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Abstract—Crossed dipole coils for the wide-range 3-D
omnidirectional inductive power transfer (IPT) are proposed. Free
positioning of a plane receiving (Rx) coil is obtained for an arbi-
trary direction within 1m from a plane transmission (Tx) coil. Both
the Tx and Rx coils consists of crossed dipole coils with an orthog-
onal phase difference; hence, a rotating magnetic field is generated
from the Tx, which enables the Rx to receive power vertically or
horizontally. Thus, the 3-D omnidirectional IPT is first realized for
both the plate type Tx and Rx coils, which is crucial for practical
applications, where volumetric coil structure is highly prohibited.
This optimized configuration of coils has been obtained through a
general classification of power transfer and searching for mathe-
matical constraints on multi-D omnidirectional IPT. Conventional
loop coils are thoroughly analyzed, and verified to be inadequate
for the plate-type omnidirectional IPT in this paper. Simulation-
based design of the proposed crossed dipole coils for a uniform
magnetic field distribution is provided, and the 3-D omnidirec-
tional IPT is experimentally verified by prototype Rx coils for a
wireless power- zone of 1 m® with a prototype Tx coil of 1 m? at
an operating frequency of 280 kHz, meeting the power matters al-
liance. The maximum overall efficiency was 33.6 % when the input
power was 100 W.

Index Terms—Degree of freedom, dipole coil resonance system,
omnidirectional IPT, ubiquitous power, wireless power transfer
(WPT).

I. INTRODUCTION

HE methods of power transfer (PT) for various sources
T and loads have evolved, since the advent of electricity in
the 19th century [1]-[58]. In general, PTs can be classified to
the stationary and mobile depending on the movement of loads
as shown in Fig. 1. The stationary PT (SPT) includes the fixed
SPT of firmly unchanged configuration of power systems and
the detachable SPT of variable configuration of power systems,
which again can be classified into plugged SPT and wireless
SPT. To cope with the strong demands for mobility of receiving
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(Rx) loads, various mobile PTs (MPTs) have been proposed,
which can be further classified to close MPT and remote MPT
depending on the range. Among the close MPTs, the inductive
PT (IPT) has been used widely due to its high PT capability
at relatively low frequency, whereas the capacitive PT is not so
commonly used due to its high operating frequency and small PT
distance [1]-[2]. Note that the conductive PT was widely used
for a century as a practical means for MPT until the advent of
IPT. Among the remote MPTs, radio frequency (RF) PT and op-
tical PT have been researched to extend the range limit of other
PTs [3]-[4]. The wired PT can provide power over a flexibly
long distance if properly designed [5], [6]. As depicted in Fig. 1,
the wireless PT (WPT) embraces not only the IPT, capacitive
PT, RF PT, and optical PT, but also the wireless SPT. In the era
of ubiquitous, the IPT is the most widely used among the WPTs
[8]-[58]. More mobile devices, home appliances, industry sen-
sors, and electric vehicle (EV) chargers are becoming wireless
due to their convenience, safety against electric shock, clean-
ness, and competitive power efficiency and price. Eventually,
most devices including wearable devices, ubiquitous sensors,
and smart cars will merge to the internet of things (IoT), and
WPT shall play a significantly important role in the realiza-
tion of IoT, which includes compact communication devices,
sensors, and power sources.

As a power source of IoT, the degrees of freedom (DoF)
of an Rx load in position and rotation are of paramount im-
portance as shown in Fig. 2. The 6 DoF in three-dimensional
(3-D) space are composed of the position vector P (z,y,2) and
rotation vector It (0,,0,,6.) in this paper, where the rotation
of an Rx normal vector 77 is defined as pitch (6,), roll (6,),
and yaw (6). To ensure the full mobility of an Rx load, two
characteristics of “free positioning” and “omnidirectional pow-
ering” should be guaranteed, which corresponds to P (z,y, 2)
and R (04,0,,0.), respectively. Confining the discussions in
this paper to IPT only, the free positioning of an Rx coil is
obtained by an evenly distributed magnetic field intensity of
a transmission (Tx) coil, while the omnidirectional powering
of an Rx coil is guaranteed by nonzero induced load voltage
over any rotation angles. To cope with the free-positioning and
omnidirectional powering problems, multiple planar coil struc-
tures have been proposed in wireless charging pad applications
[8]-[11]; however, only lateral free positioning with one rota-
tion over a Tx coil surface can be obtained at near distance. To
achieve the omnidirectional powering, multiple coils are com-
bined in perpendicular to allow two or three rotations in a 3-D
space [12]-[18]; however, volumetric coil structures are hardly
implementable to mobile devices in practice. On the other hand,
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Fig. 2.  Definition of 6 DoF of an Rx load w.r.t. Tx in 3-D space.

long- and narrow-shaped dipole coils with ferrite cores were
used to achieve a dimension reduction in coil structures, where
the overall superiority of dipole coils for a long-distance power
delivery over loop coils has been verified in [19] and [20].

As a candidate of IPTs solving both free-positioning and om-
nidirectional powering, new crossed dipole Tx and Rx coils
having 6 DoF with DQ rotating magnetic field are proposed
in this paper, as shown in Fig. 3. Two crossed dipole coils
with orthogonal phase differences generate a rotating magnetic
field to provide the Rx coil with the highest DoF. The plane
geometry of the proposed coils can resolve the chronic installa-
tion problems associated with the volumetric coil structures in

,I - High-voltage power lines

- Stationary EV chargers
- Electric shavers/toothbrushes

Wireless SPT

Plugged SPT |—>| - Wall sockets and plugs

- Resonant / Non-resonant IPT
- Contactless / Contact IPT

Inductive PT

Capacitive PT

Conductive PT |—>| - Electric buses/trains (Pantographs)

- Microwave airplanes

RF PT - Space RF PT

Optical PT I—>| - Unmanned aerial vehicles I

Wired PT |—>| - Tethered aerial vehicles |

conventional omnidirectional IPTs. The operating frequency of
the proposed Tx and Rx coils was selected as 280 kHz, meeting
the international guideline of power matters alliance (PMA).
Simulation-based design of the proposed crossed dipole coils
for a uniform magnetic field distribution is provided, and the
3-D omnidirectional IPT is experimentally verified by prototype
Rx coils for a wireless power- zone of 1 m* with a prototype Tx
coil of 1 m?.

The rest of this paper is organized as follows. Section II
presents analyses on omnidirectional powering IPT coil struc-
tures, such as loop coils and dipole coils. Section III shows
the characteristics of the proposed crossed dipole coils having
6 DoF with DQ rotating magnetic field based on analyses and
simulations. Section IV presents experimental verifications of
the omnidirectional powering using fabricated Tx and Rx coils.
The conclusions are provided in Section V.

II. EVALUATION OF DOF ON VARIOUS PTS

In this section, various PTs in Fig. 1 are comparatively evalu-
ated according to the DoF of the Rx load in position and rotation.
Aslisted in Table I, the PTs are categorized into seven configura-
tions, as shown in Fig. 4, according to the proposed classification
of Fig. 1. Neither fixed nor detachable SPTs allow any mobility
of Rx load in general. For example, a high-voltage power line
is fixed at metal towers and a wall socket does not allow any
DoF of the connected wall plug, as shown in Fig. 4(a) and (b).
On the other hand, at least one DoF in position or rotation is
guaranteed for MPTs in general to ensure the mobility of an Rx
load. As an example of IPTs, a dipole coil resonance system is
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TABLE I
DOF OF PT ACCORDING TO THE PROPOSED SEVEN CLASSIFICATIONS

PT methods Maximum allowable number of DoF Remarks
Position (x, y,z)  Rotation (6,.,6,,0.)
SPT Fixed SPT 0 0 Wired
Detachable SPT 0 0 Wired/Wireless
MPT IPT 3 3 Wireless
Capacitive PT 2 1 Wireless
Conductive PT 1 0 Wired
RF/Optical PT 3 3 Wireless
Wired PT 3 3 Wired

illustrated in Fig. 4(c). The maximum allowable DoF for both
the position and rotation is three when an omnidirectional Tx
coil or Rx coil is used, and this will be discussed in detail in this
paper. The capacitive PTs using two capacitive-coupled metal
plates, however, can transfer power only when the two metal
plates are located in parallel, as shown in Fig. 4(d); hence, the
maximum DoF of the capacitive PTs is two for position and one
for rotation, respectively. An example of conductive PT is the
pantograph of a tram, which collects power through a contact
with an overhead wire; thus, the maximum DoF in position and
rotation are one and zero, respectively, as shown in Fig. 4(e).
Note that the heading of a tram has three DoF in position and
rotation, but a rail is fixed and not arbitrarily changeable. A
laser power transmission, as depicted in Fig. 4(f), can support
all DoF of an Rx load in position and rotation over an arbitrary
3-D space. A tethered aerial vehicle connected with a flexible
power line also has 6 DoF within the range of an available power
line as shown in Fig. 4(g).

III. OMNIDIRECTIONAL WPTSs BY Loopr COILS

A. Analysis on Rx Coils Under Evenly Distributed Magnetic
Flux Density

As the IPT has been identified as a candidate for omnidi-
rectional powering, the DoF for three rotations 6, 0,, and 0,
in IPTs are evaluated for loop coil structures first, which have
been widely used for ubiquitous powering [12]-[18]. While the
omnidirectional IPT was experimentally verified in [12]-[18],
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Proposed crossed dipole coils for 6 DoF. (a) Overall Tx and Rx coil configuration. (b) Circuit diagram showing series resonance circuits.

the omnidirectional powering conditions in the IPT are theoret-
ically analyzed in detail in this paper. The minimum physical
dimensions of Tx and Rx coils allowing arbitrary rotations in
3-D position are also investigated. It is assumed that the Rx coil
is quite small compared to the Tx coil and that the magnetic field
intensity from the Tx coil is evenly distributed for a specified
3-D space; thus, the free positioning of the Rx coil is inherently
guaranteed. The number of Tx coils, which is orthogonal to each
other, is defined as mp, and that of Rx coils is defined as mp,
respectively. For example, a single-loop coil or a dipole coil cor-
responds to my = 1, and two orthogonal loop coils correspond
to mp = 2 when they are used for Tx purpose.

Considering typical ubiquitous powering coil structures, it
is assumed that the maximum mp is three and all symmet-
ric Rx coils, namely Rx-1, Rx-2, and Rx-3, are orthogonal to
each other as shown in Fig. 5. The induced voltage of Rx coils
in the steady state, which has area Ary and number of turns
NRrx, is calculated for an arbitrary rotation when the evenly dis-
tributed sinusoidal magnetic flux density vector §0 of phasor
form, having angular frequency of wy, is externally applied to
the 3-D space. Throughout this paper, bold letters are used to
represent phasors and an upper arrow is used to represent a vec-
tor throughout this paper. The magnetic flux ¢; of phasor form,
penetrating Rx-1, can be determined as follows:

P1 E/§0 -d8 = Ap, By -,
5

= Agx (niz By Loy +nyyBy Loy +n1.B. Za,) (1)

where E)O and 77 are represented as a phasor vector and a

normalized scalar vector, respectively, as
By, = (B.Za,,B,/o,,B./a.) (2a)
(2b)

= (n1:r7n1y7nlz)-

Then, the induced Rx coil voltage V| for Rx-1 of phasor
form can be determined by Faraday’s law from (1) as follows:

V=
= jVu (nip By Loy +niyBy Loy, +ny.B. Za)
Vm = wSNRXARX. (3)

Jws Nrx 1
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Examples of PTs with respect to a 6 DoF viewpoint. “m1 P — my R” means the DoF of position and rotation are m; and ms, respectively. (a) Fixed

SPT: High-voltage power line and tower (OP-OR). (b) Detachable SPT: A set of wall socket and plug (OP-OR). (c) PT: Dipole coil resonant system (3P-3R). (d)
Capacitive PT (2P-1R). (e) Conductive PT: Pantograph with tram (1P-OR). (f) RF/Optical PT: Laser power transmission (3P-3R). (g) Wired PT: Tethered aerial

vehicle (3P-3R).
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Fig.5. Three Rx loop coils under the evenly distributed magnetic flux density.

In (3), V1 can be determined for an arbitrary direction defined
by W1 = (14, Ny, M), which is determined by a transforma-
tion matrix R;;;, [59] and x-directional normal vector 1o as
follows:

Nig 1 1
N1y = Ri RJ Rk. 0] = Ri]‘ k 0
ni, 0 0
for Rijk = Rz Rj Rk (4)

where 71 = (1,0,0) is a reference vector of 7’1 in this paper
before any rotating of Rx-1. Note that I?; ;. is defined as a matrix
multiplication of I?;, R;, and I}, when “jjk” is a permutation
of a set {x, y, z}, namely “xyz,” “xzy,” “yxz,” “yzx,” “zxy,” and
“zyx.” For simplicity, R, is selected among [?; . in this paper,
which denotes a sequential rotation of Rx-1 w.r.t. pitch (6,.), roll
(0,), and yaw (0.), where R, R, and R, are defined as follows
[59]:

M1 0 0 1

R, =10 cosf, —sinb, (5a)
L0 sinf, cosf, |
[cos b, 0 sin6, T

R,= |0 1 0 (5b)
| —sinf, 0 cosf, |
cosfl, —sinf, O

R, = |sinf, cosf. O (5¢)
0 0 1

Applying (4) to (5), V1 in (3) becomes as follows:
Vi ‘W:Wl = jVi (cosb, cosb.B, La,
+cosb, sinb, B, Loy, —sinb, B, Zo.). (6)

Expanding the discussion in (1)—(3) to the multiple orthogonal
Rx coils, the V'3 and V'3, which are the induced Rx coil voltages
of Rx-2 and Rx-3, respectively, can be derived, as follows:

Vo= jV, (n2m B, Zo, + T2y By éag/ +no. B, 40‘2) (7a)
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Vs = jV, (n3e By Loy + nsy By Loy, + ng. B, Lo, ) (7b)

where the normal vectors of each coil are defined as Wy =
(noz,Nay,n2.) and W3 = (Nga, N3y, N32 ).

In a similar fashion to (4)—(6), (7) becomes as follows for the
y- and z-directional reference vectors of 7oy = (0,1,0) and
30 = (0,0,1), respectively, in this paper:

Volg_m,
= jVin {(siné, sinf, cos 0. —cos b, sinb.) B, Lo,
+(siné, sin @, sin 6.+ cos 0, cosb,) B, Lay,

+sin 6, cosb, B, Lo, } (8a)

Vilm_7,
= jVy {(cos b, sinb, cosb, +sinb, sinb,) B, Lo,
+ (cos b, sinb, sinf, —sinb, cosb,) B, ZLay,

+cos b, cosb,B, Lo }. (8b)

In the following sections, three possible configurations of a
few Tx and Rx coils guaranteeing the omnidirectional pow-
ering are evaluated in detail based on the above analysis.
The evaluation results for the first two coil configurations of
“1Tx-3Rx” having (mr,mp) = (1,3) and “3Tx-1Rx” having
(mp,mp) = (3, 1) match well with the results [ 12]-[ 18], which
experimentally verified the omnidirectional powering character-
istics. “2Tx-2Rx” configuration having (mr,mpg) = (2,2) is
first proposed in this paper, and also guarantees omnidirectional
wireless powering, i.e., nonzero induced load voltage over any
rotation angles.

B. Single Tx Coil and Triple Rx Coils (1Tx-3Rx)

Itis well known that a set of triple orthogonal Rx coils enables
us to achieve omnidirectional powering with a single Tx coil,
ie., (mp,mp) = (1,3) [14]-[18]. Two possible coil configu-
rations achieving (my, mp) = (1, 3) are illustrated in Fig. 6(a)
and (b). As shown in Fig. 6(b), a pair of loop coils facing each
other, namely “Tx-1a and Tx-1b,” is used instead of the single-
loop coil in Fig. 6(a) for higher uniformity of magnetic flux.
For simplicity, it is assumed that the magnetic flux density from
all the Tx coil in Fig. 6 has only x-directional components, i.e.,
B, #0,B, = B, =0. Then, the Rx coil voltages in (6) and
(8) can be rewritten as follows:

\ %1 |W:W1 = jVi, cosO, cosO, B, Lo, (9a)
\Z |W:ﬁ’2 = iV < sin @, sin 6, cos 6,

— cos 0, sin 92) B, /o, (9b)
2 |W:W3 = Vi, ( cos b, sin6, cosb,

+ sin 0, sin 92> B.Za,. (9¢)
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Fig. 6. 1Tx-3Rx coil configurations and their normalized values of induced Rx coil voltages when (my, mp) is (1, 3). (a) 1Tx-3Rx coil configuration. (b)
1Tx-3Rx coil configuration, where a pair of loop coils facing each other is used for Tx. (c) Series connection of the Rx coils and their rectifiers. (d) Parallel
connection of the Rx coils and their rectifiers. (¢) Induced Rx coil voltages w.r.t. , rotation. (f) Induced Rx coil voltages w.r.t. §, rotation. (g) Induced Rx coil
voltages w.r.t. 0, rotation.
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TABLE II
POSSIBLE LOOP COIL COMBINATIONS FOR OMNIDIRECTIONAL POWERING

Numbers of orthogonal coils Loop coil dimension

mr mpg mr + mg nrrL MNRL
1 3 4 2 3
2 2 4 3 3
2 3 5 3 3
3 1 4 3 2
3 2 5 3 3
3 3 6 3 3

Practically, three induced Rx coil voltages should be con-
nected in series or in parallel to drive a single load Ry, as shown
in Fig. 6(c) and (d). For the convenience of analysis, it is assumed
that the diode rectifiers are operating in a continuous-conduction
mode with no loss. In addition, the reactance of each Rx coil
is completely compensated by a series resonant capacitor C,
so that the induced coil voltages can be entirely applied to the
diode rectifiers. A parallel resonant capacitor for each Rx coil
may also be used for the compensation, though this is not shown
here. For the series connection of Fig. 6(c), each Rx coil voltage
is rectified and stacked at the dc stage for providing load voltage.
On the other hand, the parallel connection of Fig. 6(d) automat-
ically delivers the highest Rx coil voltage to the load. Then, the
relationship between the Rx coil voltages and dc load voltage
can be obtained for both the series and parallel connections as
follows:

s

Vie=Vii+Vie+ Vig = ——
L L1 L2 L3 2\/5

(Vi +[Va| +[V3]),

for the series connection (10a)
s

Vi, = ——= - -Max{|V|,|Vs|,|V3l|},

=57 {IVil Vel [Vs]}

for the parallel connection. (10b)

For an intuitive understanding of the influence of rotations,
the magnitude portions of phasor voltages in (9) and (10) are
depicted in Fig. 6(e)—(g). It is noteworthy that the normalized
values of the both |V; [+|Va|+|V3| and Max {|V'1|, |[V2], |[V3]|}
in Fig. 6(e)—(g) are always higher than1/ V2 (~70.7%) over any
rotation angles.

C. Triple Tx Coils and Single Rx Coils (3Tx-1Rx)

Another coil configuration offering the omnidirectional
powering is the triple orthogonal Tx coils with a single
Rx coil, where (my,mp) = (3,1) [13]. Two possible coil
configurations achieving (myp,mp) = (3,1) are illustrated
in Fig. 7(a) and (b). For omnidirectional powering, the three
Tx coil currents should be appropriately different from each
other in order not to generate a constant magnetic field for a
fixed direction. There are three possible modulation methods in
general: 1) phase-domain modulation (PDM), 2) time-domain
modulation (TDM), and 3) frequency-domain modulation
(FDM). However, the TDM requires complex controls dealing
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Bx/" L Ferromagnetic core

(2)

Fig. 9. Three dipole coil configurations corresponding to the Tx loop coils
in Figs. 6-8. (a) Single dipole coil (mp = 1,npp = 1). (b) Three or-
thogonal dipole coils (m7p = 3,npp = 3). (¢) Two crossed dipole coils
(mr =2,nrp = 2).
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TABLE III
POSSIBLE DIPOLE COIL COMBINATIONS FOR OMNIDIRECTIONAL POWERING

Numbers of orthogonal coils Dipole coil dimension

mr mp mrp + mpg nr p NRD
1 3 4 1 3
2 2 4 2 2
2 3 5 2 3
3 1 4 3 1
3 2 5 3 2
3 3 6 3 3
7
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Fig. 10. DQ Rotating magnetic field generation of the proposed crossed dipole
Tx coil.

with the dynamic responses of the Tx and Rx resonant circuits.
The FDM is also not a viable solution, because it requires three
resonant circuits of different frequency for an Rx. Hence, the
PDM is mostly preferred, considering the simplicities of control
and structure. Assuming that each Tx current has same mag-
nitude with 27/3 phase difference from each other, the Rx coil
voltage of (6) can be rewritten, when B, = B, = B, = By,
a, =0, a, =27/3,and . = 47 /3, as follows:

Vilm_m, = jVm (cosb, cosf.20
+cos b, sinb, /2w /3 —sinb, L47/3) . (11)

As shown in Fig. 7(c)—(e), the magnitude of phasor voltage
in (11) can be rewritten as follows:

=T ,0,=0.=0
Viy = [Villy

=V, |cos 0,20 — sin 0, Z4w /3|

=T .0.=6.=0

= V,,\/1+ 0.55in 26,
Vi. = [Villy

(12b)

=T 1.0, =0,=0

=V |cos0, 20+ sin6, /27 /3|

=V,v1—0.5sin26..

Though there are voltage fluctuations w.r.t. 6, and ¢. rota-
tions, the lowest value of |Vy] is 1/v/2 (~70.7%) times of V,,
over any rotation angles.

(12¢)
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D. Double Tx Coils and Double Rx Coils (2Tx-2Rx)

Another candidate coil configuration of omnidirectional pow-
ering is the double Tx coils with double Rx coils, where both
coils are composed of two orthogonal coils when each m¢ and
mp is 2. As shown in Fig. 8(a) and (b), the Tx coils can be con-
stituted with either a single set of two orthogonal coils or a dual
set of two orthogonal coils, respectively. In a similar fashion to
the 3Tx-1Rx configuration, the PDM is preferred to drive each
Tx current.

Assuming that each Tx current has same magnitude with
m/2 phase difference from each other, the Rx coil voltage can
be rewritten from (6) and (8), when B, = B, = By, B. =0,
a, =0, and o, = 7/2, as follows:

Vilw_w
Vilm_w, =

= V,, cosby, (—sinf, + jcos¥.) (13a)

Vi (—sin@, sin 6, sin @, — cos b, cos 6.
+jsinf, sinf, cosf, — jcosb, sinb,).
(13b)

As shown in Fig. 8(c)—(e), the magnitude of phasor voltage
in (13) can be rewritten as follows:

Vie = Villg_m, 9,-0.~0 = Vm (4
Viy = Villm_m,0.20.-0

= ws Npx Arx By |cos b, | =V, |cos b, | (14b)
Vi: = Villg_m, 0, 20,0

= wsNrxArx By |cos b, + jsinf.| =V,  (l4c)
Vo = Vall_7, .0, -0.—0

= wsNrx Arx By |j cos 0| = V,, |cosb,|  (14d)
Vay = Vallm_m, 9, 0.0 = Vin e
Vy, = |V2||ﬁ:ﬁz,0.r:9u:0

= wsNrx Arx By |—sinf, + jcos .| = V,,. (14f)

Under the same assumptions in the 3Tx-1Rx configuration
analysis, the Rx coil voltages and dc load voltage can be obtained
for both the series and parallel connections as follows:

™

Vis =Vi1+Vie =
L Ve =on

(V1] + [Val),

for the series connection (15a)
Vs
Vi, = —= - -Max{|Vy|,|V2l|},
=57 {IVal, [Val}
for the parallel connection. (15b)

As identified from (15) and Fig. 8, the dc load voltages are
always higher than 0.5 times of their maximum values over
any rotation angles. Note that the series connection provides
a fluctuated but higher dc load voltage than that of the parallel
connection, whereas the parallel connection provides a relatively
constant but lower dc load voltage.

Remark that the voltage profiles shown in Figs. 68 are spe-
cific cases of only one rotation among 0,., 6,,, and 6. rotations.
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In practice, the rotation of an Rx could be arbitrary and 0, 0,,
and 6. are not correlated each other in general so they may be
all nonzeros.

E. Omnidirectional Powering Conditions in IPT

Based on the analyses, results in the previous sections, the
necessary condition of the omnidirectional powering in the IPT
can be derived as follows:

mr +mp >4 (16)

where each Tx current is not correlated when my is higher than
1. Note that the aforementioned cases of 1Tx-3Rx, 3Tx-1Rx,
and 2Tx-2Rx.

Based on the above discussions so far, six possible loop coil
combinations for omnidirectional powering are listed in Ta-
ble II, where the physical dimensions of Tx and Rx coils are
defined as nyy, and np , respectively. Note that, as is found from
Figs. 6-8, the volumetric coil structure is inevitable for at least
one of Tx and Rx coils with the loop coils, which is one of the

\

il
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77
L LR

j‘/
e A e e

FEM simulation of the proposed Tx coil with two orthogonal currents i; and i,. (a) wst = 0. (b) wst = /4. () w, < t = 7/2. (d) wst = 37w /4. (e)

Fig. 12.  Magnetic flux densities generated from Tx-D (x-axis) and Tx-Q
(y-axis) coils.

motivations to propose the crossed dipole coil structure in the
subsequent section.
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IV. ANALYSIS AND DESIGN OF THE PROPOSED CROSSED
DipOLE COILS

A. Omnidirectional WPTs by Dipole Coils

In order to reduce the physical dimension of omnidirectional
powering coils, the dipole coil structure [19], [20] is adopted
instead of the loop coils as shown in Fig. 9. Using ferromagnetic
core, such as ferrite, amorphous, and silicon steel in the dipole
coils, the physical dimensions of Tx and Rx are reduced from
volume to plane and from plane to line compared to the loop
coils. Thus, the coil structures for omnidirectional powering are
not necessarily volumetric when the plane-type crossed dipole
coils in Fig. 9(c) are used for both Tx and Rx coils to accomplish
(m7,mp) of (2, 2).

Unlike the loop coil configurations, the theoretical derivation
of the induced Rx coil voltage for a given Tx coil structure
and current is not straightforward because of the complicated
magnetic field distorted by the ferromagnetic core. Therefore, a
simulation-based coil design is inevitably adopted in this paper.

In a similar fashion to the previous section, several possi-
ble combinations for omnidirectional powering are listed in
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Synthesized magnetic flux density at z = 0.25[y using (22), based on the FEM simulation results. (a) [By, + jBgz|. (b) [Bay + jBgyl. (c)

Table III, where the physical dimensions of Tx and Rx coils
are defined as npp and npp, respectively. Though not shown
here, the combinations of Tx loop coils and Rx dipole coils, and
vice versa, are also possible to implement the 6 DoF IPT.

B. Simulation-Based Design of the Proposed Crossed Dipole
Tx and Rx Coils

For most practical applications, neither Tx nor Rx coils should
be in volumetric configuration. Excluding the cases of either
nrp = 3orngp = 3from Table I11, the 2Tx-2Rx configuration
is the only viable case where both Tx and Rx coils are of plane
type. The synchronized DQ inverter is introduced in this paper
to provide two orthogonal phased Tx currents as shown in Fig. 3.
The switching angular frequency of the DQ inverter w; is a little
higher than the resonant frequency determined by the Tx coils
and compensating capacitors Cp and Cg so that the inverter
switches may operate at zero voltage switching condition [41]-
[44]. By using the Rx coil of identical shape but smaller size than
the Tx coil, both free-positioning and omnidirectional powering
are achieved.
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Fig. 14.
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As shown in Fig. 10, the rotating magnetic field in the steady
state is formed by two orthogonal dipole coils of Tx-D and Tx-Q
having identical magnitude of currents I4 and I 4, respectively,
as follows:

Id EIdZO
Iq = IdZﬂ'/Q Z]Id

(17a)
(17b)

Both magnetic flux density vectors B, and E)q, which are
generated by the two orthogonal dipole Tx currents in (17), can
be described of phasor form as follows:

B, = (Bgsz, Bay, Ba:)
= (Buy 20, By, 20, By, £0)

= (dev de7 de) (183)
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Synthesized magnetic flux density at z = 0. 5/y using (22), based on the FEM simulation results. (a) | Bq, + jBqz |- (b) [Bay + jBgy|.(¢) |Ba. + jBy:|.

E)q = (Bys, Byy, By:)
= (B 4Lm/2, By, L7/2, By, L7 /2)

= (jBya+JBqy,iByz) - (18b)

Note that the phasor of §q is /2 ahead of ?d; however, the
magnitude of E)q is irrelevant to §d although the magnitudes
of two currents I4 and I, are identical.

Then, the polarities of the summed magnetic field E)t on the
xy plane rotate around the coils as shown in Fig. 11, where the
finite-element method (FEM) simulations of magnetic field line
by ANSYS Maxwell v15 are shown for a switching period. Om-
nidirectional powering can be obtained by the proposed crossed
dipole Tx and Rx coils of plane type as a result of this rotating
magnetic field.
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Fig. 15. Synthesized magnetic flux density at z = 0.75[y using (22), based on the FEM simulation results. (a) |Bq, + jBge|. (b) |Bgy + jBgyl. (¢)
‘de + quz|- (d) Bt~
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Fig. 16.  Fabricated prototypes. (a) Tx coil with an aluminum plate. (b) Rx coil having A of 1 mm. (¢) DQ inverter.
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Fig. 17.  Measured magnetic flux density at z = [y/2 = 500 mm. (a) x-direction magnetic flux density |Bg, + jBg. |. (b) y-direction magnetic flux density
|[Bqy + jBgy|. (¢) z-direction magnetic flux density |By. + jB,:|. (d) Summed magnetic flux density | By |.

From (18), §t can be derived as follows: /‘B) ‘2 N ‘ﬁ ‘2
= d q

Et = Bd + §q = (de +qu,de +quade +qu)

— (Bus + 3By Bay 4 jBuys Bas +jB). a9y~ B+ BiBa= B B, =[B,]. 20
Then, the magnitude of (19) can be determined as follows: As identified from (20), the magnitude of the total magnetic

field density B; is determined only by B; and B,, and is
irrelevant to the vector direction. As shown in Fig. 12, B,
can be found from By, considering the symmetric structures

= \/|de + By’ +|Bay + Byy|” + |Ba: + B[ of the Tx coils and identical magnitude of DQ currents as
follows:

B =|B.|-[B.+ B,

= \/|Bd:c +qux|2 + [Bay +quy|2 + [Ba: +qu2|2

By(z1,y1,21) = Bq(mlvyluzl)‘ = ‘ﬁd(iﬂ?ay%@)

= By(y1, —z1,21) (21)
= \/Bgz +Bj, + B}, + B}, + B}, + B, . By(z,y,2) = By(y, —x, z), for arbitrary z,y, 2.

= /B3, + B, + B3, + B, + B, + By,
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In (21), the fact that the magnitude of magnetic flux density
from a Tx-Q at a position ]_3)1 should be the same as that from
a Tx-D at the same relative position ?gis used. Applying (21)
to (20) results in the following formula:

Bu(w,y,2) = \/B3(@,2) + B (2,3,2)

= \/Bg (z,y,2)+ B3(y,—x,2). (22)

As identified from (22), B; can be completely determined
by B, which can be found from simulation or experiment.
Therefore, the total rms value of magnetic flux density can be
simply found from a single axis dc analysis instead of DQ axis
ac time-domain analysis, which is time consuming and does not
give us the useful rms value as shown in Fig. 11.

Using (22) and the FEM simulation result for the magnetic
field density from a Tx-D coil, the effective powering area for Rx
is evaluated for z = 0.25[j, z = 0.5y, and z = 0.75[; over the xy
plane as shown in Figs. 13—15, where [ is the length of a Tx coil.
An aluminum plate is displaced at the bottom of the Tx to block

the magnetic field. The magnitudes of the magnetic field density
in Figs. 13—15 are normalized with respect to their maximum
values at each height. The x- and y-directional magnetic field
densities reach their maximum at the center of the Tx coils
and decrease away the center on the xy plane, whereas the z-
directional magnetic field density reaches its maximum at both
ends of each Tx coil. Therefore, a relatively even powering area
can be achieved from the summed magnetic field, which is the
result of averaging over three-directional magnetic flux density.

V. EXPERIMENTAL VERIFICATIONS

A. Prototype Fabrication of 1-m?-Sized Crossed Dipole
Tx Coil

The design principle of the previous section has been applied
to the prototype Tx and Rx coils operating at 280 kHz, where
the Tx coil size is I = wp = 1000 mm, and Ay = 30 mm and
the Rx coil size is I = wg = 100 mm, and Az = 1 mm as
shown in Fig. 16(a) and (b). The selection of design parameters
in this paper is just for demonstration of the proposed concept
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and not intended for optimization of cost, mass, volume, and meets the guideline of PMA, was also fabricated to drive Tx
efficiency. For practical applications, the thicknesses of Tx and  currents with an efficiency of 97% as shown in Fig. 16(c). Litz
Rx coils hy and hp were selected as small as possible. The wires having a total diameter of 1.8 mm were selected for the
plane-shaped Mn—Zn ferrite cores having high permeability of Tx coil, where the ampere-turn of each Tx coil was 120 AT
2000 were assembled for the Tx coil, where the unit size of the and the number of turns was 60. An aluminum plate of 1.44 m?
ferrite core is 100 mm x 50 mm x 10 mm. An experimental area and 2 mm thickness with a wooden insulator of 3 mm was
DQ inverter having the operating frequency of 280 kHz, which  displaced under the Tx coil. The total power loss including the
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DQ inverter was 185 W, where the core loss was relatively high
compared to the Litz wire and high-frequency applicable film
capacitors, which have negligible conduction losses.

The experimental results are illustrated in Fig. 17, where B,
is determined as in (21). The measured effective powering area
agreed fairly well with the simulation results in Fig. 14, where
the maximum B; was measured as 10.4 uT at z =[/2 =500 mm.

B. Verification of Omnidirectional Powering

Fig. 18(a) shows seven measuring positions, which
were arbitrarily selected to verify the free-positioning and

omnidirectional powering characteristics. Both horizontal and
vertical Rx coil voltages of |V}, | and |V, | were measured along
the z-axis from z = 100 to 1000 mm at point P4 as shown
in Fig. 18(b). The slightly lower coil voltage at z = 100 mm
compared to that at z = 200 mm was due to the low x- and y-
directional magnetic flux densities close to the center of dipole
coils. The Rx coil voltages with respect to five possible rotations,
which are pitch, roll, yaw, 90°-pitched roll, and 90°-rolled pitch,
were measured at three different positions of P4, Pp, and Py
at z =500 mm as shown in Figs. 19-23. As shown in Fig. 18(a),
before any rotating of the Rx coils, the Rx-H and Rx-V are in
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parallel with the x-axis and y-axis, respectively. The 90°-pitched
roll denotes the roll rotation of the Rx coils after the Rx coils are
90° pitch rotated. Likewise, 90°-rolled pitch denotes the pitch
rotation of the Rx coils after the Rx coils are 90° roll rotated. The
series connected voltage |Vy,| + |V, | ranged from 1.0 to 3.8 V
over wide rotations for the selected points. Therefore, both free-
positioning and omnidirectional powering were verified with
the fabricated Tx and Rx coils.

C. Efficiency Measurements with 10-W-Level Rx Coils

The efficiency of the prototype Tx and Rx coils including
the DQ inverter was measured for a few Rx coils as shown in
Fig. 24. For the efficiency measurements, 10-W-level Rx coils
having lp = 200 mm, wr = 200 mm, and hp = 5 mm were
located at P4, Pp, Pg, Pr, and Py as shown in Fig. 24(a)—(e).
The measured efficiency increased as the number of Rx coils
increased, where the maximum efficiency was 33.6% when the
input power of the DQ inverter was fixed to 100 W for the case
of five 10-W-level Rx coils at z = 200 mm. Due to the cross
coupling between adjacent Rx coils having fixed compensation
circuits, the output powers of each Rx coil were changed as the
number of Rx coils increased.

VI. CONCLUSION

The crossed dipole Tx and Rx coils having 6 DoF in mo-
bile IPTs with a DQ rotating magnetic field have been verified
both by simulations and experiments throughout this paper. A
general classification of various IPTs in terms of DoF was first
presented, and a thorough analysis of loop coil configurations
for omnidirectional powering was also provided so that the mini-
mum physical dimensions for ubiquitous powering can be found
for both Tx and Rx coils. Throughout this general survey on om-
nidirectional powering, the proposed crossed dipole Tx and Rx
coils was found to be the only viable configuration that enables
us both plane-type Tx and Rx coils. By virtue of a rotating mag-
netic field, both free-positioning and omnidirectional powering
were guaranteed over a wide area of the Tx coil. The maximum
efficiency of the prototype including the DQ inverter was mea-
sured as 33.6% when the input power was fixed to 100 W. Due
to its plane geometry and the wide powering area, the proposed
crossed dipole coil can be applied to mobile devices as well
as IoT, where less dependence on battery will be required. An
optimized design of the crossed dipole coil is left for future
work.
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