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ABSTRACT  Simultaneous wireless power transfer (WPT) to multiple receivers (Rxs) is an important
requirement for wireless charging of consumer electronic devices. In this article, we propose a WPT coil
structure capable of achieving independent multi-Rx WPT with a confined and uniform rotating magnetic
field at megahertz operating frequencies. Compared with the existing multiple receiver WPT structures,
the proposed structure exhibits low leakage flux outside the power transmitter. Thanks to the single-coil
transmitter structure and the load-independent current feature in the repeater coil, no additional control
circuit is needed to obtain independent power transfer to multiple receiver devices. The proposed solution is
experimentally demonstrated in a 6.78-MHz 80-W WPT prototype, with a dc-to-dc efficiency of 90.2 % in

the full-load case using four 20-W receiver circuits.

INDEX TERMS Confined magnetic field, multiple receivers, megahertz (MHz), parasitic effects, wireless

power transfer (WPT).

I. INTRODUCTION

Wireless power transfer (WPT) techniques have gained sig-
nificant popularity in recent years, finding widespread appli-
cations in consumer electronic and portable devices. These
applications have generated increasing demands for enhanced
charging freedom, efficiency, and safety, in particular, the
need for ensuring conformity to the specific absorption rate
limitations.

In pursuit of these objectives, various WPT coil struc-
tures have been proposed as alternatives to the conventional
spiral-type coils. Good misalignment tolerance [1] and large
positional freedom can be realized by novel coil designs on
either the transmitter (Tx) or the receiver (Rx) side. In [2], [3],
and [4], multicoil Rx arrangements are proposed to achieve
both positional and rotational freedom within a planar-type
transmitting area. Similarly, through new Tx designs with
combinations of multiple coils [5], [6], [7], Rx coils can

achieve 2-D or 3-D charging freedom with a simple spiral
structure.

The diverse free-positional WPT link structures offer high
potential for simultaneous charging of multiple receivers,
which was not explored in the aforementioned works. To
realize concurrent charging of multiple receivers, previous
works, such as [8], [9], and [10] focused on employing mul-
tiple frequency channels, with each Rx circuit tuned to a
distinct resonance frequency. However, the number of Rxs
that can be charged simultaneously is restricted by the number
of different frequency channels and the frequency-selective
performance of the compensation networks on the transmitter
side. For example, in [10], despite designing up to six reso-
nance frequency channels, simultaneous power transfer was
still limited to only two Rxs. In [11], multiple relays were
used to realize long-distance multiple-receiver WPT, while
the power transfers to the Rxs are not independent from each
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other. On the other hand, large-area multi-Rx WPT was real-
ized in [12] with a planar transmitter. A complex excitation
current modulation strategy was needed to generate a 3-D
rotating magnetic field.

A bowl-shaped [13], [14] and a ball-shaped [15], [16]
Tx structures have been proposed to achieve free-positional
multi-Rx WPT. In both cases, the transmitter is composed
by multiple coils connected to separate power supplies,
requiring complicated excitation current modulation or di-
rectional/rotational control methods. Further considerations
regarding efficiency or load-independence requirements are
investigated for the ball-shaped WPT systems. The authors
in [17] focused on a maximum-efficiency tracking and power
allocation method for multiple Rxs, while a self-tuning om-
nidirectional WPT was realized in [18] by introducing addi-
tional repeater coils. However, blind spots may easily form
in the ball-shaped multicoil WPT systems, where the free-
position characteristics are usually reached by dynamically
controlling the amplitude or phase of the coil supplies. Full
positional freedom is not possible when multiple Rxs are
present in the charging area. To obtain a uniform magnetic
field for coupling with multiple Rx coils, a single-Tx-coil
cylindrical WPT structure was proposed in [19], where full
2-D multi-Rx WPT could be realized without the need for any
control method.

Nevertheless, all the aforementioned structures, such as the
planar, cylindrical, bowl-shaped, or ball-shaped coils, suffer
from the problem of leakage flux. This means that the mag-
netic field generated by the transmitter broadly spreads into
the surrounding space. The field leakage can pose safety con-
cerns and adversely affect coupling between Tx and Rxs.

On the other hand, operating at a high frequency offers
benefits of improved spatial freedom and compactness in
circuit design [13], [22]. Frequencies up to several hundred
kilo-hertz (kHz) or even mega-hertz (MHz) have been widely
used to obtain robust coupling between air-core coils which
have more benefits compared to the conventional couplers
using bulky and costly ferrite cores. Regarding the low cou-
pling coefficient k with air-core coils, operations in MHz
frequency range can easily compensate its negative effect to
the WPT efficiency since the quality factor Q is greatly im-
proved in the MHz range [23]. However, increasing operating
frequency also brings limitations to the system performance,
especially with regard to parasitic parameters, which are no
longer negligible at MHz frequencies [13], [22]. Thorough
considerations of parasitic effects reveals importance of ensur-
ing design accuracy and optimizing the system performance.
When considering simultaneous power transfer to multiple
Rxs, interference between load devices also becomes an im-
portant issue to be taken into account [24], [25].

In this article, we propose a novel multi-Rx WPT structure
with a confined magnetic field. We aim to realize the basic
functions of multi-Rx charging with the minimum require-
ment on control. The proposed air-core structure is formed
by a helical Tx coil, a repeater (Rp), and simple planar
spiral-shaped Rx coils. With the help of torus-wounded Rp
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turns in a symmetrical geometry, the rotating toroidal field
is confined inside the torus, resulting in uniform and strong
coupling with Rxs at any position inside the torus. Such fea-
tures make the structure suitable for simultaneous multi-Rx
charging applications, such as small electronic devices includ-
ing cellphones or tablets. Since only a single coil is used for
the Tx, and the Rp coil provides load-independent current,
no control circuitry is needed. Only series compensation ca-
pacitor is used for the proposed coils, therefore, there is no
need for additional compensation inductors with ferrite core
material as in high-order compensation circuits. The proposed
concept of a uniform and confined magnetic field of the Tx
device is verified by simulations. In addition, a comprehensive
investigation of parasitic effects is made, targeting design ac-
curacy and load-independent output performance. We choose
to present a demonstration design for 6.78 MHz fix-frequency
operations, which is also used as the working frequency in
the Airfuel Resonant [26] WPT standard. A WPT system with
four Rxs is built as an experimental prototype, with each Rx
loaded to receive around 20 W of power. The system provides
90.2 % dc-to-dc efficiency at the full load.

In terms of the design target and performance, the WPT
system with our proposed coil structure is compared with
several existing multi-Rx WPT systems in Table 1. With the
target of multi-Rx charging, using the traditional spiral-type-
based coils always results in a rapid increase in either Tx
size [20], [27] or the amount of Tx coils [21], due to their
weak coupling at misaligned positions. Combining the coils
in series or parallel to use one common converter and tuning
circuit [20] reduces the charging flexibility, more specifically,
it creates blind zones where the Rx could not get power.
However, having individual Tx-coil control can only solve
the blind zone issue for single-Rx charging applications [18]
by actively shifting them to another position in the charging
space. Neither ON/OFF nor active phase control will help when
the second Rx happens to be located at the new blind-zone
position shifted due to the control for first Rx. Moreover, the
magnetic fields in all these designs are shaped by several Tx
coils together. Such field combining methods easily lead to
an uneven distribution of field, results in high fluctuations in
power delivery at different Rx positions. In comparison, the
proposed structure does not suffer from any of these draw-
backs since only one Tx—Rp pair is used. Meanwhile, the
toroidal part of the Rp structure can generate a uniformly
distributed magnetic field simultaneously for every position
inside the 2-D torus without the presence of any blind zone or
even weak zone for power transfer.

In terms of the possible options to reduce magnetic leakage,
all the conventional designs in Table 1 spread out the flux
to surroundings of the transmitting structure to enable charg-
ing freedom. Dynamic Rx-position detection and control are
necessary for [21] to minimize leakage, while in [18], [19],
and [20], the surrounding flux is essential for 2-D/3-D power
transfer, but it could not be controlled or shaped at a particular
position. Shielding would be a big concern in such systems
considering multi-Rx charging applications. Leaving aside the
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TABLE 1. Comparison Between the Proposed System and Other Multi-Rx WPT Systems

Reference Number of Core material Magnetic Charging Eull positioqal f’reefi o
and structure converters apd of coils leakage freedom in the charging area for
tuning circuits reduction Single Rx Multi-Rx

& [20]: 2D WPT 1 ferrite X 2D X
= [20]: 3D WPT 1 air X 3D X
E;Ez [19] 1 air X 2D v naturally uniform magnetic field
Sl [0 [ e [gusenme [ o [ebememecnn [
;: [14], [15], [18] 3 air X 3D need active phase control X

proposed 1 air v 2D v naturally uniform magnetic field

total area to be shielded, it should not narrow down the power
transfer freedom, but then magnetic leakage easily happens in
those areas where an Rx is not presented. In comparison, the
proposed structure confines most of the magnetic flux inside
the valid charging space (the 2-D torus) with proper design.
All the “useful” flux is captured and confined inside the Rx
charging space, so the leakage is greatly reduced. The poloidal
flux leakage of the design can be easily minimized by adding
two shielding boards on top and bottom of the structure with
a small size.

The rest of this article is organized as follows. In
Section II-A, we introduce the proposed WPT link struc-
ture and provide an analysis on the field distribution. An
equivalent circuit for the WPT system is presented in Sec-
tion III, together with detailed equations describing the system
operations based on both the ideal and realistic (including
parasitics) models. Also, the design accuracy regarding par-
asitic effects is discussed. In Section IV, parasitic effects are
analyzed in detail considering the system output performance
and efficiency. Tolerances for parasitic parameters are as a
supplement for the WPT link design. The experimental results
in Section V validate the working principles of the proposed
coil structure. Finally, Section VI concludes this article.

Il. COIL STRUCTURE AND MAGNETIC FIELDS

A. PROPOSED COIL STRUCTURE

In this section, we introduce and explain the proposed geom-
etry of the WPT coils. The proposed WPT system consists
of coils of three types, including a helical transmitter coil
(Tx), spiral-shaped receiver coils (Rxs), and a repeater coil
(Rp), as illustrated in Fig. 1. The Tx coil is connected to
a high-frequency ac voltage source. The repeater coil that
comprises two types of coils connected in series, is designed
to be coupled with both the Tx coil and Rx coils. First, an
inner helical coil is positioned at the center of the repeater to
generate a poloidal field that strongly couples with the Tx coil.
Second, a toroidal coil is wounded along the torus, creating a
conformal toroidal field flowing inside the torus. As a result,
the repeater generates both the poloidal and toroidal fields,
enabling the coaxial placement of the Tx coil with the inner
coil of the repeater, and Rx coils can be inserted into each turn
slot of the toroidal coil of the repeater. With this arrangement,
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FIGURE 1. lllustration of the proposed coil geometry.

we achieve a strong coupling between the Tx and Rp coils
as well as Rp and Rx coils, while having negligible direct
coupling between the Tx and Rx coils.

The size parameters of the coils are shown in Fig. 1, where
n_. represent the numbers of turns, and D are the diameters
of coils. The subscripts tx and rx denote the transmitter or
receiver coils, respectively. The subscripts rpp and rp in-
dicate the poloidal and toroidal parts of the repeater coil,
respectively. All the size parameters can be adjusted flexi-
bly according to the application specifications or limitations
on parasitic effects, which will be discussed in detail in the
following. For instance, the number of turns of the Tx coil
(n1x) and the poloidal part of the repeater (nrpp) can be
varied to achieve the desired mutual inductance between Tx
and Rp coils. Similarly, the diameter of the toroidal turn of
the repeater (Drpy) can be modified to ensure the desired
mutual inductance between Rp and Rx coils to collect most
of the toroidal flux of the repeater. However, it is noticeable
that parasitic effects, including the parasitic resistances of the
coils, intrinsic capacitances, and undesired cross-couplings,
would degrade the system performance at the high operating
frequency of 6.78 MHz [13], [28]. The effects of para-
sitic parameters on system operations will be discussed in
Section III-B.

Next, we study the field distributions and how they are
related to the dimensions of the repeater coil to get an insight-
ful understanding of the field interactions and determine the
optimal structure of the proposed coils.
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FIGURE 2. Magnetic field magnitude (in the yoz-plane) and front-view vector plots for the poloidal field with a varying number of repeater turns
(a) ngpp = 2, (b) Nrpp = 4, and (c) Ngpp = 6. The Tx number of turns is fixed at ny, = 6, and the other dimensional parameters are given in Table 2.
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FIGURE 3. Simulated magnetic field magnitude (in the xoy-plane) and top-view vector plots for rotating toroidal field with a varying number of toroidal
turns (a) ngpt = 8, (b) Nrpt = 16, and (c) ngpt = 20. The other dimensional parameters follow Table 2.

B. POLOIDAL FIELD ANALYSIS

The inner poloidal section of the repeater exhibits significant
coupling with the helical Tx coil, which is positioned as coax-
ial turns within the repeater. The mutual inductance between
Tx and Rp depends on the number of turns in the Tx coil (n1y)
and the number of turns in the poloidal winding of the Rp coil
(nrpp)- The poloidal fields generated by the repeater coil with
varying numbers of turns are illustrated in Fig. 2. Fig. 2(a)
depicts the magnetic field with two poloidal turns, where the
center area of the repeater exhibits a considerably weak field.
However, as shown in Fig. 2(b) and (c), the poloidal fields
improve significantly when the number of turns is increased to
four and six, respectively. Increasing the number of poloidal
turns not only improves the poloidal fields but also lengthens
the repeater, causing some nonuniformity in the current dis-
tribution and increasing parasitic resistance. To balance these
factors, a reasonable choice in this example is four poloidal
turns. The Tx—Rp coupling can be compensated by increasing
the number of turns of the Tx coil.
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C. TOROIDAL FIELD ANALYSIS

Next, we explore the influence of the number of toroidal turns
(nrpy) of the repeater on the rotating toroidal field. Fig. 3
presents a top view of the coil, showcasing the toroidal field
distributions for different numbers of turns. The toroidal field
flows parallel to the xoy-plane. As illustrated in Fig. 3(a),
using 8 toroidal turns generates a moderate magnitude of the
toroidal field with the toroidal vectors rotating inside the turns.
However, the field spreads outside the torus, leading to unde-
sirable leakage flux that could interfere with foreign objects. It
is apparent that the toroidal turns in this example are not suf-
ficiently dense to confine the field within the torus. Hence, we
increase the number of toroidal turns to 16 and 20, as depicted
in Fig. 3(b) and (c), respectively. In both cases, the toroidal
field is significantly improved and effectively confined inside
the torus compared to the 8-turn case, resulting in a substantial
reduction of the leakage flux in the vicinity of the coil. How-
ever, there is no notable change in the magnitude of the field
between these two cases. Considering the overall length of the
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TABLE 2. Dimensions of the Coils

diameter D (cm) | number of turns n
Tx | poloidal Dy 9.4 NTx 6
Rp poloidal | Dgpp 10 NRpp 4
toroidal Drpt 10 NRpt 16
Rx | toroidal Drx 10 NRx 8
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FIGURE 4. Equivalent circuit of the proposed multi-Rx WPT system.

repeater, ngpe = 16 can be chosen to prevent nonuniformity
of the current distribution and increased parasitic resistance
in the repeater coil. Moreover, the mutual inductance between
the Rp and the Rx coil can further be enhanced by optimizing
the number of turns.

Therefore, we choose a repeater configuration consisting of
four poloidal turns and 16 toroidal turns. The diameters of the
coils are chosen according to a portable and mobile device
application, however, they can be easily modified to suit other
applications. The dimensions of the coils in the WPT link are
summarized in Table 2.

The presented results of simulations as well as discussions
in this section provide insight on setting the lower limit on
the number of turns, considering the field density requirement
(related to nwpr), while the requirements on the total length
and the level of parasitic effects help us to set the upper
limit on the number of turns. The upper boundaries for the
number of turns as well as the parasitic parameters will be
discussed in the next two sections, based on the analysis of
design accuracy, the load-independence requirement, and the
target on high efficiency.

IIl. THEORETICAL ANALYSIS OF THE SYSTEM

First, we analyze the working principles of the proposed WPT
system under both the ideal and realistic (including parasitics)
conditions. The equivalent circuit model of the proposed mul-
tireceiver WPT system is depicted in Fig. 4, where a push-pull
T-network (PPT) class-®; converter is used to supply a con-
stant voltage (CV) to the Tx coil, and passive rectifiers are
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connected to the Rx coils for ac—dc conversion. The class-®
resonant converter can be easily designed for system specifi-
cations based on the parameter design steps in [29]. The WPT
stage contains a transmitter, a repeater, and several receivers
(the total number of Rxs represented as m), where each coil is
tuned to the working frequency f; = 6.78 MHz with a series
capacitor Cycj (subscript . can be Tx, rp, OF Rx). The mutual
inductance between Tx and Rp is modeled as My, and MRyy
represents the mutual inductance between the Rp and the k™
Rxcoil,k =1, 2, ..., m. In the following, we always consider
identical spiral-type Rx coils and the uniformly distributed
toroidal flux in Fig. 3, thus, assume that all the Rp-Rx mutual
inductances have the same value, i.e., Mrx; = Mgx.

As an example of multiple receivers, four Rx devices are
shown in Fig. 4, while the number of receivers, m, in this WPT
system can be modified according to the application require-
ments. The ideal case model without parasitic parameters is
drawn in black, and three types of coil parasitic components
are indicated in gray color, including

1) parasitic resistance Ry, represented by the quality factors
Qcoil = wchuil/Rscoil (SUbSCTipt coil €an be Tx, Rp, Or
Rx);

2) cross-coupling mutual inductance
a) between the Tx coil and an Rx coil M1y, represented

by the cross-coupling ratio y; = Mc1x/MRx;
b) between two adjacent Rx coils Mgy, represented by
the cross-coupling ratio y; = Mcrx/MRx;

3) parallel capacitance Cpcoi, represented by the
self-resonance frequency of the coils fi., =
1/(2”\/ Cpcoichoil)-

It is noted that in the proposed structure, the stray capaci-
tance between turns from different coils, i.e., Tx and Rp, can
be easily minimized without sacrifice of any performance by
creating a gap between these turns, cf. a difference in the coil
diameter Drx and Dgpp in Table 2. Therefore, the parasitic
effect of mutual capacitance is not considered in this article.
In the model that includes parasitic components, the currents
flowing through the Tx and Rx coil inductors, i.e., Ltx and
LRy, are represented by Itx and Iryx, respectively. Itxy (or
IRx1a) and ITxp (or Irxip) represent the current flowing through
the series-compensation capacitor Cs.,;; and the parallel para-
sitic capacitor Cpcois of L1y (0r LRy ). Since the repeater loop in
Fig. 4 contains only the Rp coil inductance Lgy, its parasitic
capacitance CyRrp, and the compensation capacitor Csgp, the
two capacitors can be seen as equivalent to a single one. The
current flowing through the repeater loop is labeled as Irp.
Rrec = Ryec represents the equivalent load connected in series
with the Rx; coil and its compensation capacitor Cgrx, Which
includes the passive rectifier circuit with a dc load resistor.

System modeling accounting for these parasitic effects will
be discussed in detail in Section I1I-B.

A. SYSTEM MODELING FOR IDEAL-CASE SCENARIOS AND
WITH PARASITICS

In the ideal case, the coils are assumed to be purely inductive,
and their self-resonance frequencies f; are considered to be
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infinitely high. The coils are assumed to be lossless with
Qcoit — o0 and Ry, = 0. A series compensation capacitor
is applied to each coil, tuning the LC branch to resonance at
fs. The PPT class-®, inverter is connected to the Tx input,
supplying a constant sinusoidal voltage with the amplitude V.

There is no cross-coupling in the ideal-case system, mean-
ing that the mutual inductance between Tx and Rx coils
(M.1x) and the mutual inductance between two Rx coils
(McRry) are assumed to be zero. By applying the Kirchhoff’s
circuit law to the Tx, Rp, and Rx loops in Fig. 4, the amplitude
of current flowing through each coil in the ideal case is written

as
2 —
Frap = (oRe) " 2 1)
X0 MTx Rrec
. .V
Irp) = - A:[T 2
S X
= MRX ‘79
I = — 3
Rx(I) Moy Rcs 3)

where EX(I), I;ip(l)’ and &x(l) are the vectors of currents flow-
ing through the transmitter, the repeater, and the receiver
inductors. It is evident from (2) that the repeater coil in this
WPT system acts as a constant current (CC) source, which
works independently from the load resistance. According to
(3), the output voltage of each Rx is expressed as

Mgy ~

‘Zec(l) = HQX(I)Rrec = _M Vs (4)
Tx

so we obtain a load-independent CV at the output of each
receiver. With m Rxs presented in the system, the input
impedance of the WPT link, seen at the inverter output, Zj,, is
calculated as

V. 1 M3
Zinv = Rinv = -~ = __"gx Rrec (5)
Irx  mMg,

which is equivalent as having m parallel-connected
impedances, each of them reflected from a single Rx.

B. MODELING ACCURACY CONSIDERING PARASITIC
EFFECTS AT MULTI-MHZ FREQUENCIES

In high-frequency systems, parasitic effects become more sig-
nificant, and the ideal-case equations do not model the system
enough accurately. In this subsection, we discuss the system
operation by incorporating all the three types of parasitic ef-
fects defined at the beginning of Section III.

The system is analyzed with an example WPT system
with m receiver loads. Each type of parasitic effects is indi-
vidually analyzed to understand their impact on the system
output features, i.e., the repeater current Irp and the Rx output
voltage Viec. Corresponding analytical equations for currents
and voltages are given. Subsequently, numerical investiga-
tions are conducted using the coil specifications outlined in
Table 2 to illustrate the impact of individual parasitic effects
on system modeling. Following that, the actual system outputs
Irp and Ve are calculated by considering all three types of
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parasitic parameters together. To differentiate the current or
voltage components through separate parasitic analysis from
the ideal cases (with an extra subscript (1)) or joint-case anal-
ysis (without extra subscript), we define three extra subscripts
to represent these three types of parasitic effects. The nominal
current or voltage

1) considering the parasitic resistance effect is represented
by an extra subscript (), €.g., the Rp current considering
R effect is Irp(r);

2) considering the cross-coupling effects is represented by
an extra subscript (¢), €.g., the Rp current considering
M1y or Mgy effect is Irp(c):

3) considering the parasitic capacitance effect is repre-
sented by an extra subscript (), e.g., the Rx output
voltage considering f; effect is Viec (r).

Compared to the values in the actual system, a tolerance of
410 % on the load voltage or Rp current is generally accepted.
We will separately compare the accuracy of the ideal-case
modeling equations and the equations with each parasitic
effect, and find the boundaries for each parasitic parameter
values where the parasitic-case equations can model the sys-
tem with high accuracy (i.e., with <10 % variation).

1) COIL PARASITIC RESISTANCE R

By considering only the parasitic resistances Rgrx, Rsrp, and
R¢rx, while assuming f; — 00, Mcrx = Mcrx = 0, the current
and voltage components in the WPT coils are obtained as

[Rst(Rrec + Rerx) + m(wsMRx)z] Vs

Itx(r) = 1 (6)
—jwsMrx (Rrec + Rsrx)Vs
IRp(r) _ JowsMrx ( relc sRx) Vs %)
2
w; Mty MRrxRyec V-
Vrec(r) == lex e (8)

where H1 = wg [liquRsTx + M’%X (Rrec + Rsrx)] + RsTstRp
(Rrec + Rsrx)- When the quality factors of all the coils are high
enough, the parasitic resistance is negligibly small and (6)—(8)
are simplified to (1), (2), and (4).

With regard to different quality factor values for three coils
OTx, Orp, and Orx, Fig. 5(a) and (d) show the output charac-
teristics, i.e., the Rp current and Rx voltage, calculated using
the ideal-case equations [cf. Irpm), Viecqy from (1)—(4)] and
from the Rg-parasitic equations [cf. Irp(r), Viec(r) in (6)—(8)]
as the ratios compared to their real-case values with all the
parasitics considered, Irp and Viec, from the joint numerical
calculation. As an example, the results for Q1 variation are
calculated with Qg = 100, Qrx = 400, and Irp and Vi are
calculated based on the other parasitics with f; =5f;, y =
0, y+ = 0.07. Performance evaluation for Qrp and Qrx vari-
ations is done in a similar manner [see the notes given in
Fig. 5(a)].

Numerical calculations demonstrate that regardless of the
quality factor values in each coil, the Rs-parasitic equations
accurately model the practical system, showing a good agree-
ment with the real case within a deviation range —5 % to
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FIGURE 5. WPT link output ratio (%) (a)—(c) calculated with the ideal-case (1)-(4), and (d)-(f) calculated using the equations including parasitic effects
(7)-(15), normalized to the real-case results under joint numerical analysis with all three types of parasitics. Analysis in terms of: (a),(d) parasitic

resistance effect (f, = 5f;, y; = 0, y, = 0.07): R"")

(fe = 5f5, Qrx = Qrx = 330, Qgp = 100): % an

(Qrx = Qrx = 330, QRp =100, yy =

+10 %. However, the modeling accuracy with the ideal-case
equations deteriorates when Q is low, especially for the Tx
coil. For the example WPT system, the ideal-case equations
(1)—(4) are valid only for coils with Orx > 100, Qg > 2,
QRx > 40.

2) CROSS-COUPLING BETWEEN TX-RX OR RX-RX

Similarly, predominantly considering the cross-couplings be-
tween Tx and Rxs (M.1x) and between Rxs (M rx), the
currents and the output voltage are calculated as

mMZE, Vs
6 = Y ®)
X
I _ (_jMTerec + 2wsMrx [VrMTx - 2VtMRx)] Vs
fp(© = M H?2
(10)
—MRrxRrec Vs
Vrec(c) = % (11)

where H2 = MryRyec + j2wsMrx (V:M1x — myiMRx), and y;
and y; are the cross-coupling coefficients. Considering vari-
ations of both Tx—Rx and Rx—Rx cross-couplings y, % €
[0, 0.4], the load resistance Ryec is included in the Irp) and
Viee(c) €quations. To maintain load-independent operations,
the relation between y; and y; needs to be carefully designed.
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We will discuss the region for maintaining load-independence
in Section IV-A.

Fig. 5(e) shows the Rp current Irp) and the Rx out-
put voltage Viec(c) calculated from (9)—(11) normalized to
their real-case values. Within the given range for y; and y,
the Mc-equations always give Irp(c) and Viec(c) results with
above 90 % accuracy. In comparison, as seen in Fig. 5(b),
the ideal-case equations may easily give a value of Viec()
60 % higher than the real-case one. To maintain the same
accuracy level above 90%, as in Fig. 5(e), the validity
range for the ideal-case equations shrinks to the green-shaded
area.

3) COIL PARASITIC CAPACITANCE C,

The parasitic capacitance of coils is modeled by their self-
resonance frequency f; (or the angular frequency w, = 27 f;).
Since the repeater loop in Fig. 4 does not contain any source
or load, the self-resonance of Rp coil will not lead to any
negative effect on the system as long as firp > fs, and the Rp
coil is tuned properly to the operating frequency f;. Since only
the parallel capacitances of Tx and Rx can have a detrimental
effect, the self-resonance frequencies of Tx and Rx are taken
into consideration for the analysis. When the other parasitic
effects are considered negligibly small, the current and voltage
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equations are derived as

2 4 2 252
4MRX @rRx (erx B C!)S) Vs

9 [Frace)] = (12)
M%x wax (wrsz - wsz )2 Riec
2 2
g w; R
tan ¢(f) = <1 — 25 ) 25 260
WiRx / @Prrx PstRx
2\ 2 2 M2 R
F1-5) e
Wirx Wiy — Wy 4M, Rx wsLtx
I Ve (1 i ) (14)
Rp(f) = —J -
P wsMx wax
MgyVs 02 (05, — »?
Vrec(f) — _ Rx Vs rRx( rTx s) (15)

2 2 2"
Mrx @irx (erX - ws)

Equations (14) and (15) show that although the presence of
a parasitic capacitance alters the repeater current and the load
voltage, these variables remain load-independent. Therefore,
apart from the mutual inductance ratio, it is feasible to design
the voltage gain through an f; adjustment, e.g., realize a higher
voltage gain with the same mutual inductance. However, con-
sidering the other two types of parasitic effects exist in the
system, a very low f. comparable to f; might destroy the load-
independent operations. Therefore, a boundary should still be
set for frTx and firx to ensure load-independent Viec and Igp,
which will be discussed in detail in Section IV-A. Besides, the
phase of the Tx current is not load-independent, as is seen
from (12) to (13). With a low w;x or wrx self-resonance
frequencies, the Tx supply current experiences a significant
phase shift during load variations. This can have detrimen-
tal effects on both efficiency and the inverter soft-switching
operations.

On the other hand, considering the modeling accuracy, the
conventional ideal-case equations cannot model the C,, effect
on voltage gain. As seen from Fig. 5(c), (1)—(4) are valid
only for high f;, when their effects on the voltage gain are
negligibly small. To have a better accuracy of the system
modeling and take advantage of C, effects on voltage gain
design, the C,-parasitic equations need to be used, which
provide more than 90 % accuracy compared to the practical
case, see Fig. 5(f).

In summary, the analysis in this section involved exami-
nations of the WPT system operations both in the ideal case
and when including parasitic effects. The ideal-case equations
impose very strict requirements on the parasitic parameters
to ensure good design accuracy. In contrast, equations that
account for three types of parasitic effects separately main-
tain good accuracy with the tolerance of even high parasitic
parameter values. Equations (6)—(15) are always valid with a
higher accuracy as long as the Rx self-resonance frequency
firx > 2.8f;, comparing to the ideal-case (1)—(4).

IV. DESIGN PROCEDURE
In this section, we analyze parasitic effects on system out-
put characteristics including load-independence and WPT
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link efficiency. We provide guidance for designing the pro-
posed WPT systems by establishing the upper boundaries
for all parasitic parameters. Combining with the analysis in
Sections II-A and III-B, we can determine overall bound-
aries for parasitic parameters as well as for the WPT link
dimensions.

The numerical values of the Rp current and the Rx out-
put voltage influenced by parasitic effects of all three types
are analyzed. Based on an assumed +5 % tolerance on the
load-independent output characteristics, boundaries for each
parasitic parameter are established. This comprehensive anal-
ysis facilitates an informed and optimized design process,
ensuring the desired performance and efficiency of the pro-
posed WPT system.

A. LOAD-INDEPENDENCE DISCUSSION REGARDING
PARASITIC EFFECTS

Fig. 6 presents the Rp current and Rx output voltage at 10 %-
load normalized to their values at full-load which are obtained
through numerical calculation with all the parasitic effects
considered.

1) COIL PARASITIC RESISTANCE R, EFFECT

Considering all the parasitic parameters f =5f;, 1 =
0, y = 0.07, the current and voltage at 10 %-loaded situation
are given in Fig. 6(a) with regard to variations of Qtx, Orp,
and Qg individually. Both Irp() and Viec(0) are normalized
to their corresponding full-loaded values to facilitate straight-
forward comparison.

The green curve in Fig. 6(a) represents the impact of vary-
ing Otx while keeping Qrp = 100, Orx = 400. It demon-
strates that the quality factor of the Tx coil has a significant
effect on load-independence of both Irp and Viec. To ensure
that the load-dependence of V. stays within a 5 % variation,
a minimum Qry value of 150 is recommended. On the other
hand, the value of Qrp does not have a significant impact
on the load-independence of both Viec and Igp, as is seen
from the blue curves in Fig. 6(a). The 10 %-load voltage
Viee(0) = 102 %Viec comes from the effects from nonideal Oy
and QOrx. Finally, the influence of Qry is primarily observed
in the Rx output, as seen from the red lines in Fig. 6(a).
To keep the load-independence tolerance within +5 % (i.e.,
Viee(0)/Viee < 105 %), we set the boundary of the Rx quality
factor as Qrx > 110.

2) CROSS-COUPLING BETWEEN TX-RX OR RX-RX

To analyze the load-independence with different cross-
coupling levels between Tx—Rx or Rx—Rx, we consider a
scenario with predefined quality factors and self-resonance
frequencies of each coil, which are selected within the bound-
ary set in the above sections, e.g., Orx = Orx = 330, Orp =
100, fitx = frkrx = S5fs. In Fig. 6(b), the Tx—Rx cross-
coupling ratio y; and Rx—Rx cross-coupling ratio y; are varied
as x and y coordinates, respectively. The contour plot repre-
sents the 10 %-load to full-load ratio of the Rp current and Rx
voltage, Irp(0)/Irp and Viec(0)/Vrec-
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FIGURE 6. Rp current and Rx output voltage at 10 %-load, Irpr,c fo) and Vrec (s, f0), Normalized to the full-load values Iz, and Viec. (a) With varied quality
factors Qrx, Qrp, Qrx € [2, 400] (when f; = 5f;, 1 = 0, y = 0.07). (b) With varied cross-coupling coefficients y;, yr € [0, 0.4] (when f, = 5f;, Qi =
Qrx = 330, Qgp = 100). (c) With varied self-resonance frequencies f1., frrx € [1.05, 20]fs (when Qrx = Qrx = 330, Qgp = 100, ¢ = 0.02, y, = 0.1).

Considering the Rp current, load-independent characteris-
tics can be achieved by designing the cross-coupling ratios y;
and y; according to the 100 %-labeled curve in Fig. 6(b). How-
ever, achieving load-independent Rp current (i.e., Irp(0) =
Irp) does not guarantee load-independence of the output
voltage. Equation (11) shows that the Tx—Rx and Rx-Rx
cross-coupling effects cancel each other when the cross-
coupling ratios are related as

erTx - mthqu =0. (16)

The dashed-line curve in Fig. 6(b) also reveals a similar trend.
The shaded area represents the 5 % variation of the output
voltage Viec(0). By satisfying (16) for cross-coupling ratios,
the minimum variation of the output voltage from full load
to 10 % load is achieved within the shaded area. It should
be noted that values Viec(0y/Viec > 100 % come due to effects
of the other parasitics. Therefore, in order to obtain load-
independence in system output voltage, it is recommended
to design the cross-coupling ratio around the relation given
by (16). However, accurately controlling cross-coupling in
design process can be challenging. This relation can be used
to tune the system by adjusting the coil structures.

3) COIL PARASITIC CAPACITANCE C,
Next, moving forward to the discussion on the effects of the
coil parasitic capacitance, we analyze this effect in terms of
the self-resonance frequency. In Fig. 6(c), the Rp current and
Rx voltage at 10 %-load normalized to the full-load values
are plotted for different self-resonance frequencies of the Tx
and Rx coils. Although a low self-resonance frequency of Rx
provides a higher voltage gain in the WPT link, see (15), it
is seen in Fig. 6(c) that the system loses its load-independent
voltage output property at low firx values. In contrast, the
load-independent characteristic of the Rp current is almost not
affected by low firx.

Therefore, to maintain the load-independent output voltage
with a 5 % tolerance, it is suggested that the self-resonance
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FIGURE 7. Phase difference ¢ between Tx input current and voltage.

frequency of Rx should be higher than 3.5f;. On the other
hand, the Tx coil self-resonance frequency appears to be nei-
ther limited by design accuracy nor the load-independence
requirement. However, the power factor angle for the inverter
output as well as the WPT link efficiency will set the limit on
frRrx, the later one will be discussed in the next subsection.

To obtain an equivalent resistive load at the inverter output,
when the inverter output current and voltage are in phase,
i.e., cos¢ = 1, the WPT stage is tuned to resonance at the
operating frequency f; at full load. Fig. 7 shows ¢, the
inverter output phase angle at the 10 % load, with regard to
different self-resonance frequencies of Tx and Rx coils. A
positive ¢ ) represents an inductive load (i.e., lagging current)
for the inverter. Therefore, although the Tx current and voltage
are tuned to be in-phase at full load, the phase difference is a
load-dependent variable, and the dependency is affected by
frrx and firx. A large phase deviation may lead to a negative
effect on the inverter operations, destroy the soft-switching
conditions and lower the efficiency. Considering the relation
between the active power and apparent power, a large ¢
also leads to a lower power factor, which reduces the WPT
link efficiency as compared to low-¢ g systems with the same
power levels.
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The tolerance on load-dependent phase variation is decided
by practical design requirements. For instance, if the inverter
has a less stringent requirement on the load impedance angle,
the phase-variation tolerance of 10° can be used. This sets a
design boundary for the Tx coil self-resonance frequency, as
indicated by the green-shaded area.

B. WPT LINK EFFICIENCY DISCUSSION REGARDING
PARASITIC EFFECTS

Finally, the WPT link efficiency is analyzed based on the three
types of parasitic parameters, shown in Fig. 8.

It can be observed from Fig. 8(a) that as the quality factor
increases, its effect on efficiency improvement becomes less
significant. Qg variations have a similar effect on efficiency
as the QOrx variation, so it is not shown in the figure. To
obtain the WPT link efficiency higher than 90 %, the quality
factors Orx and Qgp should fall within the green-shaded area
in Fig. 8(a), which suggests a minimum quality factor of 90
for each coil.

On the other hand, the region of high efficiency considering
the effects of cross-couplings M 1x and M.rx also locates
around the relation following (16). The load-independence
and high-efficiency requirements establish similar boundaries
on the cross-couplings, shown as Fig. 8(b).

Considering the WPT efficiency range > 90 %, the vari-
ation range of coil self-resonance frequencies is relatively
wide. The self-resonance frequency for the Tx coil firx >
1.28 f; and for the Rx coil firx > 1.2f; would already provide
nwet > 90 %. In contrast, efficiency drops dramatically out-
side of this range, which should be carefully avoided during
design. Therefore, the boundaries for firx and firx are pri-
marily determined by the requirements for load-independence
discussed in the previous Section IV-A.

C. SYSTEM SETUP AND BOUNDARIES FOR

PARASITIC PARAMETERS

In Section II-A, we established boundaries for coil structures
based on the magnetic field strengths in poloidal and toroidal
directions, while in Sections IV-A and IV-B, we analyzed
seven limitations for coil parasitic parameters to ensure a
load-independent Rx voltage and WPT link efficiency higher
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TABLE 3. Boundaries for the Coil Dimension Parameters and the Parasitic
Parameters

Requirements on mutual couplings and confined fields

X D2
NTxMRpp U > 6 nRpt > 16
th
Requirements on efficiency and load-independent output
Qrx > 150 o Jrrx 2 4fs
m X
Qrp >75 | - =R Frrp > fo
Yt My
Qrx > 120 Jrex 2 3.5fs
TABLE 4. Parameters of the Coils
L (uH) | M (uH) | fr MHz) | Cp (pF) | Q
Tx 42 1.44 26.09 10.63 | 324 0
Rp| 9.78 11.93 19.92 | 95 —
1 0.33 at 45° *
Rx | 5.81 25.36 7.56 275 0.07 at 90° *

*45° or 90° represents the rotational gap between two Rxs.

than 90 %. Considering the WPT link efficiency and the load-
independence within 145 % variation, the coil dimensions
and parasitic parameters are defined, as shown in Table 3.
Based on the specified boundaries, the WPT link structure
is designed according to the dimensions provided in Table 2.
The circuit parameters and parasitic parameters of Tx, Rp, and
Rx coils are measured as Table 4, which also stays within the
design boundaries.

Considering the cross-coupling mutual inductance between
the Rx coils, the Mcrx values with regard to different coil
dimensions (i.e., variation of center-to-center distance dryx =
m and Rx-to-Rx angle) are measured as curves in
Fig. 9. Higher center-to-center distance and larger Rx-to-Rx
gap tend to provide smaller cross-coupling effects. Compar-
ing to the Rp—Rx mutual inductance Mgy, the cross-coupling
Mcrx < 0.16 MRy is considered acceptable for achieving a
load-independent output, see Fig. 6. Therefore, with a 45°
rotational gap between two Rxs, the center-to-center distance
needs to be higher than 13.5 cm, while there is no limitation
on drx when the Rx rotational gap is 90°.

VOLUME 4, 2023



IEEE Open Journal of the
Industrial Electronics Society

cross-coupling v.s. angle and distance

e angle = 45°
0.3 e angle = 67.5°
angle = 90°

cross-coupling, Mgy (#H)
o
[V

f=]

10 15 20 25 30
center to center distance Rx-Rp, dgx (cm)

FIGURE 9. Rx-Rx cross-coupling with respect to the distance to the center
of the Rp and the rotational angle between two Rxs.

Resonant inverter
+ DSP board

+ H-bridge rectifier
+load (90Q) °F

P .
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Following the design guidelines, it is suggested to minimize
the Rx—Rx cross-couplings to a reasonable range (i.e., Mcrx <
0.16MRx in this design example), where the M gy effect on Rx
independency can be considered negligibly small. However,
there are always possibilities or design situations where the
parasitic effects in the system are dominant and unavoidable.
In some applications, there might be stricter requirements on
a constant Rx output voltage. In these cases, for the purpose of
performance improvement, the independent control from the
Rx-side works perfectly as an alternative and simple solution
to compensate the cross-coupling effect and realize the desired
power control of the Rx. Such individual control can be eas-
ily implemented to the proposed system using conventional
methods, without any need for communications between the
Tx and Rx devices, e.g., CV control algorithms with dc—dc
converters [30], [31] or with active rectifiers [32].

Similarly, the system can also be scaled regarding differ-
ent full-load Rx-devices amounts or different power levels.
The coil dimensions of such WPT systems can be easily
redesigned following the guidelines given in this section, by
taking notice to design the parasitic parameters inside the
valid range and keeping the circuit components inside their
safe operation range.

V. EXPERIMENTAL SETUP AND MEASUREMENTS

In this section, an experimental setup for the multiple re-
ceiver WPT system is built, as shown in Fig. 10. The setup
consists of a push-pull resonant inverter, four diode-bridge
rectifiers, and the proposed WPT link, which is designed
following the analysis and guidelines given in Section II-A.
The control signals for the inverter are generated by a digital
signal processor (DSP) TMS320F28379, and each receiver is
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FIGURE 11. Measurement result of the dc load power and the system
efficiency with (a) only one Rx, and (b) two Rxs rotating around the
structure center, and (c) four Rxs.

connected to a rectifier and finally loaded by a 90 2 resistor.
Four receiver devices (each containing an Rx coil together
with the tuning capacitors, a rectifier, and a load resistance)
are used as an example for the full-load case. First of all, the
full Rx-rotational freedom is tested with one receiver (Rx1)
rotating around the Tx—Rp structure, the measured load power
and the system dc-to-dc efficiency are given in Fig. 11(a). The
Rx1 load power is almost constant at around 21 W from 0°
to 360° rotation, the slight P o5q variation to 26 W at 225° is
due to some manufacture asymmetry, while the efficiency for
20-W-level power transfer is maintained at around 70 % at all
angles, regardless of the small variation in power.

Next, the rotational freedom is examined with two Rxs in
the system: Rx1 is fixed at 0° position, while Rx2 is moved
around the Tx—Rp structure. As shown in Fig. 11(b), limited
by the Rp structure, the minimum gap between two receivers
is tested at 45°. At each Rx2 rotational position, the load
powers of Rx1 and Rx2 are measured and recorded as square
and star, respectively, in Fig. 11(b). Since Rx1 is fixed at
0° position, its load power is kept almost constant around
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21 W during Rx2 rotation when the cross-coupling effect
is negligibly small (i.e., Rx2 from 90° to 270°). The load
power of Rx1 only slightly increased to 26 W at 45° and 315°
Rx2-positions, when the cross-coupling between Rx1 and Rx2
is around 0.32MRy, as seen from Fig. 9.

On the other hand, when the Rx1-Rx2 cross-coupling ef-
fects are not significant, the load power of Rx2 follows the
same variation trend, as shown in Fig. 11(a). The same power
increase happens at around 225° position which verifies that
the difference comes from manufacture asymmetry. Similar
to the power increase in Rx1, at 45° and 315° rotational
positions, the load power in Rx2 also increases slightly due
to the increase in M(rx. The dc-to-dc efficiency of the WPT
system with 40-W load is already around 89 %.

Finally, the system reached a dc-to-dc efficiency of 90.2 %
with all four Rx loads. The received power at each receiver
device (Rx1,2,3,4) is marked with stars in Fig. 11(a). Due
to parasitic effects, the power in each Rx load drops slightly
from around 21 W to around 18 W, when the load voltage Viec
changes by 7 %. The main waveforms for the converter and
the WPT link are also shown in Fig. 12 to validate the working
principle of the proposed system. From zero-load to full-load,
the Rp coil always maintains a CC, which is solely dependent
on the supply voltage. The increase of system power during
the load increament is indicated by the Tx current, which
exhibits a growing amplitude and constant phase. On the in-
verter side, the power switches for push and pull legs maintain
zero-voltage (ZVS) soft-switching during the load variation,
and zero-voltage-derivative switching (ZDS) is reached at the
full-load case.

Vi. CONCLUSION

In this article, we proposed a novel structure for multiple-
receiver WPT device with a confined field. The transmitter
together with the repeater structure can generate a strong and
confined magnetic field distributed within a toroidal loop,
which greatly enhances coupling to receivers and reduces the
leakage flux problem. A 80-W WPT system with four receiver
devices is built as an example to demonstrate the proposed
concept. The test system provides 90.2 % dc-to-dc efficiency
at full load and provides independent constant power transfer
around 20 W for each receiver channel.
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