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A Modularized IPT With Magnetic Shielding for a
Wide-Range Ubiquitous Wi-Power Zone
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Abstract—A wide-range ubiquitous wireless power environ-
ment, called a ubiquitous Wi-power zone, where any electric de-
vices can be charged by three-dimensional (3-D)-omnidirectional
wireless charging, is newly proposed in this paper. By virtue of the
proposed direct-quadrature (DQ) transmitting (Tx) coils composed
of multiple Tx modules with same size, a ubiquitous Wi-power zone
having the transmitting (Tx) coils can be provided over wide-range
3-D space. In this area, a number of electric devices can be simul-
taneously charged during operation. Therefore, the proposed IPT
is expected to be the next generation of wireless power transfer
(WPT), as the internet of things (IoT), mobile devices, and sensor
technologies evolve. For magnetic shielding behind the Tx coils and
high power efficient operation of the proposed DQ Tx coils, pro-
viding an evenly distributed magnetic field, a conductive plate is
adopted, and the effects of the conductive plate for the dipole coil
structure were thoroughly evaluated by a 3-D FEM simulation. To
create the proposed ubiquitous Wi-power zone, simulation-based
optimum design procedures are established based on four design
considerations and the optimized number of modularizations for
the DQ Tx coils can be found by an optimum point of figure of merit
(FoM). The DQ Tx module composed of the DQ Tx coils and series
resonant capacitors was adopted as a standard unit of the proposed
IPT so that different sizes and shapes of 3-D space can be utilized for
universal use of the proposed ubiquitous IPT; hence, a general solu-
tion to create the proposed ubiquitous IPT is provided in this paper.
A prototype 5 X 5 modularized IPT composed of 25 DQ Tx modules
having the same size of 10 cm X 10 cm X 2 cm was fabricated and
experimentally verified for a 1 m X 1 m X 0.7 m ubiquitous Wi-
power zone. Experimental results showed that 95.5%, 92.1%, and
98.8% of high magnetic field uniformity for z; = 25 cm, 50 cm,
and 75 cm, respectively, and 3-D omnidirectional wireless power
delivery have been achieved; thus, meeting essential requirements
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for the proposed ubiquitous Wi-power zone. Nine Rx coils can be
simultaneously charged with 14.2 W of total received load power
and 8.2% power efficiency at z; = 70 cm.

Index Terms—DQ rotating magnetic field, inductive power
transfer (IPT), magnetic field uniformity, magnetic shielding, six
degrees of freedom (6-DokF), three-dimensional (3-D) omnidirec-
tional wireless charging, ubiquitous IPT, wi-power zone, wireless
power transfer (WPT).

1. INTRODUCTION

NTELLIGENT devices such as the Internet of Things (IoT),

mobile devices, wearable devices, and smart sensors are
rapidly evolving with the advent of the upcoming fourth in-
dustrial revolution. Such devices tend to have relatively large
batteries and efforts are being made to reduce the device size [1]-
[4]. Because multiple devices might be arbitrarily positioned in
a confined three-dimensional (3-D) space and small-sized bat-
teries should be used in the devices, the battery in each device
should be frequently replaced, which wastes time and energy
and induces high labor costs. Accordingly, an inherent solu-
tion involving compact battery size or a batteryless approach
with continuous power delivery is required to solve these is-
sues. Wireless power transfer (WPT) is a promising solution to
deliver power to multiple devices [5]-[26]. As examples, radio
frequency (RF) and infrared (IR) types of WPT systems may
be used for long-distance wireless power delivery characteris-
tics [5]-[8]. However, they have a limitation to simultaneously
charge multiple devices due to a one-to-one wireless charging
characteristic and cannot penetrate obstacles between transmit-
ter (Tx) and receiver (Rx). In addition, precise control methods
to align the Tx and Rx are required; hence, such RF and IR
types of WPT have inherent limitations for these applications.
On the other hand, inductive power transfer (IPT) may be a vi-
able solution to simultaneously charge multiple electric devices
[9]-[28]. The major applications for commercially available IPT
products are currently limited to contact-type cases and less than
20 cm-off distance cases between Tx and Rx coils for mobile
devices, drones, sensors, and electric vehicles [9]-[17]. Fur-
thermore, existing WPT technologies are usually available with
low degrees of freedom for wireless charging, and it is difficult
to provide simultaneous wireless charging service for multiple
Rx coils. This may impede application in the era of ubiquitous
WPT such as the Wi-power zone described in this paper, where
any small electric devices can be simultaneously charged with
highest wireless charging freedoms during operation anytime

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.

Concept of the proposed ubiquitous Wi-power zone (3 x 3 modularization), where various electric devices including IoT sensors and electric devices are

simultaneously charged with the highest degrees of freedom for wireless charging.

and anywhere, as shown in Fig. 1. Therefore, the following pre-
requisite conditions for the proposed ubiquitous Wi-power zone
should be satisfied.

1) An evenly distributed magnetic field should be generated
over wide-range 3-D space so that multiple electric de-
vices equipped with Rx coils can be freely charged.
Electric devices should be charged, regardless of their ar-
bitrary three-axes positions (x-, y-, and z-axes) and angles
(roll, pitch, and yaw) for 3-D omnidirectional wireless
charging, i.e., so-called six degrees of freedom (6-DoF)
in this paper [9], [18]-[20].

The magnetic field generated from Tx coils should be
shielded toward the opposite area of the Wi-power zone
so that it is generated only to the wireless power service
area.

The proposed WPT system should be easily manufactured
with low cost and light weight with a minimal amount of
cores.

2)

3)

4)

From the second criterion, 6-DoF, which is the highest num-
ber of degrees of freedom for free-positioning wireless charging
of Rx coils, should be guaranteed for the proposed ubiquitous
Wi-power zone without volumetric structures of Tx and Rx
coils. It has been identified that 6-DoF can be realized by 2-D
plane-type of Tx and Rx coils, which provides the minimum
physical dimension requirement for Tx and Rx coils, satisfy-
ing three arbitrary positions and angle rotations for wireless
powering [9]. A direct and quadrature (DQ) rotating magnetic
field over wide-range 3-D space generated by a plane Tx coil,
which includes 7/2 phase difference between two orthogonal
Tx coil currents, is necessarily used for 6-DoF; hence, a plane
Rx coil including vertical and horizontal coil windings is able
to receive load power from either vertical or horizontal Rx coil
winding [9]. From the third criterion, it is noteworthy that the
magnetic field generated toward opposite side of the proposed
Wi-power zone does not contribute wireless charging service. If
the Tx coils are installed in each floors of the building, the mag-
netic field in the Wi-power zone may be distorted and mitigated
due to phase difference between adjacent Tx coils installed in
each floors unless the phase of all magnetic field is synchro-
nized. Therefore, in this case, the receiving load power will be
degraded without magnetic shield.

On the other hand, required installation places for the pro-
posed ubiquitous Wi-power zone may be different regarding

size and shape of 3-D space. In this case, DQ Tx coils designed
only for the specific 3-D space should be manufactured, which
cannot be utilized to the other 3-D space. Therefore, it is nec-
essary to provide practical and general solutions for universal
adoption of the proposed Wi-power zone to various installation
places, regardless of size and shape of 3-D space.

In this paper, a wide-range Wi-power zone, which can provide
an evenly distributed magnetic field over 3-D space, is newly
proposed, as shown in Fig. 1. Two physically orthogonal-wound
DQ Tx coils having orthogonal phase difference of DQ currents
are adopted to generate a DQ rotating magnetic field. The mod-
ularized DQ Tx coils, which are used as a standard unit of the
proposed IPT, are utilized so that the proposed ubiquitous Wi-
power zone can be created in any size and shape of 3-D space;
hence, the proposed Tx modules can be a general solution to
provide the proposed ubiquitous Wi-power zone for universal
adoption of the proposed IPT. To reduce core loss of the DQ Tx
coils and mitigate the electromagnetic field (EMF) behind the
proposed Tx coils without affecting the front side magnetic field,
the conductive plate behind the proposed Tx coils is adopted for
magnetic shielding and high power efficient operation. To cre-
ate the proposed ubiquitous Wi-power zone in a confined 3-D
space, an optimum baseline design procedure of the proposed
modularized DQ Tx coils is established, considering four de-
sign considerations, and verified by a 3-D finite-element-method
(FEM) simulation. An experimental prototype of the proposed
DQ Tx coils targetinga I m x 1 m x 0.7 m ubiquitous Wi-power
zone was fabricated by 5 X 5 modularization and verified by
experiments.

II. STATIC ANALYSIS OF THE MAGNETIC SHIELDING FOR
DirpOLE COIL

A. Operating Principle of the Magnetic Shielding

It is important to select the most appropriate Tx coil structure
to deliver wireless power over a long distance between Tx and
Rx coils for the proposed ubiquitous IPT. There are typically
two coil structures for various applications: the loop coils and
dipole coils [9]-[27]. It has been identified that the dipole coil
structure with ferrite core has higher magnetizing inductance
by 60 times compared to that of a loop structure under all same
size conditions [11]. Considering the fact that higher magne-
tizing inductance Lm results in higher induced voltage across
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the Rx coil, the dipole coils are more preferred than the loop
coils for long distance power delivery [9]-[11]. Thus, the dipole
coil structure is adopted in this paper for the proposed DQ Tx
coils while a 2-D plane-type coil structure is maintained. DQ
currents in the steady state then have 90° phase differences to
generate a DQ rotating magnetic field over a 3-D space and can
be represented in phasor form as follows:

I,=1,00, I,= qug =jI, I=1, (1)

From (1), magnetic flux density vectors generated by two
orthogonal DQ Tx dipole coils B, and B, can be represented
in a phasor form as follows:

B1gq = (Bi4s, Biay, B14:) = (B1ds,0, Bia:)
qu = (quwyqunglqz) = (O7jBldy7jBldz) ()

where itis assumed in this paper that the D-axis Tx coil generates
z- and z-axes magnetic field components and the Q-axis Tx coil
generates y- and z-axes magnetic field components, considering
the magnetic field generation characteristics of the dipole coil
forward front and back sides [9]-[13].

When the Tx coil current passes through the dipole coil, the
magnetic field is radiated from the dipole coil on every side [9]-
[13]. The magnetic field generated from the dipole coil should
be applied to the front side, which corresponds to the WPT area
having Rx coils. On the other hand, a magnetic field should
not be generated toward the back side, where no Rx coils are
available, as shown in Fig. 2(a), where z; and 29 lines are posi-
tioned at the center in the xy-plane, and the z, line starts from
the magnetic shielding. Thus, magnetic shielding is adopted to
suppress the EMF in this paper. As described in Fig. 2(b) for
the operating principle of the magnetic shielding behind the Tx
coils, the DQ magnetic field ¢,, and ¢,, generated from the
DQ Tx coils can be mitigated by ¢, and ¢, generated from
the canceling currents I.4 and I, on the magnetic shielding
due to the 180° vector phase difference between the Tx coils and
magnetic shielding for the magnetic field [27], [28]. By virtue
of ¢4 and ¢, besides EMF suppression toward the back side,
the magnetic flux density inside the Tx core B, can be reduced
to a level lower than the saturation point of the ferrite core
B, (B. < By,; ~ 0.3T), as shown in Fig. 2(a); hence, the
magnetic shielding improves the core loss of the DQ Tx core.

To evaluate the effects of the magnetic shielding adopted in
the dipole coil, three major criteria are established in this paper:
1) the magnetic field at the front side w.r.t. z; for ubiquitous
wireless power environment, 2) the magnetic field at the back
side w.r.t. zo for magnetic shielding, and 3) core loss reduc-
tion in the Tx core for high power efficiency, as described in
Fig. 2(a). As shown in Fig. 2(b), the total vector summation
of the magnetic field at a specific point B; determined by the
magnetic field of the Tx coil and magnetic shielding B; and B,
can be described from (2) as follows:

B, =B, +Bc:B1d+B1q+Bcd+ch
= (Bldx + Bcdx)wo + (jquy i]‘chy)yO + (Bldz
+ B(:dz +.jquz j:.chqz)ZO (3)
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Fig. 2.  Effect of magnetic shielding placed behind the proposed DQ Tx coils.
(a) Side view. (b) Bird’s view with magnetic field.

where xg, 1o, and 2, are unit vectors for x-, y-, and z-axes,
respectively.

Then, the magnitude of B; can be determined from (3) as
shown in (4a)—(4c), at the bottom of the next page [9], [15],
[24].

As identified from (4), the magnetic flux density generated
by the Tx coil is enhanced toward the front side in (4b), whereas
the magnetic flux density generated by the Tx coil is mitigated
toward the back side in (4c). The magnitude of the total magnetic
flux density B; is eventually determined by B;, and By, which
are vector summations by D- and Q-axes Tx coils and magnetic
shielding, respectively.

As a third criterion, besides magnetic shielding, the mag-
netic field generated by the magnetic shielding ¢, and ¢, in
Fig. 2(b) mitigates the magnitude of the magnetic field vector
inside the Tx core B, (= |B.|). Due to the use of a ferrite core
in this DQ dipole coil, core loss of this dipole coil is inevitably
generated, which is the major source of the total power loss
in the Tx coil. Hysteresis loss, which accounts for the greatest
portion of core loss, can be found in watt per unit volume by the
following Steinmetz equation [10], [33], [34]:

R:’u = Cm C'T ffB((l [W/mg]
+Op = Cro — Opy T + CpyT? (5)
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where C),, and Cp are a core loss coefficient and a temperature
correction parameter and f; is the switching frequency.

As described in Fig. 3, the core loss can be calculated if
the magnetic flux density B.; is found and other parameters
and coefficients, i.e., C,,, Cr, p, q, and fs, are given. From (5),
the core loss of the ferrite core in the Tx dipole coil can be
quantitatively derived as follows:

11/2
P, = // /P(‘zvd*Ldde = CmCTff/ Bcl(‘r)Aldm
. =11 /2
= Cm C1T ff) Ul BcA,a’L'g (6&)
1 I /2
" Beavg = 7/ B (z)dx (6b)
’ L —11/2
B., = / z)dydz (6¢c)
—t1/2 /2
Uy =LA =1t [m?] (6d)

where U, is the total volume of the ferrite core used in the
proposed DQ Tx coils. Note that B, 4,4 is proportional to the
core loss of the Tx coils P,; if the other parameter values of
Cn,Cr,p, fs,and Uy are fixed.
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Fig. 4. Configuration of the Tx coil with a conductive plate. (a) Front view.
(b) Side view with magnetic field.

B. Conductive Plate for the Magnetic Shielding

As one of the magnetic shielding methods, large ferrite core
tile can be used behind the Tx coils. However, due to its
large amount of ferrite cores, heavy, and high cost, such ferrite
tile is not considered throughout this paper. Instead, a conduc-
tive plate having high conductivity, light weight, and low cost
is adopted throughout this paper, as shown in Fig. 4, where [.
and ¢, are the length and thickness of the conductive plate and
l1,t1,and 7y are the length, thickness, and current of the Tx coil.
In this section, only a one-axis wound dipole coil is considered
for simplicity of analysis and an aluminum plate is selected as
the conductive plate. As shown in Fig. 4(b), when the conduc-
tive plate is adopted behind the dipole coil driven by 77, eddy
currents on the magnetic shielding caused by ¢, generate ¢,
which is 180° phase shifted compared to ¢, . By this principle,
the magnetic field ¢, inside the Tx core and at the back side is
mitigated by ¢.,..

Bt = ‘Bt| - |B1 + Bc| - \/|B1d.’t + B(‘,dﬂ?|2 + ‘jqug/ :thcdy‘Q + ‘Bldz + B(‘,dz +jquz :l:j-chz‘2

- \/|Bldaz: + B(:d;l:|2 + |B1qy + B(:qy|2 + |B1dz =+ B(:dz|2 + |quz + chz‘2

= \/|Bul* + |By,|’

Bf,d.’z: = Bldaf + B(id]?a

Biir = Bias — B(‘,dm, Bii. = Bia.

Big. = Bia. + Bch7thy
- Bcdzv thg/

= \/Btde + Btd22 + thy2 + thz2

(4a)
= Bigy + Begy, Byg: = Big. + By for front side  (4b)
= Bigy — Begy, Byg: = Big. — Bey:  for back side.  (4¢)
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Fig.5. Qualitative behavior of the conductive plate when an external magnetic
field is applied to it.

Equivalent inductance
and resistance for the
conductive plate

Transmitter coil

Half-bridge inverter with resonant capacitor

S
vgl-»—”_ig —=C, ¢ .

" *"ﬁi}} L

Fig.6. Circuitdiagram of the proposed IPT coupled with the conductive plate,
assuming that the coupling effect of Rx coils is neglected due to the loosely
coupled IPT.

As shown in Fig. 5, arbitrary several eddy current loops gen-
erated by ¢, may be composed of L.; &r.1, Leo&rea, Les&eres,
etc. In this case, such eddy currents, e.g., i.1,%.2, and i.3, are
generated through each inductance and resistance path. Because
the effect of the conductive plate cannot be theoretically ana-
lyzed by explicit circuit modeling, the total equivalent self-
inductance and internal resistance of the conductive plate are
modeled as L. and r. to simply identify the qualitative behav-
ior of the conductive plate, as shown in Fig. 6, where the Tx
coil current [; is driven by a half-bridge inverter and the cou-
pling effect between the Tx and Rx coils is neglected due to
the loosely magnetic coupling. In Fig. 6, L; and L. are mod-
eled for self-inductance of the Tx coil and the conductive plate,
respectively, and C) is a series resonant capacitor. Through-
out this paper, it is assumed that the total equivalent resistance
including the core loss of the ferrite core, the copper loss of
the Tx coils, and the equivalent series resistance (ESR) of the
resonant capacitor can be represented as a series-connected re-
sistance when the inductance and capacitance resonate in se-
ries [10], [11], [23], [27]; hence, the total equivalent resistance
of the Tx coil composed of L; and C; can be represented as
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Fig. 7. Simplified circuit of the proposed IPT with magnetic shielding, where
fundamental components of voltage and current are considered only. (a) Equiva-
lent static circuit of Fig. 6. (b) Simplified static circuit of (a), reflected to primary
side.
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r1. If the conductive plate is adjacent to Tx dipole coil, then
ry is changed to 7{, as shown in Fig. 6. In this case, r{ is
smaller than 7 (771 ) due to the core loss reduction by the con-
ductive plate, as identified from Fig. 4, which will be verified
in Section IV.

In this section, the steady-state behaviors of the circuit in
Fig. 6 are analyzed by neglecting high-order switching harmon-
ics, and parasitic components associated with circuit elements
are neglected for simplicity of analysis. Fundamental compo-
nents of voltage and current of the circuit in Fig. 6 are considered
only. Then, a simplified static circuit of the proposed IPT with
the conductive plate can be represented, as shown in Fig. 7,
where L., and n. are modeled for the magnetizing inductance
and the turn ratio between the Tx coil and the conductive plate,
respectively, as follows:

Ll = Lcm + Lcll; Lc = nchm + Lcl? (7)

where L1 and L.;5 are leakage inductance.

To identify variations of the equivalent inductance and resis-
tance w.r.t. the existence of the conductive plate, an impedance
seen from primary side Z, is derived as follows:

Z(: = jwchm// n2 = jwchm Ye + Tee (83.)
re +wiLasLe _ Le “1, n2w?L?, 7,
e = T~ Tee = ——2—C0 —
R r2 + w?l? L. ¢ r2+w?l?
2L2
L2 >0 (e <wgLe). (8b)

As identified from (8), the inductance of the Tx coil after the
conductive plate is adjacent to the Tx coil decreases because
v. < 1. On the other hand, the total equivalent resistance of the
Tx coil by the conductive plate becomes | + .., where r| and
r.. are the internal resistance of the Tx coil including core and
copper losses and the eddy loss term of the conductive plate,
respectively. In general, 7] 4 r.. may be considered to be larger
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than r; due to adding the eddy current loss caused by the con-
ductive plate. In this dipole coil case, however, it is noteworthy
that 4 > 1] 4 r.., although r., > 0. This is because core loss
of the Tx coil can be significantly reduced by eddy current gen-
erated from the conductive plate, which has greater influence on
the total loss than the eddy current loss in the conductive plate.
This theoretical conclusion by the proposed equivalent circuit
modeling of the IPT in Figs. 5-7 will be verified in Section IV.

To identify the behavior of magnetic shielding behind the
conductive plate, induced voltage in the conductive plate V., in
Fig. 7 can be derived by Faraday’s law as follows:

Veo (t) = NeVem (t) - *N(’, d@;t(t)
- Vco = _jwsN(:¢1 ( ¢1 X Il) (9)

From (9), the equivalent eddy current I. in Fig. 7(a) can be
expressed as follows:

Vco —J s'Nc _Nc
I, — : _ TjeslNedy o 2N
TC +]w9LC TC +jw9LC LC
ST o P X~y (10b)

As identified from (10), the phase difference of the magnetic
field between the Tx coil and the conductive plate becomes
180°, which mitigates ¢, for core loss reduction and magnetic
shielding.

C. Simulation Verification of the Conductive Plate

As identified from (4) and (6), B; and B, should be analyzed
to investigate the magnetic field characteristics by magnetic
shielding applied to the DQ Tx dipole coils. For various appli-
cations, a conductive plate is generally used as magnetic shield-
ing, i.e., IPT, building, magnetic shielded rooms, and medical
instruments [27]-[32]. Effects of the conductive plate have been
analyzed by an assumed certain eddy current loop model [29],
[30]. However, this model is only valid when an equally dis-
tributed magnetic field is applied by a perpendicular magnetic
field; hence, effects of the conductive plate are inherently not
accurate due to the surrounding environment, skin effects of the
conductive plate, and a nonequally applied magnetic field to-
ward the conductive plate for IPT applications. The conductive
plate is generally used to shield the EMF for WPT [27], [28]. In
this paper, a conductive plate is applied to DQ Tx coils for mag-
netic shielding and coreless reduction, as identified from Figs. 2
and 3. Unfortunately, it is not possible to theoretically analyze
the effect of magnetic shielding because the complicated mag-
netic field generated from the Tx dipole coil is distorted by the
ferromagnetic core and static circuit modeling of eddy current
loops and its parameter values of L. and r, in Figs. 5-7 cannot
be quantitatively derived for the conductive material. There-
fore, simulation-based verification for the magnetic shielding is
inevitably adopted in this paper.

To verify three major criteria, as identified from the previous
section, FEM simulations by ANSYS 3D Maxwell simulation
tool were performed. For the simulation verification, the param-
eters in Fig. 4 were chosen as an example: [y = 100 mm, I; =
1 A, Ny =20 turns, t; = 5 mm, and £, = 1 mm. The other pa-
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Fig. 8. Simulation results of B; w.r.t. z;.
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Fig. 9. Simulation results of B, 4, for various d. and [...

rameters that influence the effect of the magnetic shielding are
the length of the conductive plate /. and the distance between
the Tx coil and the conductive plate d.. The magnetic field B;
in the front and back sides was found w.r.t. z; and 2y lines,
as shown in Fig. 2(a), and the core loss of the Tx core can be
found by B, in Fig. 3 and by calculating B, ,,, from (6). As
shown in Fig. 8, the front side magnetic field B; is exponentially
decreased w.r.t. z; and shows little difference, even though vari-
ous /. and d,. cases are evaluated. This implies that the magnetic
field generated from the conductive plate ¢, cannot reach the
front side of the Tx dipole coil. On the other hand, B, 4,4, Which
is proportional to the core loss of the Tx coil P,; in (6a), de-
creases when /.. increases and d,. decreases, as shown in Fig. 9.
The smaller d. makes a large V,, in (9) and (10), which may in-
crease ¢.. When [. becomes large, a large ¢. may be generated
due to expanded eddy current loops. Note that B, 4,4 no longer
decreases if [. > 5.0l;.

To investigate the effect of the magnetic shield behind the Tx
coil, B,,, the averaged value of the magnetic flux density at the
xy-plane, corresponding to [; X [y of the plane area, w.r.t. z5 in
Fig. 2(b), is defined in this paper as follows:

B,

f ,ab (11)

i M?

TmILe
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Fig. 10. Simulation results of B,, for magnetic shield behind the Tx coil.
(a)l. = 1.2511.(b) I, = 2.511.(c)l. = 5.0l;.

where N, and N, are sampling points at the zy-plane and it
is assumed that N, = NN, = 100 in this paper for simulation
verification.

As shown in Fig. 10, when [, increases, the effect of the
magnetic shield becomes significant due to the expanded eddy
current loops for a large ¢.. Note that B, no longer decreases if
l. > 5.0ly, although not shown in this paper. On the other hand,
when d, increases, B,, increases and decreases. As shown in
Figs. 10(a)—(b), when the conductive plate is very close to the
Tx coils, i.e., 0 < d. < 15mm for [, = 1.25/; and 0 < d. <
30 mm for I, = 2.5l;, the eddy current I, may become large
from (10a) due to the small distance d. between the Tx coil and
the conductive plate, which largely mitigates ¢, at the back side.
When d, increases further, i.e., d. > 15 mm for /. = 1.25[; and
d. > 30 mm for [, = 2.5ly, B,, decreases because I. becomes
smaller and the distance from the Tx coil to 2o point increases.
Therefore, as identified from Figs. 8-10, it is found that the
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Fig. 11.  FEM simulation result of the magnetic field distribution at z; = 0.5/,
for 1 x 1 DQ Tx coil.

effect of the conductive plate becomes larger when larger /. and
smaller d, are adopted in terms of B, ,,4 and B,,.

III. MODULARIZATION OF THE PROPOSED DQ TX COILS
A. Optimum Baseline Design for DQ Tx Coil Modularization

To create the proposed ubiquitous Wi-power zone for a given
3-D space, several design criteria should be carefully considered
to complete the baseline design of the proposed DQ Tx coils.
As introduced in Section I for the prerequisite conditions of the
proposed ubiquitous IPT, the following four design criteria are
introduced in this paper in order to find an optimum solution.

1) Magnetic field uniformity Up (z1): This is the proportion
of the total area (A; = I. x I.) to occupied area A, having
a maximum magnetic flux density value over —3 dB ( =
70.7%) at the zy-plane w.r.t. z;, as described in Fig. 11.
Up indicates how the magnetic field is evenly distributed
over 3-D space. Thus, U is defined as A, /A; x 100 [%]
in this paper. The higher value implies higher uniformity
for magnetic field distribution.

2) Magnetic shielding B,, (z2): A lower value of B,, im-
plies higher capability of the magnetic shield, as identified
from (11).

3) Core loss of the Tx coils P.;: Lower core loss of all Tx
cores implies higher power efficiency.

4) The amount of ferromagnetic core M that is used: This
factor determines the cost and weight of the proposed IPT
system for installation. The lower value implies lower cost
and lighter weight.

For magnetic field generation over 3-D space, a DQ Tx dipole
coil with size of the ubiquitous Wi-power area may be installed,
as shown in Fig. 12(a). On the other hand, the DQ Tx coil can be
divided into several modules under the given installation space,
as shown in Fig. 12(b)—(c). Therefore, the proposed DQ Tx coils
should be designed in terms of modularization, considering the
four design criteria.

As one of example to illustrate the design procedure of the
proposed DQ Tx coils, it is assumed that the installation space
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Fig. 12. Simulation schemes of the proposed modularized DQ Tx coils.
(a) 1 x 1 case. (b) 2 x 2 case. (c) 3 x 3 case.

isgivenas I m x Il m: /. = 1 mand ¢, = 1 mm in this section.
For the magnetic shield, various conductive materials, e.g., alu-
minum, copper, and iron, can be selected: an aluminum plate
is adopted behind the Tx coils throughout this paper due to its
high conductivity, reasonable price, and light weight. According
to FEM simulation results, there was little difference between
aluminum plates and the other conductive materials, which are
not included in this paper due to its similar characteristics and
limited pages. The thickness of the ferrite core in the DQ Tx

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

coils ¢ is selected as 16 mm, considering core saturation of the
ferrite core. The number of DQ windings is 20 turns, and [;; is
fixed to 80 cm, i.e., . = 1.25ly;, as identified from Figs. 8-10.
Assuming that the distance between DQ Tx coils d,, is half of
l; as one of the design examples, the length of the DQ coil unit
{1 is then determined as follows:

llt

llt ml1+( m )da_>l1 1.5Nm_0.5

(.- d,=0.50;) (12)
where IV,,, is the number of modularizations.

It is assumed that the goal of the proposed design procedure
is to deliver the same maximum value of the magnetic field at
the same distance condition: hence, DQ currents for each NV,,
cases are set in order to satisfy By|,1-75cm = 6.0 uT, which can
be found by a FEM simulation. From these design assumptions,
the length of the DQ Tx module /; and the DQ current of the Tx
coils 14 and I, are summarized in Table I.

The magnetic field uniformity Up has a different tendency for
various V,,, and z;, as shown in Fig. 13, where only five cases are
presented as examples. It can be found that the average value of
the magnetic field uniformity for 10 cm < z; < 100 cm Up 444
is quite low over a distance of 20 cm < z; < 100 cm when
N,, =1, which means the use of only one DQ Tx coil in
Fig. 12(a) may not be recommended for high magnetic field
uniformity over 3-D space. B,,,, which represents the magnetic
shield effect behind the Tx coils, decreases when the distance
z9 increases, as shown in Fig. 14. The average values of B,,, for
20 mm < z < 600 mm for all cases B, 4,4 are quite similar
even when IV, changes. The 1 x 1 modularization case has a
relatively lower value compared to the other cases due to the
small value of DQ Tx coils, as identified from Table I.

Four criteria for the baseline design of the proposed IPT have
been established when long distance wireless power delivery is
guaranteed. To select the most appropriate number of modular-
ization N,,, considering the four criteria, as introduced in this
section, the following figure of merit (FoM) is defined for the
baseline design procedure of the proposed IPT in this paper

FOM = (1—0.01U37aug) XBm,avg ><Ijtzl,nom ><—Z\41,nom . (13)

In (13), U avy is the averaged value of the magnetic field
uniformity for 10 cm < z; < 100 cmand B,, ,,, is the average
value of the magnetic field for 20 mm < 2o < 600 mm. P, ;.
and M, 0., are normalized values of the total core loss and the
weight of the proposed Tx coils, respectively. A lower value of
the FoM in (13) is recommended for high performance of the
proposed Tx coil, considering the four criteria in this paper.

As shown in Fig. 15, M ,,,,, decreases as IV, increases,
whereas P, increases as IV, increases. Considering Up 4., and
B,y avg, as identified from Figs. 13 and 14, the normalized value
of FoM in (13) can be found, as shown in Fig. 15. Therefore, it is
found that the minimum point of the FoM is N,, = 5, which is
the optimal point for the proposed IPT, according to the proposed
design procedure. Note that IV, is always 5, regardless of [,
e.g., 1.5m x 1.5 mor 2.0 m x 2.0 m, so far as the shape of the
Wi-power service area is square and d,, is half of /;. If the shape
of the Wi-power zone area is the others, e.g., circle, ellipse, and
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TABLE I

LENGTH AND CURRENT VALUES OF THE PROPOSED DQ COILS

Ny, 1 2 4 5 6 7 8 9
Iy [mm] 80.0 320 150 115 95 8.0 7.0 6.0
Lig (= Iiy) [A] 2.00 3.00 264 232 216 208 204 204

1004
R
— 60 —o— IxI (N =1)
e\o s
= ;é ¢ —o—2x2 (N =2)
o 40 —a— 3x3 (N = 3)
20 —v—5x5 (N = 5)
o TXT(N.=7)
0 T T T
0 20 40 60 80 100
z, [em]
Fig. 13. Magnetic field uniformity Up .
154 —o— IxI (N, = 1)
—o—2x2 (N, =2)
124 % —a— 33 (N, =3)
%\Q\ ——5x5 (N, = 5)
3 91 \ —o— X7 (N, =)
Q" 6
3
0 T T T )
0 100 200 300 400 500 600
z, [mm]
Fig. 14.  Magnetic shielding effect B, .
1.0 \&
0.8
>/A
] M
0.4
1,nom
0.2 T cl,nom
—— Normlaized FoM
0.0 T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 10
The number of modularizations N
Fig. 15. Normalized FoM w.r.t. Ny, .

rectangular, and d,, is changed, then the results may be different,
which is not included in this paper due to limited pages.

To identify the rotating magnetic field, a FEM simulation by
the ANSYS Maxwell simulation tool was performed, as shown
in Fig. 16, where two orthogonal currents of 7,4 and ¢, are
driven through the DQ Tx coils and only the 1 X 1 and 5 x 5
cases are shown as representative examples. The polarities of
the vector summation of the magnetic field B; from (3) on the
xy-plane are rotated for a switching period. For all the V,, cases,
the rotating magnetic field is generated over 3-D space, and 3-D
omnidirectional wireless powering, i.e., 6-DoF, is possible by
the proposed modularized DQ Tx coils with a plane structure of
the DQ Rx coils.

To identify the core loss reduction of the Tx core in accor-
dance with the existence of the conductive plate, the magnetic
field in the ferrite core for 5 x 5 modularization was simulated
by a 3-D FEM simulation, as shown in Fig. 17. The magnetic
field in the ferrite core can be significantly reduced by the con-
ductive plate. As identified from Fig. 17, the averaged magnetic
field inside the ferrite core for without and with the conduc-
tive plate cases are 23.0 mT and 16.6 mT, respectively; hence,
72% of the magnetic field reduction was achieved by the con-
ductive plate in this application. The eddy current distribution
on the conductive plate is shown in Fig. 18. The strong eddy
current distribution was observed near the DQ dipole coil due
to the strong magnetic field generated by the DQ dipole coil.
The magnetic field distributions for z; = 30 cm and 70 cm, as
an example, are shown in Fig. 19, where total summation of
the magnetic field B, is expressed on the xy-plane. As a result,
96.5% and 95.4% of the magnetic field uniformity were ob-
served by simulation verification in Fig. 19, which corresponds
to the simulation results of Fig. 13.

B. Static Circuit Analysis for DQ Currents Generation

To generate the rotating magnetic field over 3-D space, as
identified from the previous section, 5 x 5 modularized DQ Tx
coils with an aluminum plate having [, = 1 m and ¢, = 1 mm
are installed, as shown in Fig. 20, where all the modularized DQ
Tx coils are connected in series and drived by one DQ inverter.
In Fig. 20, a series resonant capacitor is adopted in each Tx coil
module so that the voltage stress of the resonant capacitors is
mitigated by multiple segmented resonant capacitors, and a set
of DQ Tx coils with a resonant capacitor is modularized for the
DQ Tx module; hence, the proposed DQ Tx module, whose size
is quite small enough to be a standard unit of the products, can
be utilized to any size and shape of 3-D space. Assuming that all
of the structures of the modularized DQ Tx coils including the
number of winding turns are identical, the following conditions
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FEM simulation of the proposed modularized DQ Tx coil with two orthogonal currents i;4 and i1, at 21 = 0.5/, for rotating magnetic field B;.
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for 5 x 5 case. (g) wst = 7 for 5 x 5 case. (h) wst = 37/2 for 5 x 5 case.
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Fig. 17. FEM simulation results of the magnetic field in the Tx core for 5 x

5 modularization, where 114 = I1, = 2.3 A. (a) Without the conductive plate.

(b) With the conductive plate.
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Fig. 18. FEM simulation results of the eddy current distribution on the con-
ductive plate, where Iy = 11, = 2.3 A.

are then satisfied:

N..
Lq :Z Loy =Ny Lao . Lot =Lga="++=Lgr =Lg, (142)
k=1

O =Cpp=---=Cy; =Cq, (14b)
1 1

- vV Lai Car - V'LaoCao
(14¢)

1 1
VLiiCai VLaaCas

Wrdo =

where only the D-axis Tx coil is shown due to the symmetrical
design of the DQ Tx coils in this section.
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Fig. 19. FEM simulation results of the magnetic field distribution, where
Iig =1y =23A.(a) 21 = 30cm. (b) 21 = 70 cm.

From (14), multiple DQ Tx coils composed of the Tx modules
including DQ Tx coils and a series resonant capacitor can be
connected in series and easily installed so that desirable 3-D
space can be utilized for the proposed ubiquitous Wi-power
zone. The electrical wiring connection for the D-axis Tx coil is
illustrated in Fig. 21. Residual inductance may exist and will be
appropriately resonated by an external resonant capacitor Cy.,
connected at the end of the line.

To provide DQ currents to the DQ Tx coils, a synchronized
DQ inverter is adopted, as shown in Fig. 22, where it is as-
sumed that magnetic coupling between the Tx and Rx coils can
be neglected due to the extremely loosely coupled IPT in this
paper. The input and the output of the proposed inverter are con-
nected to a utility line with an ac—dc converter and DQ Tx coils,
respectively. High-frequency switching legs Sg1&S42 and
Sq1&S42 correspond to D- and Q-phase legs to generate DQ
currents, respectively, and C', and C}, are link capacitors

To generate DQ currents by the proposed DQ inverter, the
following three conditions must be satisfied:

1) The magnitudes of each DQ current are the same (I; =
1y).

2) The phase difference between DQ currents is 7/2.

3) Zero-voltage-switching (ZVS) operation of the proposed
inverter is guaranteed.
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When the modularized DQ Tx coils are close to each other,
the inductance may be changed due to the adjacent ferrite cores,
which results in a change of the DQ currents and deviation of the
ZVS conditions if the DQ Tx coils are directly connected to the
inverter. In addition, when multiple Rx coils are placed nearby
the Tx coil, the currents of the Tx coil may also vary. There-
fore, it is necessary to generate constant DQ currents, regardless
of surrounding environment and load variation conditions. For
this remedy, additional LC filters Ly &Cyr and L,y &C,y are
adopted, as shown in Fig. 22. The phase difference of the gate
signals between v, 41 &V, 42 and vy, q1&vg5 42 18 set to 90°
for 7/2 of the phase difference, and these LC filters are symmet-
rically designed for I; = I,.

The proposed DQ inverter in Fig. 22 can be represented, as
shown in Fig. 23(a), where only the D-phase circuit is considered
due to the symmetrical circuit design of the DQ phase legs,
and the ESR of additional LC filters is neglected due to its
small value. Assuming that only fundamental components of
voltages and currents are considered and the duty cycle of the
proposed inverter by 41 &Sq2 and 5,1 &5, is 0.5 for simplicity
of analysis, the output voltage of the proposed inverter Vy; is
determined as follows [35]-[37]:

_2\/5 Vch
__.T_

Vi ~0.45V,. (15)

In Fig. 23(a), L, is the total summation of the inductance for
the Tx coils, as identified from (14a). Then, Cy. and r; are the
total summation of the capacitance and resistance, respectively,
as follows:

o Cd Cdez o Cda Cdex (163)
e Cd + Cdefc Cdo + Nm Cdeac
Nm
rq = Z Tdk - (16b)
k=1

The output current of the proposed inverter /,; can be found
by deriving the impedance Zg4;, assuming that Ly and Cyy are
fully resonated, as follows:

|Zail = Vi | _ wi Ly
Li; ‘jws (Lg — Ldf) + jwslcde + 74
B ngflf
2
\/{ws (La = Laf) = 5o6m } +r3
(-- o Ly + —— —0) (17a)
Bt JwsCay
2
{ws (Ld — Ldf) ~ oo } + 7"(21
g = Vai. (17b)

w3 sz

By applying Norton’s theorem to the left part of the circuit of
Fig. 23(a), a simplified static circuit can be obtained, as shown
in Fig. 23(b). A current source of I, to generate constant I;4
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Fig. 20.  Schematic of the proposed DQ coils for 5 x 5 modularization.
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Fig. 21.
larization.

on the D-axis Tx coil in Fig. 23(b), regardless of load and
inductance variations, can then be generated as follows:

Vi 0.45Vy,.
L = =1 18
Ay oLy oLy 1d (18a)
jwsLdf 1
Zyf| =——"—|= Wy = ————— (18b)
| df| ‘1 — w?Lddef w/Lddef

From (18a), DQ currents of the Tx coil are determined by L ¢
under the fixed switching frequency f; and V..

For reliable operation of the proposed inverter, the ZVS op-
erations of the main switches Sy &Sz2 and S;1&S,2 should
be guaranteed; hence, the output impedance of the inverter Zy;
should be inductive, the condition for which can be found from
(17a) as follows:
<0 — .. Cge<

Jws (La—Lag)+ (19)

1
JwsCae w2 (Lqg—Lgs)’

It is found from (19) that a smaller C;., which can be mod-
ulated by Cy., in (16a), may be recommended for the ZVS
condition under the fixed values of Lq; and L;. However, the
smaller Cy. causes a large 1;, as identified from (17b), which
becomes a burden with regard to the current stress of the pro-
posed inverter. Therefore, series resonant capacitances Clye,
and C,, for the DQ Tx coils should be appropriately selected,
considering the ZVS condition of (19) and the current rating of
switches Sq1&S42 and S, &S,9 in (17b), which will be verified
in Section I'V.

IV. EXPERIMENTAL VERIFICATIONS

A. Modularization of the Proposed IPT

To verify the characteristics of the magnetic shield,
one-axis wound dipole coil with the conductive plate in
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Fig. 22.  Circuit configuration of the proposed DQ inverter connected to utility line and Tx coils.
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Fig. 4 was fabricated, as shown in Fig. 24(a). The pa-
rameter values for this dipole coil are the same as the 40
parameters of the simulation verification, as described in
Section II: [, =100 mm,l, = 125mm,I; =1 A, N; =20 0 B Y S A
turns, 1 = 5 mm, and t. = 1 mm. Self-inductance of one-axis z [mm]
wound dipole coil in Fig. 24 was measured as 43.29 yH and ! ®)

63.37 uH for with and without the conductive plate cases, re-
spectively. In addition, internal resistance for with and without
the conductive plate cases were measured as 1.21 §2 and 1.67 €2
for with and without cases, respectively; hence, the losses of the
dipole coil in Fig. 24 were measured as 1.21 W and 1.67 W when
I; =1 A for both with and without cases, respectively. From
this experimental result, it can be found that total internal resis-
tance including core loss, copper loss, and eddy loss with the
conductive plate case becomes obviously decrease compared
to without the conductive plate case, although the eddy loss
is added for the conductive plate case, i.e., r1 > 11’ + 7., as
identified from Section II. Therefore, the conductive plate can
improve the power efficiency under the same Tx coil current by
reducing the core loss of the Tx coil. The measured magnetic
field w.r.t. z; is shown in Fig. 24(b), where the experimental
result matches well with the simulation result of Fig. 8. The
magnetic field was measured by a magnetic field measurement
device, i.e., SPECTRAN NF-5035 made by AARONIA AG. As
shown in Fig. 24(b), little difference of the magnetic field was

Fig. 24. Fabricated prototype of one-axis wound dipole coil and experimental
results of the magnetic field. (a) Fabricated one-axis wound diploe coil with an
aluminum plate. (b) Measured magnetic field w.r.t. z; .

observed w.r.t. the existence of the conductive plate. Therefore,
it is found that the conductive plate does not contribute the mag-
netic field forward front side, which corresponds to Wi-power
zone, as identified from Fig. 8.

The analysis and design considerations of the proposed mod-
ularized IPT were verified by an experimental prototype of 5
x5 modularized DQ Tx coils, as shown in Fig. 25(a), where
the proposed IPT is composed of 25 Tx modules with vari-
able capacitors. Aluminum was selected as the material of the
conductive plate for the magnetic shielding, and the length and
thickness of the conductive plate /. and t. were selected as
1 m and 1 mm, respectively; hence, a I m x 1 m x 0.7 m ubig-
uitous Wi-power zone is created as an example, as identified
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Fig. 25.
an aluminum plate. (b) Fabricated DQ inverter.

from Section III. The length of the ferrite core /; in Fig. 12 was
selected as 10 cm, considering commercially available ferrite
core in markets, and the material of the ferrite core adopted in
this paper was PM12 from TODAISU. The thickness of the fer-
rite core ¢; was selected as 16 mm, considering the saturation
of the core, and the diameter of the copper wire is 1.8 mm;
hence, the total thickness of the proposed IPT including the
aluminum plate is roughly 24 mm. The distance between DQ
Tx coils d, was selected as 7.5 cm and the gap between the
aluminum plate and the proposed IPT d. is 2 mm. The number
of winding turns for DQ Tx coils Ny and N, was selected as
20 turns: inductance for each DQ Tx module L4, and L, was
measured as 69.5 H and 70.6 H, respectively. The switching
frequency f; was selected as 280 kHz, meeting the international
guideline of Air-Fuel Alliance; hence, the capacitance in each
resonant capacitor in a set of Tx module for DQ Tx coils Cy,, and
Cyo in Fig. 25(a) was selected as 7.5 nF, considering commer-
cially available components in markets. The residual inductance
resonated by a number of modularized resonant capacitors
was then resonated and modulated by Cy., and Cy., in
Figs. 20-22, i.e., variable capacitors, as shown in Fig. 25(a),
which can easily modulate the capacitance in a range of 50-500
pF manually. Therefore, by virtue of the multiple segmented
resonant capacitors and the variable capacitors, voltage stress
applied to the capacitors can be distributed and mitigated. The
series quality factor of each DQ Tx module was calculated as
218.3 from f, = 280kHz, Ly, = 69.5 uH, and r4, = 0.56 2.
It is noteworthy that the quality factor of the proposed IPT com-
prising multiple Tx modules is almost constant as the number
of Tx modules increases; hence, the ubiquitous Wi-power area
can be extended by adding Tx modules without increment of the
sensitivity of the proposed IPT. Note that color classification,
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(b)

Fabricated prototype of the proposed modularized DQ Tx coils for 5 x 5 modularization and DQ inverter. (a) Fabricated modularized DQ Tx coils with

TABLE II
PARAMETER SELECTIONS OF THE PROPOSED IPT

Parameters Values Parameters Values Parameters Values
Tdo 0.56 Q2 Odf s qu 26.9 nF ll 10 cm
Tqo 0.62 Q Ng, Ny 20 ty 16 mm
Ly, 69.5 uH N, 5 dq 7.5 cm
Lgo 70.6 uH le 100 cm de 2 mm

Lap, Lqy 12.0 pH te 1 mm fs 280 kHz
Cyq,Cy 7.5 nF 14 80 cm

i.e., black and white DQ Tx modules, implies different polarities
of the DQ Tx coils for wire connection, as illustrated in Fig. 20
in detail. All parameter selections for the proposed Tx & Rx
coils and the inverter are summarized in Table II.

To generate constant DQ currents, a DQ inverter was fabri-
cated, as shown in Fig. 25(b). Lgs and L,y in Figs. 22 and 23
for DQ Tx coils were selected as 12 yH in order to generate 2.3
A of constant DQ Tx currents I;41 and Iy, at V. = 110 V in
(18a): resonant capacitors for the additional LC filters Cyy and
Cyy were chosen as 26.9 nF for resonant condition of (17a).
To verify the ZVS operations of the inverter, the experimen-
tal results as well as the simulation and calculation results are
shown in Fig. 26. The output currents of the inverter for the DQ
Tx coils 1;; and I; in Fig. 26 can be changed by modulating
Cqe and Cy., as identified from (17b), and ZVS operation of
the proposed inverter can be found by the condition of (19).
As shown in Fig. 26, if Cy. and C,. are too small, /4; and I
become too large, which significantly increases conduction loss
of the inverter, although ZVS operation is satisfied. Therefore,
appropriate values of Cy. and C,. should be chosen by eas-
ily tuning the variable capacitors: Cy. and C,. were selected
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Fig. 26.  Experimental results of i4; and ¢;; w.rt. C4. and Cy., compared
to calculation and simulation results for the ZVS operation of the proposed
inverter.

as 185.5 pF for minimal ZVS currents in this paper. The dis-
crepancy between calculation and experiment comes from har-
monics and unexpected internal resistance, where calculation
results consider only fundamental components of the voltages
and currents. The operating waveforms of voltages and cur-
rents for the ZVS and DQ operations are shown in Fig. 27. In
Fig. 27(a), /2 phase difference for DQ currents was realized by
/2 phase difference of the gate signals between vy g1 &vys 42
and vy, 41 &y, ¢2. As shown in Fig. 27(b), the output currents
of the DQ inverter include harmonics, especially third and fifth
components, due to the square-wave for the output voltages of
the DQ inverter. In case of Cyq. = C;. = 185.5 pF, as shown in
Fig. 27(b), third and fifth harmonics were measured as 12.2%
and 3.8%, whose values may not be significant for the ZVS
operation of the inverter.

B. Magnetic Field Distribution

The magnetic field distribution of the proposed IPT for a
wide-range ubiquitous Wi-power zone was verified to evaluate
the magnetic field uniformity Up, as shown in Figs. 28-30,
where only z; = 0.25.,0.5(., and 0.75!, cases are described
due to the page limit of this paper. The total summation of
the magnetic field B; is composed of the orthogonal vectors
B,,B,, and B, and its magnitude B, (= |B,|) can be deter-
mined by the principle of (4) [9], [24]. Note that the existence of
the magnetic shield makes no difference for front side magnetic
field distribution, which corresponds to ubiquitous Wi-power
area, as identified from Figs. 8 and 24; hence, magnetic field
measurement results for only magnetic shield case is included
in this paper. As identified from Figs. 28-30, B. is relatively
large at the corner of the ubiquitous area, whereas B, and B,
are dominant at the center of the ubiquitous area; hence, total
summation of the magnetic field B; can be evenly distributed.
In general, when z; increases, the magnetic field area generated
by B, and B, becomes large at the center and that generated
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Fig. 27.  Waveforms of voltages and currents for ZVS and DQ operations of
the proposed inverter when Cy. = Cy. = 185.5 pF. (a) DQ currents 714 and
i14- (b) DQ Inverter voltages and currents vg;, va;, ¢4, and ig; .

Fig. 28. Measured magnetic flux density at z; = 0.25[, = 25 cm. (a) z-
directional magnetic flux density | B, |. (b) y-directional magnetic flux density
|B,|. (c) z-directional magnetic flux density |B.|. (d) Total summation of
magnetic flux density | By |.
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Fig. 29. Measured magnetic flux density at z; = 0.5/, = 50 cm. (a) x-
directional magnetic flux density | B, |. (b) y-directional magnetic flux density
|B,|. (c) z-directional magnetic flux density |B.|. (d) Total summation of
magnetic flux density | By|.
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Fig. 30. Measured magnetic flux density at z; = 0.75l. = 75 cm. (a) 2-
directional magnetic flux density | B, |. (b) y-directional magnetic flux density
|B,|. (c) z-directional magnetic flux density |B.|. (d) Total summation of
magnetic flux density | B|.

by B, becomes small at the corner. As a result, the uniformity
of the magnetic field Up for z; = 0.25[.,0.5[.,, and 0.75]. was
measured as 95.5%, 92.1%, and 98.8%, respectively. These re-
sults are in good agreement with the simulation results of Fig. 13
and are superior to those of the conventional cross-dipole coil
structure [9].
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C. Three-Dimensional Omnidirectional Wireless Charging
(6-DoF)

The 3-D omnidirectional wireless power characteristics, i.e.,
6-DoF in this paper, were verified by the DQ Rx coil, as shown
in Fig. 31. The Rx coil was fabricated similar with the DQ Tx
coil: the length and thickness of the Rx coil are 10 cm and
4 mm, respectively, and the number of turns for horizontal and
vertical windings is 20. As shown in Fig. 31, series resonant
capacitors C}, and C,, were adopted to fully resonant reactance
of Lj, and L,, and the values of lumped load resistors R;,;, and
R, were selected as the same values of 1, and 7, for maximum
power delivery: Ry, =r, = 1.35Qand R, =r, = 1.41 Q.
To easily rotate angles of Rx coils, three-axis rotational structure
was used, as shown in Fig. 31.

To identify the free-positioning and 3-D omnidirectional
wireless powering, load voltages of V;,; and V,; for horizon-
tal and vertical windings were measured w.r.t. different rotation
angles of roll, pitch, and yaw 0,., 0, ,, and 6, for different z; of
0.25l.,0.5l., and 0.75[., as shown in Figs. 32-37. Due to the
page limit and the similar characteristics of 3-D omnidirectional
wireless power, only P4 and Pgp in Fig. 25 were evaluated. As
shown in Figs. 32 and 34, it can be found that B, and B,
components of the magnetic field mostly occupy the P4 point,
which is the center position of the ubiquitous area, whereas
fewer components of B, exist, as identified from Figs. 28-30.
On the other hand, B. becomes large at the Pp point, whose
characteristics can be found in Figs. 35-37. As identified from
Figs. 32-37, the null-voltage point does not exist for any po-
sitions or rotation angles. Therefore, either V;,; or V, is at
least applied to load voltage V7, which satisfies free-positioning
wireless charging for any position and angle over a wide-range
3-D space.

D. Simultaneous Wireless Charging

To identify simultaneous wireless charging of the proposed
IPT, nine DQ Rx coils were fabricated as an experimental ver-
ification example, as shown in Fig. 38, where all the Rx coils
are identically fabricated. It is assumed that the positions of
each Rx coil are far enough from adjacent Rx coils that wire-
less power receiving is not significantly affected, as shown in
Fig. 38(a). If the distance between adjacent Rx coils becomes
smaller, then the receiving load power in one of Rx coils may
affect to the receiving load power in the other existing Rx coils,
which may be not desirable to get high load power and power
efficiency. The Rx circuit topology for the resonant capacitors
and load resistors is the same as that of the DQ Rx coil used
for 6-DoF, as described in Fig. 31. The distance between the Tx
and Rx coils z; can be modulated by acrylic shelf and support-
ers, as shown in Fig. 38(b). As the number of Rx coils placed
on the shelf increases, the total load power increases, as shown
in Fig. 39, assuming that the arrangement of the Rx coils cor-
responds to Fig. 38(a). The center Rx coil, i.e., RxS5, receives
large load power compared to the others, as shown in Fig. 39.
The total load power for z; = 30 cm, 50 cm, and 70 cm was
measured as 127.1 W, 38.2 W, and 14.2 W, respectively. The
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Fig. 31.  Fabricated prototype of the DQ dipole Rx coil placed at P, point and its equivalent circuit for horizontal and vertical wireless power receiving.
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Fig. 32.  Measured Rx coil voltages w.r.t. roll rotation angles 6, for different z; at P4 point. (a) z; = 0.25l. = 25 cm. (b) z; = 0.5], = 50 cm. (¢) 21 =
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Fig. 33.  Measured Rx coil voltages w.r.t. pitch rotation angles ¢, for different z; at P4 point. (a)z; = 0.25/. = 25 cm. (b) z; = 0.5l = 50 cm. (¢) z1 =
0.75l. = 75 cm.

surface temperature of the conductive plate after 10 min was
measured as 27 °C under 23 °C of ambient room temperature
by Til0 FLUKE thermal camera.

To verify the effect of the conductive plate for highly efficient
operation of the proposed IPT, the inductance of each DQ Tx
module Ly, and L, and the total ESR values of the proposed
IPT for DQ Tx coils r; and r, were compared, as summarized
in Table III. The results show that both the inductance and re-

sistance decrease when the conductive plate is adopted, which
corresponds to the results of the static analysis of the magnetic
shielding, as identified from Section II. The power efficiencies
for with and without the conductive plate cases were evaluated,
as shown in Fig. 40, where the values of Cy and C, are se-
lected as 7.5 nF, as listed in Table II. When the total load power
increases due to the increment of the number of Rx coils, the
power efficiency increases. It is noteworthy that if the incre-
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Fig. 34. Measured Rx coil voltages w.r.t. yaw rotation angles 6, for different z; at P4 point. (a) z; = 0.25[, = 25cm. (b) z; = 0.5[. = 50 cm.
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Fig. 35. Measured Rx coil voltages w.r.t. roll rotation angles 0, for different z; at Pp point. (a) z; = 0.25[, = 25 cm. (b) z; = 0.5]. = 50 cm. (c) z1 =
0.75l, = 75 cm.
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Fig. 36. Measured Rx coil voltages w.r.t. pitch rotation angles 6, for different z; at Pg point. (a) 21 = 0.25[, = 25cm. (b) z1 = 0.5l. = 50 cm.

(¢) z1 = 0.75l. = 75 cm.

ment of receiving load power is significantly high, e.g., Rx5,
then the power efficiency also increases a lot. When 9 Rx coils
were adopted, the measured power efficiencies of the conduc-
tive plate case for z; = 30 cm, 50 cm, and 70 cm were 36.8%,
19.2%, and 8.2%, respectively, whereas those without the con-
ductive plate case were 31.0%, 14.9%, and 6.3%. The power
loss analysis of the proposed IPT when z; = 70 cm is presented

for both with and without the conductive plate cases, as shown
in Fig. 41, where the parameter definitions are summarized in
Table IV. In Fig. 41, all power losses can be analyzed by calcu-
lation, simulation, and experimental measurement. Core loss in
the Tx coils P.; can be calculated from (5), (6) based on sim-
ulated magnetic field of Fig. 17. Because Pj3, P;;,,, and P,
can be also calculated or measured, it is assumed that the rest
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Fig. 37. Measured Rx coil voltages w.r.t. yaw rotation angles 6, for different z; at Pp point. (a) z; = 0.25[. = 25cm. (b) z; = 0.5l = 50 cm.
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Fig. 38.  Positions of the multiple Rx coils for load power and power efficiency. (a) Bird’s view. (b) Side view.
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Fig. 39. Measured load power w.r.t. the number of Rx coils. (a) z; = 30 cm. (b) z; = 50 cm. (¢) z; = 70 cm.

of power loss consumption comes from eddy loss of the con-
ductive plate; as a result, it is found that 17.9% of the total
losses is occupied by the eddy loss of the conductive plate. As
shown in Fig. 41, the core losses per volume for without and
with the conductive plate cases were calculated as 42.5 mW/cm?
and 22.7 mW/cm?, respectively. Considering the simulation re-

sults of Fig. 17, these estimated results for the core loss match
well with the datasheet provided by PM12 from TODAISU. In
Fig. 41, dominant loss are found to be P,;, which occupies over
a half of the total losses; hence, if a better ferrite core having
low hysteresis and eddy losses is adopted for the DQ Tx core,
the power efficiency will be improved for this application. From
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Fig. 40. Measured power efficiency w.r.t. the number of Rx coils, compared
by the existence of the conductive plate, where I1, = I, = 2.3 A.

TABLE IIT
COMPARISON OF MEASURED INDUCTANCE AND RESISTANCE W.R.T. THE
EXISTENCE OF THE CONDUCTIVE PLATE

With conductive plate ~ Without conductive plate

Parameters Values Parameters Values
T4 142Q rq 20.5Q
g 16.1 Q Tq 2190
Lo 69.5 uH Ly, 93.4 uH
Lo 70.6 uH Lo 101.2 pH
100%
Pine3:3W) 100%
P (8.5W) Pon 3.1W)
90% PL(142W) 00% P2 (8.5W)
g0 P (142W)
’ Peoi (25.4W) 80% S
7024 e Pt (25.4W)
70%
6000 """"""""""
60%
P.,(31.0W
50% w )
50%
prod - I [EAS—
P, (170.6W) 40%
30%
30%
P, (90.8W)

20%
20%

10%

0%

0%
(2) (b)

Fig. 41.  Power loss analysis of the proposed IPT when z; = 70 cm, # of
Rx coils = 9, and I4 = I, = 2.3 A. (a) Without the conductive plate case.
(b) With the conductive plate case.
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TABLE IV
NOMENCLATURES FOR POWER LOSS ANALYSIS

Parameters Remarks Parameters Remarks
Py Conduction and switching P Core loss in the Tx coils
losses in DQ inverter
Py Core and copper losses in Pr; Total load power
Rx coils
P.o1 Copper loss in the Tx coils P, Eddy loss in the

conductive plate

these results, it is found that the conductive plate is recom-
mended for highly efficient operation without affecting wireless
load powering.

V. CONCLUSION

A simple and easily manufactured DQ Tx module-based ubig-
uitous Wi-power zone for 6-DoF wireless charging of an Rx coil
and simultaneous wireless charging of Rx coils has been pre-
sented in this paper. Through the proposed optimum design pro-
cedure, the optimum number of modularizations for the DQ Tx
modules was found by four design considerations for high mag-
netic field uniformity, high magnetic shield effect, low core loss,
light weight, and cost-effectiveness. The prerequisite conditions
for the proposed ubiquitous Wi-power zone were introduced and
verified by a 5 x 5 modularized IPT foral m x I m x 0.7 m
ubiquitous Wi-power area. In this evenly distributed magnetic
field environment created by the proposed IPT composed of the
DQ Tx modules, free-positioning and 3-D omnidirectional wire-
less charging characteristics were satisfied over a wide-range of
3-D space. High magnetic field uniformity of 95.5%, 92.1%,
and 98.8% for z; = 25 cm, 50 cm, and 75 cm, respectively, has
been achieved; thus, meeting one of the crucial factors for a
ubiquitous Wi-power zone. Simultaneous wireless charging of
multiple Rx coils and the superiority of the conductive plate for
high power efficiency have been verified by experiments: 8.2%
power efficiency for the conductive plate case was achieved at
z1 = 70 cm, which is higher than 6.2% power efficiency for the
case without the conductive plate. If the proposed DQ Tx mod-
ule composed of the DQ Tx coils and series resonant capacitors
becomes commercially available as a standard unit of the pro-
posed IPT, a general wireless power solution for the proposed
Wi-power zone over a wide-range 3-D space can be obtained.
Therefore, any size and shape of installation places can be uti-
lized for wireless power service areas by virtue of its simple Tx
coil structure of the proposed Tx module.
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