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Basic Control Principles of Omnidirectional Wireless
Power Transfer
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Abstract—This paper presents the basic control principles of om-
nidirectional wireless power transfer (WPT) based on the current
amplitude control. The principles involve 1) an “omnidirectional”
scanning process for detecting the power requirements in a 3-D
space and 2) a “directional” power flow control for focusing the
wireless power toward the targeted areas. Such principles apply to
any WPT system comprising three orthogonal transmitter coils and
multiple receivers with coil resonators. A current amplitude control
method capable of generating a magnetic vector at a set of points
evenly distributed on a spherical surface is explained. Based on
the voltage and the current information in the transmitter circuit,
the power involved in each vector over the spherical surface can
be obtained. By scanning the vector over the spherical surface, the
collective power flow requirements for the targeted loads can be de-
termined. Based on the power requirements for the vectors over the
spherical surface, a weighted time-sharing scheme is adopted to fo-
cus the wireless power toward the targeted areas. This method has
been successfully applied to a hardware prototype. Both theoretical
and experimental results are included to confirm these principles.

Index Terms—Contactless power, omnidirectional power, wire-
less power transfer.

1. INTRODUCTION

ITH the developments of the Ampere’s law in 1826 and
W the Faraday’s law in 1831, early scientists and inventors,
such as Tesla [1], and Hutin and Leblanc [2] pioneered wireless
power transfer (WPT) research in the late 19th century. In par-
ticular, Tesla has been recognized as the dominant figure who
pioneered the use of magnetic coupling and magnetic resonance
for WPT [3]. However, since the early WPT research, a century
ago, there were not many applications of WPT in the first half of
the 20th century. Although some WPT research emerged again
in the field of medical implants in the 1960s, WPT research
and developed activities actually became active again in the
1980’s when 1) power electronics technology and 2) Litz wire
technology became mature and commercially available.
So far, the majority of WPT works involve directional power
flow [4]-[8]. Omnidirectional WPT systems have been reported
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Fig. 1. (a) Transmitter with three orthogonal coils [9]. (b) Receiver with three
orthogonal coils wound on a ferrite cube [9].

in [9]-[12]. Among them, O’Brien [9] has addressed an om-
nidirectional WPT system comprising a transmitter with three
orthogonal coils and a receiver also with three orthogonal coils
(see Fig. 1). In [9], several methods covering 1) periodic switch-
ing of the plane of rotation, 2) frequency shift, 3) single-axis
amplitude modulation, 4) double-axis amplitude modulation,
and 5) wide-band operation have been discussed for omnidirec-
tional magnetic field generation. The use of the double layers
of conductive and ferromagnetic materials, which is a concept
originally reported in [13] and [14], is also suggested for elec-
tromagnetic shielding.

One major contribution of [9] is the explanation for the need
for using nonidentical current control for the orthogonal trans-
mitter coils in order to generate omnidirectional magnetic field.
Further illustration on this point can also be found in [15].
Some WPT systems using the same orthogonal coils for the
transmitter are not truly omnidirectional [10]-[12] because the
three transmitter coils are connected in series, and, thus, share
the same current. However, two important issues remain unre-
solved. First, although nonidentical current control can generate



5216

Fig. 2. Trajectory of the equivalent magnetic field vector under a nonidentical
current control [9], [15].

an equivalent magnetic field vector that can point in all direction
as shown in Fig. 2, there is no guarantee that such vector can
point evenly in all directions. For example, the vector density in
the two poles of the sphere in Fig. 2 is higher than that in the
equatorial region. Therefore, there is a need to develop a new
technique to ensure that the magnetic field can be uniformly
distributed if necessary. The capability of generating magnetic
field with uniform distribution means that the wireless power
flow can be truly omnidirectional. Second, a control method
is needed to automatically detect the load positions, and, then,
focus the power flow directionally to the targeted loads. Direc-
tional power flow is more energy efficient than omnidirectional
power flow that involves power transfer directed unnecessary to
regions without the loads.

In this paper, a new technique that can “omnidirectionally”
detect the loads and then focus the power flow “directionally” to-
ward the targeted loads through a weighted time-sharing power
control is proposed. It is applied to an omnidirectional WPT sys-
tem for both single and multiple loads. A new omnidirectional
control method that ensures loads to receiver power in any po-
sitions in the proximity of the omnidirectional magnetic field
is presented. The mathematical theory describing such method
is included and proven with practical measurements obtained
from a hardware prototype.

II. BASIC CONTROL PRINCIPLES OF OMNIDIRECTIONAL
LOAD DETECTION

In this section, the basic control principles of true omnidi-
rectional WPT are explained with the help of the setup shown
in Fig. 3. In the structure of three-orthogonal and cocentered
circular coils, the mutual inductances of the three transmitter
coils are zero theoretically and negligible in practice. So such
mutual inductances can be ignored in the analysis. Nonidentical
current control is adopted and so three separate current sources
are used in Fig. 3. In practice, a three-phase power inverter can
be used to power the three transmitter coils. The power inverter
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Fig.3. Three orthogonal coil transmitter structure for omnidirectional wireless
energy transfer.

can be operated in either voltage-control mode or current-control
mode.

A. Current Vector and Magnetic Field Vector

For a single planar circular coil, the magnetic field at the
center of the coil can be obtained from Biot—Savart law

_/Jfol T /\_/'I’OI.A ~
B0—47W27{dl (Ix7m)= o (Ix7) (1)

where [ and 7 are the tangential and radial unity vectors of
the planar circular coil, respectively. Therefore, vector B, is
always perpendicular to the coil plane. The magnitude of the
magnetic field is always proportional to the current flowing
through the coil. This understanding can be extended to the three
orthogonal coil situations, where the central magnetic field B,
can be described as a vectorial sum of three orthogonal vectors
with their respective current values multiplied by a coefficient.

Assuming that the three identical circular coils x, y, 2 are coils
placed on yz, xz, and xy planes, respectively, and all three coils
are cocentered at the origin, as shown in Fig. 3, the magnetic
field vector at the center B, equals to the superposition of three
component magnetic field vectors from the three coils, By, By,
and B,

B, =B, +B, + B, = %(Lﬁ+ly3+lzl§). )

From the origin of transmitter coils’ Cartesian coordinates,
the direction of the resultant magnetic field vector is the same
as the vector (ITI + ij + IZR) Therefore, by changing the
currents flowing through the coils, the magnetic field can be di-
rected to any directions without moving the physical transmitter
coil structures. By varying the three transmitter-coil currents
(I, I, and I.) under nonidentical current control [9], [15],
the resultant magnetic field vector can point (or scan) in differ-
ent orientations forming the surface of an imaginary sphere as
shown in Fig. 2. The next step is to find a way to ensure that
the resultant vector can point evenly over the spherical surface
because such function allows power to be transferred in a true
omnidirectional manner. Note that being able for the vector to
point at all directions does not necessarily mean that power must
be directed at all directions. It only means that the WPT system
has such ability to transfer power at any direction if necessary.
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B. Uniformly Distribution Over the Surface of a Sphere

One solution to uniformly distribute vectors on sphere surface
comes from J. J. Thompson’s problem of electron distributions
in an atom, known as the plum pudding model in 1904 [17].
Iterating and solving the coordinates of a number of electrons
for the minimum total energy of the system would give a set
of uniformly distributed vectors. This idea is adopted in this
project. One can predetermine a set of unit vectors that are
distributed evenly over the surface of a sphere. Assuming N
number of points are used to represent the surface of a sphere,
such unity vector set with even distribution is represented as
P, = {p1,P2,P5 - .. Py} in this paper. The magnitude of any
vector in set Py, is 1

|pm‘ =1 va € P,. 3)

The transmitter coils are driven with high-frequency sinu-
soidal currents in order to transfer power using magnetic cou-
pling and/or magnetic resonance. Since the three orthogonal
coils have zero mutual inductance with each other, it is simple to
control the driving currents or voltages with the same phase an-
gle, i.e., either O phase shift or 180° out of phase. In this situation,
the resultant magnetic field vector at the center B, can oscillate
in any direction which can in turn be controlled by varying the
magnitudes of the three coil currents. The omnidirectional mag-
netic field vector can be controlled by “current-control” mode
or “voltage-control” mode. The current-control mode is a direct
control approach, while the voltage-control mode is an indirect
one.

Under the current-control mode, the three coil currents are
controlled current sources. They can be implemented with power
inverter with output current control so that the three output
currents of the power inverter will follow their respective cur-
rent reference waveforms. Mathematically, the control current
sources can be described as

P € Pn,m € [1..0]
i (t) = C; (pm : i) sin (wt)
iy(t) = C; (pm J) sin (wt)

i.(t) =C; (pm . R) sin (wt)

4)

where C; is the current amplitude for adjusting the total output
power level, w is the angular frequency of the current sources,
and ¢ is the time variable. Therefore
C.
B, = Mo iPm (wt). (5)
2r
For the voltage-control mode, the voltage vectors along the
three axes are

vy (t) = C, <pm I) sin (wt)
vy (1) = Co (P -3 ) sin (wt) ©)

() =G, (pm : 12) sin (wt)
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Fig. 4. Typical spherical surface formed by 200 points marking the directions
of the resultant magnetic vector of the transmitter in the absence of a load (i.e.,
no-load condition).

Receiver Coil to Center Distance 0.30

Fig. 5. Typical distorted spherical surface formed the 200 magnetic field
vector positions in the presence of a load (i.e., loaded condition).

where C), is the voltage amplitude for adjusting the total output
power level.

Since the coil circuit is a resonator, the resonant frequency
isw, = \/%, where the coil inductance is L and lumped com-
pensating capacitor is C.

The idea of uniform vector distribution is now illustrated
with the initial assumption that a power inverter is used to drive
the three orthogonal transmitter coils without current control.
If 200 uniformly distributed points are used to represent the
surface of the sphere, the power inverter can drive the three
coil currents to generate a magnetic field vector (5) that can
point at these 200 points to form such spherical surface. Since
the magnetic field vector is formed by the currents in the three
orthogonal transmitter coils, this approach applies to both series
and parallel compensated coil resonators in principle. Under a
no-load condition, this no-load surface is a perfectly spherical as
shown in Fig. 4. In the presence of a load, the power flows in the
direction toward the load, this loaded surface will be distorted
from an ideal sphere as shown in Fig. 5.
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Let the coordinates of the Ath point of the reference (no-load)
surface point on the ideal reference sphere be denoted as

PR/, = (th sYR), 5 ZR), ) = (Immh 7Imy1, 7Imzh ) (7)

where the three currents are captured at point-/ under no-load
conditions.

The corresponding coordinates of the loaded surface point of
the distorted sphere can be denoted as

PL;I = (th 7th s 2L, ) = (Imm 7I77Lyh 7ImZ/, ) (8)

where the three currents are captured at point-/ under loaded
conditions.

If the same number of points (e.g., N points) are used to
describe both of the no-load and loaded surfaces, the corre-
sponding points of the magnetic field vectors under the no-load
and loaded conditions have two different sets of Cartesian coor-
dinates. The distance D), for the Ath point between the no-load
and the loaded coordinates forms the distortion distance which
can be defined as

Dy = \/(an, — 20, + (i, — e, )* + (zr, — 2,0
for h =1 to N. )

Therefore, a set of N distortion distances can be derived as

.,Dn}. (10)

The distortion distance in (10) can be normalized. For the Ath
distortion distance (dy,), it can be defined as
o D h

Z)\g -1 Dx

The above analysis [(7)—(11)] is based on the assumption that
the power inverter is used to drive the transmitter coils with-
out tight current control. Compared with the no-load condition
(which forms an ideal no-load spherical surface with N points),
the loaded condition will lead to a change of current magni-
tudes in the three transmitter coils. So the loaded currents will
generate a distorted spherical surface (i.e., the loaded surface is
distorted from an ideal spherical surface). The most distorted
regions of the loaded surface correspond to the areas through
which most of the power flows. Therefore, scanning the vector to
the N distributed points using the power inverter without a tight
current control provides a mechanism to detect the directions of
the targeted loads. The distortion distance is proportional to the
power absorbed. Based on the use of the magnetic field vectors,
the distorted regions of the loaded surface provide information
of the required power flow directions if voltage-control mode is
used.

In Section IV, it will be shown that the current-control mode
is the preferred method because 1) it is a direct current control
method and 2) it allows one to determine the power vectors for
all of the N points directly. Therefore, the power requirements
for the N directions can be determined based on the transmitter
coil current and voltage information without using the distortion
distance concept. A weighted time-sharing scheme is proposed
based on the information of these power vectors in Section IV.

D ={Di,Ds,..

d an
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III. ANALYSIS OF OMNIDIRECTIONAL WPT SYSTEMS USING
CURRENT AMPLITUDE CONTROL

The omnidirectional wireless energy transfer system under
consideration has three orthogonal transmitter coils for single
and multiple receivers. The current-voltage relationship can be
derived from the Kirchhoft’s voltage law equation (12) as shown
at the bottom of the next page where subscripts x, y, and z
refer to the three orthogonal coils of the transmitter; subscript
Lx refers to the receiver coil of the xth load; R, + j X, =
R, + jwlL, + ﬁ is the total impedance of the xth circuit; R, ,
L, , and C,, refers to the resistance, inductance, and capacitance,
respectively, of the xth circuit; M;_; is the mutual inductance
between coil ¢ and j; I, and V), are the current and source
voltage, respectively, of each resonator in the root-mean-square
phasor form

V2V, el
V2I, et

(13)
(14)

Up (t) -
in (1) =

Note that for the load resonators, i.e., the power receivers, the
source voltage is zero

=0.

Vi, =V, =...=Vg, (15)
Now consider the situation that there is only one receiver in

the system. Equation (12) is reduced to

A
I

Ix (Rz +ij) +jWszL1 IL1

=
I

Iy (Ry +ij) +jWMy7L1 IL]

o
[

I (R, +jX.)+ jwM, 1, Ip, (16)

0= jWMz—LIIz +jwMy,LIIy —l—jwMZ,LIIZ

Jr(RL, +jXL])ILI.

By multiplying each term on both sides of (16) with the
corresponding 7, (16) becomes

Vi - =1, (Rz +]XI)II + jwMy_p, 11, E

Vy -1, =1, (R, +jX,) .E—’—jwMU*LlILI Tu
V.-

=
I

I, (Rz +sz) .Z+jWMZ*LIILI TZ
0= jWszLIIxHJ'_jWMnyl IyH +jWMz7L1
LI, + (Rp, +jX0,) I, I, .

(17)
Taking the sum of the first three equations gives

Vol +V, I, + V.T.
= |IJL“|2 (R:L' "’JXT) + |Iy|2 (Ry +JXU) + |IZ|2 (Rz —|—sz)

+ jwMy_p, Ip, Iy + jwM,_p, I, I, + jwM,_p Ip T..
(18)
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Simulation Current Vectors (A)

0.6 s
044" L7

N0
02
-0.4]
-0.6.

(b)

Fig. 6. (a) Simulated current vectors plotted in 3-D space. (b) ith current
vector plotted in 3-D space.

The conjugate of the forth equation in (17) is
0= <_jWMZ*L1 )EILI + (_jWMy*M )EILI
+ (_jWMZ—L1 I_ZIL1) + (RLI - jXLl ) EILI
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Simulation Load Current (A)

. /"“- .
N

0.4

Fig. 7. (a) Simulated load current. (b) ith load current vector plotted in space.

The real power in the system is equal to the real part of (20)
Preal = R (sz"‘ V;;E‘i‘ V;E) = ‘Iz|2 R, + |Iy|2 Ry
+|L[* R. + I, " Re, = Poss + Ploaa. (21)

The efficiency of the wireless energy transfer system is equal
to

jwoM,_p, LIy, + jwM,_p, I,I1, + jwM,_p L1, = I, |° Ry,
. — a I ’ z I, I ’ 2 I,
:<RL1_]XL1)IL1[L1~ (19) | | R +|y| Ry+| | R +| L1| Ry,
|Isv|2 R, + |Iv|2 R, + |IZ‘2 R. Ploss
Th =1- e =1-="2 @2
o Prcal -Prcal ( )
VoI + VI, + V.I. = |L[* (R, + jX.) + |L,1* (R, +jX,)  where
L (R, +§X.) + I, |? (Re, — 5 X1,)- (20) Pioss = |L[* Ry + |1, Ry + |L.|” R.. (23)
_Rm +]X’I‘ 0 0 jerle jerfL" 17 I’I‘ 1 [ V;“ 1
0 R, +jX, 0 JwM, _r, JwM, g, I, Vy
0 0 Rz +JXZ jWszLl jWszLn Iz V;
. . . . . = 12
JwMp, —» JwMp, ., jwMp, . Rp, +jXp, JwMrp, 1, I, Vi, (12)
| jwMp, = JwMp, ., jwMp, . jwMp, L, Ry, +jX¢, | |1z, | L VL, |
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Simulation Total Input Power (W)

Fig. 8.
space.

(a) Simulated total input power. (b) ith input power vector plotted in

Practically, the series resistances of the three transmitting
coils R,, R, and R are mainly due to the ac resistance of the
coils. Since the three coils are about the same size, the series
resistances can be regarded as the same

Ry~ R, 2R, ~R.. (24)

If the transmitter current is driven according to (4), the power
loss in the system is a constant value

To deliver the most power to the receiver with the same limit
of current output from the power source, all the vectors in whole
sphere vector set P,, are scanned for a small period of time. The
averaged real power during firing each vector is recorded for
comparison, and the vector with the greatest real power output
is the optimized direction of firing the magnetic field

R (VoI + VI, + V.I.) = C}Ry + Poaa.  (26)
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Simulation Load Power (W)

Fig. 9.
space.

(a) Simulated load power. (b) ith output power vector plotted in 3-D

When there are multiple loads, (26) can be extended as

R(VoL +VyI, +V.LI.) = C;Ry+ Py, + P, + ...+ P .

27

However, measuring the real output power on the power sup-

ply side provides the total load power but no information about

the power-sharing ratios among the loads. Receiver (secondary)

circuits should have power management control for the loads,
such as the charging control circuit for a battery load.

IV. POWER FLOW CONTROL THROUGH A WEIGHTED
TIME-SHARING SCHEME

In order to enhance the power delivery performance, a new
method is proposed. The power delivered to the N points can
be determined first. Then, according to the power demand, a
weight time-sharing scheme is proposed.
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Scanning and power control flowchart.

Resonator z
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Current and Voltage
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STM32F103
Controller —

Feedback Control on PC

Fig. 11.  Schematic of the experimental setup.

A. Input Current “Vector”

In Fig. 6(a), each node represents an input current “vector”
Lin(;), which has three components: I, I,, and I, with the
same frequency and phase, and /12 + 12 + 12 =1 2 where I
is a constant value. In 3-D space as shown in Fig. 6(a), a node
with coordinates (I, I, I.)is used to represent three current
components I,,I,, I, for coil-x, coil-y, and coil-z, respectively.
Since the magnitude of the vector for each node being the same,
we choose 200 nodes (i.e., N = 200) uniformly distributed in a
spherical surface to do the simulation and experiments. Fig. 6(b)
shows the ith node and the input current vector with magnitude
I, and direction defined by unit vector 4, where

oo (i T I
N1 T T

= Iin(i)ﬁ\i- (29)

(28)

and
Iin(i)

B. Load Current “Vector”

In Fig. 7(a), each node represents a load current “vector”
I1(;) = Ip(;)%;, with magnitude I, and direction ;, where
1I1,(;)is the value of load current when the transmitter is excited
by I;,,(;) defined in (29) and #; is the unit vector defined in (28),
as shown in Fig. 7(b).

C. Input Power “Vector”

In Fig. 8(a), each node represents an input power ‘“‘vec-
tor” Py, ;) = B (i), with magnitude P, ;), and direction ;,
where B, (;) is the sum of input power at coil-x, coil-y, and coil-z

5221

Fig. 12.  (a) Simulation model. Red, blue, green, and violate coils stand for
transmitter x, y, z, and load coil, respectively. (b) Experiment allocation. The
coils are placed exactly the same location as the simulation model.

Fig. 13. Relative positions of the transmitter coils and receiver coil for the
single load tests (including a typical vector plot insider the transmitter coils).

Simulation Current Vectors (A} Measured Current Vectors (A)

Fig. 14.  (a) Simulated transmitter current vectors plotted in 3-D space. (b)
Measured transmitter current vectors plotted in 3-D space.
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TABLE 1
MEASURED VALUES OF INPUT CURRENT, INPUT VOLTAGE, INPUT POWER, OUTPUT CURRENT, OUTPUT VOLTAGE, AND OUTPUT POWER
I A ] v,
. . . Phase . Phase
Magnitude | Phase Angle | Magnitude Phase Angle Magnitude Magnitude
(A) (Deg) V) (Deg) (A) Angle V) Angle
(Deg) (Deg)
0.18 181.34 3.61 155.95 0.67 182.68 8.22 118.47
I, v Loyt Vout
: . : Phase ; Phase
Magnitude | Phase Angle | Magnitude Phase Angle Magnitude Magnitude
(A) (Deg) V) (Deg) (A) fngle V) Angle
(Deg) (Deg)
0.11 181.71 2.57 109.05 0.45 131.86 6.03 170.44
i Pore (W)
Pinx (W) iny( ) Pinz (W) Pinmtal(W)
0.29 1.21 0.04 1.54 1.07
TABLE II TABLE IV
PARAMETERS IN THE SYSTEM ANGULAR AND POSITIONAL ARRANGEMENTS OF THE RECEIVER COILS
Name Symbol Value Angle 0 (deg)  Proaa, PLoad,
Turns of the coils N 11 45 (0.3,0,0) (0.2121, 0.2121, 0)
Radius of the wire cross section p 0.75 mm 60 (0.3,0,0) (0.15, 0.2598, 0)
Diameter of the coils d 30 cm 90 (0.3,0,0) (0,0.3,0)
Length of the coils l 19 mm 120 (0.3,0,0) (—0.15, 0.2598, 0)
Center point of the three transmitting coils p,, Py Pz (0,0,0), the Origin 180 (0.3,0,0) (—-0.3,0,0)
Normal vector of coil-x n, (1,0,0)
Normal vector of coil-y n, 0,1,0)
Normal vector of coil-z n. 0,0, 1) X .
Self-inductance of the coils L 83.5039 pH 1) In the first stage, the transmitter coil currents are con-
Compensating Capacitance of the coils ¢ 1 nF trolled so that the central magnetic field vector is con-
Equivalent Serial Resistance of each coil Ry 0.72Q lled h hol herical of A full
Operation Frequency 7 1 Resonant Frequency trolled to scan over the whole spherical surface. u
— scan of all of the N vectors are captured. The magnitudes
TABLE III and phases of driving currents and voltages are recorded

COLOR CODES FOR DIFFERENT COILS DEFINED IN THE LAYOUT FIGURE

Coil Color
Transmitter Coil-x Red

Transmitter Coil-z Green
Receiver Coil-Load-1 Purple
Receiver Coil-Load-2 Yellow

when the transmitter is excited by I, (;) defined in (29) and w;
is the unit vector defined in (28), as shown in Fig. 8(b).

D. Load Power “Vector”

In Fig. 9(a), each node represents a load power “vector”
Poui(iy = Pous(i) Ui, with magnitude P, (;), and direction ;,
where I, (;)is the magnitude of load power when the transmit-
ter is excited by I,,(;) defined in (29) and ; is the unit vector
defined in (28), as shown in Fig. 9(b).

E. Weighted Time Sharing of Power Flow Control

Under the current-mode control, the power flow control
method with weighted time sharing consists of three stages (see
Fig. 10).

for each vector and input power vectors can be determined.
The power information of these power vectors provides
the direct power flow requirements in the N directions.
There is no need to determine the no-load and loaded
surfaces as in the case of the voltage-mode control.

2) Inthe second stage, power is delivered to the N directions
of the spherical surface by pointing the magnetic field vec-
tor to these positions with time proportional to the power
demands determined in the first stage. In practice, the
vector may not need to point at all of the N positions be-
cause some of these positions may have negligible power
demands. The weighted time-sharing process essentially
focuses the power flow toward the positions with relatively
high power demands.

3) In the third stage, a partial scan is performed in order to
check if there is major change in the power receiving. The
partial scan covers a portion of the full spherical surface
only in each cycle so as to allocate most of the time for
power delivery. The full surface can be covered within
several scans.

4) If the scanning process observes that the load demands in
the N positions gradually decrease to zero, the transmitter
circuit can go into sleep mode. The first stage can be
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TABLE V
MUTUAL INDUCTANCES IN THE SYSTEM FOR THE FIVE ARRANGEMENTS IN TABLE IV

0 (deg) My road; My -Load;  M:-Load;  Mi-Loadys My Loady  M: Loady  MLoad; Load,
45 2579 uH ~0 ~0 2372 uH 2361 uH ~0 ~4.683 uH
60 2.579 uH ~0 ~0 1.950 uH 2525 uH ~0 ~4.081 uH
90 2.579 uH ~0 ~0 ~0 2.579 nH ~0 —1.136 uH
120 2.579 pH ~0 ~0 —1.928 nH 2.532 uH ~0 —0.6621 pH
180 2579 uH ~0 ~0 2,607 uH ~0 ~0 —0.4754 uH
Measured Load Cument (A) S Measured Load Power (W)

04

(b)

Fig. 15. (a) Simulated load current vector plot. (b) Measured load current
vector plot.

i i o Hwer Measured Total Input Power (W)

Fig. 16.
plot.

(a) Simulated total input power plot. (b) Measured total input power

periodically activated to check the presence of the loads.
The power flow control process will start again if a load
is detected.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

Both simulation and experiments have been carried out to
verify the proposed method of load detection and power flow
control. The simulation is based on (12) and is programmed in
MATLAB. Two-hundred reference vectors are generated using
least energy iteration methods, each vector covering 2‘% ST.
In order to supply the controlled currents to the three coils in
the experiments, a synchronized direct digital synthesis (DDS)
system is built to generate three channel amplitude and phase
adjustable voltage signals feeding the RF amplifiers for power
amplification. Since the preferred power driving technique is
current source, an external measuring and feedback control loop
using oscilloscopes and computers are used, as shown in Fig. 11.

Fig. 17.  (a) Simulated load power plot. (b) Measured load power plot.

Simulation Tolal egat Power (W)

%‘%“l 3
NeAY

Total Input Power

Coil Layout

Simulation Load2 Power (W)
Simulation Load! Power (W)

Power Received by Load 2

Power Received by Load 1

Fig. 18.  Simulated results with two receiver coils with their axes having a
displacement angle of 45°.

Both simulation and experiments were conducted to verify the
proposed theory. The data are plotted in a way that the vectors
are connected with each other to form polyhedrons for clear
visual effects. Results of tests on both single load and multiple
loads are included.
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Simulation Tolal liput Powsr (W)

Coil Layout Total Input Power

Simulation Load? Power (W)

Simulation Loadi Power (W)

Power Received by Load 1 Power Received by Load 2

Fig. 19. Simulated results with two receiver coils with their axes having a
displacement angle of 60°.

A. Tests on Single Load

Figs. 12(a) and (b) show the simulation setup and experimen-
tal setup, respectively, of an omnidirectional WPT system with
one single load placing at (0.2121, 0.2121, 0.02 m) and the cen-
tral of the receiving coil is facing at location (0, 0, 0.02 m). The
coils are of the identical sizes with a diameter of 30 cm, a coil
width of 1.9 cm and of 11 turns. The self-inductance of the coil
is 83.5309 pH. The compensating capacitors are all 1 nF. In a
particular single load test, the load resonator is placed in the po-
sition shown in Fig. 13. The following plots of the simulated and
measured vectors are based on this setup. The orientations of
the vector plots (as shown inside the transmitter coils in Fig. 13)
are also with respect to receiver coil position.

Figs. 14(a) and (b) show the simulated and measured results
of the spherical surface constructed by the 200 vector positions.
As explained in the theory, the surface forms a spherical shape,
indicating that the current-control mode can be used to direct
the magnetic field vector toward these 200 positions. This set
of results confirm the omnidirectional power control capability
of the proposal. Figs. 15-17 show the corresponding simulated
and measured plots of the load current vector, total input power
vector, and the load power vector, respectively. Observation
of these plots in the context of the relative positions in Fig. 13
indicates power flows wirelessly toward the receiver coil.

For the ith node as shown in Figs. 6(b) and 9(b), as an ex-
ample (exactly the node i as shown in the figures), I, = Iin;,
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Coil Layout Total Input Power

Simulation Load! Power (W)

Simulation Load! Powst (W)

Power Received by Load 1 Power Received by Load 2

Fig. 20. Simulated results with two receiver coils with their axes having a
displacement angle of 90°.

Simulation Totsl Input Power (W)

Coil Layout Total Input Power

Simulation Load1 Power (W)

Simulation Load2 Power (W)

Power Received by Load 1 Power Received by Load 2

Fig. 21.  Simulated results with two receiver coils with their axes having a
displacement angle of 120°.
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Simulation Total Input Power (W)

Coil Layout

Total Input Power
Simulation Load2 Power (W)

Simulation Load1 Power (W)

Power Received by Load 1

Power Received by Load 2

Fig. 22.  Simulated results with two receiver coils with their axes having a
displacement angle of 180°.

I, = 0.707, n = (0.2516,0.9551,0.1562), the measured val-
ues of input current, input voltage, input power, output current,
output voltage, and output power are listed in Table I. An energy
efficiency of 69.5% is achieved.

B. Tests on Multiple-Load Tests

With the theory confirmed with the practical measurements,
the use of the omnidirectional system for multiple loads is stud-
ied with the simulation tool and experimental evaluation. Ta-
bles II and III tabulate the technical information of the system
setup. The two receiver coils are placed in five different relative
positions as specified in Table IV, and the corresponding mutual
inductance information for these five arrangements are provided
in Table V.

1) Simulation Study on Multiple Loads: The relative loca-
tions of the two receiver coils and the simulation results of the
vector plots for the total input power, power received by Load
1 and Load 2 for the angular displacement of 45°, 60°, 90°,
120°, and 180° are shown in Figs. 18-22. It is important to
note from Figs. 18 and 19 that the mutual coupling between the
two receiver coils does affect the power flow directions. When
the two receiver coils are close (45° and 60°), the power vec-
tor plots of the Load 1 and Load 2 show that the power flow
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Simulation

Simulation Total Input Power Vectors (W)

Experiment

Experiment Total Input Power Yectors (W)

Fig.23. Simulated and experimental results with two receiver coils with their
axes having a displacement angle of 90°.

is not as direct as the single-load case in Fig. 17. However, as
the angular displacement, and, hence, the relative positions be-
tween the two receiver coils increases (90°, 120°, and 180°), the
mutual coupling between the two receiver coils also decreases.
Consequently, the power vector plots in Figs. 20-Fig. 22show
that the power flow paths point directly to the two load coils.

2) Experimental Verification: Practical tests have been con-
ducted to verify the theoretical analysis. A set of five coil res-
onators have been constructed according to the parameters tab-
ulated in Table II. It should, however, be noted that there are
still some variations in the inductance and capacitance values
because of the practical tolerance. Thus, while it is the aim of the
practical tests to use identical coil resonators for the transmitter
and receivers, some variations in their parameters are difficult
to avoid.

Two sets of practical measurements with their respective sim-
ulation results are included in Figs. 23 and 24. In Fig. 23, the
two receiver coils have an angular displacement of 90°. The two
individual power vector plots for the two loads are measured
first. The measured power vector plots generally agree with the
simulated results. The combined total input power vector plot is
then measured. Again, the measured input power vector plot is
close to the simulated one. When the two loads are placed with
an angular displacement of 120°, the simulated and experimen-
tal results are plotted in Fig. 24. Considering some parameter
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Simulation

Sirnutation Total Input Power Vectors (W)

Experiment
Exparimant Tatal Inpul Power Vectors (W)

Fig.24.  Simulated and experimental results with two receiver coils with their
axes having a displacement angle of 120°.

variations among the five coil resonators due to component
tolerance, the experimental results agree well with the theoreti-
cal results

VI. CONCLUSION

This paper addresses the basic control principles of omnidi-
rectional WPT. A new method is proposed to enable the mag-
netic field vector, through the current amplitude control in the
three orthogonal transmitter coils, to point evenly over a spheri-
cal surface. This feature provides a truly omnidirectional power
flow control for the WPT system for both single and multiple
loads. Then, a power flow control method based on a weighted
time-sharing scheme has been developed to deliver the power
to the appropriate directions in order to improve WPT perfor-
mance. A comprehensive analysis has been included to explain
this omnidirectional WPT power control method. The proposed
method has been successfully evaluated with simulation studies
and practically confirmed with a hardware setup. While the con-
trol principle is explained and demonstrated in a 3-D omnidirec-
tional WPT system, it can be reduced to a 2-D omnidirectional
WPT system.
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