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Abstract—A wireless power transfer system for multi-user
charging is proposed to demonstrate a robust quasi-uniform power
efficiency in a 3-D space. It employs a set of balanced magnetic
coils excited with phase-shifted currents on the transmitting side
to feature omnidirectionality. In this article, two transmitter struc-
tures, 2-coil and 3-coil systems are discussed and compared. These
systems produce a quasi-uniform magnetic field magnitude regard-
less of the locations of the receiving coils provided that the coils
point to the center of the transmitting system sphere at the same
distance. A simulation platform is established for the proposed
method. Experimental results at 2MHz substantiate a uniform spa-
tial efficiency and bound the average error of analytical calculations
within 10 %. Furthermore, the proposed method with rotating fields
based on phase-shifted currents shows that the 3-coil system yields a
higher efficiency and a lower efficiency spread, 6.8 % improvement
on average efficiency and 88.7% reduction on efficiency variance,
compared to the 2-coil system.

Index Terms—Rotating field, wireless power transfer (WPT),
resonant WPT, uniform magnetic field, robust efficiency, position-
free, multi-user charging.

1. INTRODUCTION

ESEARCHERS have put in considerable efforts to de-
Rvelop wireless power transfer (WPT) systems over the
past decade. Following the first demonstration of efficient long-
distance WPT in [1], achieved by making the inductive circuits
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resonate at the same frequency, subsequent papers [2]-[12] in-
vestigated the same approach, strengthening the resonant charg-
ing concept. Later, researchers developed multi-user charging
[13]-[14] to meet the increasing need for charging more than one
electronic devices at the same time. Due to their ubiquity, smart
phones, for example, are increasingly in need of group charging
in venues ranging from coffee shops to airports, however the
locations of smart phones cannot be adjusted in such papers.
The objective of this paper is to provide a quasi-uniform charging
efficiency throughout all space around the transmitter, enabling
multiple users to efficiently receive power regardless of device
locations.

Resonant WPT, which has been applied to various applica-
tions, is fundamental to achieving high-efficiency power transfer
between two sets of coils. For example, [6] focuses on the
biomedical applications, [7] focuses on flying drone applica-
tions, [9]-[10] focus on electric motor applications, [15]-[16]
introduce several methods to track and increase system effi-
ciency, and [17]-[18] focus on network applications. The WPT
system proposed here is distinct from those discussed above,
it employs rotating magnetic fields to improve efficiency and
is applicable to smart phones, tablets, multimedia devices, and
even low-power laptops.

Magnetic MIMO [22]-[23] was developed for position-free
charging applications. To enable charging of multiple users,
adaptive algorithms based on user-detection are developed in
[13], but the uniformity of power distribution is not considered.
Thus, even though the overall efficiency is maximized, some
users might be incapable of receiving power. Another method
referred to as omnidirectional WPT eliminated blind spots in
2-D and 3-D spaces [24]. The single-user efficiency distribution
using a phase-shifted current is studied in [25]. The current
control to achieve optimized power efficiency is studied in
[27]-[29]. The rotational and directional magnetic field of an
omnidirectional WPT system is studied in [28]. However, the
efficiency uniformity and power distribution among multiple
users are not studied.

An advantage of the proposed system is a quasi-uniform effi-
ciency in a 3-D space by employing rotating fields, produced like
multi-phase electric machines [30]-[33]. Two different types
are developed and studied: a 2-coil system with a phase shift
of 90 degrees between the coil currents, and a 3-coil system
with a phase shift of 120 degrees between the coil currents.
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Fig. 1.

Circuit model of an STSR system.

The phase-shifted currents create a uniform rotating magnetic
field around the coils and provides a seamless power transfer to
the multiple receivers in the charging space. This phase-shifting
method creates the uniform efficiency in the space, which cannot
be achieved by using a traditional non-phase shifting method.
[34] introduced a 2-transmitter method, but it only works in 2-D
and the quasi-uniform efficiency fluctuates beyond 10%, while
the proposed methods in this paper present a uniform field in
2-D and a quasi-uniform field in 3-D, and an extremely low
fluctuation in efficiency with up to 88.7% reduction on efficiency
variance with a 3-transmitter structure.

The remainder of this paper is structured as follows. Section II
outlines the theoretical underpinnings of the proposed WPT sys-
tem. Analysis begins with an equivalent circuit diagram model,
and then progresses to the development of relationships between
key parameters derived for the convenience of understanding the
system. This is followed by the modeling and analysis of the
magnetic field distribution and charging efficiency for various
use cases is discussed. A detailed benchmark comparison is
presented to demonstrate the advantages of the proposed system
over other methods. Section III presents the results of simula-
tions and experiments. Two cases, one with a 2-coil transmitting
structure and the other with a 3-coil transmitting structure, are
examined and compared. Discrepancies between the theoretical
expectations and the experimental results are examined. Sec-
tion IV provides a summary and conclusions.

II. MODELING AND CONTROL
A. Circuit Model

1) Single-Transmitter Single-Receiver (STSR) System: Con-
sider first the single-transmitter and single-receiver (STSR) case
shown in Fig. 1. The magnetic coupling of the circuit can be
described as below:

. Ly M|
[Xj =y ] m : (1)

The secondary voltage is therefore:

vo = (R R, rad+RL+ch) @)
where R, is the resistance of the receiving coil, Ry, is the
load resistance, C, is the resonant capacitance, and R;_,,q is
the equivalent radiation resistance of the receiving coil. The
radiation resistance, caused by the radiation of electromagnetic
waves, is defined as the ratio of radiation power over current
squared. Since the radius of the transmitting (Tx) coil (10 cm) is
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much smaller than the wavelength of radiation (150 m), R;_,aq
can be approximated as a magnetic dipole. The radiation power
of the magnetic dipole is % where (i is the permeability
of free space, w is the angular frequency, c is speed of light,
and m is the magnetic dipole moment [3]. For the Tx coil, the
magnetic dipole moment is proportional to its winding turns n,

coverage area Ta, namely nwa?. Thus R,_.q can be further
I ‘ n?powtrat 3)
C12¢3

obtained as
where « is radius of the coil, and n is the number of winding
turns. When the frequency is on the order of MHz, « is on the
order of 10 cm, and n is on the order of 10, R,_,.q becomes on
the order of 10772, and is thus negligible at MHz frequencies;
however, R, _,aq is proportional to the 4™ power of the frequency
w, thus if the frequency increases to 10 MHz, for example,
the radiation resistance increases to a m{2 level, and becomes
comparable to the coil resistance.

At the resonance frequency of the transmitting and receiving
coils, combining (1) and (2) yields

ii o Rr + errad + I{L

12 wM ’
which is the ratio of the transmitting coil current to the receiving
coil current. The efficiency is defined as the ratio of the output

power to the input power of the transmitting system, which is
given by

P w*m
Ry o = —= _ fow mj” | |

|1|2 127¢3

“)

12 X 12* . RL
N (Rt + Rtfrad) + i2 X 12*

i1 X il* : (Rr + 1%rfrad + RL) ’
(5)
where Ry is the resistance of transmitting coil, and R¢_,.q
is the equivalent resistance of the transmitting coil radiation.
Combining (4) and (5) then allows the efficiency to be expressed
as
Rg Ry,

= . 6
K RS + Rt + Rtfrad RL + Rr + errad ( )

where

wrM?
Rs = . 7
° RL + Rr + errad ( )

The efficiency expression shown in (6) is therefore the product

of the transmitter efficiency (ﬁ) and the receiver

efficiency (ﬁm).

2) Multi-Transmitter Multi-Receiver (MTMR) System: The
proposed system layout shown in Fig. 2 includes a transmitting
subsystem with phase-shifted current drives, a receiving-coil
subsystem comprising multiple receiving coils with electric
loads, and a power electronics subsystem including the DC/AC
inverter and power amplifiers. The transmitting subsystem is a
balanced coil structure so that the amplitude of the resulting
magnetic field can be approximately uniform with proper angle
settings, similar to the rotating magnetic field of electric ma-
chines. Individual current sources with proper phase shifts drive
the transmitting coils.
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Fig. 2. Equivalent circuit for MTMR WPT system.

(a) Circuit model of a 2-coil system
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(b) Circuit model of a 3-coil system

Fig. 3. Multi-Transmitter Multi-Receiver (MTMR) Systems

Two balanced structures are proposed and found to achieve a
uniform-amplitude magnetic field, and hence a nearly uniform
efficiency at the resonant frequency. These two structures are
2-coil and 3-coil systems. A practical objective is to use the
fewest possible coils to achieve uniform efficiency, thereby
maintaining a competitive edge on cost. However, an additional
coil may bring a cost saving in other aspect. For example,
a 3-coil system can save 4 switches compared with a 2-coil
system on the AC-DC-AC conversion. Circuit models of the
2-coil and 3-coil WPT systems are shown in Fig. 3(a) and 3(b),
respectively. On the transmitting side, each coil has the same
model, and the mutual inductances among them is zero owing
to the orthogonal structure. Therefore, no mutual inductance
exists on the transmitting side. Between the transmitting side and

receiving side, mutual inductances are created by the interaction
of the transmitting coils and multiple receiving coils, denoted as
Mi;, Moy, and Mg; (if 3-coil), respectively.

For a general MTMR with n transmitting coils and m receiving
coils, similar to the STSR case, the relation between the coil
voltage and currents can be described by

Vi, Ler -+ Mpim Mg Mim it

Vin _ jw . MTnl Ltn Mnl Mnm . itn

Vi, Mll Mln Lrl T Mle I,
L Ve L Mml an Mle T er i _irrn i
(3)

where Mr;; represents the mutual inductance between the trans-
mitting coils, Mg;; represents the mutual inductance between
the receiving coils, Lr; represents the self-inductance of the
transmitting coils, and Lg; represents the self-inductance of
the receiving coils. In this case, because the transmitting coils
are orthogonal, Mrj; = 0 Furthermore, the mutual inductances
between receiving coils are ignored in comparison to the mutual
inductances between transmitting and receiving coils. As taken
from (8), the voltages of the receiving coils are

ig,

Vi 1\/[11 Mln Lrl .0 -

: . . . . Lt

= Jw . . . . : . . on

. . . ip

Vrm Mml e an 0 : er .
_irm n

&)

Separately, the voltage of each receiving coil can be repre-
sented by

1 .
Vy = - <Rri + R»rfradi + 1:{Li + ) sy, (10)
jwCi;
where iis from 1 to m. The transmitting coil currents are defined
as

(11

where i; is the normal current of the transmitting coil-set, and
(i and «; are the normalized amplitude coefficient and phase of
corresponding transmitting coils.

When all transmitting and receiving coils resonate at the same
frequency, similar to the STSR case, the ratio of the norm of the
transmitter current to the receiver current is

ii o Rri + 1%rfradi + 1%Li
i1"i B WMefH

s ai
It; = Lt By e™,

12)

The efficiency is again defined as (13) as shown at the bottom
of the next page. Substituting (12), the efficiency becomes

n

Rs Rs;i Rirs
)iy Re ,
Rs +Ry . Rs R+ Rii + Rizradi

i=1

(14)
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where

Ry = iﬂiQ (Rti + Re-radi) » (15)

i=1
Rs = i Rsi (16)

i=1

WMo

e = Rii + Rui ":ﬁerradi ’ an
(18)

Mg = »_ M;iBje™ .
=1

Mg is the effective mutual inductance of the corresponding
receiving coil. Substituting (15)—(18), (14) becomes

Zi kliMefﬁ2

= ; (19)
! Rt + Zi k2iMefﬁ2
where
2
w

ko; = , 20
7 Ryi + Rui + Re_raai 0)

2 .
ks = L @1

(RLi + Rri + I-{rfradi)2 .

The expression (19) shows a non-linear relationship between
efficiency and effective mutual inductance. The efficiency also
depends on a combination of resistances that are constant at a
given frequency w. Overall, the efficiency is impacted by the
effective mutual inductance of multiple receivers at a given
frequency. Finally, the ratio of an individual load power to the
total input power to the transmitting coil is

Rs; Rri
RS + Rt I{Li + Rri + Rfrflradi ’

Pi/Py = (22)
The expressions for efficiency and receiver power can be under-
stood by the equivalent circuit of the MTMR WPT system shown
in Fig. 2, where Z1; = Ryi + Ry—raqi + Rui + Jw% + jwLyi.

B. Effective Mutual Inductance

The mutual inductance between two coils [29] is

M:@ffl—dldl’,
47 vJL T

where L and L’ are curve following the two coils. The effective
mutual inductance can be calculated by (18) thereafter.

As shown in Fig. 4, the 2-coil system comprises two vertical
coils, and the 3-coil system comprises three tilted coils. The
table-plane shows any two transmitting coils are orthogonal to
each other in both structures. The normal vectors of the 2-coil
system are (1, 0, 0) and (0, 1, 0); and of the 3-coil system are

1 1 1 1 1 1 2 1
% tm 5B Emtm —pad0-% -7) To

(23)
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(a) (b)

Fig. 4. Placement of transmitting and receiving coils: (a) 2-Coil; (b) 3-Coil.
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Fig. 5. Flowchart of phase-shift control.

measure the mutual inductance distribution, consider the table-
plane with the receiving coil facing the z axis (coil A in Fig. 4)
and the sphere with the receiving coil facing the radial direction
(coil B in Fig. 4). Fig. 5 shows the flowchart of the phase-shift
control method. The operating mode is automatically selected
between 2-phase and 3-phase based on environmental parame-
ters.

For evaluation purposes, the radius of each transmitting coil is
setto 7.5 cm, and eachreceiving coil to 5 cm. The effective planar
mutual inductance with and without the phase-shift control for
the 2-coil structure are shown in Fig. 6(a) and 6(b), respectively,
and for the 3-coil structure in Fig. 7(a) and 7(b), respectively.
These figures show that when the currents are not phase shifted,
the effective mutual inductance is high only at two quadrants
for the 2-coil structure. For the 3-coil structure, it is only high
at the center where a receiver cannot be placed. Comparing
Fig. 6(a) and 6(b), and Fig. 7(a) and (b) it is apparent that a proper
phase-shift of the driven currents can generate a nearly equal and

m . -
Doimq i X 1" - Ry

= S i X 16" (Rei + Re—radi) + D oieq dei X 1™ (Rei + Re—raai + Rii)

13)
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Fig. 6.  Planar effective mutual inductance distribution of the 2-Coil structure:
(a) without phase shift; (b) with 90 degrees phase shift.
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Fig.7.  Planar effective mutual inductance distribution of the 3-Coil Structure:

(a) without phase shift; (b) with 120 degrees phase shift.

strong effective mutual inductance all around the transmitter if
the receiving coil is placed on the table plane.

The directional diagram of a spherical mutual inductance
distribution with 20 cm radius for the 2-coil and 3-coil structures
are shown in Figs. 8 and 9, respectively. In a manner analo-
gous to the radiation pattern of an antenna, under the spherical
coordinates, the radii to the surfaces represent the absolute
value of the mutual inductance of the receiving coil placed at
a corresponding angle with a radial orientation. By comparing
Fig. 8(a) to Fig. 8(b), and Fig. 9(a) to Fig. 9(b), it is apparent that
the use of proper phase-shifts for drive currents can enhance the
mutual inductance around the entire 3-D space in the vicinity.

C. Efficiency

1) Efficiency Distribution of Single Receiver: The number of
turns for transmitting and receiving coils of the two structures
are set to 20 and 10, respectively. In this case, the resistance
density of the wire is 0.51 Q/m at 2 MHz for Litz wire with a
diameter of 1.5 mm. To find the optimum load resistance, the
first derivative of the efficiency as a function of load resistance
is used, as outlined in [2]. The appropriate load resistance is

(Rr + errad) (WM)z .

Ry + Ryaa)” +
( d) Rt + Rt—rad

Ry, = (24)
Correspondingly, the optimized efficiency distributions for a
single receiver at 2 MHz for the two structures driven by phase-
shifted currents are shown in Figs. 10 and 11.

2) Efficiency of Multiple Receivers and Minimum Receiving
Power among Users: The efficiency of multiple receivers, de-
noted as Eff., and the minimum receiving power among users,

denoted as P,,tio—min, are two important factors that determine

X(H) x10°°

Z(H)
o

Y(H)

TR I
TR |
\\\:‘ﬁ 0.5
18

Fig. 8.  2-coil structure: directional diagram of effective mutual inductance
distribution on the sphere: (a) effective mutual inductance without phase shift;
(b) effective mutual inductance with 90 degrees phase shift.
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Fig. 9. 3-coil structure: directional diagram of effective mutual inductance
distribution on the sphere. (a) effective mutual inductance without phase shift;
(b) effective mutual inductance with 120 degrees phase shift.
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Fig. 10.  Experimental results of the effective mutual inductance for the 2-Coil
structure: (a) measurement results; (b) error (experiment versus theory).

Experiment

- L q 3.4% 5.7% e
j 005
; - o
& 005
i ”
; 028 08% 04% -09%  214% -67% -122% [ K&
o

k By 5.6% | 0.1% 19

-02 0 0.2 S

X (m)

(a)

Fig. 11.  Experimental results of effective mutual inductance for the 3-coil
structure: (a) measurement results; (b) error (experiment versus theory).
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(b) 3-Coil.

Top view of WPT structures with multiple receivers: (a) 2-Coil;

the charging quality of WPT. Referring to Fig. 12, three cases
are analyzed:

(1) 4 receivers placed at 1, 3, 5 and 7; (ii) 4 receivers placed
at 2,4, 6, and 8; (iii) 8 receivers placed at all positions.

The operating frequency is set at 2 MHz as it is near the
optimal operating point for the highest efficiency. The receivers
are 15 cm away from the transmitter and all load resistances are
5 Q). Table I show the minimum power ratio (lowest individual
receiving power over input power) and overall power efficiency
(total receiving power over input power) of the 2-coil structure
and 3-coil structure. Note “C. V.” stands for current vector,
which is the vector of the normalized current coefficient .
As can be seen from the rightmost column in Table I, where
appropriate phase-shifts are applied, the power transfer, hence
the efficiency, is drastically increased with proper phase shifts,
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TABLE I
THE 2-CoIL(ToP) & 3-COIL(BOTTOM) STRUCTURE FOR MULTI-USER

V. 1 1 in
C.V. ﬁ[l,l] [1,0] ﬁ[1,ez]
case Eff. Pratiofmin Eff. l)ratiofmin Eff. l)ratitkmin
i 57.66% 14.42% 57.66% 0.00% 57.66% 14.42%
ii 65.11% 0.00% 65.11% 8.98% 65.11% 8.98%
iii 68.15% 0.00% 68.15% 0.00% 68.15% 5.92%
V. i[1 1,1] 1 I iZn
#L1 [1,0,0] ﬁ[l,eS,e3]
case Eff. Pra(iﬂ—min Eff. l)ratio—min Eff. Pratio—min
i 55.65% 7.79% 67.02% 2.88% 68.58% 15.90%
ii 55.46% 10.11% 66.09% 0.15% 68.61% 15.85%
iii 64.22% 4.52% 71.02% 0.07% 72.15% 8.35%
TABLE II
BENCHMARK COMPARISON
WPT Methods Multi- Dist. 2-D 3-D Uniform
Charge | Charge | Position- | Position Eff.
Free Free
Proposed Y Y Y Y Y
Witricity [1] N Y N N N
MagMIMO [22] N Y Y Y N
Qi Charging [2-7] Y N N N N
2-Coil [35] Y Y Y N N
3-Coil [36, 37] Y Y Y N N
4-Coil [38, 39] Y Y Y N N

availing simultaneous power delivery to all users. Fig. 12 shows
the vertical view.

D. Benchmark Comparison

Current WPT technologies are overviewed in [21]. The rep-
resentative methods [1]-[7], [22], [35]-[39] as mentioned in the
Introduction section are Witricity and other multi-coil forma-
tions (resonant inductive charging), MagMIMO (position-free
charging), and Qi (contacted). A detailed list below in Table II
shows the advantages of the proposed system over other methods
on multiple features.

III. SIMULATION AND EXPERIMENTAL RESULT
A. Experiment Setup

The proposed system consists of a transmitting subsystem
configured as either 2-coil or 3-coil, a receiving subsystem,
which includes multiple receiving coils with loads, and a power
electronics system comprising a signal generator and power
amplifiers. The experiment setup is shown in Fig. 13. Power
Ampl is Amplifier Research Model 150A100B with 150 W
output, 10 kHz — 100 MHz, 55 dB gain (nominal), Power Amp 2
is ENI Model 3100LA RF Power Amplifier with 100 W output,
250 kHz — 1500 MHz, 55 dB (nominal). The oscilloscope is
Tektronix 4-Channel 1 GHz. The signal generator is KKmoon
MHS-5200A with the sampling rate at 200 Ms/s. The operating
power range has been chosen to be within 0—10 W. Voltages
and currents of input and output are measured to obtain power
values. The operating voltage range and the current range for the

Power Amp 1
=

Fig. 13.

Experiment test bench.

-0.3°
-0.3

-0.1 0 0.1 0.2
X (m)

-0.2

Fig. 14.  Efficiency distribution of the 2-coil structure.

transmitter coil are 0—10 V and 0-1 A, respectively, and those
for the receiver coil are 0-5 V and 0-2 A, respectively.

B. Case 1: 2-Coil Structure, 90 Degrees Phase Shift (2 MHz)

Based on (9), the open-circuit voltage of a single receiver is
linear with the normal transmitting current at a fixed frequency.
Therefore, the effective mutual inductance between one loop
of a transmitting coil and one loop of a receiving coil can be
measured by the ratio of open-circuit voltage of the receiving
coil V,_gpen to the normal current of the transmitting coil is.

Vio
—open
Megg = ————

1 - Ny - g

(25)

The measurement results of the effective mutual inductance
are shown in Fig. 10(a). The error rate namely the difference
between the experimental results and theoretical calculations
based on the model of Section II, ranges from -21% to 16% with
an average of 10.3% as shown in Fig. 10(b). This relatively low
error rate demonstrates the close match between experiment and
theory.

Mexp - Mtheory

0 = (26)

Mthcory

The efficiency distribution of a single receiving coil with the
optimized load resistance by (24) is measured by the ratio of
receiving power to transmitting power, which is shown in Fig. 14.
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Fig. 15.  Efficiency distribution of the 3-coil structure.
TABLE III
EXP. RESULT OF THE 2-COIL & 3-COIL STRUCTURE
2-Coil 3-Coil
Measure Input Output Input Output
Case Power Power Power Power
) Theory 5.50 3.17 5.50 3.77
' | Experiment 551 325 551 378
B Theory 5.50 3.75 5.50 3.89
" ["Experiment 5.52 3.79 5.52 3.88
| Theory 5.50 3.85 5.50 4.02
" Experiment 551 3.89 551 4.00
2-Coil 3-Coil
Measure - .
Case Efficiency | Pratio—min | Efficiency | Pratio—min
) Theory 57.66% 14.42% 68.61% 15.85%
! Experiment 58.97% 12.02% 68.54% 12.81%
B Theory 68.11% 17.03% 70.89% 15.89%
" ["Experiment | 68.64% 13.79% 70.37% 15.19%
| Theory 70.08% 4.70% 72.89% 6.77%
" [TExperiment | 70.52% 3.13% 72.69% 4.39%

C. Case 2: 3-Coil Structure, 120 Degress Phase Shift (2 MHz)

The effective mutual inductance for the 3-coil structure is
shown in Fig. 11(a). The error rate ranges from —24.4%to 17.5%
with an average of 8.03% as shown in Fig. 11(b). The efficiency
distribution of a single receiving coil with the optimized load
resistance by (24) is shown in Fig. 15. The overall efficiency
and the minimum receiving power are shown in Table III.

Case 2 with phase-shifts of 120 degrees shows an even higher
efficiency in the 3-D space, ensuring the broader and more
uniform high-efficiency charging range. It may lead to extra
material in comparison to Case 1 with a phase-shift of 90
degrees. Depending on the coil material, the extra cost may be
significant.

The overall efficiency and the minimum receiving power with
4 and 8 receivers with load resistance of 5 ) placed in the
positions shown in Fig. 14 with the distance of 15 cm to the
center is shown in Table III in regards to C2 in Section II, where
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Fig. 16.
structure.

Demonstrations: (a) WPT set-up; (b) 2-coil structure; (c) 3-coil

the minimum receiving power ratio is defined as the receiving
power over the total input power. Further calculations yield
the average efficiency of 66.04% and the variance of 0.26 for
the 2-coil system and the average efficiency of 70.53% and the
variance of 0.03 for the 3-coil system. These indicate the 3-coil
system brings an improvement of 6.8% on the average efficiency
and a reduction of 88.7% on the variance.

D. Demonstration

For the purposes of illustration, colorful LEDs are used to
emulate the electric load as shown in Fig. 16(a). The opreations
of the 2-coil structure and the 3-coil structure are shown in
Fig. 16(b) and 16(c), respectively.

IV. CONCLUSION

For WPT systems, an effective method to create a quasi-
uniform efficiency in a 3-D space around the transmitting system
is proposed and examined theoretically and experimentally. The
key novelty is the application of a phase-shifting method on
balanced magnetic coil structures — a clear distinction from a
traditional non-phase shifting method. The 3-coil structure is
verified to have a more robust efficiency delivery with 88.7%
reduction on the variance, compared with the 2-coil structure.
Experimental results have verified the theoretical calculations
with less than 10% average error rate. The study shows that:

1) The effective mutual inductance distribution around the
transmitter is quasi-uniform when the transmitting coil-set
is driven by properly phase-shifted currents;

2) The rotating magnetic field generated by phase-shifted
currents will form a quasi-uniform efficiency distribution
for single user, and higher minimum receiving power ratio
for multiple users; and

3) The 3-coil structure driven by 120 degrees phase-shift
current shows a better performance — a higher and more
stable efficiency, compared with the 2-coil structure driven
by a 90 degrees phase-shift current, a lower variance
(reduced by 88.7%), and an improved average efficiency
(by 6.8%).

To summarize, the proposed WPT system shows robustness

and flexibility to the receivers’ position and orientation in a
complicated multi-user environment. The overall efficiency can
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be improved as future work by customizing dynamic phase-
shift based on users’ position or advanced coils with lower
resistance.
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