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Noncoherent Power Combining for
Free-Positioning Wireless Power
Transfer in Large Area

Yining Liu
Prasad Jayathurathnage

and Sergei A. Tretyakov

Abstraci—In this article, we propose a new coil-
energizing method for multitransmitter (Tx) wireless power
transfer (WPT) systems that enable complete freedom of
receiver (Rx) positioning in a large area. The principle is
based on noncoherent power combining, where multiple Tx
coils are supplied in a predefined pattern by mixing two
slightly different frequencies and four different phase an-
gles. The powers delivered from Tx coils at two frequencies
are then combined incoherently at the Rx side, resulting in
full positional and rotational freedom for the Rx charging.
The power transfer blind spots in conventional WPT sys-
tems are completely eliminated with the proposed nonco-
herent power combining method due to its natural robust-
ness against cancelations. The experimental setup shows
constant dc—dc power transfer efficiency around 90% for
arbitrary Rx movements without any further requirements
on dynamic controls of Txs or Rxs other than the simplest
activation/deactivation.

Index Terms—Blind spots elimination, full charging free-
dom, large transmitting area, noncoherent power combin-
ing, wireless power transmission (WPT).

[. INTRODUCTION

FFICIENT and uninterrupted wireless power transfer
(WPT) in a large area facilitates wireless charging for a
wide range of applications encompassing consumer electron-
ics [1], kitchen appliances [2], and automated robots [3]. For
example, a WPT system employing multiple transmitters (Txs)
can be integrated into a table or kitchen top to enable seamless
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charging of multiple consumer electronics devices and kitchen
appliances. Compared with the solutions using a single large
Tx coil [4] or supply rails [5], applications of multiple small
Tx coils [6], [7] are more flexible and provide possibilities of
charging multiple receivers (Rxs) at the same time. In a multi-Tx
system, it is easier to avoid standby losses and unwanted electro-
magnetic exposure by turning OFF the Tx coils in the uncoupled
areas [8], [9]. However, due to the low misalignment tolerance of
spiral coils, the power transfer encounters high pulsation since
the magnetic field is weak at those positions between segmented
coils. Comprehensive optimization of coil dimensions [10],
[11] is required to mitigate coupling fluctuations for 1-D linear
movements. For a larger charging area, overlapped coils [12] or
dynamic controls [13] are needed to reduce the fluctuations in
power and efficiency.

There have been numerous studies focusing on novel coil
structures, e.g., double-D (DD) type, double-D-quadrature
(DDQ) type, quadrature coils, flux-pipe, or crossed-flat solenoid
coils [14], [15], [16], [17], [18] have been employed to optimize
the transfer power and efficiency at misaligned Tx-Rx positions.
In spite of the enhanced coupling coefficients, all these coupler
structures work with the polarized flux in one single horizontal
direction [14]. Nevertheless, the above coil designs still provide
insights into building a large-area WPT system in terms of linear
movement charging freedom. However, from the perspective of
multi-Tx systems, apart from the misalignment tolerance, other
considerations, e.g., cross-couplings between Tx coils [19],
[20], [21] and magnetic leakage [22], also necessitate detailed
analysis before tiling segmented Tx blocks to a transmitting area.
In [20], a naturally decoupled Tx array was built with alternately
placed DD and Q coils, where Rx having stacked DD and Q
coils can pick up the power along the array. Staying with the
existing solutions of tiled spiral Txs, Kim et al. [23] proposed a
planar Rx structure with two subcoils, but individual rectifiers
are necessary for each subcoil to realize omnidirectional WPT.
Moreover, although the coupling coefficients between Tx and
Rx have been greatly enhanced with the development of coil
structures, blind spots (i.e., positions where the Rx obtains zero
power) still exist in multi-Tx systems, because at some points
the electromotive forces induced by several Txs cancel out each
other at the Rx side. For instance, the duty cycle of the Tx supply
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TABLE |
COMPARISON BETWEEN LARGE-AREA WPT SYSTEMS USING CONVENTIONAL SOLUTIONS AND THE PROPOSED COIL-ENERGIZING METHOD
References [30] [10] [11] [28], [29] [5] [3] Proposed
o Tx structure spiral spiral DD | long spiral + aux | interleaved meander spiral spiral
= &b . . . ¥ . . .
8 Z Rx structure spiral spiral DD spiral + aux spiral flux-pipe flux-pipe
© Unlimited coil design freedom v X X X v v v
= g Number of frequencies 2 1 1 1 2 1 2
% g Number of phases 1 1 1 1 2 2 4
g = Rx detection position | position | position position not needed position + orientation | position
o g and Tx control A/D* A/D A/D A/D amplitude modulation | dynamic phase control A/D
51 single R linear 2D + rotation
% charging single =X isolated | linear 1D | linear linear linear 2D ;n D o d? linear 2D
g freedom multiple Rxs spots | + rotation 1D 1D + rotation Inear 2D + rotation |\ potation
8 with blind spots
E no flux leakage in uncoupled area v v v X X v v

* A/D refers to activation / deactivation. T aux is short for auxiliary.

voltage is adjusted in [24] to enhance the power transfer at weak
coupling positions, but the control algorithm still cannot help
with power transfer at blind spots because the total coupling at
these positions is exactly zero.

Seeking other directions to reach full charging freedom by
avoiding power cancelations, a few studies suggested applying
dynamic control to Tx supplies based on instantaneous Rx posi-
tion and orientation. To achieve full charging freedom, including
linear and rotational movements in any desired direction, Al
Mahmud et al. [3] proposed Rx detection and Tx activation
methods based on input current sensing of each Tx in the system.
To realize that, substantial sensing and control resources are
imperative, particularly for accurate and fast detection of Rx
orientation to activate necessary Tx coils and assign correct
phases accordingly. Centralized control and communications
among all the Txs are mandatory in such WPT systems due to
the need for phase synchronization. These requirements bring
a rapid increase in complexities to both control algorithms
and system implementations compared with those systems that
only need simple activation/deactivation that can be realized by
modular ON/OFF control inside each Tx block [25] or passive
circuits based on self-inductance variation [26] or impedance
reflection [27]. In addition, systems with dynamic phase control
do not offer any capacity for simultaneous charging of multiple
devices, as it merely relocates blind spots from the Rx’s current
position to another location rather than completely eliminate
them. On the other hand, the authors in [28] and [29] seek solu-
tions to avoid power cancelation by designing unipolar coupler
structures with auxiliary coils. However, the Tx coil structures
are asymmetric, and only 1-D charging freedom is discussed
for these designs. Besides, development in structure complexity
brings more efforts to the design process regarding tradeoffs
between more parameters and the non-negligible increase in
coil parasitics, possible issues of magnetic leakage also require
further analysis. Based on the discussions above, Table | presents
a comparison between the existing solutions and the proposed
method for realization of large-area WPT.

Dealing with these problems of complicated coil designs
and control/detection algorithms, in this article, we propose a
new coil-energizing pattern based on the noncoherent method
that combines power at multiple frequencies. The proposed

approach enables wireless charging free from any blind spots and
eliminates the need for complex control mechanisms. We intro-
duce a prefixed energizing pattern for multiple Txs with the
smallest repetitive unit of 4 x 4 blocks, mixing two slightly
different operating frequencies and four phase angles. The
arbitrary-sized Tx area energized by the proposed pattern grants
complete positional and rotational charging freedom for multiple
Rxs. The proposed pattern works in line with the existing multi-
Tx WPT system structures with simple detection and activation
methods.

The rest of this article is organized as follows. In Section II, we
introduce the proposed multi-Tx configuration and correspond-
ing coil-energizing method. The noncoherent power combining
at Rx side including two special cases are analyzed in detail in
Section III. Section IV presents the experimental prototype and
measurement results. Finally, Section V concludes this article.

Il. PROPOSED COIL-ENERGIZING METHOD FOR MULTI-TX
WPT SYSTEMS

A. Proposed Coil-Energizing Configuration

Fig. | presents the proposed coil-energizing method of mul-
tiple Txs in a large-area WPT system. A Tx block formed by a
spiral Tx coil connected to a compensation circuit is shown in
Fig. 1(a). Ineach block, we mix input currents at two slightly dif-
ferent frequencies by supplying two block terminals Tx;;a and
Tx;;b with input voltages at frequencies f; and f>, respectively.
The phase angles of these two voltage components, p;; 1 and
Dij,2, are selected from 0°, 90°, 180°, and 270°. Inputs at these
two frequencies are marked by yellow (f1) and blue (f2) colors
in Fig. 1(a) and (c), with the corresponding phase angles written
on top. The physical layout of a multi-Tx area is illustrated in
Fig. 1(b), tiled by identical spiral coils. A Tx coil is numbered
as Tx;; following its position in the ith row and jth column.

In Fig. 1(c), we illustrate the proposed energizing pattern
for the given multi-Tx area in terms of phase relations at each
frequency. The phases at each frequency are varied periodically
every four blocks along both = and y directions. Therefore, the
smallest repetitive unit of this free-positioning patternis a4 x 4
cluster (e.g., the area surrounded by the black border) with the
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Fig. 1. Proposed coil-energizing method for multi-Tx WPT systems
(top view). (a) Tx block: the coil structure and connections. (b) Physical
layout of multiple Tx coils in a large area. Each coil Tx;; is labeled by
its location at row4, columnj. An zy coordinate system is defined to
describe Rx movements, with the z, y axis directions following 7, ¢ incre-
ments. The coordinate origin (1,1) is at the center of Tx;;. Coordinates
z,y indicate the location of the Rx center, and their values are equal
to the actual distance (in cm) normalized to the Tx coil size (in cm).
(c) Proposed Tx-area energizing pattern [one energizing block indicates
the supply frequencies and phases connected to a- and b-terminals of
the corresponding Tx block, cf., (a)]. (d) Valid Rx coil structures. The Rx
orientation is defined by angle 0, i.e., the clockwise-measured angle of
the Rx reference flux direction from the positive y-direction.

combinations of two frequencies and four phase values. How-
ever, it is noted that the proposed pattern can always provide full
Rx-charging freedom for any size of the charging area with an
arbitrary number of Tx blocks, i.e., the free-positioning feature
is not limited to the implementations with integer multiples of
4 x 4 clusters, areas with either fewer or more Tx blocks still
provide full charging freedom as long as the proposed energizing
pattern is followed. More specifically, there are in total two
typical intersections appearing alternately inside the pattern, cf.,
Fig. 4(b) and (a), respectively, given in the following.

1) Intersection §: Four surrounding Tx blocks are energized
with the same phase at one frequency (either f; or f5), and
four different phases (varying with 90° gap in clockwise
or counterclockwise direction) at the other frequency.

2) Intersection <>: Four surrounding Tx blocks are ener-
gized by two phases (with 90° gap) at each frequency.
Blocks in the same column are in-phase in f; (or f5), and
blocks in the same row are in-phase at the other frequency.

These two types of intersections are classified based on two
different types of power combinations, which will be discussed
in detail in Section III-A.

The proposed Tx-energizing method easily works in line with
existing WPT system structures. In terms of robust power trans-
fer against misalignments, Rxs based on either DD or flux-pipe
structures are compatible with such multi-Tx WPT systems.

Rx
A
Rx ref. flux dir. Tx ref. flux dir.

(a) Side view Rx linear movement N

) Je_Tx;;

: A
Mutual inductance, M;; b
(2,9) N
(b) center-center distance

Fig. 2. (a) lllustration of Rx movements with regard to the Tx;; coil,
with the defined reference flux direction for each coil. (b) Mutual induc-
tance M;; variations in terms of the value and sign (positive/negative).

Rt B3 A R

O T

1%
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@ T Vno  Vngo Uniso VR2r0 Upo  Upoo Umiso UR270
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(©)

Fig. 3. (a) N-legged converter is used to provide the required ac
voltage (corresponding frequencies and phases are shown for N =8)
to supply the Tx blocks. (b) Equivalent circuit for a Tx building block
[cf., Fig. 1(c)], indicating the connections of the LCC compensation
network and terminals Tx;;a (connects to the fi branch) and Tx;;b
(connects to the fo branch). (c) Rx-side simplified circuit with ideal ac
voltage sources. The induced voltage from each Tx coil contains both
frequencies f1 and fs, and all the effective Txs with nonzero mutual
inductance with the Rx will provide induced voltage at the Rx side.

Based on the reference flux directions inside the Rxs [defined in
Fig. 1(d)] and in the identical Txs [defined in Fig. 1(a)], the Rx
has a positive mutual inductance M;; with the coil Tx;; when
its flux flows through the Rx in the same direction as the Rx
reference direction, cf., Fig. 2(a) on the right-hand side, while
M;; is negative when the flux directions are opposite to each
other, cf., Fig. 2(a) on the left-hand side.

B. Realization of the AC Supply At the Tx Side

To realize the energizing pattern proposed in Section II-A, the
N-legged converter topology can be used [31]. There are in total
eight legs in Fig. 3(a), providing all the combinations of supply
frequencies ( f1, f2) and phases (0°, 90°, 180°, 270°). Consider-
ing only the dc and fundamental components, the voltage signal
Vtn,pn at the middle switching node of one converter leg can be
written as

Vie 2V
de , =V

o> T Pn) ey

Ufn,pn(t) = sin (wnt —

where n = 1,2 indicates the frequency f; or f, (angular fre-
quencies wi 2), and this notation of n is used also in the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

following. p,, € [0°,90°,180°,270°] is the phase value for the
corresponding frequency channel.

As illustrated in Fig. 1(a), we inject two frequencies to one
Tx block by connecting its terminals, Tx;;ja and Tx;;b, to the
middle switching nodes of the corresponding converter legs
vr1,p1 and veg po. Due to linearity of the coils, the circuit can
be separately analyzed at each frequency, and the total voltage
or current in time domain can be obtained simply by adding up
the components at the two frequencies. In our case, the input ac
voltage at each frequency is

Uoij,n(t) — ‘/o sin (wnt - pij,n); Vo = 2%0/71. (2)

where p;; , € [0°,90°,180°,270°] is the phase p,, of the corre-
sponding leg connected to the block terminal Tx;;a or Tx;;b. As
it is obvious from Fig. 3(b), the total voltage reads

Z Uoij,n(t)- (3)

n=1,2

Voij (t) = ve1p1(t) — vr2p2(t) =

Similarly, the currents in Tx block are mixtures of both
frequencies f; and f5. By applying Kirchhoff’s law, the input
current of the LCC compensation circuit [10] (L¢, Ct, Crx) is
derived as

'Uozy n
4
YT )

Zoz] L
where ¥4, , represents the phasor form of the ac supply voltage
in (2). Having the system dc load resistance Ry, in (4), the
current 7,; j from the inverter output is shaped by the load-side
operations. In contrast, the current flowing through Tx coil Lty
is given as

. ﬁoij n
_; Zoun 5
! wn Lt )

1Txij = E

n=1,2

determined by the supply voltage components vq;;,1 and v 5,2,
the Tx current also contains both frequencies and is independent
of load or mutual inductance variations. Therefore, the LCC
compensation circuit provides load-independent current through
the Tx coil, which ensures safe operation of the WPT system for
those Tx coils with no coupling to the Rx [32].

In the proposed method, the Tx supply pattern is fixed and
does not require any phase or current control. However, to
achieve even better performance in terms of higher system
efficiency and minimized electromagnetic exposure, a dynamic
activation method can also be applied to the Tx area based on any
existing Rx detection methods, e.g., the detection and activation
method in [3].

IIl. POWER COMBINING AT THE RX SIDE

In this section, we discuss how the WPT channel is established
with the proposed energizing pattern. Considering one WPT
channel, i.e., from one Tx coil to one Rx at one single frequency,
the Tx-side circuit can be modeled as an induced voltage source
in the Rx-side equivalent circuit. The phase and amplitude of the
induced voltage source are determined by the mutual inductance
as well as the source voltage [33], according to the time-domain

equation

I Vo - sin (wpt

Uij,n(xvyaa’t) = _pij,n) (6)
where (z,y,0) describes the Rx position and orientation, and
M ;(x,y,0) is the mutual inductance between Rx and a specific
Tx, Tx;;. Therefore, any effective Tx coil that has nonzero
mutual inductance with the Rx (i.e., M;;(x,y,6) # 0) con-
tributes two induced voltage sources v;;,1 and 2 (representing two
frequencies) at Rx side, as depicted in Fig. 3(c).

Following (6), since the induced voltage is always load in-
dependent, the Rx-side power combining is also represented
by combining of the induced voltage sources. The total induced
voltage of the Rx circuit, v, in, is the sum of the induced voltage
components from all the effective Tx coils at both frequencies,

given as

ijeM;j(x,y,0)#0
+ >
ijeM;j(z,y,0)7#0

= Uin1(2,9,0,) + vino(x,y,0,t)  (7)

Vac,in (2,9, 0,t) = vija(z,y,0,t)

Uij,2 (LE, Y, 07 t)

where v, , (n = 1 or 2) is the sum of all the induced voltage
components at the same frequency f,, represented by their
amplitudes A, ,, and phases piy, ., as

Ain,n (.’E, Y, 0) sin [wnt - pin,n (.’b, Y, 0)] .
®)

Here, we consider amplitudes as unsigned values. Therefore, the

negative sign in (6) and the signs of M ;;(x,y, 8) (cf., Fig. 2) are

all included to the induced voltage phase pi, .

'Uin,n(l'v Y, 0) t) =

A. Noncoherent Power Combining of Inputs at Multiple
Frequencies

Applying the power combining (7) for a given Rx position
(z,y,0), when nonzero voltage components at more than one
frequency appear on the Rx side, i.e.,

Ain,l(xayae) 7& 0u Ain,Q(Iay50> 7é 0 (9)

the power is combined in a noncoherent manner.

Based on the definition in (9), noncoherent power combining
happens at most of the Rx positions within the Tx area. If we
take position (z,y,6) = (2.5,1.5,45°) as an example, given
in Fig. 4(a), by considering f; and fo separately, the induced
voltage at the same frequency can be first added up following
their phasor relations. Thus, we obtain the total induced voltage
Uin,1 for frequency fi, and @iy, o for frequency fo, cf., (7) for
their time-domain forms.

Furthermore, vi, 1 and vj, 2 at two different frequencies are
combined to v,¢in in a noncoherent way, where the rules of
phasor combining are not applicable. As shown in Fig. 4(a2),
the relative phase difference between ¥, 1 and ¥iy, o varies with
time since their frequencies are not equal, leading to a time-
varying amplitude of the total induced voltage Uc in. To add
up voltage components at different frequencies, we consider the
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Fig. 4.

Examples of Rx-side power combining (induced voltage phasors) within the Tx area: (a) noncoherent combining with multiple frequencies,

(c) coherent, special Case 1: single frequency in same phase, and (d) coherent, special Case 2: single frequency with 90° phase difference, and
total induced voltage: (b) vac,in instantaneous waveform in noncoherent combining and (e) time-varying amplitude A;,, at four example positions.

time-domain equation

UaC,in(xa y, 0, t) = Z Ain,n(ma Y, 0) sin (wnt - pin,n)
n=1,2

[wl + wy

= Ain(z,y,0,t) sin t+ ¢in(z,y,0,t)|  (10)

where amplitude Aj;, and phase ¢y, of the total induced voltage
Vac,in are calculated as (11) and (12) is shown at the bottom
of this page. These equations indicate that with noncoherent
combining, the amplitude and phase of the total induced voltage
are also functions of time instead of only affected by the Rx
position. Such features are greatly important in terms of elimi-
nating blind spots that exist in conventional systems where only
coherent power combining takes place.

For example, at the position in Fig. 4(a), time-domain wave-
form v,ein(2.5,1.5,45°,t) is plotted in Fig. 4(b), its ampli-
tude Aj,(t) varies with time in a period Ty = 1/|f1 — f2|. The
waveform 4;,(2.5,1.5,45°,t) is given in Fig. 4(e). Rx position
(z,y,0)=1(2,1.5,90°) is a blind spot to the Conventional y
pattern, but power can still be combined incoherently in the pro-
posed WPT system. A4;,(2, 1.5,90°, t) waveform for the Conven-
tional y and the proposed Tx areas are drawn as dashed and solid
yellow lines in Fig. 4(c), respectively. The Ai,(t) waveforms
from noncoherent combining show only instantaneous moments
of zero power transfer, with a recurring period of 7. There-
fore, at conventional blind spot positions, the time-averaged
root-mean-square (rms) amplitude of the noncoherently com-
bined induced voltage source is Ain(rms) = (Ain,1 + Ain,2)/2,

in comparison with Aj;(;ms) = 0 in the conventional coherently
combined case.

B. Special Positions: Coherent Power Combining at a
Single Frequency

When examining power combining across the entire Tx area,
specific positions exist where the induced voltage components at
one frequency incidentally nullify each other. In two examples
given in Fig. 4(c) and (d), one of the voltage components vi, 1
or i, 2 is nullified. Therefore, the total induced voltage vac in
contains one single frequency in such special cases, its rms
value is calculated as Ajn(rms) = Ainn / V2, where Ainn # 0.
We will explain these two types of special power combining
cases individually in the following.

1) Case 1: Coherent Power Combining With the Same
Phase, e.g., Fig. 4(c): At position (z,y,6) = (1.5,1.5,45°),
two effective Tx coils, Txy; and Txso, have the same mutual
inductances with the Rx, but of the opposite signs. From (6) we
observe that the phase of induced voltage is decided jointly by
the phase of Tx-block supply ;. ,, and the sign of mutual induc-
tance M ;;. Due to the 180° phase shift between supplies o111
and Vo291, their fi-frequency induced voltage components,
¥11,1 and a2 1, have the same phases and are added up on the
Rx side. In contrast, since the fs-frequency components of Tx1;
and Txgo supply voltages are in-phase, their induced voltage
components 11,9 = —Ua2,2 cancel out with each other and do
not contribute to the power transfer. The corresponding phasor
relations at two frequencies are also illustrated in Fig. 4(c1).

Ain(xa Y, 97 t) = \/Aizn,l(mv Y, 0) + Ai2n,2(x7 Y, 0) + 2A’4in,1f1in,2 COoS {(Wl - WQ) t+ [pin,l(x7 Y, 0) - pin,Q(xv Y, 0)]}

Ain,l(xa Yy, 0) - Ain,2($7 Y, 9)

tan

(11)

W1 — w2

in(z,y,0,t) = arctan
¢ ( Y ) { Ainl(l‘, y70) + Ain,2(m7y7 9)

12)

t+ pin,l(xay?e) - pin,Q(xa yve):| }
2 2
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TABLE Il = 80 80
SYSTEM SPECIFICATIONS AND COIL PARAMETERS = 60 WGO $ | Cu(uF)
E == 10
parameter value param. | value | param. | value = 40 40 7 T = 50
Fr. Fo 199,201kHz | Vbc | 30V | Ry | 1009 % 20 g | T = 19100
Tx size® | 157 x 157 x 1.5 | Ly 21 pH Cryx | 67.2nF £ 0 S—g—5- 50 = = 130
Rx size* | 255 x 115 x 1.5 | Lrx | 360uH | Crx | 1.75nF o 1 2 3 4 5 6
Distance 35 mm Le |114uH| C |55.20F Frequency difference | f; — fof (kHz)

* All the dimensions are for one coil: length X width X thickness, in (mm).

Therefore, the Rx encounters a coherent power combining
at a single frequency f;, with phasors added up in phase.
As indicated in Fig. 4(c2), the total induced voltage vac in
contains only one frequency, so its amplitude is a constant
value with regard to time. The amplitude A;,(1.5,1.5,45°) is
plotted as an orange solid line in Fig. 4(e), which gives the
same result as the Conventional y setup, cf., dashed line in
orange.

2) Case 2: Coherent Power Combining With 90° Phase
Shift, e.g., Fig. 4(d): At (z,y,0) = (2.5,2,90°), Case 2 corre-
sponds to a similar coupling situation as Case I where Moy =
—Mass. The f; supply voltage for coils Txso and Txog are in-
phase, i.e., P22 1 =p23,1 = 180°, resulting in full cancelation of
the Rx-side induced voltages, given v92 1 + v23,1 = 0. However,
the f5 supply voltages have a 90° phase difference in this special
case instead of the 180° in Case I, and the induced voltage
phasors are orthogonal to each other, as shown in Fig. 4(d1l).
Compared with the power combining in Case 1, the total induced
voltage has a lower amplitude due to the phase-shifted add up;
however, the two induced voltage phasors still do not cancel
each other. This is also the main reason for selecting the phase
difference as 90°, since the induced voltage phasor in either 0°
or 180° will never cancel even partially with the phasor at 90°
or 270°. The induced voltage amplitude in special Case 2 is also
plotted in Fig. 4(e) for straightforward comparison with other
power combining cases.

C. Selection of the Switching Frequencies f, and f

Specifications and coil parameters of the WPT system imple-
mentation are given in Table [I. Operating frequencies around
200 kHz are selected as an example considering the Qi standards
for middle-range WPT [34]. In terms of the tradeoff between
the WPT link efficiency and the rectifier output dc filtering
capacitance C1, cf., Fig. 3, too small frequency gap between
f1 and fo creates difficulties for filtering the output voltage
ripple, whereas a large frequency gap will degrade the WPT
link efficiency [33].

Therefore, we conduct simulations to select the appropriate
combination of frequency gap and dc capacitance values. The
ripple and rms values of the output voltage are given in Fig. 5
with regard to frequency gaps. The simulation is built based on
the system parameters at Rx position (2.5,1.5,45°), where the
noncoherent effect is fully revealed. In order to get rid of the
high dc voltage ripple while still maintaining a high rms value,
the 2-kHz frequency gap and a 90 pF dc filtering capacitor are
selected for the proposed WPT system.

Fig. 5. DC load voltage ripple Viippie and the rms value Vigag With
regard to variations of frequency gap |f1 — f2| € [0.5,6] kHz and dc
output capacitance Cy, € [10,130] uF. (f1 + f2)/2 is kept at 200 kHz.

DSP board

- PWM signal®

ReCtifier | Tx:coil ar

\

boards - LCC

Fig. 6. Experimental setup of a WPT system with the proposed Tx
coil-energizing method.

[V. EXPERIMENTAL VERIFICATION
A. Experimental Setup

Following the specifications in Table II, we built a laboratory
prototype WPT system with spiral Tx coils and a flux-pipe Rx
coil. The Tx area is energized following the pattern proposed
in Fig. 1(a). Due to the symmetry of the proposed energizing
pattern, as discussed in Sections II-A and ITI-A, the charging area
is built as a scaled-down version with 3 x 2 blocks. Including both
two typical types of Intersections { and <>, the presented area
is able to show all the special Rx positions for different types of
power combining. Following Section II-B, Tx coils equip LCC
compensation circuits, and series compensation is used for Rx
tuning, for implementation simplicity. Considering the variation
in Tx self-inductance during Rx movement [26], each Tx coil is
tuned with the Rx on top, similarly, Rx is tuned inside the Tx area.
In addition, cross-coupling between the Tx coils is compensated
using decoupling inductors, as proposed in [3]. Therefore, the
Tx blocks act as independent and decoupled units. In summary,
the compensation topology or the cross-coupling cancelation
methods are not affected by the types of power combining.

Fig. 6 shows a photo of the experiment WPT system. The
Tx blocks are driven by six half-bridge legs (model LMG5200)
containing the required frequency and phase combinations, and
a digital signal processor TMS320F28379 is used to generate
corresponding control signals. An FSVI0120 V-based diode
bridge rectifier is used at the Rx side, together with a passive
resistor bank as the load. The waveforms are observed using an
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Fig. 7.

z-movement position (normalized to Tx size)

z-movement position (normalized to Tx size)

Comparison between conventional and the proposed Tx-area energizing patterns in terms of the dc output voltage and dc—dc efficiency,

with different linear Rx movements. (a) Rx device with 6 = 90° moving linearly in the z-direction, the Rx center is located in the middle of one row
of the Tx area. (b) Rx device with 6 = 90° moving linearly in the z-direction between two adjacent rows of the Tx area. (c) Rx device with 6 = 0°
moving linearly in the z-direction between two adjacent rows of the Tx area. (d)—(f) Measured dc output voltage V| ,aq and the dc—dc efficiency ot
for three types of linear movements in (a)—(c), respectively. The definitions of (z, y, 8) follows Fig. 1.

oscilloscope, and dc voltages and currents are measured using
industrial-grade true-RMS meters (FLUKE 28-II).

The prototype system works at 20-40 W power level, the
power at a specific charging position can be calculated through
the measured load voltage and the resistance given in Table II.
Next, we analyze the experimental performance of the WPT
system using the proposed energizing pattern. To this end, the
load voltage and efficiency of the experimental prototype WPT
system are presented against different Rx movements, and the
results are compared with the conventional approaches.

B. Charging Freedom Against Rx Linear Movements in
x- and y-Directions

First, the Rx coil is moved linearly in the z-direction while
keeping the orientation of the Rx aligned with either x or
y axis. Fig. 7(a)—(c) present three types of movements with
different orientations 6. The measurements of output voltage
and efficiency are given in Fig. 7(d)—(f), where x and y values
are normalized to the Tx coil width, see the definitions in Fig. 1.

When the Rx coil moves along the x-direction with reference
flux also in z-orientation [i.e., § = 90°, cf., Fig. 7(a) and (b)], the
proposed energizing pattern ensures an almost constant output
voltage and efficiency by combining the power incoherently.
Special Case 2 happens at x=1.5,2.5,..., where coherent
power combining is realized with 90° phase shift. In comparison,
the Conventional x supplying pattern exhibits blind spots with
null output and efficiency when the center of the Rx coil is
aligned with the center of one Tx coil, i.e., at x=1,2,3,...,
since the adjacent two columns have the same flux directions
and their induced voltage components cancel out at the Rx side.
This cancelation never happens with our proposed supplying
pattern as the Rx side obtains noncoherently combined power
at this position. Moreover, the Rx could not receive any power
with Conventional y pattern due to the zero total coupling.

When the Rx moves in the z-directionaty = 1.5 but oriented
in § = 0°, as shown in Fig. 7(c), both the proposed and the

Conventional y patterns exhibit continuous power reception at
Rx without any blind spots. Both approaches result in a similar
system de—dc efficiency around 90 %. The voltage amplitude in
the proposed case is slightly lower than the Conventional y due
to the 90° phase shift in coherent power combining, cf., Sec-
tion III-B2. Nevertheless, the voltage can be easily restored by
adjusting the supply voltage. However, with the Conventional x
pattern, the flux provided by Txs always flows in the z-direction,
which does not couple with the Rx, resulting in almost zero
output voltage.

C. Charging Freedom for Rx Rotational Movements

Next, to demonstrate the robust performance against different
angular orientations, we study the load voltage and efficiency
within 0° to 180° rotation angles of the Rx device. The perfor-
mance is the same for 6 € [180°,360°] due to the symmetry of
the Rx structure. The system performance against Rx rotation
angles at two typical intersection positions, i.e., at Intersec-
tion O: (1.5, 1.5) and Intersection <*: (2.5, 1.5), are shown in
Fig. 8(a) and (b). In comparison, these two intersection positions
are the same in Conventional x or y patterns in terms of power
transfer, so the measurement curves of two conventional cases
are split among Fig. 8(d) and (e) for better clarity. It can be seen
that the proposed approach exhibits continuous power reception
atall rotation angles, whereas both conventional x,y suffer from
blind spots with zero power and efficiency. Due to the in-phase
supplies in f5, the Rx rotation at Intersection ¢: (1.5, 1.5) [cf.,
Fig. 8(d)] exhibits coherent power combining, varying between
Case I (the same phase) and Case 2 (90°-shifted phase). At
Intersection < (2.5, 1.5) [cf., Fig. 8(e)], the power is mostly
combined incoherently, and special Case 2 only happens at the
quadrant angles. Regardless of the power combining types, the
proposed energizing pattern demonstrates power transfer with
full Rx rotational freedom with constant dc—dc efficiency over
84 %. The variation among different types of power combining
leads to small fluctuations in the output voltage, while its value
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Fig. 8.  Comparison between conventional and the proposed Tx-area energizing configurations in terms of the dc output voltage and the dc—dc

efficiency, with different rotational Rx movements. 0°—~180° rotation with Rx center positioned (a) at the Intersection ¢ when (z,y) = (k + i,k + j),

k=1.5,25,...,1,5€(0,2,4,6,...), (b) at the Intersection <> when (z,y) = (k,k £ j), k=1.5,25,...,5€(1,3,5,...),z> 1,y > 1, and (c) at
the edge between two rows or between two columns. (d)—(f) Measured dc output voltage V| ,aq and the dc—dc efficiency nyot for three types of
rotational movements in (a)—(c), respectively. 8 = 0° when the Rx reference flux direction is in the positive y-direction, cf., Fig. 1.

R

200 us/ Complete

can be easily adjusted using basic voltage regulation methods,

g., [35], since the power is always transferred with good
efficiency. In contrast, completely zero power transfer at con-
ventional x,y blind spots (the quadrant Rx orientations) cannot
be improved at all due to the null efficiency.

Finally, Fig. 8(f) shows the output voltage and efficiency when
the Rx center is located in the middle of one Tx column, i.e.,
(z,y) = (2, 1.5). The proposed method still provides continuous
power transfer with almost constant efficiency, while Conven-
tional y pattern shows blind spots when Rx orients along the
x-direction, and there is completely no power transfer at any
angle with Conventional .

D. Experimental Waveforms and Loss Distribution

The experimental voltage/current waveforms of the Tx and Rx
are shown in Figs. 9 and 10(a), respectively, for the noncoherent
and coherent power combining cases. Rx position (z,y,60)=
(2.5,1.5,45°) in Fig. 4(a) is still used as the example for non-
coherent combining illustration. According to the analysis in
Section III-A, the noncoherent power transfer is time-varying,
and due to the existence of a large dc filtering capacitance at the
system output, the instantaneous power transfer is brought down
to zero when it is not enough to supply the output, indicated by
current irx in Fig. 9(b). Therefore, we define the period having
power transferred as the “active power transfer” period and the
period with constant zero power as the “zero power transfer”
period.

Following the zoomed window in Fig. 9(a), during active
power transfer periods, the inverter output current 7,12 [supplied
to the WPT stage through the compensation inductor Lg, cf., (4)]
follows the shape of the Rx coil current igy, which combines

C 1|1|v|1l (A"
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Fig. 9. Waveforms of a noncoherent power combining example at

Rx position (2.5,1.5,45°): the inverter output current iy12 (Ch2), the
ac voltage at frequencies f; and f2 (Ch3, 4), and the Rx coil current
ipx (Ch1). (@) Zoomed version at the active power transfer period.
(b) Zoomed version during the zero power transfer period.

both f; and f; frequencies. The f; and fo voltage supplies are
almost in phase, so it contributes to high instantaneous power
transfer to the Rx. In contrast, Fig. 9(b) shows the zero power
transfer period, where the currents 7,12 and igx are both zero. The
instantaneous power is low because the ac voltage components
are nearly out-of-phase. This attribute of the Rx current and
inverter current establishes the foundation for efficiency on par
with conventional methods, while simultaneously eliminates
blind spots.

Next, Fig. 10(a) illustrates coherent power combining
waveforms at the example Rx position (z, y, 0) = (1.5,1.5,45°)
in Fig. 4(c), where the Rx obtains power from Tx;; and Txgs.
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Case 1 at the same frequency f1: the Tx and Rx current and voltage
and a zoomed window, cf., Rx position (1.5,1.5,45°). (b) Tx-side voltage
(Ch2, 3, 4) and current (Ch1) waveforms and a zoomed version.

< 100 0 Efficiency
< —@=Simulation
g 95 —#—Experiment
I Losses
§ 90 [Inverter
;EO [l Compen. circuit
& [JWPT link

85 . . .

Fig. 4(a)  Fig. 4(c) Fig. 4(d) [ JRectifier

Fig. 11.  System efficiency and loss distribution at three example posi-
tions in Fig. 4(a) noncoherent: (2.5, 1.5,45°), Fig. 4(c) coherent case 1:
(1.5,1.5,45°), and Fig. 4(d) coherent case 2: (2.5,1,90°).

The waveforms do not have any low-frequency envelope since
there is only one frequency f1. The zoomed window of Fig. 10(a)
shows the phase relations between the ac supply voltage and
the input/output currents. Fig. 10(b) presents all the ac voltage
waveforms in the considered Tx area, including vf1,0, V1,90,
V1,180 Vf1,270, and V£2,0, V£2,90- The Tx current iTxll is also
given as an example, validating (5), showing that the Tx current
is dependent only on the supply voltage, and thus contains both
frequencies, while it is independent of the Rx-side operations.

To evaluate the system performance regarding efficiency and
losses in each power stage, Fig. 11 is plotted with both experi-
mental measurements and simulation results. Due to difficulties
in measuring ac losses directly in the experiment setup, an
LTspice model is built based on the used components, showing
the same trend of the dc—dc efficiency as in the experimental
measurements. Therefore, the losses in each stage can be esti-
mated from simulation results, which are given as bar charts in
Fig. 11 referring to the three example Rx positions in Fig. 4.
We can notice from Fig. |1 that the coherent Case I has a
relatively balanced loss distribution in each power stage, while
the inverter loss is still dominant in the noncoherent combining,
which could be attributed to switching losses. Detailed investi-
gations of soft-switching operations can be attractive topics for
future work. Nevertheless, the principles of noncoherent power
combining are successfully verified through the experimental
results presented in this section, proving complete elimination
of blind spots with the proposed energizing pattern.

V. CONCLUSION

This article had proposed a novel multi-Tx WPT system based
on noncoherent power combining, with predefined Tx currents
in terms of their frequencies and phases. With the proper combi-
nation of two frequencies and four phases, multi-Tx WPT area
energized by the proposed pattern provided Rx full positional
and rotational charging freedom. Rx devices could be realized
as simple DD or flux-pipe coil structures. A laboratory pro-
totype featuring the proposed large-area Tx energizing pattern
was constructed to validate the proposed method. Experimental
results demonstrated that the Rx consistently achieves charging
efficiency between 82% and 93%, irrespective of its position
or orientation. Leveraging the principles of noncoherent power
combining, this system effectively eliminated the problem of
power transfer blind spots commonly encountered in conven-
tional WPT systems. We concluded that the proposed multi-Tx
energizing pattern could serve as modular and scalable building
blocks for free-positioning multi-Tx WPT systems.
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