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True Nulls-Free Magnetoinductive Waveguides Using
Alternate Coupling Polarities for Batteryless
Dynamic Wireless Power Transfer Applications

Chawalit Rakluea
Sarawuth Chaimool

Abstract—A dynamic wireless power transfer (DWPT) system
using the conventional magnetoinductive (MI) waveguide suffers
from periodic power nulls resulting from standing waves. Although
numerous methods have been developed to mitigate the nulls,
additional active circuitry was required, increasing the complexity.
In this article, the MI waveguide with alternate magnetic coupling
polarities between successive resonator cells is proposed for a true
nulls-free DWPT system with no use of active components. Two
configurations of the alternately coupled MI (ACMI) waveguide
are developed—one with the incorporation of a quadrature-phase
termination for a linear waveguide, and the other with the adoption
of a circular waveguide. Extensive analysis of the generalized ACMI
waveguide is provided, and the developed configurations are theo-
retically verified to maintain power transfer efficiency, independent
of the free-positioned load. Practical implementation of DWPT
systems using the linear and circular ACMI configurations with
seven resonator cells at 13.56-MHz operation are experimentally
demonstrated to exhibit no power transfer nulls and achieve up to
fivefold reduction in efficiency variation, as compared to their MI
counterparts. Comparisons with theoretical calculation are given
for verification of the analysis integrity. An experimental model of
a batteryless DWPT system is also demonstrated using the circular
waveguide as accompanied by a video.

Index Terms—Alternate coupling polarity, dynamic wireless
power transfer (DWPT), magnetoinductive (MI) wave, nulls-free.

Manuscript received August 10, 2021; revised November 14, 2021; accepted
January 7, 2022. Date of publication January 25, 2022; date of current version
April 28, 2022. This work was supported in part by the National Science
Research and Innovation Fund and King Mongkut’s University of Technology
North Bangkok under Contract KMUTNB-FF-65-21, in part by the Rajamangala
University of Technology Thanyaburi, Thailand, and in part by the Thailand
Research Fund under Grant RSA6280056. Recommended for publication by
Associate Editor O. Onar. (Corresponding author: Apisak Worapishet.)

Chawalit Rakluea and Prayoot Akkaraekthalin are with the Department of
Electrical and Computer Engineering, Faculty of Engineering, King Mongkut’s
University of Technology North Bangkok, Bangkok 10800, Thailand (e-mail:
chawalit@rmutt.ac.th; prayoot.a@eng.kmutnb.ac.th).

Apisak Worapishet is with the Mahanakorn Institute of Innovation, Ma-
hanakorn University of Technology, Bangkok 10530, Thailand (e-mail:
apisak @mut.ac.th).

Sarawuth Chaimool is with the Department of Electrical Engineering, Faculty
of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand (e-mail:
jaounarak @gmail.com).

Yan Zhao is with the International School of Engineering, Faculty of
Engineering, Chulalongkorn University, Bangkok 10330, Thailand (e-mail:

yan.z@chula.ac.th).
This article has supplementary material provided by the au-
thors and color versions of one or more figures available at

https://doi.org/10.1109/TPEL.2022.3145579.
Digital Object Identifier 10.1109/TPEL.2022.3145579

, Student Member, IEEE, Apisak Worapishet
, Senior Member, IEEE, Yan Zhao
and Prayoot Akkaraekthalin

, Senior Member, IEEE,
, Senior Member, IEEE,
, Member, IEEE

1. INTRODUCTION

OLLOWING its renewed interest in [1] more than one
F century after its inception by Tesla [2], the wireless power
transfer (WPT) via coupled magnetic resonance has nowadays
attracted a great deal of research attention with the frequency
of operation ranging from kHz to a few MHz [3]-[30]. Its
widespread utilization has nowadays spanned from stationary
or localized wireless battery charging for consumer electronic
gadgets [3]-[5], electric vehicles [6]-[8], and medical implants
[9] to dynamic wireless power delivery to moving loads, such
as road-way vehicle charging [10], [11], in-motion medical
implants [12], [13], and automated material handling in factories
[14]-[16].

A dynamic WPT (DWPT) system for industrial automation
scenarios is of particular focus in this article. As conceptualized
in Fig. 1, it is envisioned to deploy batteryless autonomous
moving bases as a replacement of a conventional conveyor
within a local manufacturing station to transport items to ma-
chines to carry out production tasks. Due to independent di-
rection and speed control of each moving base, the bottle-
neck imposed by one-way pipelining conveyors (in linear or
loop track) can be avoided, and a reconfiguration to stream-
line the production flow can be greatly simplified. With the
benefits of no recharging, simple maintenance, and lower over-
all cost, the batteryless moving bases are wirelessly powered
by means of the transmitter (Tx) coils installed underneath
the guided tracks, to the receiver (Rx) coil of the base. Nev-
ertheless, replacing batteries by means of a wireless power
source invariably requires a DWPT system that can generate
continuous and sufficient magnetic fields at all positions along
the track.

One straightforward approach to implement a DWPT for
moving loads is to make use of a single large or long Tx coil
with one Tx power source to cover the whole track area [14].
However, due to a considerable difference in the sizes of the
stationary Tx and moving Rx coils, such a system exhibits
high coupling leakage and thus suffers from very low coupling
efficiency [15]. Furthermore, the field emission from a larger
coil can extend to a longer distance, causing more interference to
other electronic devices and incurring higher system sensitivity
to nearby metallic objects.
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Fig. 1. Conceptual illustration of a DWPT system to power moving bases
(after being carried to a manufacturing station by traditional belt conveyor) for
local transportation of production items to station’s machines, e.g., laser and
dispensing. Benefits include independent mobility and control of the bases, as
well as ease of reconfiguration.

To resolve this issue, a segmentation into parallel-connected
Tx coils equipped with arrays of Tx sources can be used [15],
[17], [18]. To obtain further improvement on power efficiency,
the segmentation using series-connected Tx coils with Rx-
position-dependent activation of distributed Tx arrays can be
employed [16], [19]. However, due to the need for multiple Tx
coils with multiple power sources, these segmented configura-
tions inevitably entail high implementation complexity and cost.

With the potential benefits of lower cost and complexity,
the magnetoinductive (MI) waveguide formed by a periodic
array (in one, two, or three dimensions) of coupled resonant
coils that hosts the MI wave (MIW) propagation hold promise
for the DWPT system of Fig. 1 with a single Tx source and
free-positioned moving Rx loads [20]—[26]. It should be pointed
out that although the domino coil arrangement shares a sim-
ilar structure to the one-dimensional (1-D) MI waveguide, its
intermediate coils only serve as a relay for end-to-end power
transfer between stationary Tx source and Rx load [27]-[29].
Accordingly, only the transfer characteristics between the two
ends were studied, normally through traditional circuit analysis.
On the other hand, for the MI waveguide, Tx power is transferred
to the moving load via magnetic coupling between the Rx coil
and any of its cascaded coils. Due to the operation with multiple
Rx locations, a more suitable analysis based on the MIW char-
acteristics was introduced [23]. Because the MI waveguide can
be expanded indefinitely to cover a wider area, it is also different
from the traditional multicoil structures, which eliminate mutual
coupling fluctuation between stationary Tx and limited-motion
Rx coils over a specific area through a fixed number and specific
design or arrangement of Tx coils [9], [10].

One major challenge concerning the use of the MI waveguide
for DWPT is the adverse impact of standing waves due to inter-
ferences among the propagating MIWs that cause both power
null and low power transfer efficiency at periodic Rx locations.
Fig. 2 is a summary plot of the minimum versus maximum effi-
ciencies along the MI waveguides reported in the literature under
one Rx and fixed operating frequency conditions. It is seen that,
with the conventional MI structure in [21] and [22], although
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Fig.2.  Plot of maximum versus minimum efficiencies, i.e., max, min, under
one Rx and fixed operating frequency conditions for DWPT based on MI
waveguides reported in [20]-[25], and ACMI waveguides proposed in this work.
Efficiency values toward 100% (top right corner of the plot) indicate better
performance.

the maximum efficiency could reach up to 90%, the minimum
value was as low as a few percent (see “() [21]” and “H [22]”
in Fig. 2). Although the periodic nulls were removed under a
matched termination in the waveguide, the overall efficiency
become quite low (see “LJ [23]”). To alleviate the limitation,
various methods were developed based on automatic adjustment
of the resonator(s) at or near the termination to relocate power
nulls for a different Rx location [20], [24], [25]. By shifting the
self-resonant frequency of the terminating resonator, the extent
of power nulling zones was reduced, albeit not entirely removed
(see “O [20]”). Through the theoretical analysis based on the
physics of MIWs [23], [24], a switchable termination between
low and high impedance was introduced at the last resonator
to address power nulling and low efficiency (see “® [24]” in
Fig. 2). An automatic scheme for modulating the terminating
impedances of the last two resonators in combination with an
off-resonance operation was then developed to shift power nulls
away from the Rx location in real time (see “V [25]7). It is
noted that these methods require additional control circuitry
with direct/indirect detection of the Rx location. Moreover, as
evident from the plot of Fig. 2, further improvement in the overall
efficiency is still necessary.

In this article, a true nulls-free 1-D MI waveguide employing
alternate coupling polarities between the cascaded resonators
is proposed as a basis for the batteryless DWPT system of
Fig. 1. The alternate coupling principle is envisaged by virtue
of a theoretical extension of the MIW analysis in [23], which
enables more explicit and concurrent characterization of the
MI waveguide in a generalized manner. In particular, two con-
figurations of the alternately coupled MI (ACMI) waveguide
are developed—one with a quadrature-phase impedance termi-
nation, and the other with a circular structure suitable for the
DWPT implementation. Based on theoretical investigation via
the extended analysis, practical validation via measured char-
acterization, and an experimental model of the DWPT system
of Fig. 1, the proposed MI configurations are demonstrated to
inherently accomplish nulls-free power transfer from a single Tx
to free-positioned Rx’s without any requirement of additional
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control or detection circuitry. As also shown in the plot of
Fig. 2(see “A” and “A”), improvement in the overall efficiency
from the linear and circular ACMI configurations is evident.

In Section II, the MIW characteristic is overviewed and the
theoretical extension of the 1-D MIW analysis in [23] is formu-
lated for a generalized MI waveguide. In Section III, the DWPT
using the conventional MI waveguide is reexamined based on
the extended analysis under lossless and single Rx assumptions,
to reveal the principal mechanism behind the power nulls. This
is followed by the development and theoretical investigation of
the linear and circular ACMI waveguide configurations to ac-
complish true nulls-free dynamic power transfer. In Section IV,
the efficiency characteristics with losses are analyzed. Section V
provides the implementation and performance of the proposed
ACMI waveguides operating at 13.56 MHz in comparison with
the theoretical analysis and simulations. Also demonstrated in
this section is practical feasibility via an experimental ACMI-
based DWPT system with a few Watts power levels. Finally,
Section VI concludes this article. For ease of reference, the lists
of notation and symbols adopted in this article are summarized
in Tables [ and V.

II. EXTENDED ANALYSIS OF 1-D MI WAVEGUIDE FOR
DyNAMIC WPT

A 1-D MI waveguide is a cascade of identical LC' resonators
coupled via magnetic linkage between adjacent resonator coils.
Mainly used for a DWPT system [31]-[33], the MI waveguide
delivers an input power P, from a single Tx source to the load
Z1, in a free-positioned Rx at an output power P, via magnetic
coupling from any of its resonator coils along the waveguide.
This is in contrast to the traditional domino coil system, where
the intermediate coils serve only as a power relay. For brevity,
the 1-D waveguide is also referred to as the MI line, and each of
its resonators is referred to as a cell.

Fig. 3(a) shows a circuit schematic of the conventional MI line
with a total of IV cells, from cell 1 to cell V. Each of the cells
is modeled by a self-inductance L, a capacitance C, and a loss
resistance R, which account for the total loss in L and C. The Tx
cell (cell 1) contains a voltage source Vg with a source impedance
Zs. The free-positioned Rx cell moving along the line is typically
an identical resonator loaded with a series load impedance Zt,.
Although not shown, additional receivers coupled to other cell
locations can be employed. The magnetic coupling between
adjacent cells is modeled by a mutual inductance M, and the Rx
coupling is modeled by a mutual inductance M x. It is mainly
through the modification of an identical mutual inductance M
in the conventional line to mutual inductances with alternate
polarities that a true nulls-free MIW-based DWPT is achieved
in this article.

A. Modeling of MI Waves

The MI waveguide is known to host a propagation of an MIW
[31]-[33], which is in fact the real physical mechanism of power
delivery along the line. At cell n € [1, N], the MIW propagation
can be characterized in terms of an incident current wave (I;7)
traveling toward the termination cell IV, and a reflected wave
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TABLE I
NOTATION AND SYMBOLS

Symbol Definition/Explanation
yd Propagation constant per cell
ad Attenuation per cell
pd Phase constant per cell
N Total number of cells
n, m Cell index
M, M, Mutual .inductancc between adjacent cells,
mutual inductance between cell and Rx cell
u, Polarity of mutual inductance from cell nto n+ 1
k Coupling coefficient/factor
X Positive mutual impedance
L Self-inductance of resonator cell
C Capacitance of resonator cell
R Total loss resistance of resonator cell
Q Quality factor
Qq Normalized quality factor or figure of merit
A Coil area
I, Total loop current at cell n
I, I, Incident current wave, reflected current wave
V., Induced voltage at cell n
Vs Source voltage
I, Iy Source current, load current
P Reflectance at cell n
Toi1 Transmittance from cell n to cell n + 1
Zs, 7y, Source impedance, load impedance
Zora Effective terminating impedance at any cell n
Zy Transfer impedance from cell 1
Z, Referred impedance at cell n from Rx cell
Ziy Input impedance
et Reference impedance in measurement
Zy Characteristic impedance
Ry, Load resistance
R, Real characteristic impedance under lossless conditions
P Maximum available power
Py, P Input power, output power
5 Multiplying factor to exclude Rx loss in P,
7 Navg Power transfer efficiency, average efficiency
@, W, Angular frequency, resonance frequency
S, r Scattering parameter, reflection coefficient
W, L Width, length of square coil
Ri,, R, Inner radius, width of circular-arc coil
A Sector angle of circular-arc coil
Overlapping displacement of coupled square coils,
P> Pa overlapping arc of coupled circular-arc coils
Sg» Sy Gap between coupled square coils, circular-arc coils
s 8a Copper trace gap of square coil, circular-arc coil
Wy, W, Copper trace width of square coil, circular-arc coil

(I,,) toward the input cell 1 [cf., Fig. 3(a)]. The representation
in form of a complex current wave, i.e., I = u-I7, e 7 =
u - [T, e~ (@d+384) g adopted here, where the frequency depen-
dence term e/“! is assumed. u = sgn(M) is the polarity of the
mutual inductance from cell n £ 1 to cell n, and vd = ad + jBd
denotes the propagation constant per cell, with the attenuation
per cell ad and the phase constant per cell Sd. The total loop
current at cell n is the sum of its incident and reflected MIWs, i.e.,
I, = I + I, . With reference to Fig. 3(a), the input power from
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Fig. 3. Conventional 1-D MI line: (a) Typical circuit schematic including
transmitter (Tx) and receiver (Rx), along with definitions of input and output
power (Pin and Poyt), (b) MI line with coplanar (side-by-side) loop arrange-
ment, and (c) MI line with coaxial (face-to-face) loop arrangement. Rotating
phasors of MIWs propagating from left to right are also shown.

the Tx is defined as Py, = |Is|*-Re(Z;,)/2 and the output power
coupled to the load Zy, of the Rx as P,y = |IL]*-Re(Z1)/2,
where Z;, is the input impedance of the MI line. Ig and Iy, are
the source and load currents, respectively.

Under a small loss condition, the attenuation and phase con-
stants per cell can be approximated by [32]

ad = sinh™'(1/2kQ) = sinh™ ! (R/2wkL)
Bd = cos *((wi Jw? —1)/2k)

(1a)
(1b)

where wy = 1/ VLC denotes the resonance frequency of each
cell, @ = woL/R denotes the quality factor,and k = M/ Listhe
mutual coupling factor between adjacent cells. From (1a), under
a lossless condition (R = 0), we have ad = 0 and the MIW
propagates with a constant amplitude. Under a lossy condition
(R > 0), ad > 0 and this yields an amplitude attenuation in the
MIW propagation. From (1b), we also have fd = 7/2 at the
resonant frequency wg, which is a typically operating frequency
of the MI line for DWPT applications.

The polarity « of the mutual inductance M, or equivalently
of the coupling factor k, between two coupled-resonator coils is
determined by the relative direction of the flux linkage crossing
through the coil surfaces. For the sake of description, consider
typical coupled coils with side-by-side and coaxial orientations
in Fig. 3(b) and (c), respectively. By invoking Lenz’s law, the
opposite flux linkage direction in the side-by-side coils results
in u = —1. Therefore, due to the term u - ¢ 7% in the complex
wave representation at the resonant frequency, the propagating
MIW exhibits phase progression at 4+-7/2 rad as illustrated by the
rotating phasors in Fig. 3(b). For the coaxial coils in Fig. 3(c), the
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flux direction is the same, yielding u = +1 and phase progression
at —7r/2 rad as shown by the propagating MIW phasors in the
figure.

With reference to Fig. 3(a), the MI line is under a matched
condition when the Rx is coupled to the last cell (cell V) and
yields a referred series impedance Zn = Zy = jwM e~ [33],
where Z is akin to the characteristic impedance of a waveguide,
and exhibits only a real value Zy = woMe~ %= Ry at wg. Under
the condition, the incident MIW propagates with no reflection
from the Tx at cell 1 toward the termination at cell V, delivering
the maximum available power, P,, to the Rx load Z,. On the
other hand, when the Rx coil is coupled to cell m (m < N)
before the last cell, a discontinuity is introduced even if it yields
the same referred series impedance Z,,, = Zy. As a result, the
MIW undergoes both reflection and transmission at cell m.

B. Extended Analysis Formulation of the Generalized 1-D MI
Line and Beyond

In [23], the theoretical analysis of the MI line for DWPT
was elegantly developed via the relation between the effective
terminating impedance Z.r and the reflectance p, defined as
the ratio between the reflected and incident MIWs in a resonator
cell. However, the need for successive conversions between Z.p
and p from cell N back to cell 1 makes the analytical results
less explicit. It is also unclear whether the analysis method is
amenable to analyzing an MI line beyond one dimension, as in
the case of the circular MI structure proposed in this work.

Developed in this section is an extended analytical treatment
of the 1-D MI line, which includes not only the reflectance p but
also the transmittance 7, defined as the ratio between the trans-
mitted and incident MIWSs. The inclusion of the transmittance
enables more straightforward and concurrent analysis than the
use of only the reflectance in [23]. This extended analysis is also
applicable to a MI waveguide structure beyond one dimension.

By modeling the effect of the coupled receiver at cell n (for
n € [1, NJ) via a referred series impedance Z,, as shown in
Fig. 4(a), the analysis model of the generalized MI line is given
in Fig. 4(b). Note that an additional (reactive) impedance at cell
n can also be included in Z,,. Instead of employing only identical
mutual inductance M (or coupling factor k) as in the schematic
of the conventional line in Fig. 3(a), the model incorporates
different mutual coupling polarities between adjacent resonator
cells. Itis this additional design freedom on the coupling polarity
that is crucial to accomplishing a true nulls-free MI waveguide
for DWPT. For ease of analysis formulation, the polarity is
explicitly shown by the parameter u,, = +1. Together with
the positive mutual impedance X defined as, X = jw|M| =
jwl|k|L > 0, the mutual impedance between cell n and n + 1 is
uy, X . From [23], the referred impedance Z,, due to the coupling
of the Rx load impedance 71, [see Fig. 4(a)] to the nth cell of
the generalized MI model is given by

Zo = (Mx/MP|XP (2 + 21) @

where Z = R + jwL + 1/jwC is the intrinsic series impedance
of each resonator cell and Z = R under the resonance operation
at wg. Also indicated at each cell are the expressions of the inci-
dent and reflected waves, I,7 and I, , in terms of the reflectance
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(a) Resonator cell n coupled to load Z7, at Rx cell and symbol representation with referred impedance Z,,.(b) Analysis model of generalized MI line

with cell 1 to cell NV loaded by an impedance Z,,. Additional open-circuit cell N + 1 is included for analysis extension beyond one dimension. Also indicated are
expressions for incident (— ) and reflected (===p) MIWs, as well as input power (F,,) and output power at cell n (Poug,n)-

pn =1, /I, and transmittance 7,41 = |, ; /I,7|. The model
also includes an additional open-circuitcell NV + 1 for expanding
the analysis to an MI waveguide structure beyond one dimen-
sion.

Let us consider a section of the 1-D MI line comprising
cell m — 1 up to cell m + 2 in Fig. 4(b). To study how the
MIW is reflected and transmitted at the discontinuity due to
Zy atcell m, we set Z,,—1 = Zy+1 = Zm+y2 = 0. The result
from this simplification will be expanded to an arbitrary case
with nonzero Z,, at any cell n in Section IV-A. By applying
Kirchoff’s voltage law, the recurrence equations in terms of the
self-loop and coupled-loop currents at steady state governing
the resonator cells m and m + 1, respectively, are given by

(Z + Z’ITL) I’m + u’rn—lXIm—l + u’mXInH-l =0 (3)
Zlmg1 + um XLy + U1 X Ippyo = 0. )
For the cells with Z,, = 0, we have p,, = pp.1-¢>7¢ and

Tn+1 = +1. Following this, the total loop currents of the line
section around cell m are given with reference to I, by

p— um,1[$(e+7d + pme_'yd) (5a)
I =I5, (14 pm) (5b)
L1 = umeHI;ge’Vd(l + Pm+1) (5¢)
Lpio = um+1um7m+11jﬁ6727d(1 + pmyreT). (5d)

Note that the transmittance 7,,; and the reflectance p,,, are
due to Z,,, whereas p,,+1 is due to the reflection beyond cell
m + 2. By using (5b), the output power P, ,, delivered to the
load Zj, of the coupled Rx at cell m can be determined from the
referred impedance Z,,, given in (2) by

Posein = |nl* - Re (6Z,) /2 ©)
where the resonator losses in the Rx is excluded by the factor
d = Re(Z1)/(R + Re(Z1,)). The set of equations (2)—(6) are
central to the MI waveguide analysis in Section Il under lossless
conditions and Section IV-B under lossy conditions.

III. NULLS-FREE ACMI-BASED DYNAMIC WPT

In this section, the extended analysis formulated in Section II-
B isemployed to investigate the nulling effect caused by standing
waves in the conventional MI line for DWPT. With the insight
gained on the destructive interference mechanism between the
incident and reflected MIWs, the MI line configurations using
the alternate coupling polarity that inherently remove the power
nulls are then presented.

To facilitate the investigation without loss of generality, the
following assumptions are applied to the generalized MI model
of Fig. 4(b) to obtain closed-form expressions at the reso-
nance operation, including a lossless line, a matched referred
impedance at cell m (Z,,, = Ry), a reactive impedance termi-
nation Zu, and Z,, = 0 at n #= m and IN. Note that in Section
IV, the MI lines with losses and series impedances at any cell
will be analyzed to enable characterization of the power transfer
efficiency and validation of the analysis integrity with simulation
and measurement.

A. Closed-Form Equations for Lossless 1-D MI Line With
Single Load and Termination

By using (1), the lossless condition yields the attenuation
constant per cell ad = 0 and the phase factor per cell 8d =
7/2. Thus, we have e*7% = ¢®7/2 = 44 in the complex
MIW representation, and the characteristic impedance is real,

e, Zop = —jX = Ry = woM. With the use of (5), the
total loop currents of the line section around cell m can be
givenwithreferenceto I has Iy, 1 = jum 115 (1 — pp), Ly =
I;;(l +pm), Im41 = _jume+1I;_L(1 + pm+1), and I o =
~Um+1UmTm+1 L5 (1 — pm1). By substituting these current
expressions into (3) and (4) at Z = 0, the reflectance p,, at cell
m can be derived as

(1 = pim+1) Zm + 2pm+1R0o

= — 7a
P (I = pmt1) Zm + 2Ro 72
and the transmittance 7,4 from cells m tom + 1 as
(L4 pm)
T+l = —————. (7b)
" (1 - pm+1)
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TABLE I
CLOSED-FORM EXPRESSIONS OF EFFECTIVE TERMINATING IMPEDANCE AND
TRANSIMPEDANCE FOR LOSSLESS 1-D MI LINE WITH SINGLE-LOAD
IMPEDANCE Z,,, = R, AND REFLECTANCE AT TERMINATION p WITH

Hz]'vzl i

Uy =
N m Zeny Zrn
2 R
odd ‘R s
1+ pn j
Odd
_ 1+ p, .
Even 1-pv . Ry At pov g \Ro
2 2 7
2 1+ py .
0dd ‘R, _&@
1-py 1-pn A
Even
; 1+ py R
Even 1+ py ‘R, _iuT_VU
2 2 j
TABLE III

CLOSED-FORM EXPRESSIONS FOR INPUT IMPEDANCE Z;,, AND LOAD POWER
Pout,m FOR THE CONVENTIONAL MI LINE

Z, Pou m
N m
Zy=0 Zy=0 Zy=0 Zy=0

Odd R, o) P, 0
Odd

Even 0 R, 0 P

Odd o0 R, 0 Py
Even

Even R, 0 P 0

Whencellm =N,wehave Inyy; =0andthus py 1 =+1.By
using (7a), the reflectance at the termination of the generalized
MI line of Fig. 4(b) is

(Zn — Ro)
= —-—-—- 8
PN (Zn + Ro) (®)
Since Z, =0form+1<n <N — 1, wehave p, = —pn+1,

Tni1 = +1 and, thus, p,, 1 = —pn (1) "™, Substituting this
into (7) and using the expression in Fig. 4(b), the incident and
reflected MIW currents at cells 1 to N under the matched single
load Z,, = Ry and the termination Z are derived as

37T wiea, 1<n<m (%92)

I+ — i=1 "
Tt @Y [Jwis, m+1<n< N (%9b)

i=1
1—7 o pHLIn ) 1 S n S m (loa)
T U pn ()Y m+1<n< N (10b)

where p,, = —(1 — px(=DN"™/GB + pr =DV ™) and 7, 4 =
2/ (3 + pn(-1)N=™) with py given by (8). Based on (7)—(10), the
closed-form expressions for the effective terminating impedance
atcell 1 (Z.1) canbe derived. Also derived for an analysis of the
MI line beyond one dimension is the transfer impedance Zr,1,
defined as the ratio between the coupled voltage to cell N + 1
(with Zn 41 = 00) and the loop current at the input cell 1, i.e.,
Zrr1 = VNg1/lh = un X In/I;. Table Il summarizes Z.p; and
Zry1 versus even and odd number types of the Rx cell location
m, and the total number of cells N.
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Under the lossless assumption, the power Py, delivered to
the referred Rx load impedance Z,, = Ry is exactly equal to
the Tx power P, to the input of the MI line, i.e., the efficiency
1 = Pout,m/Pin = 1. Note that Py ,,, can be calculated using
(6) with § = 1. The closed-form equations in this section are
employed to study the lossless MI lines as discussed next.

B. Power Nulls in Conventional MI Line Revisited

The conventional MI line for DWPT is implemented using
identical coupling polarity factors u,, = +1 or —1 for n =
1 to N. To address the power nulling issue in [23], a simple
means is to make the termination switchable between short
and open impedance, Zny = 0 and Zy = oo, respectively.
Thus, to investigate the mechanism that leads to the power
nulling, we consider the conventional line under both termi-
nation impedances. To simplify the explanation, all the polarity
factors are chosen positive, u,, = +1, which yields a clockwise
(CW) phase progression in the propagating MIWs similar to
electromagnetic waves propagation in a typical waveguide.

Let us consider the MI line with no receiver. By using (8), we
have py = +1 at Zy =0, and py = —1 at Zx = . Based
on (9) and (10), we have p,, = pn (-DHN=" and Tm+1 = +1
at Z,,, = 0 with m € [1, N — 1], and the incident/reflected
MIWs for the last three cells of the line with normalization to
the incident wave are shown in Fig. 5(a) in the form of phasor
representation. In the figure, the incident MIW propagates with
a CW phase progression per cell at d = 7/2 toward cell N,
where it undergoes a total in-phase reflection under a short
termination Zy = 0, and an out-of-phase reflection under an
open termination Zy = o0. As the reflected MIW I propagates
back toward the source with the same phase progression, it
interferes with the incident MIW I} creating standing waves that
exhibit both total summation and total cancellation or nulling of
the loop currents /,,. Note from the figure that the destructive
standing wave patterns are opposite under the short and open
terminations. Consequently, the source power can be delivered
to the load only when the receiver is coupled to the cells with
nonzero loop current.

Consider the case with the receiver coupled to cell m = N
— 2. By using (8)—(10), we have py_o =0 and 7y_; = +0.5
at Zn = 0, whereas py_o = —1 and 7y_1 = +1 at Z = oo,
Subsequently, the normalized MIWs of the last three cells are
shown in Fig. 5(b). Under the short termination, the loop current
at the coupled receiver cell N — 2 is equal to the incident MIW,
and hence the source power is delivered to the load. Note that
after the cell, the magnitude of the transmitted and reflected
MIWs is reduced by half. On the contrary, the open termination
results in nulling of the loop current at cell N — 2, and hence
no power is delivered to the load. For the MI line implemented
by the square coils with side-by-side couplings for u,, = —1
[see Fig. 12(a)], the simulated magnetic field distribution using
an EM simulator is depicted in Fig. 5(c), where the nulling of
the coupled field from cell N — 2 to the Rx coil with a load is
evident.

With the use of the expressions in Table II, the input
impedance Zi, = Z.1 of the conventional MI line versus the Rx
cell location m and the total cells /N are summarized in Table III,
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Fig. 5. Phasor representation of (incident —p /reflected —=-p) MIWs and
loop currents of the conventional MI line under open and short terminations, for
the case of (a) no receiver and (b) receiver coupled to cell N — 2. Depicted in
(c) is simulated magnetic field distribution at Rx cell coupled to cell N — 2 of
the conventional line implemented using square coils under open termination.

under the terminations Z = 0 and Z = 0. Also given in the
table is the corresponding load power Py, determined using
(6). Note that P, = VS2 /8Ry is the maximum available power
under the input matched condition, i.e., Zs = Z;,, where the
asterisk denotes the conjugate operator. When Z;, = Rj, we
have P, m = Pav1, and when Z;, = 0 or co, we have P, =
0. As evident in the table is the periodic characteristic with the
Rx location m for both the input impedance (between Z;,, = 0,
00, and Rp), and the load power (between Py, = 0 and Pyy).
In particular, under Zy = 0, we obtain Z;,, = Ry and Py, m
= P,,1 when the receiver is coupled to cell m, with m being
the same odd or even number type as the total cells V. On the
other hand, under Z = o0, the same are obtained when m is of
the opposite type to N. Such characteristics are in line with the
observation in Fig. 5(a) and (b) and [23].
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Fig. 6. (a) Generalized MI line section with corresponding phasor rotations
of MIW (for the left to right propagation) under uniform and alternate coupling
polarities between successive resonator cells. (b) Quadrature-phase terminations
atcell IV for alternate phase change between incident (— ) and reflected (===»)
MIWs, and their corresponding phasor rotations.

C. ACMI Waveguide and Its Operation

From the above theoretical investigation of the conventional
MI line for DWPT, it can be deduced that the power transfer
nulls caused by standing waves are attributed to the changing
of phase associated with the propagation of MIWs along the
line and the reflection at the termination. In fact, such a de-
structive interference mechanism is inevitable in any form of
waveguides whereby two oppositely propagating waves with
the same magnitude become out-of-phase at one point, yielding
a total cancellation, and consequent power nulls in the MI line.
Nevertheless, it is this seemingly unavoidable characteristic that
provides a key basis to overcome the issue of power transfer
nulls at minimum cost to complexity. To this end, it is proposed
in this work the MI line with alternate mutual coupling polarities
that can limit the phase progression of the propagating incident
and reflected MIWs.

Letus consider a section of the generalized Ml line in Fig. 6(a).
Under a uniform coupling polarity where the polarity product
between successive couplings is u,—1 - u, = +1, the MIW
undergoes a constant phase change as it propagates between cells
along the line. Based on (9), this allows the phase progression of
the MIW to revolve over a complete cycle (27 rad), as depicted
in Fig. 6(a) by the CW rotation of its phasor representation for
the case of Uy,—1 = Uy, = Upm4+1 = U2 = +1.

To accomplish a limit on the amount of phase progression
of the propagating MIW, the coupled resonator cells are incor-
porated with alternate coupling polarities, where the polarity



8842

Iyo=1-j Iyy=1-j Iy=1-j

—1I
<=
Uy =-1

uyq =+1 Zy=-X

Iy o=1+j Iyy4=1+7 Iy=1+j
()
wmX uy_3X Uy o X uy_1 X
Zs F T T W T )
(]
on (¥ o (v vy (v}
1] ZN
v =+ ‘l—r o e
uy_y =-1 j A 2 A, Iy =+X
\
Iy = Iy = Iy =
_ I 0.8-04j 0.8-0.4j 0.8-0.47
o 1 b . .
Uy 9 =—1 g Yy N R
- — I
uy_y =+l ‘ Zy =-X
Iy, = Iy, = Iy =
08+04j 08+0.4j 08+0.4j

Fig. 7.  Normalized MIWs and loop current along the ACMI line under Zpn
= 4+ X for the case of (a) no receiver and (b) receiver located at cell N — 2.
Depicted in (c) is simulated magnetic field distribution with Rx cell coupled to
cell N — 2 of the ACMI line implemented using square coils under Zn = —X.

product between successive couplings is u,_1 - u,, = —1. This
can be shown by the section of the generalized MI line of
Fig. 6(a) with u;,—1 = U1 = +1 and uy, = U2 = —1. In

operation, as the MIW propagates from cell m —1 to cell m, it
undergoes a phase change at —n/2 rad because u,,, 1 = +1, With
the subsequent opposite coupling polarity wu,, = —u;,—1 = —1,
further propagation of the MIW from cell m to cell m + 1 yields
an opposite phase change at +/2 rad, thereby restoring the
original phase at cell m —1. Such a phase restoration operation
is repeated as the MIW propagates to subsequent pairs of cells.
In effect, the phase progression of the MIW propagating along
the ACMI line is confined to revolve over only a quarter of a
cycle (7/2 rad), as shown by its corresponding phasor rotations
in Fig. 6(a).

Based upon the alternate coupling principle, two configura-
tions of the ACMI lines for DWPT are developed. One of the
configurations incorporates quadrature-phase reflection at the
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TABLE IV
CLOSED-FORM EXPRESSIONS FOR INPUT IMPEDANCE Z;,, AND LOAD POWER
Pout,m FOR THE ACMI LINE WITH QUADRATURE PHASE TERMINATION

Zny =X
Ziy Pt m
N m
Iy=+X Zy=—X Zyn=+X Zy=—X
Odd | (1+) R, (1=j) Ry
Odd 08P,, 08P,
Even (1+7)-Ry/2 (1-7)-Ry/2
Odd (1=7)-Ry (I+7)- Ry
Even 08P, 08P,
Even | (1-j)-Ry/2 (1+j)-Ry/2

termination, derived from the perspective of alternate coupling
polarities. The other makes use of a circular line structure to
enable two optional routes on the ACMI line that take turns to
transfer power from the Tx to the Rx load.

D. ACMI Line With Quadrature Phase Termination

In the linear conventional MI structure, a lossless reactive
termination causes reflection and subsequent cancellation be-
tween the incident and reflected MIWs. Since the reflected MIW
is essentially the incident MIW that changes its propagating
direction at the termination, the concept of the alternate coupling
polarities can also be expanded to the selection of the termination
impedance Zy of the linear ACMI line for DWPT.

To keep the relative phase between the two MIWs to within
+/2 rad, the phase change due to the reflection at the last cell
N must be in quadrature and opposite (or alternate) polarity
to the phase change due to the coupling from the previous cell
N — 1. This is illustrated in Fig. 6(b). For a positive coupling
un—1 = +1 from cell N — 1 to cell N, it results in a CW or
a negative phase change at —x/2 rad in the incident MIW. To
obtain the alternate phase change at +7/2 rad in the reflected
MIW, the reflectance must be of positive quadrature phase at
+m/2 rad. This consequently yields py = +7, and by using
(8), we have the required termination impedance Zy = —X.
Conversely, for a negative coupling from the previous cell uy_1
= —1, which yields a counter CW phase change at +/2 rad
in the incident MIW, pny = —j must be selected to obtain the
reflected MIW with the alternate phase change at —7/2 rad as
also illustrated in Fig. 6(b). In this case, the required termination
impedance is Zny = +X. Since Z is still of a reactive type, it
incurs practically no loss to the linear ACMI line. Note that, in a
practical implementation, the required termination impedance
can be absorbed in the self-capacitive impedance of the last
resonator cell so that only one capacitor can be employed. It is
also important to point out that the use of the quadrature-phase
termination in the conventional MI line only shifts power transfer
nulls to half-point locations between centers of adjacent cells.

Let us consider the ACMI lines with quadrature phase ter-
mination for the case of no receiver. Based on (8)—(10), the
normalized incident and reflected MIWSs for the last three cells
are shown in Fig. 7(a) with Zny = +X and Zny = —X. Under
both terminations, the MIWs in each cell are in quadrature phase,
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and undergo a phase change within +7/2 rad. In addition, all the
normalized loop currents are in-phase and of equal magnitude,
yielding no power nulls at any Rx location.

Consider the case of the receiver coupled to cell m = N — 2.
By using (9) and (10), we have py_2 =02+ 0.4j5and 7y _1 =
0.6-0.25at Zny =+X,whereas py_o=—0.2+0.47and 7ny_1
=0.6+0.27 at Zy = — X. Subsequently, the normalized MIWs
and loop currents for the last three cells are shown in Fig. 7(b).
It is clear that under both terminations, no cancellation of the
MIWs and thus no power transfer nulling is observed at any cell,
albeit with nonzero reflectance and hence the transfer of power
less than P,j. For the linear ACMI line implemented by the
side-by-side/overlapped square coils for u,, = £1 [see Fig. 12(a)
and (c)], the simulated magnetic field distribution using an EM
simulator is depicted in Fig. 7(c). Clearly, the field along the line
is continuous, and the coupled field to the Rx coil at cell N-2 is
strong.

Similar to its conventional counterpart, the ACMI line with
quadrature phase termination can be characterized by using the
closed-form expressions in Table II. Summarized in Table IV are
the input impedance and the output load power relative to the
available power under Zny = —X and Z = +X. As indicated,
the nulls effect has been removed, and the power delivered to
the load is constant at P, ., = 0.8 - P,y1, regardless of the Rx
location m and the total cells V. Also indicated is the periodic
input impedance characteristic between Z;,, = (1 £ j)Rp and (1
=+ j)Ro/2, which still results in a constant output power because,
under the lossless conditions, we have

_V-Re((1£))R)

out,m 2‘R0+(1 :t])RO|2
Re(U£//2) _sp - (1)

2\Ro +(1£7)Ro/2]

It is clear from (11) that the lower (higher) input impedance
is completely counterbalanced by the associated higher (lower)
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Analysis models of (a) two transmitters located at opposite ends of the ACMI line with N + 1 cells and (b) circular ACMI line with an odd total cell

input current supplied by the source, thereby maintaining the
amount of power delivered into the ACMI line and hence to the
Rx load.

E. Alternately Coupled Circular MI Line

As conceptually illustrated by the analysis model of Fig. 8(a),
the other ACMI configuration to overcome the power transfer
nulls makes use of two transmitters located at opposite ends of
the ACMI line, i.e., at cell 1 and cell N + 1. With an odd NV,
the two transmitters essentially take turns to supply power to the
receiver load coupled to cell m along the line. For an even N,
the same operation is not feasible and thus will not be discussed.

Without loss of generality, the transmitters are assumed a
current source type for ease of description. By virtue of su-
perposition, when considering individually the source Ig; or
Isn 1, the model of Fig. 8(a) yields the ACMI line with a short
termination and the total number of cells N. In particular, when
Iqq is active, the line is terminated at cell N with Z = 0, and
when Ign 41 i active, the line is terminated at cell 2, with Zo =
0. Based on Table III, for the line with a short termination and an
odd N, the source can only supply power to the receiver coupled
to an odd-numbered cell m. Following this, for the ACMI line
equipped with the two transmitters, /s, can supply power to the
receiver load at an odd-numbered cellm (=1, 3, ..., N), whereas
Isn+1 can supply to the load at an even-numbered cell m (=
2,4, ..., N — 1), which is an odd-numbered cell with respect to
the source Ign 1. In essence, the two sources interchangeably
supply power depending on the Rx location, thereby removing
the power transfer nulls.

By combining the two transmitters in the 1st and (N + 1)th
cells into one single cell, the circular ACMI line with an odd
total cells [V is obtained as shown in Fig. 8(b). With the use of
(9) and (10), the loop current in each cell can be determined by
separately considering the MIWs due to the source Ig; in the
CW and CCW directions, as indicated by ISV andI$“Win the
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Fig. 9. (a) Normalized loop currents in CW and CCW directions of circular
ACMI line with m = 3 and N = 7 and (b) comparison of simulated magnetic
field distribution when the Rx cell is coupled to two adjacent cells of the circular
MI and ACMI lines implemented using circular-arc coils.

figure. The total loop current /,, in each cell is equal to the sum
of the loop currents in both directions, i.e., I, = ISV + ICW.

Considering the circular line with m = 3 and N =7, Fig. 9(a)
shows the CW and CCW loop currents normalized to their
corresponding 7;" “Wand I ha CCW " Also indicated in the figure
are the sum of the normalized currents in each cell. Due to the
incorporation of the alternate coupling, the relative phase among
the total currents is limited to 7/2 rad. Consequently, when
the Rx is located in between two adjacent cells, the Tx power is
delivered to the load via the MIW propagation in both the CW
and CCW directions. The simulated magnetic field distribution
when the Rx cell is coupled to two adjacent cells is depicted in
Fig. 9(b) for both the circular MI and ACMI lines implemented
using the side-by-side and overlapped coupled circular-arc coil
arrangement [see Fig. 12(b) and (d)]. In comparison to its MI
counterpart, which exhibits Rx field nulling, the coupled field to
the Rx cell of the ACMI line is evident. Note that due to the CW
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and CCW power transfer paths, which results in nonzero total
circulating loop currents in all the cells, the associated loss of
the circular line is equivalent to that of two conventional lines.

The input impedance and power transfer characteristics of
the circular ACMI line can be examined using the closed-form
expressions in Table II. Since cell 1 and cell N + 1 in Fig. 8(a)
are combined into the Tx cell 1 in Fig. 8(b), which is in turn
coupled to both cell 2 and cell N, the input impedance Zi, is
determined by the sum of the driving-point impedance Z.7; and
the transimpedance Zr,1 associated with the MIW propagations
from the Tx source in both CW and CCW directions. Based on
Table II with py = 0, by combining the impedances Z.r; and
Zry1 resulting from both propagation directions, the net input
impedance Z;,, can be given by

{RO + 2jur-Ro, N =1,5,9,...
Zer1 =

Ry — 2jurrRo, N =3.7.11,... U2

where ur, is given in Table II. It is evident from (12) that
the nulls-free circular ACMI line exhibits a constant input
impedance Zi,, independent of the Rx location m. Therefore,
with the matched source impedance condition Zs = Z} , the

available power P, from the source to the load can be accom-
plished.

IV. EFFICIENCY CHARACTERISTICS UNDER LOSSY
CONDITIONS

The analytical formulation in Section II-B based on the re-
flectance and transmittance in the generalized M1 line of Fig. 4(b)
is now employed with the inclusion of losses and multi-Rx
couplings to the resonator cells to derive the incident/reflected
MIWs and loop currents, as well as the input/output power and
transfer efficiency. Subsequently, the efficiency characteristics
of the proposed ACMI lines are investigated in detail. This helps
facilitate design implementation of the ACMI lines in a practical
scenario, and enables verification of the analysis integrity with
simulation and experimentation in Section V.

A. Analysis With Resonator Losses

With the substitution of (5) into (3) and (4) at ad # 0, the
reflectance p,,, and the transmittance 7,,, 1 at cell m of the MI
line can be derived as

Pm =

(e‘”d + pm+1e’7d) L + (e+7d - e’"’d) Prmp1 Xe e
(et + ppp1e77) Zp, — (et7d — e=7d) Xetd
(13a)

__ ltpm
1+ prre 2

It is noticed from the equations that the factors u,, have no
effect on the reflectance and transmittance, and only determine
the polarities of the MIWs and loop currents as given in (5).

Based on (13), when Z,,, = 0, we obtain 7,1 = +1 and
Pm = pmi1e 274 as expected. For the case that cell m is the
last cell and thus Z,,, is the terminating impedance, we have the
loop current I,,+; = 0, and thus p,,+1 = —1. By using (13a),

Tm+1 (13b)
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Fig. 11.  Single coil geometry of (a) linear structure and (b) circular structure.

the reflectance at the termination cell becomes
Z — Xed
Zop — Xetrd'
On the other hand, (14) can also be used to determine the
effective terminating impedance Z.r,, at any cell n along the

MI line in terms of its reflectance p,,. That is, by rearranging
(14), we have

pm = — (14)

(15)

—vd +vd
Zom = X <+—ﬂ) _

1+ pn
The analysis of the M1 line starts with recursive calculation of

the reflectance p,, and the transmittance 7,, from the termination
cell n = N toward the input cell n = 1. At the last cell N,

8845

the reflectance py is given by (14) with Z,, = Zy, and for
the subsequent cell 1 < n < N, p, is given by (13a) with m
= n. The transmittance 7,, is then calculated by using (13b).
Following this, the MIWs and the corresponding loop currents
are determined in terms of the incident current wave I at the
input cell, from cell n = 1 toward the last cell N. With the use
of (5b) and (5c¢), it can be shown that

L= (1+pn)e "D [Juicim, 1<n< N (16)
i=1
with ug = 71 = +1. Having determined all the loop currents,
the output power P, to the receiver load at cell m is simply
given by (6).

To enable calculation of the input power P,,, the net input
impedance Z;, of the generalized MI line seen by the voltage
source Vg has to be derived. This requires the expression of the
effective terminating impedance Z.7; at cell 1, which can be
determined using (15) with n = 1. Also required is the transfer
impedance Zr,.1, which by using (16) can be expressed as

N
1+ _(N—
Zpr1 = Vng1/Ih = un X (ﬁ) e W 1)”’di1:[1ui,17i.

(17)

At the resonance operation, we have Zi, = Z. + R for the

linear MI lines and Zi, = Z.r1+ Z71r1 + R for the circular

lines. Since the source current /g supplied by the voltage source
Vg is given by I = Vs/(Zs + Ziy), this yields

P = |Vs/(Zs + Zin)|2Re(Zin)/2. (18)

Following this, the power transfer efficiency to the receiver
load at cell m is given by 71, = FPout,m/FPin, and the overall
efficiency n of the MI-based DWPT line is equal to the sum
of all the transfer efficiencies. Based on the described analysis
procedure, two programs were written in Python [34] for the-
oretical performance calculation of the generalized linear and
circular MI waveguide configurations.

B. Efficiency Characteristics of ACMI Lines With Losses

Based on the analysis with the resonator loss model, the
efficiency of the proposed ACMI lines can be quantitatively
characterized to serve as a guideline for design and implemen-
tation in practice. Similar to other DWPT systems, the major
mechanism limiting the efficiency stems from losses associated
with the coil inductor L, whereas losses due to the capacitor
C' are much less. With inductor losses dominant, the figure of
merit in terms of the normalized quality factor Q; = Q/d can
be utilized to compare various reported resonators in wireless
power applications [35], where d is the coil diameter assuming a
circular type. For other coil structures, an equivalent dimension
d ~ 21/ Acoir /T is employed here, where A.,;; is the coil area.
In essence, ()4 indicates that the total quality factor () of the
resonator is proportional to the coil dimension [36], [37]. Thus,
in practice, the largest coil dimension allowed by the size of the
wirelessly powered moving base should be selected for highest
@ and efficiency. For high-frequency operation where losses are
mainly due to the skin and proximity effects, Q4 up to 100 cm™!
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at 13.56 MHz is feasible, particularly with an air-core inductor
[35], [38].

With the use of the analytical formulation with losses in
(13)—(18), the efficiency plots (averaged over all cells) versus
total number of cells IV at different () values were determined
as shown in Fig. 10(a) and (b) for the linear and circular ACMI
lines, respectively. In each plot, the range of the quality factor )
starts from the practical value obtained from the corresponding
coil implementation in Section V and increases up to three
times. Note that a higher quality factor can be achieved by
proportionally scaling up the coil dimension (based on the figure
of merit 4), and/or by making use of an air-core inductor. The
plots indicate a lower efficiency at a higher number of cells N,
and a higher efficiency at a higher Q). These performance trends
are of typical characteristic in DWPT systems. Also, note that
more discrepancy between the analytical efficiency plots and
simulation/experiment is expected as N becomes larger because
the total loss calculation is based on the approximated attenu-
ation constant per cell in (1a). On the contrary, the operation
of the ACMI lines to suppress the nulls is unaffected by the
approximated phase constant in (1b) since the phase progression
per cell is still maintained at /2 under the operating resonance
frequency wy.

For the linear ACMI line with N = 7 as in the experiment of
Section V, the 10 x 10 cm? square planar conductor coil using
printed circuit board (PCB) [see Fig. 11(a)] with a simulated )
=214 (or Qg =214/(2 /100/7) = 18.96 cm~!) was employed.
From Fig. 10(a), the calculated efficiency at n ~ 63% can
be obtained. Considering the case that the coil dimension is
increased to 20 x 20 cm? (with fewer turns to maintain the
inductance), its quality factor is proportionally increased by
twofold, and the efficiency of the linear ACMI line increased
ton ~ 79% at N = 7 as indicated in Fig. 10(a). By increasing
the number of cells to N = 11 for more coverage area and track
length, the efficiency 1 ~ 71% is obtained. To maintain the
efficiency at n =~ 79% at N = 11, the quality factor has to be
increased to @) = 642. This may be achieved by further enlarging
the coil dimension if allowed by the size of the moving base, or
by employing an air-core inductor with an inherently higher ()4
than its PCB counterpart [35].

For the circular ACMI line with N = 7 in the experiment, the
circular-arc PCB coil [see Fig. 11(b)] with a simulated @ = 211
(Qq = 211/(21/95.2/7) = 19.16 cm™!) yields the calculated
efficiency at =~ 63% as indicated by the efficiency plot of
Fig. 10(b). To increase the efficiency 7 up to ~79%, an increase
in the quality factor is required by about twofold at N = 7 and
three-folds at N = 11. Similar to the linear ACMI case, this
can be achieved by proportionally increasing the coil dimension
with more coverage area and track length, and/or making use of
an air-core coil implementation.

For the demonstrated DWPT system using the circular ACMI
line with V = 7 in Section V-D, since the efficiency was
calculated at 7 =~ 63% and the employed moving base consumed
up to 1.0 W of power, a 13.56-MHz power amplifier (PA) with
more than 1.59 ( = 1.0/0.63) W was used. For a real practical
scenario, a scaled-up system normally employs a larger coil
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Fig. 12.  Side-by-side coupling geometries for (a) square coils in the linear
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displacement [mm] for square coils, and (d) overlapping arc [degree, °] for
circular-arc coils.
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Fig. 13. Implementations of the ACMI-based DWPT lines with a total number
of cells at N = 7 for (a) linear structure (u1,3,5 = —1 and u2 4,6 = +1) and
(b) circular structure (u1,3,57 = —1 and ug 4.6 = +1).

dimension, and requires more coverage area, higher efficiency,
and higher PA rating. For example, a target practical DWPT
system using the circular line may be designed using a larger
coil dimension than the prototype coil of Fig. 11(b) by twofold.
Based on the figure of merit @) 4, this should yield about two times
the quality factor. Given an acceptable efficiency at n = 75%,
the maximum number of cells is at N = 9 as indicated by the
efficiency characteristic of Fig. 10(b). With a20-W consumption
in the moving base, a Tx PA with at least 26.6-W power rating
is required.

It should be noted that the plots of the average efficiency
versus the total cells in Fig. 10 are based on the assumption
that the autonomous moving base spends equal time over each
resonator cell when traveling along the ACMI lines. From the
operational description in Section I, the moving base in fact stops
and spends proportionately more time carrying out production
tasks at manufacturing stations. Therefore, given the efficiency
variation over cell positions of the ACMI lines (as obtained in the
experimental results of Section V), the overall efficiency can be
further improved by allocating these stations at resonator cells
with higher efficiency.

Another viable method to further extend the coverage area
while achieving high efficiency is to utilize the linear ACMI
configuration in combination with the distributed multi-Tx seg-
mentation [16], [19] to form an effectively longer track in the
circular or linear ACMI-based DWPT system. In comparison
to the conventional segmentation, significantly fewer multiple
Tx power sources are needed, thanks to the null-free power
transfer over a number of resonator cells within a single ACMI
line segment. This consequently yields a much more relaxed
tradeoff between area coverage versus complexity and cost. Note
that each multi-Tx segment can be isolated by designing the
overlapping distance between the adjacent coils of cells 1 and
N of the ACMI lines to obtain zero coupling [see the coupling
plots at k = 0 in Fig. 12(c) and (d)].
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TABLE V
EM SIMULATED ELECTRICAL PARAMETERS OF SELF AND COUPLED COILS AT
13.56-MHZ RESONANCE

Symbol QuantiTy Stemre _ Strcture
L Self Inductance («H) 2.647 2.440
T Inductor’s loss Resistance (£2) 0.855 0.786
M, Side-by-Side Mutual Inductance («H) —0.2408 —-0.2244
k, Side-by-Side Coupling Factor —0.09097 —0.09197
M, Overlapped Mutual Inductance («H) +0.2414 +0.2280
A Overlapped Coupling Factor +0.09120 +0.09344
C, Resonant Capacitance (pF) 52.04 56.46
ro Capacitor's loss Resistance (2) 0.20 0.20

V. IMPLEMENTATION AND VALIDATION

To demonstrate their practical feasibility, the proposed true
nulls-free ACMI configurations for DWPT using the linear line
structure with quadrature phase termination of Fig. 7(b) and
the circular line structure of Fig. 8(b) were implemented and
characterized. Comparative performances with their conven-
tional MI counterpart are also provided. The integrity of the
extended analysis under lossy conditions is also verified through
comparisons between theoretical calculation and measurement.
It should be noted that since the implementations were mainly for
the demonstration of the nulls-free characteristic, optimization
with regard to practical aspects, such as high efficiency and
output power, was not taken into account.

A. Implementation Setup

For both linear and circular ACMI-based DWPT lines, the
total number of cells was selected at N = 7, and the resonator
coils were fabricated using a 1.6-mm thickness FR4 substrate
double-sided PCB with surface mount ceramic chip capacitors
soldered in series to tune to the resonant frequency of 13.56
MHz. Note that for a higher first-order coupling factor, lower
loss, higher output power, and transfer efficiency, a multilayer
PCB with smaller thickness [39]-[41], or air-core coils [35],
[38] may be employed for the implementation.

As depicted in Fig. 11(a) for the linear structure, each coil
is a 10 x 10 cm? four-turn square spiral, with a 3.3-mm trace
width and a 1-mm gap. For the circular structure as depicted in
Fig. 11(b), each coil is a four-turn 60.626° circular-arc spiral with
a 3.5-mm trace width, a 1-mm gap, and inner/outer diameters of
80 mm/280 mm. Table V summarizes the electrical parameters
of both coils calculated from electromagnetic (EM) simulation,
including the self-inductances, self-capacitances, and effective
series loss resistances. Also given are the corresponding series
capacitors for a 13.56-MHz resonance.

To form a planar track for DWPT to the planar Rx coils of the
moving bases via vertical coupling as illustrated in Fig. 1, the
side-way coupled coil arrangement was adopted for the ACMI
lines. For the negative coupling factor k,,, the coupled coils were
placed side-by-side as shown in Fig. 12(a) and (b) for the square
and circular-arc coils, respectively, to obtain the opposite flux
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linkage direction as described by Fig. 3(b). At a 0.5-mm gap to
maximize the coupling magnitude with some margin to account
for PCB processing tolerance, the first-order coupling factors
was k, = —0.09097 for the coupled square coils, and k,, =
—0.09197 for the coupled circular-arc coils, as determined from
EM simulation.

For the positive coupling factor k,, the coupled coils were im-
plemented on opposite sides of the 1.6-mm-thick double-sided
PCB to enable partial overlapping and the same flux linkage
direction similar to the coaxially coupled coils in Fig. 3(c).
The coupling factor &, versus the overlapping displacement (pq
[mm]) between the square coils and the overlapping arc (p,
[degree, °]) between the circular-arc coils, as determined from
EM simulation, are given in Fig. 12(c) and (d), respectively.
Guided by the design condition of identical positive and negative
coupling magnitudes, |k,| = |kp|, pa = 33.3-mm for k, =
+0.09120, and p, = 21.462° for k,, = +0.09344 were selected
for the overlapped coils implementation.

Under the alternate coupling configurations of the square
and circular-arc coils of Fig. 12, the second-order coupling
factors between nonadjacent coils were simulated at less than
10% and 18%, respectively, of their corresponding first-order
couplings. Thanks to the partial overlapping, the second-order
couplings were small and can thus be omitted as assumed in the
analysis. This assumption was later validated by the measured
and simulated results (see Figs. 15-20), which were shown to
be in close agreement with the theoretical calculation.

The seven-cell implementation of the linear ACMI-based
DWPT line is shown in Fig. 13(a). Due to the use of the
overlapping arrangement between the last two coils for a positive
coupling factor (u—1 or ug = +1), the capacitance at the termi-
nation cell was set at C'; = 47.40 pF for a negative termination
impedance at — X, as described in Section III-C. The seven-cell
circular ACMI-based DWPT line is shown in Fig. 13(b). The
Rx cells for both implementations were of their corresponding
13.56-MHz resonance coil types, with an added series load
resistance equal to their associated characteristic impedance Ry.
Following this, the magnitude of the Rx coupling factor |k x| that
approximately yields the referred impedance Ry at the loaded
cell is the same as that of the mutual coupling |k| (with |k, | ~
|k,,|) between adjacent cells for each implementation. Table VI
summarizes all the equivalent circuit parameters, including the
effective series loss resistance 7o (at ~0.20 €2) in the selected
chip capacitors. These parameters were employed for theoretical
performance calculation of the implemented linear and circular
lines using the analysis described in Section I'V-A.

B. Measurement Setup

The experiments were set up as shown in Fig. 14(a) and (b) for
the linear and circular ACMI-based DWPT lines, respectively.
A Rohde and Schwartz model ZVB20 vector network analyzer
was employed with Port 1 serving as the Tx source and Port
2 as the Rx load. Through the measured two-port scattering
or S-parameters with a 50-() reference impedance (7 ¢f), the
devices’ performances in terms of the power transfer efficiency
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TABLE VI
SUMMARY OF EQUIVALENT CIRCUIT PARAMETERS FOR THEORETICAL
CALCULATION OF LINEAR AND CIRCULAR ACMI-BASED DWPT LINES

Parameters Linear Structure Circular Structure
@, (rad/s) 27%13.56%10° 27x13.56%10°
L H) 2.647%10° 2.440%10%
Gy (F) 52.04x107" 56.46x10™"
R =r;+rc(Q) 1.055 0.986
K = (k.| +K,))/2 0.09108 0.09267
Ry (Q) 20.54 19.11
X(Q) +20.54; +19.115

Circular ACMI line \

(b)

Fig. 14. Experimental setup for S-parameters measurement of (a) linear and
(b) circular ACMI-based DWPT lines.

and load power normalized to the available source power were
characterized.

As noticed in Fig. 14, a transparent acrylic sheet (with laser
milled holes and openings) was placed above each of the struc-
tures by nonmetal standoffs to support both horizontal (x-axis
for the linear structure, and p-axis in the cylindrical coordinate
for the circular structure) and vertical (z-axis) movements of
the receiver. At a specified height, which determines the mutual
coupling between the DWPT line and its receiver, the corre-
sponding S-parameters were measured and recorded at each of
the specified Rx positions along their full straight/arc lengths.
Subsequently, the power transfer efficiency (1) was calculated
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by [42]
Pout o |S21|2 1- |PL|2
= = 5 5 (19)
P |1 — Sool'|” 1 —|Tin
and the normalized output power P,/ Pay1 by
Pout 2 ‘1 B FS|2
=n(1—|I'y]) ————— 20
Pavl TI( | ‘ ) |1 — FinFS|2 ( )
where I's = (ZS — Zref)/(ZS + Zref)er = (ZL - Zref)/
(Zy, + Zyet), and Ty = Sip + [S12521T0 /(1 — Sa2T'1)],

with the specified source impedance Zg and receiver’s load
impedance Zp, of the linear and circular structures typically
different from Z,.t = 50 §2. Note that the device performances
can also be calculated by postprocessing the measured
S-parameters in the Keysight Advanced Design System tool
[43].

C. Performance Results and Comparison

1) Linear ACMI-Based DWPT Line: For the linear nulls-free
ACMI line, the Rx locations for measurement were specified by
dividing its length between the centers of the Tx cell 1 and the
termination cell 7 (see Fig. 13) into 50 uniform steps yielding
the normalized Rx positions 0-50, as shown along the x-axis
of Fig. 15. The nominal Rx height that yielded |kx| = |k| was
determined at 65.0 mm based on EM simulation of two axially
aligned coupled square coils. The load impedance Zt, at the Rx
was set to be purely resistive at Z1, = Ry, = Ry = 20.54 2 as
indicated in Table VI, and the source impedance Zg was equal
to the real part of the average input impedance over all the Rx
positions.

At the nominal height of 65.0 mm, the measured efficiency
(n) and normalized load power (Pyyt/Pay1) at 13.56 MHz versus
the normalized Rx positions are given in Fig. 15(a) and (b),
respectively. Also included for comparison are the results based
on EM simulation using Computer Simulation Technology soft-
ware [44] and the extended analytical equations in Section IV-A,
applicable particularly at the centers of each cell.

As evident from Fig. 15(a) and (b), the measured results of
the linear ACMI line (thick black solid lines) exhibit nulls-free
characteristics over the entire Rx positions, with the power
transfer efficiency from 55% up to 71%, and the delivered load
power from 50% up to 69% of the available source power.
The obtained levels of performance are mainly determined by
losses associated with the square coils. The average measured
efficiency was calculated at 64% and the average normalized
load power at 60% over all the Rx positions. Note the measured
results are in excellent agreement with those obtained from EM
simulation (red lines), and in close agreement with the theoret-
ical calculation (circles). Also, note that the symbol positions
correspond to the centers of the cells.

Also shown in the figures are the measured and simulated
results (black solid/dash lines), as well as theoretical results
(squares) of the seven-cell conventional MI-based DWPT line
implemented using the same square coils with only the side-
by-side couplings. The performance nulls at periodic receiver
positions are clearly noticed. It should be noted that the peak
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Fig. 15. Measured, simulated results (lines), and theoretical results (points) at

Rx height of 65.0 mm of linear ACMI-based DWPT structure with quadrature
phase termination: (a) power transfer efficiency and (b) normalized output load
power. Also included are the results from measurement/simulation (lines) and
theory (points) of conventional linear MI counterpart. Circle and square positions
correspond to the cell centers. (c) Simulated transfer efficiency of the linear
ACMI line with last cell at Z7 = 0 (short), Ro (matched) +j Ro (quadrature
phase), and oo (open) terminations.

power efficiency and normalized power in the conventional line
are higher because those nulled cells with near-zero circulating
loop currents contribute practically no power loss. Also note that
the discrepancies between the measured/simulated and theoret-
ical results are somewhat higher in the linear nulls-free ACMI
line, as compared to its MI counterpart. This is mainly attributed
to the overlapped coupling arrangement and relatively higher
second-order mutual couplings associated with the alternate
coupling coils of the ACMI waveguide structure, which were
not taken into account in the analysis.
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Fig. 16. Load regulation performance of the linear MI- and ACMI-based

DWPT lines in terms of (a) average efficiency versus load resistance Ry, and (b)
average normalized power versus load resistance Ry,, from theoretical analysis
(points), measurement, and simulation (lines).

Itis also instructive to show in Fig. 15(c) that the simulated ef-
ficiency results of the linear ACMI line with open/short/ matched
terminations, together with the two quadrature termination con-
ditions (at Zny = £X = £jRy). As theorized in the analysis,
only the quadrature termination at Zy = —X = —j R in the last
cell 7 yields a true nulls-free characteristic because this provides
the alternate phase polarity in the reflected MIW with reference
to the incoming MIW from the previous cell 6 [see Fig. 6(b) for
un_1 = +1].

To analyze the load regulation performance of the linear MI-
and ACMI-based DWPT lines, the dependence of the efficiency
and normalized power against the load resistance R, of the Rx
coil were characterized. To take the free-positioning of the load
into account, the analysis was based on the average performance
over the Rx coil locations for each load resistance.

Fig. 16(a) shows the average efficiency (1)4,4) versus Ry, for
the linear ACMI line via the theoretical calculation (circles),
averaged over the Rx locations at the cell centers. Also given
with close agreement are the measured and simulated load
regulation performances (black/red solid lines) based on the
average efficiency over all the Rx coil locations along the line. A
small variation in the measured average efficiency between 55%
and 64% can be observed over Ry, ranging from Ry/2 to 2R for
half and twice load conditions, respectively. The load regulation
of the conventional linear MI line was also characterized via
the theoretical analysis (squares), measurement, and simulation
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Fig. 17. Results from measurement and simulation (lines), as well as theory

(circles) for power transfer efficiency and normalized load power of linear ACMI
structure with quadrature phase termination at (a) 55-mm Rx height and (b)
75-mm Rx height. Circle positions correspond to the cell centers.

(black solid/dash lines), as also included in Fig. 16(a). Although
a similar variation was observed, the average efficiency of the
conventional line is smaller due to its inherent periodic power
nulls. Fig. 16(b) shows the load regulation in terms of the average
normalized power (Poyt/Pay1) against Ry,. Performance trends
similar to Fig. 16(a) can be observed, with a variation in the
measured average normalized power between 48% and 60% for
the linear ACMI line over the Ry, range.

Fig. 17(a) and (b) shows the measured results of the linear
ACMI line (black solid lines) at the Rx heights of 65.0 £ 10.0
mm, i.e., at 55.0 mm and 75.0 mm, respectively. At both heights,
the null-free performance characteristics are maintained over the
normalized Rx locations, with the power efficiency from 48%
up to 79%, and the normalized load power from 42% up to 72%.
Again, the measured results are in excellent agreement with EM
simulation (red lines), in close agreement with the theoretical
calculation (circles). It is also observed from Figs. 15 and 17
that the efficiency and power performances tend to decrease at
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Fig. 18.  Measured, simulated results (lines), and theoretical results (points) of
(a) efficiency and (b) normalized load power for the circular ACMI-based DWPT
line at receiver height of 65.0 mm. Also included are the results from measure-
ment, simulation (lines), and theory (points) of MI-based circular counterpart.
Circle and square positions correspond to the cell centers.

a Rx position away from the Tx cell. This is due to losses as the
MIWs propagated down the line to the termination cell.

2) Circular ACMI-Based DWPT Line: The normalized Rx
positions for measurement of the nulls-free circular DWPT line
were specified by dividing its full arc-length along the p-axis
into 36 uniform positions at angles between 0° and 360° from
the center of the transmitter cell 1 back to the same position.
Similar to its linear counterpart, the nominal height that yielded
|k x| ~ |k| was determined at 65.0 mm. The load impedance was
set at Ry, = Ry = 19.11  as given in Table VI, whereas the
source impedance Zg was determined by the complex conjugate
of the average input impedance over all the Rx positions.

At the nominal height and 13.56 MHz operation, the effi-
ciency (1) and normalized load power (P t/Pay1) versus the Rx
positions of the circular ACMI-based DWPT lines are shown
in Fig. 18(a) and (b), respectively. The measured results are
indicated by thick black solid lines, simulated results by red
lines, and analytically calculated results by circles. The angle
positions corresponding to the cell centers are also indicated by
the circles in the figures. The measurement showed the power
transfer efficiency from 52% up to 66%, and the load power
from 51% to 63% of the available source power. The average
measured efficiency was calculated at 59% and the average
normalized load power at 58% over all the Rx positions. Also
included in Fig. 18 are the measured and simulated results (black
solid/dash lines), as well as theoretical results (squares) of the
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Fig. 19. Load regulation performance of the circular MI- and ACMI-based

DWPT lines in terms of (a) average efficiency versus load resistance Ry, and
(b) average normalized power versus load resistance Ry,, from theoretical
analysis (points), measurement, and simulation (lines). For the circular MI line,
the performances at half-cell location were assumed zero and included in the
theoretical analysis to account for its power nulls characteristic.

seven-cell circular MI counterpart with only the side-by-side
couplings. Clearly, the periodic performance nulls are observed
at the Rx positions between the cells that possesses out-of-phase
total loop currents.

The same load regulation analysis similar to the linear im-
plementation was applied to the circular MI and ACMI lines, as
shown by in the average efficiency (7)4.4) and normalized power
(Pout/ Payv1) versus the load resistance Ry, in Fig. 19(a) and (b),
respectively. Based on the measurement, the circular ACMI line
exhibits an efficiency variation between 51% and 62%, and a
normalized power variation between 50% and 59%, over Ry,
ranging from Ry/2 to 2Ry. For the circular MI counterpart,
although indicating similar variations, the measured average
efficiency and normalized power are smaller due to its power
nulls characteristic.

For the Rx height at 55.0 and 75.0 mm, the measured results of
the circular ACMI line are shown in Fig. 20(a) and (b), indicating
the nulls-free characteristic with the efficiency between 48%
and 70%, and the normalized load power between 47% and
66%. Also, the measured average efficiency was more than
55% and the average normalized load power more than 55%.
As evident from Figs. 18-20, all the measured results are in
excellent agreement with EM simulation, and in close agreement
with the analytical calculation. It should be noted that, unlike its
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Fig. 20. Results from measurement and simulation (lines), as well as theory

(circles) of efficiency and normalized load power at Rx height of (a) 55.0 mm
and (b) 75.0 mm for the circular ACMI line. Circle positions correspond to the
cell centers.

linear counterpart, no performance attenuation trend against the
Rx position was observed in the circular line. This should be
attributed to its two-path power transfer operation via both the
CW and CCW directions, where each path experienced periodic
power nulls and hence less power loss before reaching the load.

D. Demonstration Model of Batteryless DWPT System

Fig. 21 shows a scaled-down model of the batteryless DWPT
system of Fig. 1 utilizing the seven-cell circular ACMI wave-
guide of Fig. 14(b) at a 13.56-MHz operating frequency. As
compared to a kHz operation, a MHz operation is more suitable
for the DWPT system because the Rx coil of the moving base can
be implemented with a few turns, yielding a more compact and
lighter weight Rx coil. For ease of implementation, the moving
base was made of one wheel driven by a dc motor, with a diode
rectifier, a dc—dc converter, and an Arduino board for motor
speed and direction controls. Its power consumption during the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

Power Amplifier

S [ |

Circular ACMI Waveguide

Fig. 21. Experimental batteryless DWPT system model for demonstration
of nulls-free continuous power transfer using the implemented circular ACMI
waveguide.

operation was up to 1.0 W. The base was attached to the Rx coil
along arotating shaft and entirely powered by the circular ACMI
waveguide located at a 65-mm gap underneath. An off-the-shelf
PA was used as the single Tx source.

To validate the feasibility of delivering continuous power
along the track with no use of batteries, demo experiments of the
DWPT system with one and two moving bases were conducted,
and can be watched in Supplementary Video. It should be noted
that, being a fully passive component with no use of active
circuitry, the true nulls-free ACMI lines can be readily scaled
up for real industrial applications with higher power delivery
demand beyond the demonstration model.

VI. CONCLUSION

The ACMI waveguides have been developed and theoretically
analyzed. Their true nulls-free characteristics with no require-
ment of active circuitry have been experimentally demonstrated
through implementations of the linear and circular ACMI lines,
as well as the experimental model of a batteryless DWPT system.
As compared to previous methods for DWPT applications, the
ACMI lines strike a balance between low complexity and low
cost of the single Tx coil configuration, and low leakage and low
emission of the segmented multiple active Tx coil configuration.
This allows for more flexible tradeoffs between complexity, cost,
and efficiency in a practical DWPT system design.

The set of closed-form analytical equations derived in this
work has provided insight into the operation of the ACMI
lines for DWPT. It can also be employed to facilitate design
optimization without resort to time-consuming simulation, and
enable investigation on their performance tradeoffs. In this re-
gard, numerical calculation using the analysis programs coded in
Python revealed that the nulls-free characteristic of the ACMI
lines is maintained under multiple receivers, albeit with more
variation in the efficiency. This performance characteristic has
been confirmed via simulation. In addition, the derived equations
have the potential to analyze ACMI waveguides beyond one
dimension, as already demonstrated in the case of the circular
line structure.
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Due to its near phase-coherent magnetic field distribution,
the ACMI lines hold promise for various emerging DWPT
applications, particularly those that make use of one single Tx to
emit MIWs to wirelessly deliver both power and data over a wide
coverage area to free-positioned Rx. Since the idea of limiting
phase progression of propagating waves employed in the ACMI
waveguides is general, it is also envisioned to have applications
on other types of wave media to mitigate power nulling due to
standing waves.
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