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ABSTRACT Wireless power transfer (WPT) technology offers a potential solution for the energy-supply
problem. In this paper, we propose a novel magnetic coupling mechanism for omnidirectional and
multiple-pickup energy transfer based on the magnetic dipole coils. Firstly, a cubic transmitter structure
capable of generating three-dimension (3D) homogeneous magnetic field is fabricated to weaken directional
sensitivity of receiving coil. Furthermore, the direction of current flowing through each dipole coil is also
studied in detail. Numerical and simulated analysis is implemented to verify the omnidirectionality of the
transmitter. Secondly, the equivalent circuit model for WPT systems with ferrite is analyzed. In addition,
optimal loads, power distribution and transfer efficiency for multiple receivers are discussed and used to
achieve the proper system design. Finally, experimental prototype is set up to validate the transmission
performance of the proposed WPT system. The results have showed that genuine 3D high degree of freedom
(DoF) can be achieved. Meantime, above 60% efficiency at least 30 W of total output power can be obtained
for WPT systems with eight pick-ups. We believe the proposed system will give a new guideline for future
low power electronic applications, such as monitoring sensors, miniature robots and household devices.

INDEX TERMS Magnetic dipole coil, cubic transmitter, omnidirectional system, multiple pickups, wireless

power transfer (WPT).

I. INTRODUCTION
Wireless power transfer (WPT) technology has attracted
much attention due to many advantages, such as safety,
convenience and reliability. WPT technology via strongly
magnetic coupling resonance, introduced by MIT in 2007 [1],
is a promising way to charge the electrical equipment. How-
ever, the transmission efficiency decreases sharply when the
magnetic coupling mechanisms are not aligned very well [2].
In particular, for dynamic and multiple pick-ups charging,
it is a critical problem to avoid the adverse impacts caused
by misalignment conditions.

In fact, omnidirectional WPT systems have been reported
in numerous previous papers, which aimed to be insensitive to
the positional misalignment. For most omnidirectional WPT
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systems, the coupling mechanism design is considered as
essential strategy to ensure the uniformity of space magnetic
field (MF). According to the coil configurations, omnidirec-
tional WPT systems mainly can be divided into orthogonal
coil, stereoscopic structure, magnetic-dipole-based structure
and rotational structure.

(1) Orthogonal coil: orthogonal structure is currently the
most commonly used in omnidirectional WPT systems due to
simple structure and great homogeneity of 3D MF [3]-[13].
Fig. 1 shows the typical structural diagrams of three orthog-
onal square coils and three orthogonal round coils. Three
orthogonal coils are connected to three power supplies to
generate a spatially rotating MF, thus achieving 3D omnidi-
rectional wireless charging outside or inside the transmitter.
For these coil structures, the non-identical current controls
are key considerations, such as current amplitude modulation,
phase angle modulation and frequency control. In general,
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FIGURE 1. Typical orthogonal coil. (a) Three orthogonal square coils.
(b) Three orthogonal round coils.

the load detection technique and feedback control circuit are
required, which leads to complex system design and eco-
nomic consideration. Table 1 lists current control compar-
isons of main state-of-the-art studies.

(2) Stereoscopic structure: In order to achieve the omnidi-
rectional WPT systems, the special shapes of the stereoscopic
coils have been applied [14]-[18], such as cavity resonator,
bowl-shape coil, cubic coil and cylindrical coil, as shown
in Fig. 2. In [14], hollow metallic structure was proposed
to generate homogeneous magnetic field based on electro-
magnetic cavity resonance. Ha-Van N, Seo C [15] proposed
an omnidirectional WPT system with a cubic transmitter to
attain great DoF at the relatively high power efficiency. How-
ever, the working frequency at 13.56 MHz is too high. Junjie
Feng et al. [16], [17] proposed a bowl-shaped transmitter
to attain strong and uniform omnidirectional magnetic field
distribution (MFD) for portable devices. In [18], a number of
planar coils are arranged evenly on the sides of the cylinder,
the current phase control had been adopted for rotating MF.
These coils are suitable for specific situations due to the
particularity of the structures.

(3) Magnetic-dipole-based structure: Compared with the
air resonance coil, the coil with soft magnetic materials can
enhance the magnetic coupling effectively. Hence, the phys-
ical dimension of coil structure can be largely reduced in the
case of comparability. In addition, ferromagnetic material can
guide the magnetic flux where the electromagnetic field is
concentrated and eventually cancel the electromagnetic noise
around the systems. Ferrite core, which has high relative
permeability and low relative conductivity, is widely used in
WPT systems due to its availability, stability and practicabil-
ity [19]-[23]. In [24], the crossed dipole coil was proposed for
3D omnidirectional WPT systems. The rotating MF was gen-
erated by the direct and quadrature (DQ) inverter. However,
the transfer distance is very small (5 mm). In [25], a uniformly
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FIGURE 2. Stereoscopic coil. (a) Cavity resonator (b) Cubic coil.
(c) Bowl-shaped coil. (d) Cylinder coil.

MEFD based on magnetic dipole coil was presented and six
DoFs are achieved with multiple plane receiving coil (RX)
coils. In [26], RX coil of regular tetrahedron structure based
on a ferrite core was designed to realize energy charging from
an arbitrary angle in 3D space.

(4) Rotational structure: As shown in Fig. 3, the rotational
structure consists of one transmitting (TX) coil, which is
fixed on the motor rotor and connected with the power supply
through an electric slip ring [27]. The motor drives TX coil to
rotate at a certain speed, forming the alternating rotating mag-
netic field in two-dimensional space. The spatial magnetic
field distribution can be optimized by adjusting the speed
of the motor. Yan et.al [28] proposed a rotation-free WPT
system achieving stable output power and efficiency under
the condition of rotational misalignment.

In a word, transmitter structure design for omnidirec-
tional uniform magnetic field and current modulation are
two common methods against misalignment. The majority
of these works were based on a 3D omnidirectional MF
and one pick-up receiver, which lacks analysis of multi-load
situations. Only one RX coil cannot realize the maximum
utilization of omnidirectional energy. Moreover, few papers
discussed a genuine 3D omnidirectional implementation for
arbitrary spatial positions.

For numerous distributed random loads, such as IoT sen-
sors and household applications, the studies for multiple
pick-ups are of great significance. In [29], the circuit-model-
based analysis was implemented for clustered multi-load
receiving (RX) coils. The effects of the mutual inductance
and loads for WPT performance were studied in detail.
In [30], the WPT systems with multiple transmitters or
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TABLE 1. Current control comparison for high-quality articles (" means not given).

Reference Orthogonal structure Current modulation Resonant Frequency Power Efficiency
[4] Square Six variations, amplitude and phase control 19.59 kHz 13.7W 28.2%
[6] Round Three-phase-shifted drive 202 kHz 22.7-62.7 19.1-52.3
[8] Round Two variations, amplitude control 535kHz - -
[10] Round Weighted time-sharing scheme - 1.07W 69.5%
[12] Round Selective frequency modulation 290kHz/640kHz - -
Qi R is investigated in detail, especially for the determination of
Electlrlc Slip Ring || il Phone S : . .
N i current direction of each dipole coil. Some other variables,
/ @ _ \ such as turn number of coil and the length of ferrite have
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FIGURE 3. Rotational omnidirectional structure.

multiple receivers were discussed. The frequency adjust-
ments in various conditions were investigated for maximum
efficiency. Zhen Zhang et.al [31] proposed a continuously
adjustable capacitor to improve the energy security perfor-
mance for multiple pick-ups. This method can be used in
single-power-induced energy field for WPT systems. In [32],
a novel receiver consists of two parallel coils in front of
rectifier was designed to adjust the output voltage, which can
avoid the occurrence of overvoltage and low voltage.

In general, the RX coil is far smaller than the TX coil
for multi-load WPT systems. Then multiple RX coils have
more space to move and the free positioning can be naturally
guaranteed. For most coil structures mentioned above, espe-
cially orthogonal coils, the dimensions of the RX coils are
the same as those of the TX coils due to the consideration to
maintain greater coupling strength. In addition, the operating
frequency is always set up to megahertz for high Q fac-
tors, which will lead to extremely narrow resonant frequency
bandwidth. The electrical parameters are very sensitive to
ambient surroundings at high frequency. Instead of efficient
switching converters, the RF power amplifiers will be used,
which would reduce the transmission efficiency of the WPT
systems. The introduction of the ferrite can reduce the size of
RX coil greatly due to strong coupling ability and inherently
suitable for multi-load charging. In the meantime, the ferrite
exhibits great properties at kHz range, such as high perme-
ability and low permeability, which can enhance the coupling
strength between the coils and reduce the eddy-current loss
of the ferrite.

In this paper, a 3D WPT systems based on magnetic dipole
coil for omnidirectional and multiple-pickup transmission is
proposed. In Section II, the optimal design for transmitter coil
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the equivalent circuit method of the WPT systems with ferrite
is discussed. In Section IV, two types of experiments have
been implemented to validate the feasibility of the proposed
WPT systems. Finally, the conclusion is drawn in Section V.
The main contributions of this paper are as follows.

1) The magnetic dipole coil and cubic transmitter struc-
ture are combined to realize omnidirectional wireless
charging for multiple pick-ups.

2) A genuine 3D omnidirectional characteristic is
achieved, rather than just around the transmitter in 2D
occasions. In addition, the excitation currents of RX
coils in three directions (XOY, YOZ and XOZ) are
identical.

3) The proposed WPT systems can simultaneously power
up to eight loads in any arrangement. It can provide
above 30 W output power and about 60% dc-to-load
efficiency.

Il. COIL DESIGN

The magnetic resistance of the ferrite core is far smaller than
the air and the relative permeability is above 3000. It has been
proved that the ferrite can induce the magnetic coupling and
guide the trend of magnetic flux [20]. The magnetic intensity
can be improved when the coil is inserted with the ferrite.
In the WPT coupled systems, the self-inductance and mutual
inductance of the coil are key parameters, directly affecting
the system performance. Based on the ANSYS Maxwell
software, it can be simulated that the inductances of the coil
with the ferrite are several hundred times the inductance of
coil without the ferrite when the turn numbers of two coils
stay the same. As for the magnetic dipole coil, the coupling
coefficient varies with the distance before and after adding
the magnetic core, as shown in the Fig. 4. It can be seen that
the coupling coefficient between the coils with the magnetic
core added is dozens of times larger than that without the core
added, but both cases generally decrease with the increase of
transfer distance. Therefore, the dipole coil can enhance the
coupling between resonators greatly.

In the meantime, the self-inductance of the coil and the
magnetic density of the core increase with the number of the
turns of coil and the length of the core, as shown in Fig. 5.
It can be seen that the inductance is positively related to the
turn number and length of coil. Moreover, if the length of
the magnetic core is fixed and does not exceed the saturated
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FIGURE 5. Variation diagram of the self-indutance and magnetic
induction intensity. (a) Number of coils; (b) Length of the ferrite.

magnetic flux of the ferrite core, the magnetic field gets larger
when the turns of the coil increases. Ultimately, after a series
of optimization designs and simulation analysis, ferrite core
at 180mm x 15mm x 15mm in size and 30 turns are used for
magnetic dipole coil in consideration of weight, volume and
fabrication of the resonators.

A. CURRENT DIRECTION OF CUBIC TRANSMITTER

In order to obtain stable and high-efficiency omnidirectional
WPT system, a cubic transmitter of magnetic dipole coil is
designed, as shown in Fig. 6(a). The proposed cubic TX
coil consists of 12 magnetic dipole coils and each dipole
coil is wound with multiple turns of Litz wire. It is very
complicated to establish its physical simulation model in the
finite element simulation software according to the actual
structure. In order to obtain a high enough simulation accu-
racy, the mesh needs to be finely divided, and the finite
element number of the model is huge, which will be time-
consuming, or even the possibility of no solution. Therefore,
the geometry of multi-turn coil on each side can be replaced
by a single long coil in order to reduce the complexity. It has
been proved that this simplicity is feasible and accurate and
just for current direction analysis [23], [24]. It is worth noting
that the simplified process is not used to obtain the electrical
parameters of the coils, but only to gain the direction of each
magnetic dipole coil for omnidirectional MFD. According to
the magnetic distribution of the dipole coil, the coil can be
viewed as the magnetic pole, as shown in Fig. 6(b). The direc-
tion of magnetic pole is determined by the current direction of
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the magnetic dipole coil. To achieve the 3D uniformity of
the omnidirectional magnetic field, the current directions
of 12 dipole coils need further discussion.

Since the transmitter is in series, there are two cases
for each dipole coil: ‘N-S’ type and ‘S-N’ type. Therefore,
there are 2'> combined connection modes totally. For bet-
ter analysis, 12 dipole coils are divided into three groups,
as shown in Fig. 7. Assuming all three groups of coils can
generate symmetric magnetic field, then the cubic transmitter
could achieve omnidirectional magnetic field according to the
superposition theorem. Hence, the current direction of dipole
coils can be designed in each group separately, which can
greatly simplify the analysis process.

Stepl-Design the current directions for coils in group 1/3:
Since group 1 and 3 are symmetric and share the same
structure properties, group 1 is discussed in detail while
group 3 is neglected for better declaring the process. There
are 2* combined connection modes for group 1, as shown
in Fig. 8(a). To better illustrate, all cases are signed using
“N-S (S-N)” type. In order to achieve symmetric and strong
magnetic field, 12 cases are neglected for their asymmetric
structure or magnetic field canceling. Hence, the selected four
cases can be grouped into one due to the angular-symmetry
in the space, as shown in Fig. 8(b). Therefore, the current
direction for coils in group 1, as well as group 3, can be
determined. Fig. 9 shows the MFDs for three different cases,
it can be found that MFD of the first case is symmetry and
enhanced around the coil.

Step 2-Analyze and determine the angle between
group 1 and 3: Because this structure is symmetric, analysis
for one plane is reasonable to identify the major feature
of the magnetic field. It can be seen that the magnetic
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field is symmetric but orientated. Hence, the symmetry
of magnetic field will be affected by the angle between
group 1 and group 3. There are four cases for the combi-
nation of group 1 and 3, in other words, the angle is 0°,
90°, 180° and 270°, as shown in Fig. 10. Fig. 11 shows
the MFDs of four different cases. Simply, the cases of 90°
and 270° can be excluded because the magnetic fields of the
surrounding points are weakening or enhancing each other.
Considering the directions of the magnetic field, the case
of 180° is neglected because the field has been counteracted
and asymmetry. Therefore, the 0° case is the only one satisfies
symmetry and enhanced magnetic field, which means the
angle between group 1 and 3 can be determined.

Step 3- Design the current directions for coils in group 2:
there are 2* combined connection modes for group 2. How-
ever, based on the 3D omnidirectional demands, the whole
dipole should satisfy symmetry in the space. Therefore, the
transmitter is rotated along x or y axis and repeat step I and
step 2 twice. The result is shown in Fig. 12, with only two
results remain.

After permutation and combination, there are only two
cases that satisfy the uniformity requirement unrepeatably
in the end. Fig. 13 shows two different connection modes
and corresponding MFD diagrams. It is worth noting that
these graphs only show the MFD in XQOY plane. However,
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FIGURE 11. Magnetic field distribution. (a) 0°, (b) 90°, (c) 180°, (d) 270°.
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FIGURE 13. Magnetic field distribution of two ways of winding for TX coil.

the MFDs in YOZ and XOZ plane are also same as that
in XOY plane, which agrees with the theoretical analysis
for omnidirectional transmission. It can be obviously seen
that the MFD of the first connections is basically identical.
Whereas the second is symmetric, but the magnetic field is
very uneven around. For these reasons, the transmitter model
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FIGURE 15. Electrical connection among 12 magnetic dipole coils.

of the first connection mode is adopted to optimize the design
process.

Fig. 14 shows the 3D MFD diagram of the proposed cubic
TX coil. A vertex angle of the cubic coil is selected and it
can be seen obviously that the magnetic field is uniformly
distributed in all directions. After the above series of analyses,
the electrical connection among 12 magnetic dipole coils can
be shown as Fig. 15.

To verify the omnidirectional property of the TX coil,
the Near Field Probe and Spectrum Analyzer are adopted to
measure the magnetic field generated by cubic transmitter
coil, as shown in Fig. 16. In this experiment, the magnetic
fields of three directions, namely XQOY, YOZ, XOZ, are mea-
sured firstly, as shown is Fig. 17(a). The magnetic fields are
measured with a distance of 30 cm apart from the origin of
the coordinate system. The working frequency of the WPT
systems is 84.5 kHz, which is designed to meet J2954 (nom-
inal frequency range is 81.38-90 kHz) drafted by the Society
of Automotive Engineers task force [20]. The current flowing
through the transmitter is set as 2 A. It can be found that there
is a great agreement of three curves and indicates the real 3D
omnidirectional performance of transmitter coil. Secondly,
arbitrarily direction to be measured of the transmitter coil is
selected and the position is fixed, while the test point is in turn
moved around the transmitter coil at various receiving angles
and different distances, as shown in Fig. 17(b). In the case of
short distances, the magnetic field values on the diagonal are
slightly higher than the points measured directly against the
coil. This is because the diagonally magnetic dipole closer to
the test point has a larger magnetic field than other dipoles.
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When the distances increase, the influence weakens and the
magnetic field is almost the same in all directions.

B. SELECTION OF THE RX COIL

In order to achieve the great coupling strength and reduce
the size of RX coil, the magnetic dipole structure is also
adopted of RX coil instead of the planar coil. It is assumed
that the RX coil is smaller than the TX coil and that the
RX coil has enough positioning space due to large uniform
magnetic field [24]. The design and control of the 3D RX
coil are relatively complicated, there are even cases where the
magnetic fields cancel each other out. Therefore, the small 1D
RX coil is designed and fabricated in this paper. Fig. 18 shows
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(c)

FIGURE 18. Magnetic field distributions for Rx coils of different
dimensions.

the MFDs of WPT systems when the Rx coil is wound in 1D,
2D and 3D situations, respectively. It can be seen that the
received magnetic field of 1D RX coil is larger than other
cases due to the potential magnetic field cancellation.

Ill. THEORETICAL ANALYSIS FOR PROPOSED WPT
SYSTEM

A. MODEL OF THE CIRCUIT THEORY

Fig. 19 depicts a simplified schematic circuit diagram of
traditional two-coil WPT systems with air core and the
proposed WPT systems. Compared with equivalent circuit
of the traditional WPT system, auxiliary circuit parameters
(Rf, Ly and Cy) are introduced due to the existence of the
ferrite coil. In addition, AM denotes the variation in mutual
inductance [19].

The power transfer efficiency (PTE) can be expressed for
the traditional two-coil WPT systems when the system is
tuned in a resonant state as [33]

R

PTE = ey

- Ri(Ry+R
(Ry + R + 1)

where the power supply frequency w is set to resonant fre-
quency wq and defined as

1 1
VL1 Cy - VL Co

Considering the resonator with high quality factor and
practical industrial condition of source and load, we assumed
that Ry < Ry, therefore, Ry + Ry, ~ Ry. The efficiency can
be simplified as

PTE =1 / (1 +RLR; / (woM12)*) 3

For the proposed WPT systems with ferrite, the circuit
parameters vary when the ferrite core is added in the system.
The auxiliary capacitance Cy is introduced mainly because of
the existence of parasitic capacitance between the core and
wire for the magnetic dipole coil [23]. It should be noted
that Cr; and Cy; can be neglected due to small configuration
of magnetic coupling mechanism, compared with C| and
C, [34]. Here, the operating frequency w keeps constant via
tuning the values of compensation capacitors. The resonant
frequency wy is also the same to the original value and can be
given by

@

w=wy =

1 1
w=wy)= = “

\/(Ll + Ly 1)C \/(Lz +L»)C,
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(b)

FIGURE 19. Simplified schematic circuit diagram. (a) Traditional two-coil
WPT system with air coil. (b) Proposed omnidirectional WPT system with
ferrite.

The transfer efficiency can be simplified as
PTE' =1 /(1 + RuRi+R)) [ (@o(M12 + AM)D)  (5)

According to (3) and (5), the mutual inductance between
the coils and parasitic resistances vary when the ferrite coil
is introduced in the WPT systems. Accordingly, the trans-
mission efficiency will be changed correspondingly. Here,
transfer efficiency ratio (8) is defined to reflect variations in
efficiency before and after the addition of ferrite core. It is
defined by

(R1+Rr1)RL ;

(wo(M+AM))
(R1+Rr1RL (6)
(w0o(M+AM))?

B = PTE'/PTE ~
1+

where gain factor « is the relation between the inductance and
resistance. It can be calculated as

_ (AM/M + 1)
" AR|/R1 +1

When « > 1, B will be larger than 1. Under this condition,
the transmission efficiency would be enhanced. Conversely,
the efficiency would be reduced. Based on the simulation
analysis mentioned above, the increment of mutual induc-
tance is largely greater than the increment of resistance for
magnetic dipole coil, which means that the proposed WPT
systems with ferrite can contribute to improve the transmis-
sion efficiency.

@)

B. MULTIPLE RX COILS

Fig. 20 shows the equivalent circuit model for multiple-RX
WPT systems. AC voltage source with RMS amplitude is
defined as VS and the working frequency is denoted as w.
For simplicity, the influences of ferrite for circuit parameters
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FIGURE 20. Equivalent circuit for multiple-RX WPT system.

have been considered into RLC in the Fig. 19. The mutual
inductance M;; represents the strength of coupling between
the TX coil and each RX coil, and M;; is defined as the mutual
inductance between RX coils.

A circuit-model-based numerical theory has been imple-
mented for a single RX coil WPT system. It can be seen
that the system transmission performance depends heavily
on the coupling and load resistance. To simplify the analysis,
the couplings between RX coils are ignored. The reasonable-
ness of this neglect will be proved later. For multiple RX coils,
the overall system efficiency can be expressed as [35]

n
_Rui
X; Zki Ri+Ry;

PTE=“———— (®)
(Rt + > Zri)
i=1
Here,
(0M;)?
Ipi — ——— 9
ki R +R; &

In general, the load resistance (Ry;) is much larger than
the coil resistance (R;), so overall system efficiency can be
simplified as

n
'z:l Zri - Rn‘Rﬁ?Li 1
= ~
PTE = - - (10)
Rt + Z Zri i Zri
= i=1

i=1

It can be obviously seen that the overall efficiency can
be improved by increasing the number of receivers. In other
words, for a given voltage, the total output power will be
enhanced by increasing the number of Rx coil.

According to coupling theory, the current for iy, RX coil
can be given as

—jewMti
L = . A (11)
(Rei + Ri)(X_ Zri + Ro)

i=1
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TABLE 2. Lumped element values of the proposed coils.

TX coil RX, coil RX; coil
Parameter Value Parameter Value Parameter Value
R(Q) 1.12 Ri(Q) 0.17 R,(Q) 0.18
L(uH) 838.93 L, 76.58 L, 76.82
Cy(nF) 4.32 C,(nF) 45.16 C, 45.02
Working frequency 84.5kHz

TABLE 3. Mutual inductance between the proposed coils.

D (cm) M (nH) Me(uH) Mip(uH)
20 331 3.30 0.26
25 1.82 1.81 0.06
30 1.15 1.15 0.05

The output power for iy, load can be calculated as
M;;)?VS?
—CL) Ri (12)
(Rpi + Ri)z(z Zgi + Rt)?

=

Therefore, the power ratio of any two RX coils can be
expressed as
Pi _ PTE; _ MR+ Ryj)Rui

— = =— 5 (13)
P;  PTE; Mtj(Ri + Rpi)“Ry;

It can be found from (8)-(13) that when the number of
loads in the system changes, it affects the overall reflected
impedance at the TX coil. More specifically, the current and
output power of iy, RX coil will decrease when the number of
RX coil increases. It can be obviously seen that each output
power of the RX coil is very closely related to the mutual
inductance between the RX coil and TX coil. The greater
mutual inductance, namely the smaller distance, the more
output power is distributed.

From the equations above, it can be seen obviously that
the strength of coupling between the TX coil and each RX
coil and load resistance are two key considerations for mul-
tiple pick-ups WPT systems. Here, a WPT system with two
pick-ups is adopted as an example to illustrate the above rules.
The example coil circuit parameters are given in Table 2.
Compared to the air core coil, the resistance of the magnetic
dipole coil is relatively large due to the existence of auxiliary
resistance caused by the hysteresis loss of the ferrite. Note
that the resistances of magnetic dipole coil are achieved in
AC mode at the working frequency of 84.5 kHz. It should be
mentioned that the mutual inductance between the TX coil
and RX coil (M;1 and M;,) is much larger than M, as listed
in Table 3. Therefore, the mutual inductance of each RX coil
can be neglected in the practical scenarios.

As shown in Fig. 21, the influences of the mutual induc-
tances on PTE for two identical RX coils are discussed. It can
be found that the values of optimal loads vary with the change
of the distance between the transmitter and receiver. As the
distance increases, the value of maximum load will decrease
and tend to be close to the internal resistance of RX coil (R;).
Besides, PTE can stay high level when the load varies in a
certain zone, especially in case when the value is larger than
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FIGURE 21. PTEs as a function of two load resistances. (a) D = 20cm.
(b) D =25cm. (c) D = 30cm.

the optimal load. In order to achieve high PTE in WPT system
for multiple pickups, the load of RX coil needs to get closer
to the optimal load and can be slightly higher than it.

IV. EXPERIMENTS AND RESULTS

Two groups of experiments are implemented to verify the
proposed methodology. The first part of the experiment is
performed to focus on the 3D omnidirectional characteristic
of the novel cubic transmitter coil design. The second part
of the experiment is carried out to analyze the transmission
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FIGURE 22. Experimental setup of the omnidirectional (or multiple RX
coils) WPT system.

performances of multiple pick-ups. The proposed cubic TX
coil in this paper consists of 12 magnetic dipole coils. For bet-
ter winding of Litz wire and fabrication, the acrylic sheet with
grooves is used. It can also reduce the parasitic capacitance
between the wires and core effectively.

A. OMNIDIRECTIONAL TRANSMISSION

As shown in Fig. 22, an experimental setup is built to dis-
cuss the feasibility of the proposed omnidirectional WPT
systems, which mainly consists of a power excitation (a DC
source and an H-bridge DC/AC inverter), a resonance mech-
anism (the TX coil and RX coils), and load terminals. It is
worth mentioning that mixed signal oscilloscope (Tektronix
MSO058) has eight test channels, which is specially used to
measure the voltage/current of multiple pick-ups. The key
predefined circuit parameters are listed in Table 1. All param-
eters are measured by LCR METER (MICROTEST 6379) at
AC mode. All the coils are fabricated by winding Litz wires
over ferrite, which forms magnetic dipoles to improve the
transfer efficiency and extend the transmission distance. Only
one RX coil is used in this section to study the property of
omnidirectional transmission.

Fig. 23 depicts that PTEs vary with the receiving angles
at different transfer distances (at XQOY orientation). The RX
coil is placed in different positions and moves intermittently
at 45 degree angle. The PTEs are basically the same when
the RX coil is facing the TX coil or on the diagonal. How-
ever, the PTEs of the diagonal are slightly larger because
of the greater mutual inductances. As the distance increases,
the PTEs are decreased shapely due to the weak coupling.
It can be seen obviously that the experimental results agree
very well with calculated values. Further experiments show
that the variation trends of three directions (XQY, YOZ and
X0OZ) are also consistent.

Fig. 24 shows PTEs at transmission distance of 20 cm and
30 cm. It can be seen that PTEs stay constant when input
power ranges from 4 to 20W at given angle. It indicates that
the core loss does not increase significantly when the input
power goes up because the core does not reach saturation.
The PTEs of the diagonal are also larger than these facing
the TX coil at 20 cm. As the distance increases to around
30 cm, the PTEs tend to be consistent due to the homogeneous
magnetic field at all receiving angles.
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FIGURE 23. Magnetic field distributions for Rx coils of different
dimensions.
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FIGURE 24. PTEs as a function of input power of transfer distance at
(a) 20cm. (b) 30cm.

B. MULTIPLE PICKUPS

The experimental setup for the second part is depicted
in Fig. 22. First, the impact of the existence of multiple RX
coils on the TX coil inductance should be discussed. That
is because the inductance of the magnetic dipole coil would
be affected by the ambient environment indeed due to the
introduction of the ferrite. Here, the worst-case scenario has
been investigated to illustrate the effect of multiple RX coils
on the inductance of TX coil, namely, when there are eight
RX coils placed around TX coil, the inductance of TX coil
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FIGURE 25. Increment of TX coil inductance for eight RX coils.
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FIGURE 26. Total PTEs with identical RX coil at different transfer distance
and numbers of RX coils.

changes with the distance (the distance between TX coil and
each RX coil) has been analyzed. As shown in Fig. 25, AL
denotes the inductance increment of the TX coil. It can been
seen that the increment of the TX inductance is maximum
when the distance between the eight RX coils and the TX coil
is all zero simultaneously. The maximum normalized value
of TX coil inductance (the ratio of the inductance increment
and self-inductance of TX coil) is very tiny, about 1.79%.
Moreover, the odds of this case are very small for the WPT
systems, which aim to transmit energy over long distance
wirelessly. As the distance increases, the increments decrease
rapidly. It means the impact of the multiple RX coils on trans-
mitter diminishes sharply. In addition, it has little effect on TX
coil inductance when all RX coils are positioned in working
distance analyzed in this paper (the distance between TX coil
and each RX coil is over 20cm). Therefore, the influence of
the existence of multiple RX coils on the TX coil inductance
will not be considered.

Fig. 26 plots PTEs with different numbers of RX coils at
the same transmission distance. The RMS value of the voltage
for the load resistance of each RX coil can be obtained by
the oscilloscope. Then the total output power for each RX
coil can be calculated. Eventually, total PTEs for multiple
receivers can be achieved by calculating the ratio of the total
output power to the input power. The circuit parameters of
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FIGURE 27. Power distribution for each RX coil at D = 30cm.
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FIGURE 28. Measured steady-state waveforms with two RX coils.

Ch1: Voltage of DC power supply. Ch2: Current of DC power supply.

Ch3: Output voltage of H-bridge invert. Ch4: Output current of H-bridge
invert. Ch5: Voltage of RX1 coil. Ch6: Current of RX1 coil. Ch7: Voltage of
RX2 coil. Ch8: Current of RX2 coil.

each RX coil are basically the same. As the number of RX
coil increases, the efficiency for existed load decreases a high
magnitude, while the total efficiency will jump up. However,
the upward trend will slow down as the number of RX coil
continues to increase. Fig. 27 shows the power distribution
among RX coils. The output power for each RX coil is basi-
cally uniformly distributed. According to Equation (8), as the
number of load infinitely increases, the total PTE approaches
PTEy o0 = —H_ (14)
R + Ry

Fig. 28 shows the voltage and current waveforms of input
and output terminals for two RX coils. Each load resistances
of two coil is 122 and the RMS of the output voltage is
about 1.6 V. The input voltage for TX coil (Ch4) is almost
in phase with the current (Ch5) (voltage is slightly ahead of
current), which is to achieve soft-switch state for the inverter.
The reactive power in the circuit is reduced largely to keep
high conversion efficiency. The slight phase deviation of the
two RX coils output waveforms is due to resonator fabrica-
tion and experimental errors and these errors are also within
the allowed range. Fig. 29 shows the voltage and current
waveforms of input and output terminals for four RX coils,
which are arbitrarily positioned to verify the omnidirectional
and free-positioning transmission performances. Similarly,
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FIGURE 29. Measured steady-state waveforms with four RX coils.

Ch1 and Ch2: Voltage and current of RX1 coil. Ch3 and Ch4: Voltage and
current of RX2 coil. Ch5 and Ché: Voltage and current of RX3 coil. Ch7 and
Ch8: Voltage and current of RX4 coil.
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FIGURE 30. Measured steady-state waveforms with eight RX coils. Each
channel measures voltage of one RX coil.

the output voltage is around 2V and output waveforms are
also identical on the whole. As expected, the current and
voltage received by the four receiving coils are basically the
same phase and magnitude. Furtherly, the voltages of eight
RX coils are measured, as shown in Fig. 30. It can be seen that
slightly lower voltage at opposite TX coil compared to that
at diagonal position is due to the tiny different of the mutual
inductance. The RMS of each RX coil voltage is about 2V and
the total output power can reach above 30W. For these three
waveform diagrams, the output voltages and currents are
essentially in phase and can be used for calculating the power
dissipation of RX coils. The measured results show that
the proposed coupling mechanism can effectively increase
system stability for 3D omnidirectional and multiple-pickup
WPT system in spite of the angular misalignment and the
number of multiple load, which is also consistent with the
theoretical analysis.

Table 4 compares the transfer performance of omnidirec-
tional WPT systems in recent years. According to this table,
the cubic transmitter based on magnetic dipole coil has a
compatible great property and competitive advantage due to
its flexibility.
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TABLE 4. Reported omnidirectional WPT systems ('-" means not given).

Reference Structure WPT type F]?:Z?::lz; Power | Efficiency | Load type
[4] Three orthogonal square coils 3D full-range field orientation 19.59 kHz 13.7W 28.2% 1
[10] Three orthogonal round coils 3D omnidirectional - 1.07W 69.5% 1
[14] Hollow metallic structure Multimode Resonant Cavity 191.65 MHz SW 20%-30% 10 LEDs
[15] Cubic 2D omnidirectional 13.56 MHz 10W ~60% 1
[16] Bowl-shaped transmitter Free positioning and omnidirectional 6.78 MHz 25W 60% 1
[28] Two decoupled receivers Rotational insensitivity 252.6 kHz 664W 92.26% 1
This work Cubic transmitter Genuine 3D omnidirectional 84.5 kHz 30 W 60% 8 bulbs

V. CONCLUSION

This paper has presented and implemented a novel 3D omni-
directional and multiple-pickup WPT systems to realize real
3D high DoF and multiple loads. The structure of TX coil
is designed using 12 magnetic dipole coils with particular
current directions. From the calculated, simulated and experi-
mental results, it has been validated that the cubic transmitter
has the ability of 3D omnidirectional and multi-load transmis-
sion performance. In addition, with respect to the number of
RX coil, the efficiency of the proposed system can effectively
jump up and the output power can be evenly distributed.
Compared with the traditional WPT systems with air coil,
the proposed system can achieve efficiency above 60% under
multiple pick-ups and the total output power can reach over
30 W, which meets most of the lower power requirements.
The proposed WPT system shows a great promising prospect
in numerous industrial applications.
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