V 5
M =ky/L,L,, Rq= %R,

where U and U¢yp are the rms values of first-harmonic input
and output voltages, respectively; R, is the ac equi load: k

Authorized licensed use limited to: CHINA UNIVERSITY OF MINING AND TECHNOLOGY. Downloaded on October 27,2023 at 14:02:37 UTC from |IEEE Xplore. Restrictions apply. Authorized licensed use limited to: CHINA UNIVERSITY OF MINING AND TECHNOLOGY. Downloaded on October 27,2023 at 14:02:37 UTC from IEEE Xplore. Restrictions apply.
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Variable Carrier Phase-Shift Method for Integrated
Contactless Field Excitation System of Electrically
Excited Synchronous Motors

Enes Ayaz @, Ogiin Altun @, and Ozan Keysan @

Abstract—This article presents a novel contactless field excita-
tion (CFE) system based on wireless power transfer (WPT), which
utilizes the existing voltage source inverter (VSI) of the motor
drive for electrically excited synchronous motors (EESMs). In
conventional CFE systems, an extra high-frequency converter is
required to excite the field winding In this article, it is proj
utilize existing voltage switching harmonics of the VSI for mmng
the field winding while the I
used to drive the motor. In the pmposed system, a novel vnrlable
carrier phase-shift method is developed to achieve constant input
excitation voltage for the WPT part independently from the motor
operation. In addition, a hybrid frequency detuning control method
is introduced to adjust the field current. For experimental valida-
lmn, a small-scale pmtun pe wulh a 100-V dc-link and a 60-kHz
It is observed that the field
current could be kept almos! constant at 5 A under dllYerenl motor
driving index and
fundamental frequency. Also, itis l\Imvm lhnt the field current could
be reduced by detuning the switching frequency. In brief, without
an additional active converter and only with a software update, a
cost-effective CFE system for EESMs can be easily implemented.

Index Terms—Carrier phase shlfl (CPS). mn!nclless ﬁeld
excitation (CFE), motor drive, sil
(SPWM), wireless power transfer (W l’l‘)

I. INTRODUCTION

HE interest of the ive industry i
increasing in electric vehicles (EVs) or hybrid EVs (HEVs)
rather than internal combustion engine vehicles [1]. One of the
critical parts of EVs and HEVs is the traction system, where

Stationary ,

Rotating
Frame

" Field

Converter  Armature Rectific  Rx — Tx  Converter
(DC/AC)  Winding  Winding (AC/DC) (DC/AC)
Motor Drive WFSM CFE System
(@)
Stationary Rotating Stationary
Frame Frame ~ Frame

Winding _ Winding (AC/DC)

WFSM CFE System

(b)

Fig. 1. Circuit diagram of a conventional and the proposed CFE based on a
WPT system for EESMs. (a) Conventional system. (b) Proposed system.

Moreover, they are more reliable as the demagnetization of PMs
due to high temperature is not an issue in EESMs. However,
power transfer to their rotating field windings is challenging.
The most common method to excite field windings is to use
slip rings with conductor rings and carbon brushes. Although
slip rings are a mature and cost-effective technology, they re-
quire periodic maintenance due to the wear of the brushes [9].
Another method is to use brushless exciters that are, in fact,

permanent magnet sy’ motors are y preferred
due to their high torque density [2]. However, high cost and
limited supply of rare-Earth magnets such as Neodymium (Nd)
and Samarium (Sm) encourage less-PM or no-PM motors such
as electrically excited synchronous motors (EESMs) [3], [4],
(5], [6]. EESMs can decrease the total cost and have flexible
control thanks to their externally excited field windings [7]. [8].
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IS (SGs) with rotating rectifiers. However,
lhls method is not applicable for variable speed drives such as
in EVs [10]. Alternative to these methods, contactless field ex-
citation (CFE) systems based on wireless power transfer (WPT)
are proposed, as shown in Fig, 1(a) [11], [12], [13], [14], [15].
They have no physical contact between the rotating and station-
ary frames, eliminating the maintenance issue. However, extra
high-freq; y converter i the cost and plexity.

The VSI of the motor drive generates a low-frequency mod-
ulated voltage with high-frequency switching harmonics. This
low-frequency modulated voltage controls the speed and torque
of the motor, whereas the motor windings filter out the high-
frequency voltage harmonics thanks to high phase inductances.
In this article, it is proposed that these high-freq y voltage
harmonics of the existing motor drive can be utilized to energize
the field winding while the | freq 'y modulated voltag
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Fig. 3. Harmonic distribution of SPWM for varying modulation index.

The first swilching harmonic and its sideband components

Fund:;mcmal ph;sc (rad)

Normalized input excitation voltage waveforms of the WPT system.
Zero-voltage points at input excitation voltage are indicated by red arrows.

is required to achieve a continuous/constant power transfer at the
swnchmg hammmc for the WPT system without disturbing the
However, ional control meth-

[SF3 5y (1), STA57 (8), and ST5731° (1)1 of the switching func-
tion can be calculated as in (3) (4) and (5) by taking (i = 1),
(i=1,k=~2),and (i = 1,k = 2) in (2), respectively

Jo (m,,: ) €08 (27(fo)t + Deguny) 3)

Vo2, 2 2m(fs — 2fo)t
fo-2farpy _ 2
Siim )= l_r.lz m,,‘ cos (*nq o = Wi, @)

2r(fu + 20t
i) ©

where [, is the fundamental frequency, [, is the switching fre-
quency, f — 2f, is the lower sideband harmonic, and f, + 2f,
is the higher sideband harmonic. After that, [ f,/ can be calculated
as in (6) shown at the bottom of this page, by subtracting the
switching and its sideband harmonics of leg B from those of leg
A In conventional SPWM, each phase uses the same carrier sig-
nals, which means that the carrier phase of leg A (ml ‘J and leg B
(¢, ) areequal. Hence, ing to (6), the switching freq

disappears in U, f(i) and just only its sidebands exist. U (1) and
J,f(l) are plotted in Fig. 4 for different modulation indices. It
is observed that l"](/ increases with the modulation index, and
zero voltage (zero excitation) occurs at some moments. These

2
2 fa
Slam® =2

9 o
‘3!‘”!‘"(!)7 —Jo(ma—= )cm(
Gy = 2R\t e

ods of the WPT sylem are not suitable for this.

A conventional method is to control the duty cycle but this
also affects the fundamental component. Another method is
frequency detuning control, but it cannot guarantee continuous
power transfer since zero-voltage moments exist, indicated via
red arrows in Fig. 4. The last method is to add a postregulation
converter or use an active rectifier at the output of the WPT
system. However, this increases the system’s cost and complex-
ity, and the problem of zero voltage moments still exists. In
this article, a new control mclhod. introducing variable carrier
phase shift (CPS), is proposed to avoid |
and achieve Lonunuom power transfer for changing ‘modulation
indices. The proposed method is similar to a dual- frcgucncz

wer transfer system wuh a single converter [32 34
[35]. [36]. In [33]. a singl rter-based dual-fi y WPT
system is proposed using the programmed PWM method.

However, the programmed PWM method is computationally
complex and requires switching angle calculations using offline
algorithms, which is not feasible in dynamic systems such
as our cases. In 35]. multifrequencies are achieved

a_high-| frequenz.y triangular carrier signal. However, in these

the switching 'y is higher than the operating

zero excitation instants create low-fi 'y power
that disrupt constant power transfer. Therefore, a control method

of the WPT system. which increases the switching
losses. In [36], multifrequency components are achieved by a

"D('
2 o (maT) cos (2m(f)t + 6c.)
—+ —Jo ("’"5) €08 (27 (fs )t + D
2 T - - - 34
- ;Jn (711“72-)cus(2u(f§)1 + dep) + =
.
B

238 zJ,(m., )wwn Fa= 2fo)t + Gy — 200,) — _Z-r (m,,z)cm(Z'r(f,, = 2f )t + ep — 200p)

3(11!,,%)(.0: (27(fs + 2fo)t + @c,y + 20.,)

(m,, z ) €05 (27(fs + 2fo)t + Gop + 200y) - ©
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Design and Control of a Decoupled Multichannel
Wireless Power Transfer System Based on
Multilevel Inverters

Yuxin Liu®, Student Member, IEEE, Chunhua Liu @, Senior Member, IEEE, Xingran Gao @,

and Senyi Liu @,

T e 5

wireless power transfer
(WPT) sy: stems suffer from the complex system structure and
cross-interference among receivers. To solve such problems, this
article presents the design and control methods of a decoupled mul-
tichannel WPT system based on multilevel inverters. A single-phase
multilevel inverter is utilized to drive the transmitter circuit with a

voltage waveform of multiple Par
these are i in the freq 'y spectrum,
and their can be i d

primary compensation is used to offer multiple frequencies for
the primary circuit. Additional damping filters are used in the
secondary circuits to reduce the cross-interference between the
receivers. In addition, the features of the system topology are
analyzed, and an exact parameter design method is presented.
Furthermore, combined with the neutral point voltage balance
strategy, a simple vector-based control method is proposed to
regulate the transmitted power in each power channel. As a result,
the power can be transferred to loads through the designed power
channels simultaneously without mutual interference. Finally, both
simulation and experiment of a 1-kW experimental pmlolype Wi lth
SIC-MOSFET are given to verify the ibility of the p:

Member, IEEE

the multichannel WPT has attracted more and more attention
for its advantage over single-channel WPT in delivering power
to multiple loads simultaneously. Multichannel WPT can be re-
alized using multiple transmitters [4], [5] or only one transmitter.
Particularly, the way of using one transmitter and many receivers
is also known as one-to-multiple WPT (O2M-WPT) [12].
O2M-WPT has been applied in applications of EV charging
systems [7], wireless motors [8], [9], and inductive heating [10].
In an O2M-WPT system, lhe > power allocation of multiple loads
is usually d by Yy [6]. To enhance
the efficiency of O2M-WPT, compema(ed capacnor switchers
[9] or multip! q (MFRC)
[12], [17] can be used m offer mulnp]e resonant frequencies
for the transmitter circuit. Different resonant frequencies are set
for loads, and when a specific frequency is selected, the corre-
sponding load is activated [6]-[8]. Commonly, the output power
can be regulated by adj the amplitude of the cor

P

mul annel WPT system and the control slralegy.

Index Terms—Ci i network, inverter
(MLI), multiple power channel, wireless power transfer (WPT).

I. INTRODUCTION

ireless power transfer (WPT) has been widely used in
W various applications, such as electric vehicles (EVs), un-
manned aerial vehicles, and portable electronics, due to its con-
venience, safety, and better user experience [1]-[3]. Recently,

Manuscript received July 12, 20’1 revised October 28, 2021 and January
12, 20: epted March 3 2. Date of publication March 15, 202:
current version April 28, 2022. This work was supported in part by the Science
Technology and Innovation Committee of Shenzhen Municipality, Shenzhen,
China, under Project JCYJ20180307123918658, in part by the Innovation and
Technology Commission, Hong Kong SAR under Project ITP/027/19AP, and in
part by the Collaboration Research Fund from Research Grants (_mmcxl Hong

cy components [10]-[12].
Although O2M-WPT has broad application prospects, there
are still some issues that need to be handled. One issue is about
the cross-interference, which affects the independence of each
channel and reduces the efficiency [15], [16]. In [7], de—dc
circuits are placed for the receivers of a dual-pickup wireless EV
charging system to allocate power to each load accurately. How-
ever, the system structure is complex due to the additional de-dc
circuits. In [13], auxiliary circuits are added to receiver circuits
and relay circuits to reduce the cross-interference. However,
the use of relay circuits complicates the system. Fu er al. [14]
proposed a compensation method to lessen the influence of
cross-interference by calculating the derived optimal load reac-
tances. However, this method is challenging to apply when the
loads change frequently. Narayanamoorthi er al. [15] used a fre-
quency bifurcation approach to realize O2M-WPT with reduced
cross-interference. However, the system parameters are difficult

Kong SAR, under Project CRF: C1052-21GF. for by
Associate Editor C. K. Lee. (Corresponding author: Chunhua Liw.)
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University of Hong Kong, Hong Kong, China, and also with the
Shenzhen Research Institute, City University of Hong Kong, Shenzhen

to design, esp Ily when the number of receivers increases.
In [16], three types of compensation networks with damping
filters are introduced into receivers, and the cross-interference
among multiple receivers can be reduced flexibly. However, the

518057, China (c-mail: yuxin.liu@my.cityu.cduhk; edu.hk; xin-
‘gran.gao@cityu.edu hk; senyiliu2-c@my.cityu.edu.hk).

Color versions of one or more figures in this article are available at
hitps://doi.org/10.1109/TPEL.2022.3159129.

Digital Object Identifier 10.1109/TPEL.2022.3159129

0885-8993 © 2022 IEEE. Pcv\on.ll use is permulcd h\l(

ss-interference can be further reduced by enhanced control.
The multifrequency superposition is another issue of OWPT,
which superimposes multiple power components to drive the
[12]. Many att have been made to realize

mpt:
P
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multifrequency superposition for O2M-WPT. Liu et al. [11]
used a transformer to combine all the power components from
multiple inverters. However, the primary part still has only one
resonant frequency, which prevents the system from operating
in high efficiency. To solve this problem, Huang et al. [12] intro-
duced resonant tanks to the topology presented in [11] and, there-
fore, employed different resonant frequencies to the transmitter.
However, multiple inverters and additional transformers are still
required. In [10], a fannly of power converters is proposed to
provide two simul ies for dual 'y induc-
tive heating. However, many passive components are required
in the proposed topologlﬂ which makes the system structure
complex. In [30] inusoi s

(SPWM) method is proposed to realize multifrequency super-
position with only one full-bridge inverter, where the modulation

wave contains components with multiple frequencies. However,
the power switches are required to operate at a frequency much

larger than the transi on frequency, which increases switch-
ing losses and adds cost to power switches and digital controllers.
Therefore, the hybrid SPWM method is more sunable for appli-
cations with low 1 inverters
(MLIs) can generate more voltage lcvcls\h'm two-level inverters,
which makes MLIs have the potential to realize multifrequency
superposition with a simple system structure and a relatively low
switching frequency.

In addition, MLIs surpass traditional two-level inverters in
various applications because of the advantages such as lower
voltage stress on power switches, better power quality, and
smaller EMI [18]-[20]. Several topologies of MLIs have been
proposed, such as neutral point clamped (NPC), flying
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TABLE I
SWITCHING STATES OF THE SING

PHASE TNPC INVERTER

v, S S S S iy i,  Category
o100 0 1 I 0 Large
KoLo0 0 0 05ug -, Medium
o0 0 0 1 O0S5ux i, Medium
Ve 10 10 0 0 Zero
V.. 0 0 0 0 0 0 Zero
Vo 0 1 0 1 0 0 Zero
;0 1 0 0 -05u. i, Medium
v 0 0 1 0 054 i, Medium
Vo 0 1 1 0 -u 0 Large

II. SYSTEM CONFIGURATION AND MODEL

The proposed multichannel WPT system is shown in Fig. 1,
which P one part and n receiver parts. The

and cascaded H-bridge. As the number of voltage levels in-
creases, MLIs can offer O2M-WPT with more possible solutions
to superimpose multiple power components and regulate power
allocation in each power channel. However, as more power
switches are utilized in MLIs, the control of MLIs is more
challenging [18], [19]. Moreover, the problem of neutral point
(NP) voltage imbalance reduces the reliability of MLIs, which
may lead to increased voltage stress of power switches, distorted
output voltage, and additional losses [20]-[22].

Driven by combining the adv.mlagus of MLIs with O2M-
WPT, this article prop a Itict 1 WPT
system based on MLIs. The main contnbulmnc of this article
are listed as follows.

1) The multiple voltage levels of the MLIs can gener-
ate voltage waveforms with multiple frequency compo-
nents, which naturally realize multifrequency superposi-
tion without additional transformers. The power compo-
nents have no overlap in the frequency spectrum and can
1 b Tabed s ly.

MEFRC with muluple rewndnl frequenci applied in the
transmitter circuit, which enhances the efficiency. Damp-
ing filters are used in the receiver circuits to reduce the
cross-interference between two power channels.
Detailed | design methods for both

circuit and receiver circuit are proposed as the flowcharts.
A simple vector-based comml muhod with NP voltage
balancing and third F is to

regulate the transmitted power in each power channel

)

3)

4

primary part contains a dc voltage source (u4.), a single-phase
MLI, an MFRC network, and a transmitter coil (Lp). Each sec-
ondary part has a receiver coil (Ly;, i = 1,...,n), a compensation
network with damping filters, rectifier, and load. The voltage
levels of the MLI can work at different frequencies. Therefore,
a voltage waveform containing components with frequencies of
fi (i = 1,...,n) can be generated, corresponding to the resonant
frequencies of n receiver circuits. The MFRC network provides
the primary circuit with multiple resonant frequencies [12], [17].

The damping filters used in the receiver circuits can produce
a high imped. at d fi which helps in
reducing the cross-interference [16].

Generally, more power channels can be built by increasing the
number of the voltage level of the MLI and the number of reso-
nant frequencies of the MFRC network. Therefore, no additional
transformer is needed to realize multifrequency superposition,
and no additional inverter and dc voltage source are needed to
regulate the power allocation among each load. In this article,
a typical dual-channel WPT system based on a T-type NPC
(TNPC) inverter is used as a representative example to illustrate
the design and control method, and the circuit configuration is
shown in Fig. 2.

In the case of neutral voltage balance, the two dc-link ca-
pacitors (Cy and Cy) share the dc-link voltage equally as u,;
= itey = 0.5u4c, where uye is the voltage of the dc link. As
shown in Table I, nine switching states (V;, j = 1,...,9) of the
eight SIC-MOSFETs (S,, and S ne(l, 2, 3, 4)) are available
to generate five levels of inverter output voltage. Based on the
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" Generic Uncertainty Parameter Analysis and
Optimization of Series—Series Wireless Power
Transfer System for Robust Controller Design

Amir Hakemi ©, Student Member, IEEE, Dejan P. Jovanovic ',
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Don Mahinda Vilathgamuwa ©, Fellow, IEEE, Geoffrey R. Walker ®, Senior Member, IEEE, and Jo P. Pauls

Abstract—In a typical wireless power transfer (WPT) sys-
tem, the load, the mutual and the req
tuning frequency can vary in a particular range. Variation
of each parameter can substantially impact the dynamic
characteristics of the system. Thus, they can be consid-
ered as sources of uncertainty in the system. To address
this, robust control such as p- are de-
veloped to deal with possible system uncertainties. This
arllcle ﬂrsl undertakes the generic dynamic analysis of the
for two modes
of nperalmn, i.e., constant output voltage (COV) mode and
constant output current (COC) mode, in ihe presence o\‘

three uncertalnty
the freq y i as a of the
tion and as a

technique to obtain the opllmlzed compensation capaci-
tor value that can lead to a plant with minimized dynamic
deviations from its nominal system in the operating range
between COC and COV modes. As such, this approach
offers a design procedure for a least conservative robust
controller, which can significantly improve the system per-
formanoe The opllmlzed struclure and the corresponding

y elab-
orated. The theoretical achlevemenls and experimental re-
sults show y per of the

and the cor i i ller in the

presence of three uncertainty sources compared to the
COC and COV modes of operation.

Index Ter =Sy robust

ri i

transfer (WPT).

power
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NOMENCLATURE

wo Operating frequency.

C1,Cy Compensation capacitor of the primary side and
the secondary side. respectively.

Ciins Cinax  Required it i pacitor for COC and
COV modes, respectively.

Cy,c1 C ller for C"; comp 2 cap

Cp.co C ller for C"y p g

Cyu,en C for C"; [

Cy.cr.c2.c3 Controller for the set of compgnsdung, capacitors
(C"1, C"2, ).

Cu.cresca G ller for the set of p ing
(C'7,C's, ).

Gromf(s) Transfer function of the nominal system.

G(s) Transfer function of the system with uncertainty.

K Coupling coefficient of the two WPT coils.

Lyy, Lao Primary and secondary self-inductances,
respectively.

M Mutual inductance of two WPT coils.

Ry Load across the dc link.

Ri ac Equivalent ac load of R;,.

VAB, VCD Input voltage and the output voltage of the reso-
nant circuit, respectively.

v'ap, v'ep Fundamental component of the input voltage and
output voltage of the resonant circuit, respec-
tively.

Vos Vin Output (dc link) voltage and input voltage of the

WPT system, respectively.

|. INTRODUCTION
A. Background and Motivation

IRELESS power transfer (WPT) technology has been
widely used for different applications from high-power
i such as electrical vehicles [1], [2] to low-power

Australia (e-mail: amir. org; dejan.j edu.au:
mahinda.vi edu.au; edu.au)

s such as medical unpldnls [3]-15]. E'or medical de-
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vncc< the supply requi vary ifi y. For pl

mechanical circulatory support system (MCSS) is a common
therapy for patients with heart failure where a WPT system has
been proposed as the system supply due to the natural isolation
feature WPT provided [6]-[9]. The motivation of this work is to

first identify the potential difficulties a WPT system parameter

See https://www.ieee.
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variation imposes on the realization of a closed-loop syalem
Then, based on the general req
MCSS (in particular, ventricular assist devices [10], [11]) with
rated power (2-5 W), rated output voltage, and a range of pos-
sible system parameter variations, a mhablc closed- Ioop system
based on robust 1 hodology is 1

The WPT coils can be modeled as a (ranefom)cr with a high

of ed

As an alternative, the p-synthesis controller design has gained
popularity since it guarantees both RS and RP. A controller based
on the ¢ hesis is designed for an SP ion network
to deal with K variations in [25] for accurate reference tracking.
The same controller design approach is adopted in [26] for an
LCL compensation network. This controller can accurately track
the reference voltage under load and K variations. However,

leakage ind and low To cancel
out the leakage inductance effect, compensation networks need
to be introduced in the system [12]. Various studies have been
carried out for the development of compensation networks, such
as series—series (SS) and series—parallel (SP) [13], [14]. Mostly,
WPT systems are studied under constants K and R, and a known
resonant frequency. However, in most WPT applications, system
parameters vary in a particular range leading to drift in system
dynamics to a new set of operating setpoints generating an
infinite number of plants. Such demanding conditions require
a sophisticated controller.

The proportional and integral (PI) controls are mainly cho-
sen for WPT systems due to their simplicity and convenient
implementation [15]-[17]. Since WPT plants are generally as-
sociated with several sources of parameter uncertainties and due
to the limited capability of PI controllers to handle such system
parameter variations, these control methods cannot g

previous papers fail to consider the effect of frequency detuning
on the dynamic characteristic of the system. Such detunings
make the system prone to instability, violating RP and RS

perating criteria and ly affecting their reliability for
delicate applications.

For medical implants, SS is the most common compensa-
tion structure. In spite of variations in Ry, and K, such an SS
compensated system is required to keep the system stable and to
obtain satisfactory performance [27]. Two main operating modes
of SS compensation networks, i.e., 1) constant output current
(COC) mode and 2) constant output voltage (COV) mode, can
be achieved by tuning to the exact required operating frequency
with respect to the WPT network parameters [27], [28]. How-
ever, in practice, the operating frequency can get detuned from its
designed value. Deliberate shifting of the switching frequency
above resonance frequency (2%-10%) to achieve zero-voltage

robust stability (RS) and robust performance (RP) for all possible
parameter variations. In [18]-[20], the pcrfonnancc of conven-
tional linear c llers, suchas Pl cc llers, isi dun-
der parameter variations, which shows its vulnerability against
the drift of system parameters from nominal values. Moreover,
the effect of load variation and communications delays on PI
controllers is investigated [21]. As it is pointed out in [22], PI
controllers have a good robustness where they are used for first-
and second-order systems. However, when it comes to a WPT
system, which is typlcally a nonlmcar hlgher order system, the

b of PI ble. Since Pl con-
troller design is based on the nominal plant, their performance
for the nominal plant leads to satisfactory results. However,
when system parameters deviate from their nominal values, the
performance of PI controllers significantly deteriorates, and they
are not able to maintain RS and RP anymore, which makes them
undesirable for systems with parameter uncertainty. Therefore,
robust controllers are developed for systems with parameter
variations or uncertainties, such as load perturbation [18]-[20],
[22], [23].

B. Related Works and Contributions

/\mong different approaches to design a robust controller, Hoo

ller design and pi-sy i ller design

bascd on structured singular values have gained popularity in re-

cent years. Controller design based on solving Ho optimization

problem is investigated for various WPT networks with respect

to single- or multiple-parameter variations, i.e., load and/or K

[18]. However, the main problem with this approach is that it

cannot guarantee RP of the system due to the simplification in
the process of solving Heo optimization problem [24].

Authorized licensed use limited to: CHINA UNIVERSITY OF MINING AND TECHNOLOGY.

hing (ZVS) [28)], deterioration of capacitance due to high
voltage stress across capacitors, inaccurate capacitor selection,
stray i at high frequencies, and aging are possible
causes of detuning [29], [30]. It is shown in this article that even
slight deviation from the nominal capacitor value gives rise to
asignificant variation in the dynamics of the system in COC and
COV modes.

In view of such crucial operational situations, the major
contributions of this work can be summarized as follows.

1) The importance of frequency detuning as a source of
uncertainty for dynamic analysis of COC and COV modes
under K and R, variations is disclosed in this article.

2) The frequency detuning as a function of compensation
capacitor variations is explored and expanded to find the
system with the least dynamic deviation from the nominal
plant in the presence of uncertainties.

3) For the new structure, a y-synthesis controller is designed
to explore the dynamic performance of the new capacitor
selection criterion and to show how the new approach
helps to design the least conservative controller.

4) Anovel app h for the micre ller impl
of high-order p-synthesis controller that can suh\ldnnally
reduce the computational time without resorting to order
reduction methods is proposed.

The rest of this article is organized as follows. First, the
required condition for the SS network to operate in COC mode
or COV mode as a function of the compensation capacitor is
reviewed. Then, the effect of freq y d in the presenc
of K and Ry, uncertainties is investigated. Thereafter, the concept
of frequency detuning is explored as a degree of freedom to
find the optimum structure, which offers the best plant uncer-
tainty profile in the sense of lht. robust controller design. After
a brief review of p-synth [¢ ller design i
five controllers with the help of the DK-iteration algorithm are

®
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Abstract:To achieve constant current/constant voltage high-efficiency output of inductive power transmission( IPT) system under variable
load conditions, a parameter configuration and optimization method of LCC-S IPT system based on frequency switching is proposed.
Starting with LCC-S compensation topology , the conditional equations of zero phase angle output at the constant current or constant voltage
are obtained respectively ,and the quantitative relationship between current gain, voltage gain,and system parameters is derived. Further-
more, by defining the output gain ratio of the systemthe relationship between the output gain,load resistance and the overall efficiency in
the constant current/constant voltage mode is analyzed. On this basis the overall efficiency of the system is maximized by selecting the op-
timal output gain value. The simulation results show that the load resistance can maintain a stable output in the range of 3~300 €1, inclu-
ding the instant of constant current/constant voltage mode switching,and ZPA operation can be achieved under constant current/ constant
voltage mode ,while the overall efficiency of the system is maintained above 90%.

Key words :inductive power transfer; LCC-S;constant current/constant voltage ; output gain ratio ; parameter optimization
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Abstract
Wireless power and signal transfer systems are b

gly imp in rotary apy due to their ability to

charge and communicate rotating devices without physu:al contact. Capacitive coupler is one of the preferred solutions to

achieve the above fi because of its

of size and weight. However, there are currently no suitable decoupled

capacitive coupler design for CPT systems to mitigate the crosstalk between the power and signal transfer channels. This paper
proposes a capacitive power and signal transfer (CPST) system based on ring-coupler with extremely weak cro::-couplmg A

comprehensive modcl for the dual-input and dual -output capacitive coupler is
d based on this model. Then, analysis of both the power and signal

of the two ck Is of the p d coupler are d

Hliched I

and the d istics

channels was conducted, and design

for both two ch 1s

were p d. Finally, the proposed decoupled

coupler is experimentally verified and applied in the proposed CPST system. The results demonstrate that the proposed system

can efficiently transmit 100W of power with an effi

y of 84.5%. Additi

ly, it is capable of transmitting signals using

Amplitude Shift Keying (ASK) modulation at a rate of 4800 bit/s, with an error rate lower than 0.1%.

Keywords Capacitive power and signal transfer (CPST) - Ring coupler - Inter-ch: 1 . ip

1 Introduction

Wireless power transfer (WPT) is a technology that enables
the transmission of power from a power source to devices
without the use of physical electrical d [1]. This

supply can be challenging [3]. Examples of such scenarios
include torque sensors, brushless motors, robotic arms, wind
power generator, and other similar applications.

Capacitive power transfer (CPT) is a wireless power trans-

technology offers several significant advantages over tradi-
tional wired power transmission methods, including greater
flexibility in power delivery and strong environmental com-
patibility [2]. In particular, WPT technology is highly suit-
able for powering devices installed on rotating mechanisms,

fer technology that employs high-fi 'y electric fields for
transmitting power between pairs of electrodes [4, 5]. Typi-
cally, the coupling electrodes of a CPT system are fabricated
from metallic plates or foils, which endow the CPT coupler
with several advantages such as light weight, small size, low

cost, and reduced eddy-current effects in its <urroundmg< |6]

where laying power cables and ensuring continuous power  Currently, hers are actively i i the p
pplications of CPT technology in diverse fields, including
= '::"El “"I"l — biological imj ion [7], aerial vehicles [8],
i equLsesen electric vehicles [9], and rail transit [10].
Yunliu Wang However, in the case of current CPT systems, wireless sig-
yunliul206@163.com s < TRe%
nal transmission is also a crucial component. This is because
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wireless signal transfer serves two important purposes: (1)
It enables the creation of control loops that span both pri-
mary and secondary sides of the system, leading to improved

hness and efficiency of power [11]. (2)
Wuele« signal transfer also facilitates the exchange of infor-
mation between electrical devices and power sources. For
instance, in the wireless charging of electric vehicle batter-
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ies, it is essential for the vehicle-side to provide feedback

to the power transmitter regarding the charging status of

the battery and the position of the electric vehicle [12]. In
existing research, wireless signal transfer can be divided into
three categories based on different signal loading methods
and channel designs: power-modulated, shared channel, and
separated channel-based wireless power and signal transfer
(WPST) methods.

Currently, most power-modulated methods change the
main circuit structure or parameters to achieve signal mod-
ulation. In this case, the main circuit voltage and current of
the system produce responsive changes, which are detected
through voltage and current measurements to finish the

and tetra-polar coils [ 28]. However, there is currently no suit-
able decoupled capacitive coupler design for CPT systems.
To address the research gap, this paper proposes a capac-
itive power and signal tr.msfer (CPST) system based on
ring-coupler with miti ter-ch: 1 lk. The
focus of this system lies in the design of the coupler, which
aims to mitigate the impact of cross-coupling between two
1 Isonthe of the signal Section2
establishes a comprehensive circuit model and mathematical
model for the dual-input and dual-output capacitive coupler.
The coupling strength between the power and signal channels
in the model can be rep d by mutual i based
on which a capacitive coupler with weak cross-coupling has

d dul Existing dulation methods for signals  been proposed to suppress crosstalk between the two chan-
include the ing freq | 13], mput DC nels. In Sect. 3, analysis of both the power and signal channels
resistance [14], :wuchlng p ion cap s [15), s ducted, and design methodol for both two chan-

changing current phase [16], and adjusting the inverse PWM
timing [17]. with corresponding demodulation methods
including voltage, current detection, and harmonic detec-
tion. However, because of the low carrier frequency of power
transmission, the baud rate of signal transmission based on
power modulation is also low.

The shared ch: I-based WPST technology refers to
the use of the existing power channel to transmit signals
by designing proper circuits to suppress the inter-channel
crosstalk. Reference [18] uses a double-side LCCL and
dual-notch filter to isolate the interference of the power
transmission on the signal channel and achieve a full-duplex

i Similar fi have also been studied in
the CPT system [19-22]. Time-division multiplexing is also
applied in the shared channel-based WPST system. Refer-
ence [23] utilizes the first half-cycle to transfer power and the
remaining half-cycle for signal transmission. In addition, a
signal channel with wide bandwidth is researched to improve
the baud rate [24]. Nevertheless, due to the sharing of the
same channel for power and signal transmission, the isola-
tion and suppression of crosstalk is more difficult, and higher
requirements are placed on the design of filtering circuits.

The d ch I-based WPST technology refers to
the impl of signal by adding an inde-
pendcnl signal channel while retaining the original power
channel. To reduce the inter-channel crosstalk caused by
power transmission, the current main methods include: (1)
increasing the distance between the power and signal cou-
plers; (2) using decoupled coupler. Larger distance between
two couplers helps reduce the coupling strength between

h Is and mitigate th Ik, but this method increases
the coupling area. In addition, decoupled design of the cou-
pler can achieve the same goal with less impact on the
coupling area. However, current research on decoupled cou-
plers mainly focuses on the Inductive Power Transfer (IPT)
system, including DDQ [25], bipolar [26], orthogonal [27]

&) Springer

nels are presented. Finally, in Sect. 4, the proposed decoupled
coupleris experimentally verified and applied in the proposed
CPST system, and the paper concludes with a summary in
the last section.

2 Analysis of circular DIDO coupler
2.1 Circular coupler structure and modelling

In Fig. 1, circuit of the proposed CPST system with a dual-
input and dual-output (DIDO) coupler is illustrated. The
DIDO coupler composed of eight metal plates Py ~ P
and Py; ~ Pps forms two channels. The plates Py ~ Py
form the power transfer channel, and the plates Py ~ Pps
form the signal transfer channel. The power transfer circuit
consists of an H-bridge inverter, a double-sided L.C compen-
sation network, and an H-bridge rectifier. The signal transfer
circuit consists of a carrier generation circuit, a modulator, a
band-pass filter, and a demodulation circuit. Power is trans-

Coupllr;‘g Capacltame

Capacitive signal transfer system

Fig.1 Capacitive power and signal transfer system
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Abstract: This article presents a new model of a i air for p analyses
of wireless power transfer systems. This model includes a form of subcircuit for SPICE. It takes
into account the electric, magnetic and thermal properties of the modeled device. The form of the
elaborated model is presented and the results of its experimental verification are shown. Some results
from measurements and computations of an air transformer and a wireless power transfer system
containing this transformer are shown and discussed. The structure of the tested system and the
measuring setup used are also described. The results of and ill

the influence of the distance between the windings of the air transformer and the displacement
between its windings on the output voltage of the power transfer system are presented and discussed.
The influence of load resistance on the properties of the considered system is analyzed.

Keywords: air transformer; inductive wireless power transfer; IPT; modeling; SPICE; wireless power
transfer; WPT

1. Introduction

Wireless power transfer (WPT) technology has been known for years; the pioneer in
this field was Nicola Tesla, who in 1891 designed a coil that could transmit power wirelessly
over a distance of 3 km [1,2]. However, wider interest in the transmission of power over
a dlstance without the use of traditional cables appeared only in 2007, when a group of

ists from the M. iy i of Technology (MIT) designed a WPT system
that allowed the power transfer to light a 60 W bulb at a 2 m distance [1,3].

Recently, there has been an increase in interest in new technologies, i.e., various
types of portable devices used in various industries. There can be devices of general
use (tablets, laptops, mobile phones) or devices used in medicine (implantology), mining
(sensors, headlamps) or the automotive industry [4-8]. However, the problem of these
devices is their power supply [8,9]. For example, mobile phones, tablets or laptops can
typically operate for several dozen hours without recharging [4,8,10]. This usage time is a
function of many factors, such as the capacity of the battery, how the device is equipped,
the operating time of the device, etc. It is therefore important to ensure that devices can
be charged without the need for a classic corded power supply, especially in mining or
medical applications [5,8,11].

Wireless power transfer systems occupy more and more space in the literature [5,8,11-13].
These systems differ in terms of their f: ing technology d g on the appli-
cation and the distance over which the power is to be transferred [4,6,14,15]. However,
from the point of view of consumer devices or devices used in medicine, mining or the
automotive industry, IPT (induction power transfer) technology is typically used for wire-
less power transfer. The concept of this technology is based on the principle of an air
transformer and is described in more detail in [8,16].

As shown in [8,17], IPT technology is characterized by the highest efficiency of power
transfer compared with other tect ies, reaching up to 90% [8,17]. Additionally, pa-
pers [18-20] demonstrate that the properties of an IPT system, including its efficiency of

Energies 2023, 16, 1391. https:/ /doi.org/10.3390/en16031391
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are no transformer windings in the same axis and there is an evident current associated
with the leakage flux.

On the other hand, in [23] a basic model of a system for wireless power transfer is
presented. The simplified network representation of the model presented in this paper
includes an inverter and a rectifier represented by voltage sources. Instead of an air
transformer, a T-type transformer model known from the literature is used. In this model,
its leakage inductance and magnetizing inductance are introduced. Resistors representing
power losses in both the windings related to the resistance of the winding wire, increased
due to skin and proximity effects, are also used. The authors performed calculations using
the proposed model and compared them with the results of their measurements. From the
presented results it can be seen that the use of the simplified model, which also assumes
sinusoidal coil currents, enables the optimal selection of PTO system parameters in terms
of energy efficiency. However, the distortion of the currents becomes more pronounced as
the magnetic coupling coefficient increases.

The authors of [24] presented analytical considerations regarding the use of an air
transformer with low power consumption used in high-voltage power transfer systems
(HVDC). Relationships for calculating self-inductance and mutual inductance of an air
transformer operating in the mentioned systems are proposed. In order to verify the
proposed dependences, a prototype of such a transformer was built. Calculations made
using this model proved that very good results are obtained as far as determining the air
transformer parameters are concerned, including its self- and mutual inductances.

In [25], a system for wireless power transfer based on a model of an ideal transformer
with magnetic coupling (IT MC-WPT) was considered. In the proposed system, simplifica-
tions were assumed consisting in the assumption that the amplitudes of the primary and
secondary winding currents are constant and do not depend on mutual inductance. Thanks
to this, the proposed system is suitable for both low voltage-high current and high voltage-
low current operation, and the ratio of the amplitude of the secondary winding current to

the primary winding current can be adjusted depending on the application. The proposed
solutlon is charactenzed bx h|gh Eower transfer efﬁclencx Th|s Qager presents theorehcal

NS l I
power transfer w1th air transformers It demonstrates thec\rehcally and exgnmentally tha
an IT MC-WPT system can achieve a high and constant value of transmitted energy and

efficiency with changes in the coupling coefficient between the transformer coils.
In [26], an air transformer design procedure is discussed. This procedure boils down to

a combination of analytical methods and finite element analysis to calculate the parameters
of the transformer. Itis pointed out that analytical methods are used to calculate parameters
and to design the appropriate windings of various dimensions and number of turns.
How to determine the coupling coefficient for each transformer using these methods is
also demonstrated. In turn, after determining the abovementioned parameters using the
appropriate programs for finite element analysis, the characteristics corresponding to the
magnetic properties of the transformer are obtained, which can then be used in a commercial
program for the analysis of electric circuits. Calculations were carried out in accordance
with the procedure presented in the paper. Tests were carried out for air transformers
containing oval coils with a different number of turns and different external and internal
diameters. From the results presented, it can be observed that up to a frequency of 1 MHz
the resistance of the coil windings and their inductance do not depend on frequency but
only on the number of turns. Above this frequency, resistance significantly increases and
inductance decreases.

Paper [27] presents a heuristic approach to the design of WPT systems. Tests were
carried out for rectangular transmitting and receiving coils. The focus was on an analysis
of the efficiency of power transfer as a function of the coupling coefficient between the
coils. Analysis was carried out using Maxwell software, which allows the simulation to be
performed using the finite element method (FEM). Using this method, the influence of the
thickness and size of the air transformer coils and the displacement between the coils on
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Abstract—This brief presents a compact and efficient
resonance-shift insensitive wireless power transfer (WPT) system.
This is possible by using a small electrical length defected ground
structure (DGS) resonator, which is found effective against the
resonance-shift phenomenon resulted from the higher permittiv-
ity of the tissue. Tissue has two undesired effects on a WPT
system: (i) reduced coupled quality factor, and (ii) self-resonance
shifting that leads to mismatch loss. So, the efficiency of a WPT
system di des in a tissue Then, using the small
electrical length DGS, we build a WPT transmitter (TX) unsing
three cooperative DGS resonators to mitigate both issues. The
fabricated prototype operates at 49 MHz in the air and tissue.
This shows no change in operating frequency when the same
receiver (Rx) is Kept in the air or embedded inside tissues, which
proves the effectiveness of the proposed cooperative DGS—WPT
system against the r shift. The d
62% when the RX is embedded inside the tissue and is 68% In
the air.

Index Te | implant, r
cal length DGS, wireless power transfer.

Medi

hift, small electri-

1. INTRODUCTION

IRELESS power transfer (WPT) technology [1] is an
emerging candidate for ck bedded sensors and
implantable medical devices (IMDs) [2] [7]. A WPT system
which is more effective against misalignment effects is nec-
essary to guarantee stable efficiency. Misalignment is a major
challenge in an inductively coupled WPT system as it causes
mismatch loss due to coupling and coupled quality factor
(kQ-product) [8] changes leading to low efficiency.

Recently, circuit-based [9] and structure-based
solutions [10] have been presented to improve efficiency
during lateral misalignment using coupled defected ground
structure (DGS) resonators [9] and separation misalignment
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Fig. 1. Conventional DGS-WPT System with embedded RX in tissue.
using a two-plane printed inductor transmitter (TX) [10].
However, the receiver (RX) size is quite large for an IMD
and no in-tissue experimental verification was provided.
Wang ef al. [3] realized a hybrid array resonator structure to
reduce lateral misalignment effect in tissue measurement and
a peak efficiency of only 53%.

When an RX of a WPT system is embedded in tissue,
two undesired effects will occur. The first is the reduction
of the kQ-product because of the dielectric and conduction
losses of tissue. The second one is the shift in self-resonance
frequency of TX that leads to mismatch loss. Consequently,
efficiency is degraded and becomes position-dependent [4]. To
address the former one, many approaches were proposed to
improve the coupled quality factor when RX is embedded
in tissue [2], [3], [S], [11]. We are the first ones who inves-
tigated the problem addressed the second issue. In [4], our
team has overcome the resonance-shift problem by realizing
a metamaterial-inspired geometry in a stacked configuration
that has a self-shielded configuration from the tissue. In this
brief, we provide detailed explanations about the resonance-
shift phenomenon when an RX is embedded in tissue and
solutions employing a small electrical-length DGS resonator
to overcome this phenomenon. Then, we propose coopera-
tive DGS resonators based on the small electrical length DGS
to achieve a high efficiency. Electromagnetic (EM) simula-
tions were performed using ANSYS High-Frequency Structure
Simulator (HFSS).

II. MEDIUM INDEPENDENT SISO WPT SYSTEM
A. Resonance Shift Phenomenon
A typical single-input-single-output (SISO) DGS-WPT
system is shown in Fig. 1 [9]. A very thin polyethylene layer
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around the RX and between tissue and TX was placed for
isolation [3], [11]. The separation, doy, represents an unde-
sired spacing between the TX and the surface of tissue that
may occur during system operation. We considered human
muscle (relative permittivity = 77, Loss tangent = 3.16, and
conductivity = 0.68 S/m) [12] during the simulations.

We have designed two SISO DGS-WPT' systems having
the same RX and different TXs to illustrate the resonance
shift phenomenon. Thi

phenomenon [13] that occurs when the system enters the over-
coupling regime. Both TXs have an area of 20 mm x 20 mm.
The first WPT system’s TX has been designed to maximize the
obtainable efficiency at 50 MHz, which is obtained with three
turns. Instead, the second WPT system’s TX has been designed
to achieve independence from the medium that is explained
in detail in the following section. The dimensions of both
WPT systems are summarized in Table I. Values of the capac-
itors are calculated following the method in [14]. The TX and
RX are printed on RO3003 Substrate (dielectric constant = 3,
height = 0.762 mm, and copper thickness = 17 fLm).

In Fig. 2, the simulated Scattering (S) parameters of the first
WPT system when doy is changed from O to 1 mm. The TX
suffers from a change in its resonance frequency as shown
in Fig. 2 (a). Fig. 2(b) shows the effect on the correspond-
ing transmission coefficient as it decreases from —1.9 dB to
—3.3 dB at 50 MHz when dgy changes. The corresponding
efﬁcwncy is listed in table I, whlch shows more than 17%

dation. Finally, the of the RX is
not affected when this change occurs as shown in Fig. 2(c).
Alternatively, Fig. 3 shows the simulated S-parameters of
the second WPT system when dg, is changed from 0 to

(521)) (¢) RX reflection coefficient (|Sp|).

TABLE 1
DIMENSIONS AND CAPACITORS OF SISO DGS-WPT SYSTEMS
IN FIG. 1 AND CORRESPONDING EFFICIENCY

@ 50 MHz

1 mm. Neither TX reflecti t nor the

coefficient has any resonance shift when dqy changes as shown
in Fig. 3(a) and Fig. 3(b), respectively. A reduction from
—2.5 dB to —2.8 dB in the transmission coefficient is attained
at 50 MHz when dgy changes, which is mainly due to the
reduction of the coupling coefficient between the TX and the
RX. The corresponding efficiency is listed in table I, which
shows only about a 3% drop. Also, as shown in Fig. 3(c), the
RX reflection coefficient has a similar performance to the RX
of the first WPT system. In summary, the second WPT system
does not suffer from the resonance shift because it utilizes
a small electrical length DGS as described in the following
section.

et

B. Electrical-Length of a DGS Resonator

In tissue, resonance-shift of the TX results in severe degra-
dation in the WPT system’s performance as detailed in the
previous section. The reason is that a realized DGS, using
the maximum efficiency method, becomes dependent on the
medium’s dielectric properties because the electrical length
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(4) FERNGVER R U] SAF UL SR

SERABER R UL

—. WHE RN E R EER 558 58 N B IR B BER & R PR AL ZB0m ok &2, K [H
KA PT XFK SS #i4h MC-WPT F 4t S HseBLJy 1% (Z1L202110251436.8) 7 Jx B A (i
fF1.2). $85 “ZHeR T ANHLHAR &S T0 4 Te B AR Guill I BORER (T/CPSS 1005—2023)
AR bR#E (BHF3.11). F “IEEE TRANSACTIONS ON POWER ELECTRONICS” #iI3L[H]
&3 “Analysis and Design of Ideal Transformer-Like Magnetic Coupling Wireless Power Transfer
Systems” 1 3C (P 4.1) HoAt L [F] & R 11 &K I L4 . Z1L202010342975.8. ZL.202011151785.4,
Z1.202010848401.8 . ZL202011159389.6 . ZL202010226545.X . ZL202010740959.4 .
Z1.202110473412.7. ZL202210053972.1 (i 1.6),

. WH S S B R PR 5 5 = 58 X % e R PR A 20k &R, R FK
® LI E S SPWM FEHI T RBE S5 AT L iE M RSt (Z2L202010740959.4) 7 ¥
LF (HHF 1.6). F “IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS” AT k%

“Simultaneous Wireless Power and Information Transmission Based on Harmonic Characteristic
of Soft-Switching Inverter” &3¢ (I 4.2).

Ma. I H 5 — RN R IHEER 5 B AR &G B a R A EER R, LFZE T
LRGN R REH SRR R GF (A 4.3).

ZVIHE A Z RIS % T B e I S5 A ¢ &R, T IEEE
TRANSACTIONS ON POWER ELECTRONICS” #iTI3L[F % 3% “Bipolar Checkerboard Metal
Object Detection Without Blind Zone Caused by Excitation Magnetic Field for Stationary EV
Wireless Charging System” 3 (FF 4.4,

Al ANEATHE e N, SIARTUH SERAN G 1ER R L EIR WA E S5 58,
R LA R

B RRIANE:

56



FTRASTEXRRIFILER

Py
IR | dhEL | AR | ARE | ESME | s
—Fh PT XFFK
S 1 metge | 2021.3.8- SS #h3h ‘ T i LA 2
LA R 1, BELE 2 20221227 | MC-WPT &% A 1.2 o 2
Je LS TV
— v = e 2022.8.1- A E TS g & A R4
BiabriE | BRFH 1, Bl 2 5023.8 31 475 1 Z 40 i 3.11 o 2
FHEAREK
Analysis and
Design of Ideal
Transformer-Lik
A - N 2022.4.19- e Magnetic g J& Rl AR 2H 3
wWNEE |ERML BEEE?2 2022718 Coupling At 4.1 o 2
Wireless Power
Transfer
Systems
%ﬁﬁ?ﬂ/}ﬁ‘i%@
i SPWM 53] (1 g
H | ERML es | 20T hg | s |BEEEAR
o PR ES -
%
Simultaneous
Wireless Power
and Information
Transmission
o - ‘ 2021.1.7- Based on ‘ Jog [P VR 2H 2
wseEE | HRML A3 500160 Harmonic Hi1F 4.2 - %
Characteristic
of
Soft-Switching
Inverter
T -
N N = — 2022.7.1- ThERAL e 6 1 LA EED
BRI G | BRI L, k&4 | sosess | Drpmaer | W43 P
K
Bipolar
Checkerboard
Metal Object
Detection
Without Blind
N o 2022.9.19- |Zone Caused by| . J& 5 Im 5
wxaE | EURML BHES| 500703 Excitation HifF 4.4 e 7

Magnetic Field
for Stationary
EV Wireless
Charging
System

57




b 4.1

15728

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

Analysis and Design of Ideal Transformer-Like

Magnetic Coupling Wireless Power Transfer Systems
Zhi-Juan Liao", Fan Wu, Chen-Hui Jiang, Zhang-Ruiwei Chen, and Chen-Yang Xia

Abstract— An ideal transfor mer-like (IT-like) magnetic coupling
wireless power transfer system is proposed in thisarticle, which can
achieve a large constant power and efficiency output over a wide
transfer range. First, the general circuit model is presented along
with the analysis of fundamental and harmonic current character-
istics. Then, the IT-like operation mechanism with a fixed desired
secondary-primary current amplitude ratio independent of mutual
inductance is proposed, based on which the transfer range capable
of both power and efficiency is greatly improved. The correspond-
ing parameter criteria and implementation methods, including the
zero-phase-angle mode and the zero-voltage-switching mode are
derived and verified in a practical prototype. The experimental
results show that the proposed system can take the output power,
transfer efficiency, transfer range, and current characteristic into
account at the same time, with strong position robustness and high
tolerance to variable couplings.

Index Terms—Ideal transformer, magnetic coupling, position
robustness, tolerance to variable couplings, wireless power transfer.

I. INTRODUCTION

NTELLIGENT unmanned equipment such as the unmanned
I aerial vehicle (UAV) has broad application prospects in the
military and civilian fields. Wireless power transfer (WPT) is
an indispensable supporting technology to realize unmanned
operation and improve the endurance of the equipment [1]-[7].
Magnetic coupling WPT (MC-WPT), as the most mature and
the most widely used wireless charging technology, has been
widely researched in recent years [8]-[10].

The transfer efficiency, transfer power, transfer range, and
the tolerance to variable couplings are key metrics for such
dynamic wireless charging systems. Due to the volume and
weight requirements of UAVs, the wireless charging sys-
tem structure is usually asymmetric in practice [1]-[4], [7],
[11]-[13]. Meanwhile, using asymmetric coils is also an ef-
fective way to improve the tolerance to variable couplings
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[14]-[16]. A large primary coil can effectively increase the
coupling area and then improve the misalignment tolerance. The
secondary coil with small size and/or few turns cannot only meet
the volume and weight requirement of the equipment, but also
reduce the losses of the secondary side.
However, the application of asymmetric MC-WPT systems
brings some challenges as follows.
1) High coupling strength in the central area causes fre-
quency splitting and then reduced power [17]-[20].

2) High harmonic influence in the strong coupling region
leads to current waveform distortion that increases switch-
ing loss and reduces transfer efficiency [21], [22].

3) The misalignment results in small reflection impedance

that may cause overcurrent in the primary side.

The asymmetric MC-WPT systemhas received great attention
in recent years. At present, most researches on asymmetric
systems focus on the design of magnetic coupling structure
[11-5], [7], [11]-[13], which is an important aspect to improve
the misalignment tolerance. However, the system performance
depends jointly upon the coupling structure and circuit charac-
teristics that such researches merely on magnetic aspects are not
sufficient. To be specific, even if the magnetic coupling structure
is well designed, it is difficult to ensure the energy efficiency if
the operation mechanism is not suitable. Meanwhile, magnetic
coupling structure design cannot improve the current character-
istics. Therefore, it is very necessary to optimize the operation
mechanism and improve the overall performance of the system,
including the power, efficiency, transfer range, current charac-
teristics, and tolerance variable couplings.

In terms of frequency splitting reduction in asymmetric sys-
tems, the commonly used methods include adding impedance
matching networks, adjusting coupling strength, and frequency
tracking control [17]-[20], [23]. Impedance matching and ad-
justing coupling strength is to keep the system out of the
splitting region, which easily reduces the maximum power
and efficiency. Traditional frequency tracking is to track the
maximum power or the maximum efficiency, hence, it is dif-
ficult to take into account both the power and efficiency. More-
over, taking efficiency or power as the tracking goal usually
requires secondary side information, making the control very
complex.

Interms of overcurrent and current distortion suppression, few
progresses were reported. It is revealed in [21] and [22] that the
strong coupled MC-WPT system with the traditional operation
mechanism has high harmonic currents, and that the trans-
fer efficiency is reduced by harmonic current. Accordingly, a

0885-8993 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Power and Information

Transmission Based on Harmonic Characteristic
of Soft-Switching Inverter

Xu Liu®, Chenyang Xia @, Xiaozuo Han, Zhen Wu, and Zhijuan Liao ©

Abstract—The existing simultaneous wireless power and
information transmission (SWPIT) technology used for
wireless power transfer (WPT) systems is seriously plagued
by the interference between the power and information
transmission and the complex design of the information
transmission and receiving circuits. To combat these prob-
lems, this article proposes a novel SWPIT method, which
does not need additional information transmitting or receiv-
ing coils. The stroboscopic mapping model of the WPT sys-
tem is established first, and the soft-switching points of the
dc-ac inverter are derived and compared for better utilizing
deviation frequency enlargement effect (DFEE) to transfer
power and information simultaneously. Subsequently, the
information detection circuit is designed based on DFEE.
The impacts caused by the detection circuit on the power
and information transmission are analyzed in detail. Then,
the parameters of the detection circuit are optimized for
minimizing the mutual interference between the power and
information transmission. Finally, a 50 W experimental plat-
form is established to verify the correctness and effective-
ness of the proposed SWPIT strategy. The experimental re-
sults show that the information transmission rate can reach
up to 16 kbps, the load voltage fluctuation can be controlled
below 3%, and the efficiency of the whole system can be
maintained at 90%.

Index Terms—Constant output voltage, information
transfer, power transfer, soft-switching, wireless power
transfer (WPT).

|. INTRODUCTION

ITH the rapid development and wide applications of
the wireless power transfer (WPT) technology, higher
speed, and more stable wireless communication in the WPT
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system has become an urgent requirement for achieving output
voltage feedback, load identification, foreign object detection,
etc., as the transmitting and receiving sides of the WPT system
are totally separated [1]-[4]. Recently, a new wireless com-
munication method named simultancous wireless power and
information transmission (SWPIT) technology is proposed and
has attracted a lot of attention. SWPIT can achieve the infor-
mation transmission from the transmitting side to the receiving
side [5], from the receiving side to the transmitting side [6],
or bidirectional transmission between the transmitting side and
the receiving side | 7] for various equipment, Compared with the
traditional means of communication, such as Bluetooth, Zigbee,
and radio frequency (RF) [8]-[11], the SWPIT technology does
not need to additionally equip communications devices in the
WPT systems, therefore, the volume and cost of the whole
system can be greatly reduced.

The SWPIT technology can be generally divided into two
modes: dual-channel mode and single-channel mode [12]-[14].
The dual-channel mode utilizes two sets of coils to transfer the
power and the information, respectively. However, the electro-
magnetic interference between the power transmission channel
and the information channel seriously affects the quality of the
power and information transmission [ 14]. Compared with dual-
channel mode, the single-channel mode can utilize the original
power transfer coils to transfer the information with the power
simultaneously. Therefore, the mutual interference between the
power and information transmission coils in the dual-channel
mode does not exist in the single-channel mode. Meanwhile, the
cost and volume of the system can thereby be reduced. Besides,
for a single-channel SWPIT system, frequency-shift keying
(FSK) modulation is widely adopted in it benefiting by lower
errors and simpler detection/recovery process compared with
amplitude-shift keying modulation or phase-shift keying (PSK)
modulation [15]-[17]. Therefore, single-channel SWPIT mode
and FSK modulation are adopted in this study, and the informa-
tion transmitting direction is set to be from the transmitting side
to the receiving side. However, the SWPIT technology proposed
and studied in this article can also be used for transmitting the
information from the transmitting side to the receiving side when
the positions of the modulation and demodulation circuits are
exchanged, or bidirectional transmitting when the WPT system
is symmetrically designed.

For the WPT system with the SWPIT module, information
transmission rate and power transfer quality are the critical

0278-0046 © 2021 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https//www.ieee.org/publications/rights/index.html for more information.
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Bipolar Checkerboard Metal Object Detection
Without Blind Zone Caused by Excitation Magnetic
Field for Stationary EV Wireless Charging System

Shuze Zhao ", Chenyang Xia

Abstract—Metal object detection (MOD) technology provides a
guarantee for the safe operation of electric vehicle (EV) wireless
charging system. To solve the problem of detection blind zone
caused by excitation magnetic field in the existing MOD technology,
a bipolar checkerboard MOD technology is proposed. By adding
an excitation source, not only the blind zone is eliminated but also
it makes the EV wireless charging system and the MOD system
work independently. First, the positions and causes of the blind
spot caused by the excitation magnetic field of the Tx coil in the EV
wireless charging system are analyzed. Second, the structure and
principle of the bipolar checkerboard MOD system are analyzed.
Third, a definition of the detection sensitivity of MOD is given,
and the relationship between sensitivity and the size parameters
of bipolar checkerboard sensing coil sets is analyzed. Moreover,
the parameter optimization method of the sensing coil sets and
detection circuit is analyzed. Finally, a MOD system experimental
setup is built to verify its feasibility. The results show that the
highest sensitivity can reach 20% for a square aluminum plate of
80 x 80 x 1 mm?® without a blind zone and the two systems can
work independently with each other.

Index Terms—Bipolar checkerboard, blind zone, electric vehicle
(EV) wireless charging, independent work, metal object detection
(MOD).

I. INTRODUCTION

UE to the advantages of zero emission and zero pollution,
D electric vehicle (EV) is gaining widespread attention and
its global market share is increasing rapidly. The magnetic field
coupled wireless charging technology provides a more safe and
convenient way to replenish energy for EVs [1], [2], [3], [4], [5].
To promote the industrialization of EVs wireless charging tech-
nology, four wireless charging standards for EVs: IEC 61980,
SAEJ2954,1S0 19363, and GB/T 38775 have been developed in
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many countries around the world [6], [7], [8], [9]. Furthermore,
they have been continuously updated and improved.

With the continuous development and progress of EVs wire-
less charging technology, the requirements for safety perfor-
mance during its charging process are becoming higher and
higher. Therefore, foreign object detection technology is spec-
ified in detail in the EV wireless charging standard, which in-
cludes metal object detection (MOD) and living object detection
[10], [11]. Since there is a high-frequency electromagnetic field
between the transmitting (Tx) coil and receiver (Rx) coil of the
EV wireless charging system, eddy currents will be generated
inside the metal objects (MOs) that appear in the high-frequency
electromagnetic field. Thus, it can affect the transmission power
and efficiency, whereas there is also a fire risk due to the
heat generation problem caused by MOs’ eddy currents [12],
[13], [14], [15], [16]. Therefore, MOD technology has received
extensive research and attention.

Existing MOD methods include detection techniques based
on magnetoresistive sensors [17], ultrasonic radar [11], wireless
charging system parameters [18], [19], sensing coils [20], [21],
[22], [23], [24], [25], [26], [27], etc. Among them, the MOD
method based on wireless charging system parameters and sens-
ing coils has the advantages of simple principle, low cost, and
high reliability.

For the MOD method based on the parameters of the wireless
charging system, the literature [ 18] proposes a method for MOD
by detecting the fifth harmonic current amplitude of the Tx coil.
A method for MOD by detecting the deviation of the Tx coil
current amplitude and the resonant frequency is proposed in the
literature [ 19]. Compare with the MOD method based on sensing
coils, the method based on wireless charging system parameters
does not require additional coil sets structure. However, due to
the advantages of high detection sensitivity and scalability of
auxiliary functions, the detection method based on sensing coils
has become the mainstream technology of current research.

For the MOD method based on sensing coils, a dual-purpose
nonoverlapping coil sets structure is proposed in the literature
[20], which enables MOD and detection of position (DoP) by
detecting the amplitude of the induced voltage in the coil sets. In
the literature [21], a double-layer symmetrical coil sets structure
is proposed that can realize the MOD position determination
function. This type of MOD method is based on passive sensing
coils, using Tx coil to generate MOD excitation magnetic field,
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