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Simultaneous 3-D Wireless Power Transfer to
Multiple Moving Devices With Different
Power Demands

Weiyi Tang ', Qi Zhu

Mei Su

Abstract—A real-time algorithm for simultaneous three-
dimensional wireless power transfer to multiple moving devices
with different power demands is proposed. An objective function
of the weighted sum of the power transfer to the multiple moving
devices is formulated. Devices with a more urgent need for charging
will have higher weights. The objective function is optimized in real
time. By the proposed algorithm, the wireless power transfer system
transfers power as much as possible to the multiple devices based
on their power demands so that the transfer distance is improved
and charging time is saved. The proposed algorithm does not need
to know the positions and orientations of the multiple moving
devices, which is hard to be obtained in practice. The correctness
and convergence of this algorithm are theoretically proved. The
experimental results show that the proposed algorithm can adapt
to both devices’ movement and power demand variations. The
convergence time of the proposed algorithm is 0.2 s when the
devices’ power demand urgencies change.

Index Terms—Maximum power transfer, three-dimensional
(3-D) space, wireless power transfer (WPT).

1. INTRODUCTION

NDUCTIVE wireless power transfer (WPT) has evolved

from an emerging technology to today’s global billion-dollar
industry [1]. Following the wide employment of WPT, there is
an application scenario where the WPT powers personal mobile
consumer electronics (such as mobile phones, smartwatches,
tablets, and laptops). As shown in Fig. 1(a), the mobile phones,
smartwatches, and other mobile consumer electronics are placed
on the charging pad when being charged. This is not convenient,
as people cannot use them freely during the charging process.
The three-dimensional (3-D) WPT system, shown in Fig. 1(b),
is designed to handle this problem. In this situation, people can
freely use their electronics in the 3-D space when the devices
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Fig. 1. (a) Current WPT systems require placing the mobile phones, smart-
watches, and other mobile consumer electronics on the charging pad when
charging. (b) Three-dimensional WPT system allows them moving around it
when charging.

are charged. Numerous studies have attempted to develop 3-D
inductive WPT systems with wide-range ubiquitous magnetic
field [2], [3] and omnidirectional powering [4], [S].

As a preliminary condition, the mobile device supporting
WPT is equipped with one or more receiving (Rx) coils. In
the case of multiple mobile devices, the multiple moving Rx
coils must be charged regardless of their current positions and
orientations. Besides, the orthogonal structure is chosen for the
transmitting (Tx) coils of the WPT, since the mutual inductance
between the Tx coils should be minimized and energy should
not be exchanged between Tx coils. Otherwise, the transmission
efficiency is reduced [6]. According to [4] and [5], the minimum
physical dimensions of transmitting (Tx) and receiving (Rx)
coils meeting the charging requirement can be categorized into
the following three types of configurations.

1) Double orthogonal Tx coils and multiple double orthog-
onal Rx coils. This type of configuration is chosen and
used in [1]-[5], [7]-[11]. By doing so, the volumetric coil
structures are avoided on both Tx and Rx sides. When
direct and quadrature (DQ) rotating magnetic-field-based
Tx coil configuration is proposed for wireless charging
of multiple devices in [2] and [3], the crossed dipole Tx
and Rx coils configuration is proposed for wide-range
3-D omnidirectional inductive WPT in [4], [5], and [7].
By using a conductive magnetic shield to cancel out the
magnetic flux generated from the lower coil segments,


https://orcid.org/0000-0002-3045-739X
https://orcid.org/0000-0002-4307-3694
https://orcid.org/0000-0003-0347-196X
https://orcid.org/0000-0002-3982-8388
https://orcid.org/0000-0001-7293-7669
mailto:154601016@csu.edu.cn
mailto:csu_zhuqi@163.com
mailto:jian.yang@csu.edu.cn
mailto:humble_szy@163.com
mailto:sumeicsu@csu.edu.cn
mailto:rmzou@csu.edu.cn
http://ieeexplore.ieee.org

4534

a new coreless Tx coil configuration is proposed for a
wide-range ubiquitous inductive WPT in [8] and [9]. Be-
sides, multiple Tx modules with the same size structure are
proposed in [10] and [11] for a ubiquitous Wi-power zone,
so that a number of electric devices can be simultaneously
charged during operation.

2) Triple orthogonal Tx coils and multiple single Rx coils.
This configuration is presented in [12]-[20], as the Rx
side has the simplest configuration. Raval et al. [12]-[14]
introduce a rotating magnetic field within the 3-D power
zone. The proposed system includes a cubic power transfer
primary window generated by a rotating magnetic flux
flow path. In [15], the optimal design of the proposed
quadrature-shaped pickup has been conducted in terms
of the length and width of the central crossed structure of
omnidirectional WPT systems.

3) Single Tx coil and multiple triple orthogonal Rx coils.
This configuration is rarely used, as the complex Rx coil
structure is hard to be employed by the mobile devices.

When the former two types of coil configurations have been
widely employed, it is necessary to control the magnetic field
toward a specific location, thereby increasing the energy trans-
fer efficiency and reducing unnecessary energy leakage [17].
The current amplitude control method capable of generating
a magnetic vector at a set of points evenly distributed on a
spherical surface is explained in [18]. In [19] and [20], it is
shown that the distributions of the total input power, load power,
and the efficiency form surfaces of a revolution of Lemniscate
of Bernoulli, when the 3-D omnidirectional system is driven
by a rotating current vector. In [21], an active field orientation
method is proposed to shape the magnetic flux so as to minimize
the leakage flux by controlling the amplitude and phase angle
of the magnetizing current. However, their works [17]-[21]
are analyzed based on stationary devices, the movement and
the power demand variations of the devices are not taken into
account.

According to the above-mentioned analysis, this article fo-
cuses on meeting four requirements to charge the multiple
moving devices in 3-D space in the software side.

1) First, the WPT can transfer power as much as possible
to the multiple devices so that the transfer distance is
improved, and the charging time is saved.

2) Second, each device can be charged based on its power
demand urgency, as the priority of being charged among
multiple devices may be different. For instance, some Rx
coils need to be charged right now, while others do not.

3) Third, the first two requirements above should be satisfied
when the multiple devices are moving.

4) Fourth, the first two requirements above should also be sat-
isfied quickly after the devices’ power demand urgencies
change.

In order to meet the four requirements, this article presents an
algorithm to determine the real-time amplitude and phase dif-
ferences of the Tx coil currents that supports charging multiple
moving devices with different power demands. The overview of
the proposed algorithm is summarized as follows.
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Fig. 2. (a) Spatial structure of traditional WPT system. (b) Rotatable Tx coil

and movable Rx coil.

1) The mathematical description of the first two require-
ments mentioned above is established (see Section IV).
An objective function with respect to the amplitude and
phase differences of the Tx coil currents is formulated.
The objective function is based on the weighted sum of the
power transfer to the multiple moving devices. Optimizing
the objective function in real time will satisfy the first two
requirements.

2) A real-time algorithm is proposed to find out the real-
time optimal amplitude and phase differences of the Tx
coil currents (see Section V-A). The optimal solutions are
found out based on the gradient of the objective function.
The proof of the correctness and convergence is presented
(see Section V-B).

Since the proposed algorithm is based on real-time opti-
mization, it can adapt to the movement and the power demand
variations of the devices. The experimental verification of the
adaption is described in Section VI. It is also worth mentioning
that all the calculations in the proposed algorithm are inde-
pendent of positions and orientations of the multiple moving
devices, which are difficult to obtain in practice.

The rest of the article is organized as follows. In Section II,
the triple orthogonal Tx coil current control principle and its
motivation are presented. In Section III, the mathematical mod-
eling of the 3-D WPT system with the triple orthogonal Tx
coils and multiple single Rx coils configuration is derived.
In Section IV, the mathematical description of the objective
function is presented. In Section V, a real-time algorithm for
the maximum weighed sum of the power transfer to the Rx
coils is proposed, and the correctness and convergence of the
proposed algorithm are proved. In Section VI, an experimental
prototype is displayed, and experimental verification of the
proposed algorithm is presented.

II. TRIPLE ORTHOGONAL TX COIL CURRENT CONTROL
PRINCIPLE AND ITS MOTIVATION

As shown in Fig. 2(a), the spatial structure of traditional WPT
system is usually a single Tx coil with a single Rx coil. In such
a spatial structure, if the Rx coil is allowed to move in 3-D
space, it is better that the Tx coil is also allowed to rotate. As
shown in Fig. 2(b), if the Tx coil rotates following the Rx coil’s
movement, the leakage flux could be reduced, and the power
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Fig. 3. Three orthogonal Tx coils and virtual rotatable Tx coil (a) both € and
pare equal to 7/4 (b) 0 is equal to /4, while ¢ is equal to 37 /4.

transfer efficiency could be improved. However, rotating the Tx
coil needs additional mechanical devices.

As shown in Fig. 3, in 3-D WPT system, the single Tx coil is
replaced by three orthogonal coils. The three Tx coils A, B, and
C are marked in blue, red, and green, respectively. The currents
of the three Tx coils are, respectively, denoted as [ 4, I, and
I, which are complex numbers. The amplitude of the complex
numbers represents the rms of the ac current, while the angle
differences between the complex numbers represent the phase
differences between the ac current.

Following [18] and [20], the amplitude and phase differences
of the three currents in the three orthogonal Tx coils are regulated
in spherical coordinate as

IABC = IbaseAT (1)

where
Iapc = [1a Ip IC]T
A= [sin@cosgo sin f sin ¢ COSH].

Ipase 1s the amplitude of the current vector in the spherical
coordinate. 6 and ¢ represent the polar and azimuthal angle in
the spherical coordinate, respectively. To define a unique set of
spherical coordinates for each point, # and ¢ are restricted as
0 € [0,7] and ¢ € [0, 27). The imaginary part of the three cur-
rents is regulated to be zero, which means the phases differences
between the three current are 0° or 180°.

The motivation for the current control principle in (1) is imi-
tating a rotatable Tx coil shown in Fig. 2(b), whose orientation
is controllable. If the three Tx coil currents are regulated as (1),
according to Biot—Savart law, the synthetic magnetic field vector
at O is

_ 4Nturnsﬂ0
\/§7Tlsquare

where Niyrns 1s the number of turns of Tx coils, lsquare 1S the
length of a side of Tx coils, and p is the vacuum permeability.
The amplitude is in direct proportion to Ij,se. The direction is
controlled by € and . The magnetic field direction is marked in
purple in Fig. 3. According to (2), the synthetic magnetic field
vector looks as if it is generated by a virtual rotatable square
Tx coil, which is depicted with dashed line in Fig. 3, which is
perpendicular to Bo. The current of the virtual Tx coil I, is

Bo IaBc (2)
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Fig. 4. Spatial structure of the triple orthogonal Tx coils with single Rx coil
configuration with n moving Rx coils

equal to [,ase. The numbers of turns and length of a side of
virtual Tx coil are Niypns and lsguare. TWo examples are shown
in Fig. 3. In Fig. 3(a), both # and ¢ are equal to 7 /4. In Fig. 3(b),
0 is equal to 7w /4, while ¢ is equal to 37 /4.

Then, with the current control principle (1), the three or-
thogonal Tx coils look like a virtual rotatable Tx coil, whose
orientation is controlled by 6 and ¢, and provide omnidirectional
magnetic field in 3-D space.

Remark 1: The advantage of regulating the imaginary part of
IABC to be zero is that, according to (2), the magnetic field can
be shaped at a controllable specific direction, which is controlled
by 0 and . Otherwise, B is not a real vector and the magnetic
field will rotate automatically and repeatedly in 3-D space. This
may cause EMI issues for other devices. Meanwhile, regulating
the imaginary part of Iog¢ to be zero can reduce the variables
that need to be controlled, while the synthetic magnetic field
vector is still omnidirectionally controllable. This can reduce
computational complexity and provide an advantage for the real-
time control.

Remark 2: It needs to be clarified that it is not necessary
to regulate the imaginary part of Ianpc to be zero in (1).
Regulating the imaginary part of Iopc to be zero may limit
the power transfer capability of the system. The imaginary part
of I o represents extra degrees of freedom, and there are some
other choices that are more beneficial, which should be studied
further.

III. MATHEMATICAL MODELING OF 3-D WPT SYSTEM WITH
TRIPLE ORTHOGONAL TX AND MULTIPLE SINGLE RX COILS

Fig. 4 shows the spatial structure of the triple orthogonal Tx
coils with single Rx coil configuration with n» moving Rx coils.
N Rx coils around the system are concerned in this article, while
only three Rx coils are painted to represent multiple moving
Rx coils. Table I lists the symbolic representation of electronic
components in the 3-D WPT system.

Commonly, the mutual inductance is a positive variable.
However, in this article, the meaning of mutual inductance is
generalized, and it could be a positive or negative variable. The
advantage is that modeling of the rotatable Rx coils needs only
one uniform equation, otherwise it needs different equations
when the Rx coils are with different orientations. An example
is presented in Appendix I.
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TABLE I
SYMBOLIC REPRESENTATION OF ELECTRONIC COMPONENTS

Symbol Quantity

I, 15,11, Current of Tx coil A, B, C, and nth Rx coil

UA s UB s UC Voltage source of Tx coil A, B, and C

L,,L,,L..L, Self-inductance of Tx coil A, B, C, and nth Rx coil

R, R, .R. Coil resistance of Tx coil A, B, and C

R, R Coil and load resistances of the nth Rx coil

CA , CB ’ CC C Reson'ant capacitance of Tx coil A, B, C, and nth

n Rx coil
M M. M Mutual inductance between coil A and nth Rx coil,
An> 7" Bn T Cn coil B and nth Rx coil, and coil C and nth Rx coil

Mutual inductance between coil A and B, coil B

My Mye M e and C, and coil A and C

M Mutual inductance between mth and nth Rx coil.

nm

The amplitude and phase differences of 4, I5, and I~ can be
independently regulated by their respective controllable voltage
sources Uy, Up, and Ug. Uy, Up, and Ugs are generated
independently by their respective dc/ac converters powered by
a dc voltage source.

Mutual inductances exist between Tx and Rx coils. There are
also inductive couplings between the different moving Rx coils.
Both the mutual inductances vary as the Rx coils move. The
equivalent mathematical circuit model of the WPT system with
the moving Rx coils can be described as

Zasc M | |IaBc| |Uasc 3)
MT  Zn In| Un
where
T T
In =[5 IN]" Uasc=[Ua Up Uc]
. Mgy Man
Un=[0 -+ 0] M=jw| Mp Mpn
Mey Mcn
[Ra+jXa jwMagp JwMac
Zac = | jwMap Rp+jXp jwMpc
| JwMac  jwMpc Re+jXc
[ Reomn + R1+7X1 JwMin
In = : :
JwMin Reoiny + Ry + j XN

Xa=wlys— 1/ (wCA)
Xc = UJLC — 1/ ((A}CC)

XB :(JJLB — ]./ (wCB)
X, =wlL, —1/(wCy).

IV. MATHEMATICAL DESCRIPTION OF THE
OBJECTIVE FUNCTION

In order to save the charging time and increase the transfer
distance, the sum of the power transfer to each device should
be maximized. To transfer power based on the devices’ power
demand urgencies, the sum is weighted. By doing so, the devices
with a more urgent need for charging will have higher weights.
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The weighed sum of the power transfer to each device could
be considered as a function with respect to the amplitude and
phase differences of the Tx coil currents, when affected by
the movement and power demand variation of the devices. The
amplitude and phase differences of the Tx coil currents should be
controlled to maximize the weighted sum of the power transfer
in real time so that the WPT system can charge the multiple
moving devices based on their power demand urgencies. Based
on the above discussions, the weighted sum of power transfer is
described by

P,(In) = w1 Py + - + wy Py = INRIN “4)

where P, = I} R,I,, R =diag(wiR1,waRs,...,wNyRN),
and diag() indicates a diagonal matrix. P, is the power transfer
to the nth Rx coil. w,, represents the power allocation weight
of the nth Rx coil. A larger w,, means that the nth receiver
has a higher power demand urgency. Each Rx side will inform
the WPT system of its power demand urgency wu,, via wireless
communication. The power demand urgency u,, is a limited
nonnegative integer, and the WPT system assigns the power
allocation weight w,, to each individual device based on u,, as

N
1

According to (3), In is described byIapc as
In(IaBc) = —Zx' M IaBc. (6)

According to (4) and (6), the weighted sum of power transfer
P,, can be denoted by

P,(IaBc) = Inpgc(Zn MY ) RZG M Tagc.  (7)

Since (Z&lMT)*RZ;MT is Hermitian, and Iogc is reg-
ulated as a real-number vector according to (1), the imaginary
part of (Z' MT)*RZ' M7 is eliminated as

P,(Iac) = IapcRelaBc (3)

where Re = Re((Zy'M”T)*RZy'MT) and Re() indicates the
real part of the matrix. According to (1) and (8), P, can be
expressed as a function of ¢ and ¢ as

Py(0, ) = I, ., ARAT. )

The two requirements described in Section I can be satisfied
by optimizing (9) with respect to 6 and ¢, which can be described
as an optimization problem as

{ma)éimize P,(0,¢) = I}, ARAT
[}

: (10)
subject to 0 € [0, 7], ¢ € [0,27).

Since R is a positive real symmetric matrix, Re is an
orthogonal diagonalized as

Re = QA Q7 (11)

where Q - [Ql Q2 Q3] and A = diag()"maxa )‘mida )\min)~
Q1, Q, and Qg are the orthonormal basis. Apax, Amid, and
Amin are the maximum, intermediate value, and minimum of
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the eigenvalue, respectively. Thus, the maximum weighted sum
of power transfer is equal t0 Amax 2, ... When

AT = Q; = arg max P, (6, ).
0,0

12)

V. OPTIMIZE THE OBJECTIVE FUNCTION IN REAL TIME
A. Proposed Real-Time Algorithm

In this section, a real-time algorithm is proposed to solve the
optimization problem (10) based on the gradient ascent method.
In other words, the best magnetic field directions 6(¢) and p(t)
are found out to maximize P,,, and the latter can be obtained
from wirelessly communicating with the Rx coils.

O(t) and ¢(t) will evolve based on the gradients of the
objective function as

0
dt | ¢

where k is a positive constant and represents the step size. In
practice, the partial derivative of P,, can be implemented as

0Py /00 = (P (0(t) + A0, (1)) — Pu (0(2), (1)) /A0

P[0 4

dP, /00 ]

(14)
OPy[0¢ = (Py (0(t), p(t) + Ap) — Py (0(2), (1)) [ Agp.
(15)
Then, 6 and ¢ can be updated as
O(t+1)=0(t)+ ATk(OP,/09) (16)
ot +1) = p(t) + ATk(OP,/0p) 17

where AT is the control loop time. Equations (16) and (17) are
independent of the positions and orientations of the multiple
moving devices that are difficult to obtain in practice. Hence, the
proposed algorithm does not need to know this information and
brings convenience for engineering applications. Meanwhile,
the current reference of Tx coils will be obtained as

T
[If T I ] = Tnase AT (18)

The block diagram of the full algorithm is presented in Fig. 5.
A6 and A should be sufficiently small so that the WPT system
will not cause large chattering around the optimization points.
They should also be set sufficiently big so that the sensors can
sense their changes. There is also a tradeoff when setting the
value of step size k. It should be set sufficiently small so that the
WPT system will not cause large chattering around the optimiza-
tion points and sufficiently big to fasten the convergence time
response performance to the movement and the power demand
variation of the devices. In numerical optimization, line search
methods [22] are usually used to decide the value of the step size
k. Typical line search methods try out a sequence of candidate
values for step size k, stopping to accept one of these values
when certain conditions are satisfied. The objective function is
assumed to be known and unchanged. It can be calculated by
the computer when trying out different candidate values for step
size k. However, in this article, the parameters of the objective
function P, are unknown and vary as the Rx coils move. Trying
out different candidate values for step size k is needed to change
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1. Initialize 6 and ¢:
0—0; <0

2
2. Obtain P, (6(1),¢(1)):

(1) I:];ef [l’;/ Ige/ :|T <~ 1b¢z.s‘eAT;
(2)Obtain P, (H(t),qo(t)) from

communicating with Rx coils;

!

3. Calculate the partial derivative

of P, with respect to 6:
(D)@« 6+ A0,
(2)|:[ff ]lgef [Cy'ef :|T <« [ha.xeAT;
(3)Obtain P, (G(t) + A0, q)(t)) from
communicating with Rx coils;
P (6(t)+A0,0())-P,(0@), ot

@ , (0(6) +A0,0(1)) W(()fﬂ());

o0 AG
(50« 0-A0;

!

4. Calculate the partial derivative

of P, with respect to ¢:
(D < o +Ap;

@ 17 1] «1,.A"
(3)Obtain P, (H(I),(o(t) + Aq)) from
communicating with Rx coils;

@) oF P, (0(1),p(t)+Ap)- B, (0(t),p(t)) :
op Ao

5. Update 6 and ¢:

DO +1) « 0(t)+ ATk(OP, / 00);

2)p(t+1) < @(t) + ATk(OP, / 09);

Fig. 5. Diagram block of the proposed algorithm.

# and ¢, to regulate the Tx coil current, and communicate with
Rx coils to obtain the value of P,,. In this situation, the power
transfer will fluctuate. Hence, the line search methods cannot be
adopted here. In this article, the value of the step size k is simply
set as a fixed positive number, which is obtained by trial and
error in the experiment.

As shown in Fig. 5, the proposed algorithm is divided into
five parts. In the first part, & and ¢ are initialized to zero. In
the second part, P, (0(t), ¢(t)) is obtained from communicating
with Rx coils. In the third and fourth parts, the gradients of P, are
calculated. Specifically, dP,, /00 and O P,, /O are calculated in
the third and fourth part, respectively. Finally, in the fifth part, 6
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and ¢ are updated based on the calculated gradients. The loop
between the second part and the fifth part will run once at each
period of AT.

B. Proof of the Correctness and Convergence of the Algorithm

To guarantee the correctness and convergence of the proposed
algorithm, the following theorem needs to be proved.

Theorem 1: Tf6(t) and (t) evolve based on (13), every point
starting from D converges to N as ¢ — oo, where

D = {0,¢]0 € [0,7],¢ € [0,2m)}
N = {(0,9) e DIAT = Q1 }.

Proof of Theorem 1: A Lyapunov  function candidate
is V(0,0) = —Py(0,p). Considering (13), V(0,¢) =
—k((0Py/00)* + (0P, /0¢)?).  V(0,¢) is  negative

semidefinite. Let E represent the set when V(6,¢) =0 as
E = {(0,¢) € D|V(0,¢) = 0}. Let F be the largest invariant
set in [E. According to the LaSalle’s invariance principle [23],
every point starting in D approaches F as ¢ — oo. It needs to
prove that F C N. [E can be a collection of E; as E = {E;},
where E; = {(0,p) € D|AT = Q;} and j equals 1, 2, or 3.
Especially, E; = N. Let B; be the Jacobian matrix of (13) at
(0,¢) €Ej as

B _ 1| 0P’ (6:9)/06% OP.(6,¢)/060¢
T 0P (0,0) /0000 0P, (6,0)/0¢?

(0,0)€E;
19)

The set I; is an invariant set if B; is Hurwitz. The Jacobian
matrixes B are

[ p3oha + Plaks — A1 prapashe + paapashs

| P2aP2p42 + P3aP3phs P%ﬁ)»z + P%B)tg — sin?6x, |
(20)

[ p2ahi+p3ahs — A2 prapight + psapsshs |

| Prap1pA1 + P3aP35R3 Pigh1 + p3ghs — Sin29}»2_
(2D

[ D3 h2 + oA — A3

_P2apzﬁ)»2 + prapipri

P2apP28A2 + Prap1sri
pgﬂkg + p%BM — sin20A3_
(22)

where pj, = a-Q; and pjz =B~ Q;. a = OAT /90 and B =
OAT /0. Their eigenfunction is obtained as
det(AI — B;) = A% + ajA + b, (23)

where
a; = A1 — pgakg — pga)g + sinf?rq — pgﬂkg — pgﬁ)\g
az = Ay — plat — Pighs +sinb?ha — plg Ay — pighs
az = A3 — Piaha — pPiah + sinb?hs — p3gha — plgh

by =sinf?(A1 —A3)(A1 — A2)  bo=sinf?*(Ay — A3) (Ao — A1)

b3 = sin92()\3 — )\2)()»3 — )»1) I= diag(l, 1).
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ap > 0and by > 0, B4 is Hurwitz. However, a3 < 0and by <
0. B, and B3 are not Hurwitz. [£; is the largest invariant set in
E. In general, F = N = [E4, and thus, the proof of Theorem 1
is completed. n

C. Frequency Splitting Problem

This article only focuses on regulating the current amplitude
and phase of the three Tx coils at a fixed operation frequency. At
that frequency, the maximum power point is tracked. However,
the power transfer could decay if the operation frequency is
inappropriate.

It is reported that frequency splitting could occur when there
is a strong coupling between Tx and Rx coils [24], or different
Rx coils [25]. In this situation, to maintain the power transfer
efficiency, fixing the frequency is inappropriate. The methods
that are used to handle the frequency splitting problem can be
divided into two kinds.

1) The operation frequency is changeable and controlled to
track the splitting frequency [24]-[26], to maintain the
power transfer efficiency.

2) The coils and the compensation circuits are carefully
designed, so that the system has only one constant res-
onance frequency [27], [28] and the frequency splitting
phenomenon is avoided.

Since the operation frequency is not controlled in the proposed
algorithm, it cannot handle the frequency splitting problem by
itself. However, it can work together with those methods that are
used to handle the frequency splitting problem. The proposed
algorithm can work with these methods in the forms as follows.

1) As for the first kind of methods, the frequency control
method is first run to determine the operation frequency.
Then, the proposed algorithm is run to regulate the ampli-
tude and phase of the Tx coil current at the previously
determined frequency to maximize the power transfer.
Repeating these two steps again and again can handle
the frequency splitting problem and maximize the power
transfer.

2) As for the second kind of methods, the proposed algorithm
only needs to be run at that constant resonance frequency.

Then, the frequency splitting problem is handled with the help
of those methods.

VI. EXPERIMENTAL VERIFICATION OF THE
PROPOSED ALGORITHM

A 3-D WPT system prototype, with triple orthogonal Tx coils
and multiple single Rx coil configuration, is built up to verify
the proposed algorithm. Without loss of generality, two Rx coils
are used to represent multiple mobile Rx coils.

Fig. 6 shows the schematic block diagram of the 3-D WPT
system prototype. Points O, P, and P> represent centers of
the Tx coils, first and second Rx coil, respectively. Point O’s
coordinate is set to be (0,0,0). Fig. 7 shows the 3-D WPT system
prototype testrig in the top viewport. The Tx coils A, B, and C are
marked in blue, red, and green, respectively. In this experiment,
the circular coils, as those commonly used in the commercial
devices supporting wireless charging, are chosen as Rx coils to
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Fig. 6. Schematic block diagram of the 3-D field orientation WPT system experimental setup.
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Fig. 7. Testrig of the 3-D WPT system experimental setup.

simulate commercial devices. As for the Tx coils, square coils
are chosen as they can be easily fixed on the table directly for
convenience. Circular coils need extra materials to be fixed on
the table. Actually, designing the most suitable coil shape is an
important problem, but it is outside the scope of this article. The
proposed algorithm can maximize the power transfer regardless
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of the coils’ shape. The coils’ shape used in this experiment is not
optimal, but it can still be used to verify the proposed algorithm.

I, Ip, and Io are sampled by three independent current
transducers HAS 50-S (LEM). A digital signal processor (DSP,
TMS32028335) is used to get the value of 14, I, and I, and
to regulate them to the reference values by feedback control.
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TABLE II
ACTUAL COIL PARAMETERS OF THE 3-D WPT SYSTEM
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TABLE IV
PARAMETERS OF THE PROPOSED ALGORITHM

Symbol Length of side (mm) Turns Wire radius (mm) Symbol Value Symbol Value
Tx Coil A 328 3 22 Ji 8 A k 0.02
Tx Coil B 328 3 22 base
Tx Coil C 328 3 22 AG 0.1'rad Ag 0.1'rad
First Rx coil 150 30 22
Second Rx coil 276 15 22
1) Scenario A, in which the two Rx coils stay still at arbitrary
TABLE III space with an arbitrary orientation, and the power demand
ACTUAL PARAMETERS OF THE 3-D WPT SYSTEM variation is realized by changing the two power allocation
weights w; and wy. In practice, the power demand urgency
Symbol Value Symbol ~ Value  Symbol Value uy, of every device is sent to the WPT system via wireless
L, 10.06 41 c, 6.61 4F R, 5023 mQ Commgnlcathn, and the WPT gives every c.lev1ce a power
allocation weight according to (5). In this experiment,
L, 10.09 uH C, 6.59 uF R, 50.30 mQ the WPT system directly changes the power allocation
weights for simplicity. The two currents /; and I, are
L. 10.11 uH Ce 6.58 uF Rc 50.43 mQ observed to represent the power transfer and show whether
they converge to the optimal solutions of (10) before and
L 101.28 uH G 0.66 uF R, 169 after the weights w; and wsy change. Meanwhile, the
convergence time after the weights w; and wy change
L 24551 uH C, 0274F R, 08Q & & ! 2 &

Then, the proposed algorithm, listed in Fig. 5, is run in the DSP.
The DSP sent the values of the required U4, Up, and Ug to
a field-programmable gate array (FPGA EP2C8J144C8N). The
FPGA generates the metal oxide semiconductor field effect tran-
sistor (MOSFET) drive signal to control the three H-bridge dc/ac
converters. Then, the desired U4, Up, and Uq are generated
by the H bridge dc/ac converter. All the three H-bridge dc/ac
converters are powered by a 12-V dc voltage source. The power
transfer to the two Rx coils and their power demand urgencies are
wirelessly communicated into the control system. The wireless
communication is realized by Wi-Fi technologies. A Wi-Fi
module, ESP8266, is embedded into the Tx coil side, which
works in the hotspot mode. It is also embedded into each Rx coil
side, which works in station mode. Besides the Wi-Fi module,
ESP8266 is also integrated with a 32-bit Tensilica processor and
an analog-to-digital (A/D) converter. The load resistance voltage
Uroapi1 or Uppoape is converted to its root-mean-square (rms)
value by an rms measurement module (AD637). The analog rms
value is converted to a digital signal by the A/D converter. Then,
the processor calculates the power transfer to the Rx coil and
decides its power demand urgency. The Wi-Fi module embedded
in each Rx coil side communicates the power transfer and its
power demand urgency to the Wi-Fi module embedded in the
Tx coil side wirelessly.

The voltage and current frequency of the Tx coils are con-
trolled in 20 kHz. The control loop time AT is designed to be
10 ms. Table II shows the actual coil parameters of the 3-D WPT
system. Table III shows the parameters of the 3-D WPT system.
The parameters of the proposed algorithm in Section V are listed
in Table I'V.

In order to verify that the proposed algorithm can adapt to
the power demand variations and movement of the devices, the
experiments are conducted under two application scenarios.

is also tested to show the dynamic performance of the
proposed algorithm.

2) Scenario B, in which one of the Rx coils moves from

one arbitrary space with arbitrary orientation to another.
The two Rx coil currents are observed to represent the
power transfer and show whether they converge to the
optimal solutions of (10) before the Rx coil starts moving
and after it stops moving. Since the Rx coils cannot be
moved instantly, the convergence time is not tested in this
situation.

Besides the proposed algorithm, a traversal search algorithm
is also developed and used to check whether the maximum power
transfer is achieved. The traversal search algorithm tests every
0 and ¢ in the solution space D repeatedly. The block diagram
of the traversal search algorithm is shown in Appendix II. If the
power transfer when running the proposed algorithm is larger
than that at any moment when running the traversal search
algorithm, the maximum power transfer is achieved.

Since the proposed algorithm is independent of the posi-
tions and orientations of the Rx coils, the positions and ori-
entations are arbitrary in the following experiment. However,
to make the experimental results more complete, the specific
positions and orientations of the Rx coils are listed. The positions
are represented by the coordinate of P and P5. The orientations
are represented by rotating from the initial orientation, which
is the direction of z-axis. The rotation is represented by the
quaternion, which is more compact than rotation matrices.

A. Power Transfer to Rx Coils in Arbitrary Positions With
Arbitrary Orientations When Their Power Demands Vary

The proposed algorithm can work regardless of the positions
and orientations of the Rx coils. In this experiment, the Rx coils
are placed in arbitrary positions with arbitrary orientations.

The position of the first Rx coil is Py (—7.0, —10.0, 10.0) cm.
The distance between the center of the Tx coils and the first
Rx coil is 15.8 cm. The position of second Rx coil is Ps
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Fig. 8.

Experimental results for maximum power transfer when the Rx coils are in arbitrary positions with arbitrary orientations. (a) Overview waveform.

(b) Specific positions and orientations of the first and second Rx coils in this experiment. (c) Detailed waveform in the time interval 7. (d) Detailed waveform in

the time interval 7y,

(—12.0, 14.0, 6.0) cm. The distance between the center of the
Tx coils and the second Rx coil is 19.4 cm. The orientation
of the first Rx coil, which is represented by the quaternion, is
0.57—0.81i+0.02j—0.14Kk. The orientation of the second Rx coil
is 0.67—0.32i—0.57j—0.35k.

Fig. 8 shows the experimental results for power transfer to the
Rx coils. The overview waveforms are shown in Fig. 8(a). The
positions, orientations, and movement of the first and second Rx
coils are shown in Fig. 8(b). The detailed waveforms in the time
interval 73, are shown in Fig. 8(c), and the detailed waveforms in
the time interval 74 are shown in Fig. 8(d).

During the time interval 7,, w; and ws are set to be 0 and 1
to give the most priority to the second Rx coil. During the time
interval 73, wy and wy are set to be 1 and O to give the most
priority to the first Rx coil. Then, the second Rx coil will obtain
as much power as possible during the time interval 7, and the
first Rx coil will obtain as much power as possible during the
time interval 7. During the time interval 7, the traversal search
algorithm is run to verify the proposed algorithm. It can be seen
in Fig. 8 that, during the time interval 73, after the proposed
algorithm converges, the power transfer to the first Rx coil is
larger than that any moment in 7.. The power transfer to the
second Rx coil during 7, is also larger than that at any moment in
the time interval 7.. Hence, the first and second Rx coils indeed
obtain as much power as possible in 7, and 73, respectively.

It means that the proposed algorithm can adapt to the power
demand variation.

It can also be seen in Fig. 8 that it needs 0.2 s to converge
when the weights change. The relationship between the weight
w,, and the power demand urgency u,, is (5). Hence, in this
experiment, the weight change is used to simulate the power
demand urgency change for simplicity. The convergence time is
compared with the speed of change of power demand urgencies.
In practice, the power demand urgencies of multiple devices will
not change quickly. Hence, comparing to the speed of change
of the power demand urgencies, the convergence time of the
proposed algorithm is fast enough.

B. Power Transfer to Rx Coils When They Are Moving From
One Arbitrary Position With Arbitrary Orientation to Another

Figs. 9 and 10 show the experimental results for power transfer
to Rx coils when they are moving. During the time interval 7, the
traversal search algorithm is run. Then, during the time interval
Ty, Te, and 74, the proposed algorithm is run. At last, during the
time interval 7., the traversal search algorithm is run again. The
second Rx coil is moving during the time interval 7. in Fig. 9,
while the first Rx coil is moving during the time interval 7, in
Fig. 10. The movements are arbitrary.w; and ws are set to be 1
and O to give the most priority to the first Rx coil.
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Fig. 9. Experimental results for maximum power transfer to first Rx coil when the second Rx coil is moving. (a) Overview waveform. (b) Specific positions,
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Simulation results for EMI analysis of the triple orthogonal Tx coil current control principle when both 6 and ¢ in (1) are set to be 7/4. (a) Eight

quadrants of the 3-D coordinate system. Magnetic field intensity on (b) first plane when ¢ = 07, (c) second plane when ¢ = 07, (d) first plane when ¢t = 0.257,
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t=0.75T.

In Fig. 9, the position of the first Rx coil is P; (—10.0, 6.0,
10.0) cm. The distance between the center of the Tx coils and the
first Rx coil is 15.4 cm. The orientation of the first Rx coil, which
is represented by the quaternion, is 0.48+0.85i+0.20j—0.11k.
The initial position of the second Rx coil is Py (—15.0, —4.0,
12.0) cm. The distance between the center of the Tx coils and
the second Rx coil is 19.6 cm. The initial orientation of the
second Rx coil is 0.224-0.31i+0.75j+-0.54k. The final position
of the second Rx coil is Py (—4.0, —12.0, 10.0) cm. The
distance between the center of the Tx coils and the second Rx
coil is 16.1 cm. The final orientation of the second Rx coil is
0.20—0.37i—0.69j—0.59k.

In Fig. 10, the initial position of the first Rx coil is P (—14.0,
—14.0, 14.0) cm. The distance between the center of the Tx coils
and the first Rx coil is 24.2 cm. The initial orientation of the first
Rx coil is 0.854-0.51i—0.35j—0.35k. The final position of the
first Rx coil is P (—8.0, —10.0, 11.0) cm. The distance between
the center of the Tx coils and the first Rx coil is 16.9 cm. The
final orientation of the first Rx coil is 0.76+0.65i—0.08j—0.09k.
The position of the second Rx coil is Ps (—14.0, 6.0, 14.0) cm.
The distance between the center of the Tx coils and the second

Rx coil is 20.7 cm. The orientation of the second Rx coil is
0.59+40.78i—0.04j+0.21k.

The overview waveforms are shown in Figs. 9(a) and 10(a).
The positions, orientations, and movement of the first and sec-
ond Rx coils are shown in Figs. 9(b) and 10(b). The detailed
waveforms in the time interval 7;, are shown in Figs. 9(c) and
10(c). The detailed waveforms in the time interval 74 are shown
in Figs. 9(d) and 10(d).

The movement will change the mutual inductances between
the coils. In Fig. 9, the mutual inductance M 42, Mpo, Moo,
and Mo will change as the second Rx coil moves. Since
M a2, Mpo, and Moo changes, the current and power trans-
fer to the second Rx coil obviously become smaller. The
current and power transfer to the first Rx coil also change
slightly due to these variations of mutual inductance M;s. In
Fig. 10, although the WPT system still transfers maximum
power to the first Rx coil, the power transfer ability to the first
Rx coil changes as the position and orientation of the first Rx
coil change. It can be seen that the current of the first Rx
coil becomes larger obviously due to the variations of M 41,
Mp1, and M. The current and power transfer to the second
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Rx coil also change slightly due to these variations of mutual
inductance Mio.

Although the current and power transfer to the first Rx coil
change in both two situations, the power transfer to it during
T after the proposed algorithm converges is larger than that at
any moment during 7,. The power transfer to it during 7 is also
larger than that at any moment during 7.. The optimal solutions
of (10) have still been obtained regardless of the movement of
the Rx coils. It means that the proposed algorithm can adapt to
the Rx coils’ movement.

C. EMI Analysis of the Triple Orthogonal Tx Coil Current
Control Principle

In this section, the simulation results of the EMI analysis of the
triple orthogonal Tx coil current control principle are presented.
According to (2), the magnetic field direction can be shaped
by the current control principle (1). The specific direction is
represented by 6 and , which are the polar and azimuthal angle
in the spherical coordinate. Then, the magnetic field in other
directions will decrease relatively. By the proposed algorithm,
the specific direction usually converges to the place of the target
devices so that the power transfer can be maximized. As aresult,
EMI on other devices will be reduced.

Fig. 11 shows the simulation results of the magnetic field.
The three orthogonal Tx coils are excited by three independent
current sources. The theoretical magnetic field is simulated in the
software “Ansys Maxwell.” Both § and o in (1) are set to be 7 /4.
T represents the time period, which is 50 us. The 3-D coordinate
system is divided into eight quadrants as shown in Fig. 11(a).
Magnetic field intensity on two planes is shown in Fig. 11(b)—(i).
The z-axis is on both the two planes. The center of the two
planes is the original point O of the 3-D coordinate system.
The angles between the first plane and the x- and y-axes are
7 /4 and 7w /4, respectively. Then, the magnetic field intensity
in quadrants I, III, V, and VII can be shown in the first plane.
The angles between the second plane and the x- and y- axes are
77 /4 and 7 /4, respectively. Then, the magnetic field intensity in
quadrants II, IV, VI, and VIII can be shown in the second plane.
In Fig. 11(b)—(i), the time is set to be 07, 0.257, 0.57, and 0.75T.

From the simulation results, it could be seen that the magnetic
field intensity in quadrants I and VI is enhanced, while it is
weakened in the other quadrants. Hence, these simulation results
verify that using the current control principle and the proposed
algorithm can reduce EMI on other devices.

VII. CONCLUSION

In this article, an algorithm has been proposed to achieve
simultaneous power transfer to multiple moving Rx coils with
different power demands in 3-D space. An objective function
with respect to the amplitude and phase differences of the Tx
coil currents has been formulated through using a weighted sum
of the power transfer to multiple moving devices. The algo-
rithm has been developed using the gradient ascent method to
optimize the objective function, and its correctness and conver-
gence have been proved based on LaSalle’s invariance principle.
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Fig. 12.  Situation when the Rx coil is with different orientations.

The proposed algorithm does not need to know the positions and
orientations of the multiple moving devices, which is difficult
to obtain in practice. The experimental results have shown that
the proposed algorithm can adapt to the movement and power
demand variation of the devices. The convergence time of the
proposed algorithm is 0.2 s after the devices’ power demand
urgencies change. The proposed algorithm may have a great
application prospect in the field of 3-D wireless charging of
multiple moving devices.

APPENDIX |

Fig. 12 shows the situation when the Rx coil has different
orientations. Two same circular coils are used to represent Tx
and Rx coils. The Tx and Rx coils are parallel to each other and
perpendicular to the z-axis. Their coil centers are on the z-axis.
The circuit in the left side of Fig. 12 is the original circuit, while
the circuit in the right side of Fig. 12 is obtained by rotating the
Rx coil 180° about the x1-axis. The mutual inductance between
the Tx and Rx coils is denoted as M. The self-inductances
of the Tx and Rx coils are denoted as L7 and L g, respectively.
The currents of the Tx and Rx coils are denoted as I and [y,
respectively. The Tx coil is series connected with an ac power
source V-, while the Rx coil is series connected with a resistor
Rp. The coil resistances are neglected.

Commonly, the mutual inductance is a positive variable and
M will not change after the rotation shown in Fig. 12. Let us
assume that M is equal to 10 mH. Then, two different equations
are needed to represent the mathematical model of the circuits
in the left and right sides. The mathematic model of the circuit
in the left side of Fig. 12 is

It
In|

The mathematical model of the circuit in the right side of
Fig. 12 is

Vr
0

JjwLrp JwM

. . (24)
jwM Rp+ jwLp

It
Ir

Vr

0 (25)

JjwLp —jwM
—jwM Rpg +ijR

However, if the meaning of mutual inductance is generalized,
it could be a positive or negative variable. Then, M is equal to
10 mH in the original circuit, while it will be equal to —10 mH
after the rotation shown in Fig. 12. Hence, only one uniform
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equation can represent the mathematical model of these two
circuits. The equation is

JwLr

jwM [IT] v 06

jwM Rp+ jwLp Ir 0

APPENDIX II

The block diagram of the traversal search algorithm is shown
as follows.

Fig.

[1]
[2]

[3]

[4]

[5]

1. Initialize 6 and ¢:
0« 0;0«0;

<

)

A
2. Set current reference :

(17 17 177 «1,.A

base

3. Update ¢:
P pt+Ap;

4. Reset ¢ and update 6:
@<« 0,0 < 0+A0,;

0« 0;

5. Reset 6:

13.  Block diagram of the traversal search algorithm.
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