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Abstract

In response to the limitations of traditional magnetic coupling wireless power transfer (MC-WPT) systems in multi-degree-of-freedom spatial energy
transmission, this paper proposes a full-space MC-WPT system based on a multi-node architecture. The system employs three-dimensional orthogonal coils
as nodes, supporting both centralized and distributed power transfer modes, along with a corresponding dynamic magnetic energy control method that
allows flexible mode selection according to transmission requirements to enhance performance. By coordinately adjusting coil combinations and current
amplitudes, the magnetic field strength and direction at any position within the effective energy transfer range can be precisely controlled, thereby
eliminating ineffective transmission zones and achieving omnidirectional and high-efficiency energy transfer. Experimental results show that the errors in
magnetic field direction and intensity under both transmission modes are below 10%, verifying the correctness and effectiveness of the proposed control

method.
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Introduction

Magnetic coupling wireless power transfer (MC-WPT) technology
enables the contactless transmission of electrical energy from
a source to a load based on the principle of magnetic field
coupling!'-3l. This technology provides an effective solution for
supplying power flexibly to mobile devices without interruption and
for ensuring the safe and reliable operation of electrical equipment
in harsh, unattended environments, such as deep-sea, deep-space,
and underground applications. Consequently, it has become a
prominent research topic in the fields of electrical engineering and
automation. Currently, this technology has been successfully
applied in various sectors, including electric vehicles*], consumer
electronicsl], and home appliances(®7l,

At present, efficient energy transfer in MC-WPT systems can only
be achieved within a limited spatial region. To enhance its spatial
degrees of freedom, existing research has primarily focused on desi-
gns involving three-dimensional magnetic coupling structures(®],
coil arraysl®, and multi-transmitter coil configurations!'?l. These
methods improve the power transfer capability of the system by
extending the spatial coverage of the magnetic field, but they still
suffer from the following limitations: (1) The expansion of the
magnetic energy distribution range leads to excessively high
magnetic field intensity in non-target areas, aggravating electro-
magnetic interference and environmental safety concerns; (2) Li-
mited by the inherent property that magnetic field lines cannot
intersect, 'ineffective power transfer zones' inevitably exist near the
coupling structures. Within these zones, effective energy transfer
cannot be achieved due to the absence of magnetic field lines
orthogonally penetrating the receiver coil, making it challenging to
realize a truly full-space and omnidirectional wireless power supply.

© The Author(s)

To eliminate 'ineffective power transfer zones' and suppress
electromagnetic leakage in non-target areas, the magnetic energy
directional tracking control method has attracted wide attention.
This method dynamically adjusts the magnetic field distribution and
directs it toward the target positionl''-'¢l. To enhance the spatial
adaptability of the MC-WPT system, current research mainly focuses
on two types of control methods. The frequency-modulation-based
magnetic energy regulation strategy maintains high output power
and transmission efficiency by dynamically adjusting the system
operating frequency!''-'3l. The phase-control-based energy beam-
forming technique achieves directional magnetic field shaping
by regulating the current phase of each excitation coil. This effec-
tively suppresses magnetic leakage and improves the system's
efficiencyl'4-16, However, according to the Biot-Savart law, the
direction of the magnetic field vector at any point in space is
uniquely determined under a fixed coil configuration. Existing
frequency modulation and phase modulation methods can only
adjust the magnitude of the magnetic field vector in this direction,
without altering its orientation. Furthermore, frequency modulation
is prone to frequency splitting, which introduces disturbances to
system stability, while phase modulation imposes stringent require-
ments on inverter output quality and involves higher control
complexity. Therefore, how to achieve active control of the
magnetic field direction, thereby dynamically constructing effective
power transfer paths in three-dimensional space, has become a key
challenge for realizing truly full-space wireless power transmission.

Accordingly, this paper proposes a multi-node three-dimensional
(3D) orthogonal power transfer architecture that comprehensively
considers both transmission range and freedom of movement. This
architecture uses a 3D orthogonal coil structure as its fundamental
node and includes both centralized and distributed power transfer
modes. It allows for the on-demand selection of orthogonal coils,
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effectively enhancing the power transfer range. Building upon this, a
cooperative control criterion for multiple excitations is established.
By comprehensively controlling the coil combination structure and
the corresponding current amplitudes, the magnetic field strength
and direction at any point within a given space can be precisely
controlled. This eliminates the influence of 'ineffective power trans-
fer zones' and achieves omnidirectional, full-angle, low-leakage,
precise, and efficient power transfer over a large area.

System architecture and field modeling

Multi-node orthogonal power transfer
architecture

Based on a three-coil concentric orthogonal structure as nodes,
this paper constructs a multi-node wireless power transfer network.
A schematic diagram of the proposed power transfer architecture is
shown in Fig. 1.

Based on the configuration of 3D orthogonal transmitting coils,
the system supports two operation modes: centralized and
distributed 3D orthogonal power transfer. In the centralized power
transfer mode, the three orthogonal coils are concentrated at a
single physical node. In the distributed power transfer mode, three
orthogonal coils are placed at three independent nodes, with one
orthogonal coil located at each node, as shown in Fig. 1a and b. In
the schematic, solid black circles represent the effective power
transfer range; within the 3D coil diagrams, solid lines indicate
excited coils, while dashed lines represent unexcited coils.

Both of the aforementioned power transfer modes are capable of
controlling the magnetic field orientation at an arbitrary point in
space. However, due to the inherent spatial decay of magnetic
fields, a single node can only transfer energy effectively within a
limited distance, which defines the effective power transfer range.
Furthermore, the required current amplitudes in the individual
coils to generate an identical magnetic field vector vary across
different spatial regions and between the different transfer modes.
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Fig. 1 Multi-node wireless power transfer network architecture.
(a) Centralized 3D orthogonal power transfer mode. (b) Distributed 3D
orthogonal power transfer mode.
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Consequently, this leads to variations in coil losses and overall system
efficiency. Therefore, the optimal power transfer mode can be
selected based on the specific spatial region.

The synthesized magnetic field vector at the position of the
receiving coil is analyzed. The vector relationship shown in Fig. 1 can
be expressed by Eq. (1) as:

H1+H2+H3:Hs//n (1)
where, H; is the magnetic field vector generated by Coil i, i is the index
of the selected coil, Hy; is the resultant magnetic field vector
synthesized by the three orthogonal coils, and n is the normal vector of
the receiving coil plane. Hy//n indicates that the synthesized magnetic
field vector from the three orthogonal coils is parallel to the normal
vector of the receiving coil. Note that boldface letters denote vectors,
while non-boldface letters denote scalars throughout this paper.

Based on Fig. 1a, b and Eq. (1), it can be concluded that when the
receiving coil is positioned within the local power transfer space and
its size is significantly smaller than that of the transmitting coil, it
can be approximated as a point mass within the local power trans-
fer network. By selecting the three orthogonal coils at Node 1,
Node 2, and Node 3 as transmitting coils, a multi-excitation coopera-
tive control scheme is established. This scheme directs the synthe-
sized magnetic field at the location of the receiving coil toward the
direction of the coil's normal vector, thereby achieving magnetic
energy steering in the desired direction.

Field spatial distribution modeling

A magnetic field distribution model is established for the
proposed multi-node power transfer architecture. A Cartesian coor-
dinate system is defined with the geometric center of Coil 1 as its
origin. A schematic of the overall setup is shown in Fig. 2, where the
coordinates of the field point P are (x, y,, o), and the center of each
coil, Oj is located at (X;, Y;, Z) fori=1, 2, 3.

Since the MC-WPT system operates in a time-varying field envi-
ronment, the analysis incorporates Maxwell's equations for time-
varying fields and introduces the magnetic vector potential A, which
satisfies the following expression:

B=VxA 2)
Substituting Eq. (2) into Maxwell's equations and combining it

with the Biot-Savart law, the integral form of the spatial magnetic
field generated by excitation Coil 1 at field point P is derived as:

I efkmlr —ry|
H=Vx|(—@ —————dl 3
X(MgSLI e 3)

where, I, is the excitation current of Coil 1, r is the distance from the
field point to the center of Coil1, r, is the radius of Coil 1, and k, is the
electromagnetic wavenumber.

(X2,Y2,22)

y=<

Fig. 2 Schematic diagram of the three orthogonal coils and the
receiving center point.
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where, (x;y;z) represents the coordinates of the center point P in the
coordinate system of Coil i (i = 1, 2, 3); R, and R; are the rotation
matrices from Coil 1 to Coil 2 and 3, respectively; and 8,, 5 denote the
clockwise rotation angles from Coil 1 to Coils 2 and Coils 3.

Since the effective operating range of the MC-WPT system lies
within the inductive near-field region, where the product of the
electromagnetic wavenumber and the propagation distance is
much less than 1, the magnetic field components in the Cartesian
coordinate system are derived by incorporating the preceding
analysis and substituting Eq. (4) into Eq. (3), yielding:

®)

2z -x —yDa;

T Iz
where, g, is the coil radius, x;, y;, z are the unit vectors along the
fundamental directions of the local coordinate system for Coil i at the
center point P, r; is the distance between the center point P and the
center of Coil i, and H; is the magnetic field vector generated by Coil i
in its own coordinate system.

By applying the inverse coordinate system rotation and incorpo-
rating Eq. (5), the expression for the spatial magnetic field excited by
Coil i at the center point P, described in the O; coordinate system, is
generalized as:

Hj =R;'H; (6)
where, H; denotes the magnetic field vector of Coil i represented in the
0, coordinate system.

By applying the superposition theorem, the x, y, and z compo-

nents of the total resultant magnetic field generated by the three
orthogonal coils can be expressed as:

3
H,= ZHXU
i=1

3
Hy=" Hy (7
i=1

where, H,, H, and H, are the XY, and Z components of the resultant
magnetic field, respectively, and H,; represents the magnetic field
vector component of Coil i along the u-axis in the O, coordinate
system, withu=x,y, z.

The resultant magnetic field of the three orthogonal coils is given
by:

H=H,+H,+H, ®)

where, H; denotes the magnitude of the total magnetic field at point P
generated by the three orthogonal coils. The receiving coil's normal
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vector n is then converted to the basis vectors by incorporating the
plane normal from Fig. 1 into Eq. (8):

n=ax+by+cz )
where, g, b, and c are the coefficients of the unit vectors, respectively.
Substituting Eqs (8) and (9) into the right-hand side of Eq. (1)
yields the proportional relationship of the corresponding magnetic
vector components.
H‘

k=—=22_

a b

where, k is a proportional coefficient.

From the law of electromagnetic induction, the magnetic flux

density magnitude is a function of the current magnitude, as
expressed by:

2 (10)
C

H; =TI; an
where, T; is the geometric coefficient in the magnetic field equation for
orthogonal coil i, and /; is the excitation current of the same coil.

Substituting Eq. (11) into the right-hand side of Eq. (8) and simpli-
fying yields:

Hs = T1118,1+T2128r2+T3I3e,3 (12)
where, e, is the unit vector pointing from the current element on
orthogonal coil i toward the center point P.

Expressing Eq. (12) in the frequency domain using the instanta-
neous current values yields:

H =TI sin(wt +¢1)ey, +Taly sin(wat + pa)er, + T3l sin(wst + ¢3)e,,
13)
where, I, w; and g; are the amplitude, angular frequency, and phase of
the excitation current J, respectively.

Principle of directional magnetic
energy regulation

Principles of spatial magnetic energy control

A qualitative analysis of Eq. (13) reveals that when the currents of
the three excitation coils have the same frequency and are in phase,
the direction of the resultant magnetic field is determined solely by
the ratio of their amplitudes and remains constant over time, as
shown in Eq. (14).

H, =(T, Ile,l +T212e,2 +T3I3e,3)~sin(u)t+gp) (]4)

Based on this, the magnetic vector control criterion proposed in
this paper operates as follows: under the condition that the excita-
tion currents flowing through the transmitter coil array of the MC-
WPT system share the same frequency and phase, the direction of
the resultant magnetic vector can be controlled solely by adjusting
the ratio of the three current amplitudes applied to the selected
orthogonal coils. Furthermore, provided that this amplitude ratio is
maintained, the magnitude of the resultant magnetic vector can be
controlled by adjusting the absolute values of the three excitation
currents without affecting its direction. This, in turn, enables
dynamic 3D magnetic vector control for the distributed wireless
power transfer system.

Given a desired magnetic field direction at point P in three-
dimensional space, combining and transforming Eqs (7) and (10)
yields a matrix equation relating the electrical parameters, geo-
metric parameters, and desired vector direction ratios of the MC-
WPT system:
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where, T,; denotes the current coefficient of the orthogonal coil i for
the magnetic field component along the u-axis, with u=x, y, z.

By solving the matrix equation Eq. (15), the solution for the
current amplitude ratio of the three orthogonal coils can be
obtained as:

Ty T3 —TynTpn
TwTo—-ToTs;
L TxZ T\? - Tx3 Ty2
T\B Tzl - Tyl Tz3
Il Txl Tz3 - Tx3 Tzl
L _ Ty T3 —TuTys (16)
I3 Ty T =TTy !
ToTy—-TuTx
| TuTy,—TyTx

[a b C]T

Given the desired magnetic field at the center point, and by
combining Egs (14) and (16), the solving function can be defined as:

(I, I, 13) = hy(He, (I / I/ 13)) (17)

From Eq. (17), it can be seen that by applying the specified excita-
tion currents to the three orthogonal coils, a magnetic field vector
with the desired magnitude and a direction perpendicular to the
coil plane is generated at the center point.

For the proposed system power transfer architecture in this
paper, the variation in the central coordinates of the coil nodes
influences the current magnitudes within the excitation current set
derived from the magnetic vector control criterion. This, in turn,
leads to differences in the coil loss of the MC-WPT system during
operation. Consequently, the system optimization objective is
defined as the magnetic coupling mechanism loss, which is prima-
rily dependent on the excitation current amplitude and thus corre-
lated with the node coordinates. That is:

3
F(X) = Progs () = (Z 1,,2R] o (Xi, Yi, Zi) (18)
i=1

When multiple sets of current combinations satisfy the desired
magnetic field direction and magnitude for a distributed power
transfer system, each set of three current amplitudes is substituted
into Eq. (18). This yields the corresponding magnetic coupling coils
loss for each set, and then the set with the minimum loss is selected.
This provides the optimal three-orthogonal-coil node combina-
tion within the proposed single-node and multi-node system
architectures.

Control method for excitation current

According to Eq. (14), the desired magnetic field magnitude and
direction can be obtained by modulating only the amplitude of the
excitation currents in the three orthogonal coils. The proposed
current control method is illustrated in Fig. 3. L, C;, and R; represent
the transmitter coil's self-inductance, series compensation capaci-
tance, and equivalent series resistance, respectively. L; and Cj
denote the parallel inductor and capacitor in the chopper circuit. VD;
and §; refer to the freewheeling diode and switching transistor in the
chopper circuit, while S; indicates the switching transistor in the
inverter circuit. U,; represents the output voltage of the chopper
circuit, u; and j; correspond to the output voltage and current of the
inverter, V is the DC input voltage, and «; denotes the duty cycle of
the chopper circuit.
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As shown in Fig. 3, the chopper circuit adjusts the DC voltage
from the source V}, to generate the output voltage U,,. Based on the
operating principle of the Buck-Boost circuit, the following relation-
ship holds:

@i

U=
ni 1_ai

Vb (19)

Here, ¢; is the duty cycle of the control signal for the switching
transistor S; in the chopper circuit. It can be seen that when ¢; < 50%,
the circuit acts as a buck converter, and when a; > 50%, it acts as a
boost converter.

The regulated DC voltage U,; is then inverted by the inverter into
a square wave. Based on the fundamental harmonic approximation,
this can be considered equivalent to a sinusoidal wave ui of the
same frequency, with an amplitude U; given by 4 U,/=.

Since the three orthogonal coils are mutually decoupled, the
mutual inductance between them is not considered. Furthermore,
as the three coils have identical structures, we can let L; =L, = L3 =1L,
C,=G=G=CR;=R,=R;=R.

To ensure the system operates at resonance, the following condi-
tion must be satisfied:

1

In Eq. (20), @ = 2=nf, where f is the operating frequency of the
system. The amplitude of the output current i, denoted as [, can
then be expressed as:

<1l
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Fig. 3 Excitation current control circuit diagram.
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I= _dei Vb @1
(1-a)m R
From Eq. (21), it can be seen that with the DC voltage source Vp
and the equivalent coil resistance R being fixed, the excitation
current amplitude /; is dependent only on the duty cycle ¢; of the
Buck-boost chopper circuit.
By combining Eq. (21) and Eq. (17), the solution function for the
duty cycle g; can be obtained as follows:

(a1, 2,@3) = hy(He, (11 / 12/ 1)) (22)

Simulation verification

Simulation of centralized magnetic control

The verification of the centralized magnetic energy regulation
principle is divided into two parts: the verification of the magnetic
vector direction and magnitude for the centralized power transfer
system. A 3D model of the centralized orthogonal coil power trans-
fer structure, established in the COMSOL finite element simulation
software, is shown in Fig. 4a. The simulation parameters are listed in
Table 1.

To verify the correctness of magnetic field direction control, the
desired magnetic field direction is set to the X, Y, and Z directions,
respectively. A point at the center of the cubic air domain surround-
ing the centralized power transfer architecture is selected as the
verification point. This point is used to verify the different desired
directions, and a schematic of the verification is shown in Fig. 4b.

Based on the coil parameters designed in Table 1 and in conjunc-
tion with Eq. (5), a suitable magnetic field magnitude of 7 A/m is
determined through rational planning. All subsequent verification
and implementation in this paper are based on this value. Then,
according to Eq. (17), the required excitation current magnitudes are

VAAAAAAAR AR A #
R e T

Fig. 4 (a) Centralized energy transfer architecture model. (b) Schematic
diagram of magnetic vector direction verification setup for centralized
power transfer. (c)—(e) Magnetic vector different direction simulation
diagram of centralized architecture. (f)—(h) Simulation diagram of the
magnetic vector at different points in the centralized architecture.
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calculated for when the receiving coil's normal direction is aligned
with different desired magnetic field directions. The current
parameter settings for the magnetic field direction control verifica-
tion are listed in Table 2.

The parameters given in Table 2 are input into the 3D centralized
orthogonal coil simulation model established in COMSOL. With the
operating frequency set to 91 kHz, the simulation is performed,
yielding the volume arrow plots of the magnetic field intensity on
the receiving coil plane for different orientations, as shown in
Fig. 4c—e. The corresponding magnetic field magnitudes are listed
in Table 3.

As can be seen from Fig. 4c—e and Table 3, when the normal
direction of the receiving coil plane is oriented towards the X, Y, and
Z directions, respectively, and the excitation currents for the three
orthogonal coils of the centralized power transfer architecture are
applied, the magnetic vector arrows on the receiving coil are maxi-
mized in the positive X, positive Y, and positive Z directions, respec-
tively. This indicates that the magnetic field direction is consistent
with the desired direction, and also demonstrates that the magnetic
field regulation criterion proposed in this paper can generate a
magnetic field that aligns with the intended direction.

To validate that the magnetic field magnitude of the centralized
power transfer system is controllable, it is necessary to select multi-
ple target field points. Based on the desired magnetic field vector
magnitude to be generated at each point, algorithm computations
are performed to derive the corresponding current amplitude ratios,
as well as the specific current amplitude parameters for the three
orthogonal coils under the given magnetic field strength. An inter-
section point on a line, a midpoint of a line, and a midpoint of a
surface within the same air domain are selected as the field points
for verification, as illustrated in Fig. 4b. The field point locations,
desired magnetic field directions, desired magnetic field magni-
tudes, and excitation current parameters are listed in Table 4.

Table 1. Centralized power transfer architecture parameter setting.

Parameters Values
Radius of coil 1(m) 0.11
Radius of coil 2(m) 0.1
Radius of coil 3(m) 0.09
Number of turns(N) 14
Radius of the receiving Coil(m) 0.05
Position of the receiving Coil (X, Yo, Zo) (0,0.2,0)
Normal vector of the receiving coil (A, B, C) 0,1,0)

Table 2. Current parameter settings for field direction control validation.

-, . Intended
Position of the Intended magnetic b
. : - L T193 ticfield  (A)  (A) K(A
field point field direction mn;ggir'zﬁdlg (f/m) 1A LAY (A
M X 7 0 0 156
M Y 7 0 111 0
M z 7 -091 0 0

Table 3. Size of magnetic vector at different direction in centralized
architecture.

Magnetic field Magnetic field Magnetic field

Freq (kHz) X-component (A/m) Y-co(r:/pn(:)nent Z-co(T/pn??ent
Fig. 4c 91 7.0168 0.1506 0.0052
Fig. 4d 91 —0.0134 7.0007 0.0009
Fig. 4e 91 -0.0011 —0.0051 6.9905
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The given current amplitude parameters are input into the
COMSOL-based simulation model of the centralized three-dimen-
sional orthogonal coils. The simulation results yield the magnetic
field intensity vector arrows on the receiving coil plane at different
field point positions, as shown in Fig. 4f—h, and the corresponding
magnetic field magnitudes are listed in Table 5.

As observed from Fig. 4f—h and Table 5, the magnetic field magni-
tude at different field point locations can be regulated to the
desired steady-state value. The magnetic field control method
enables the generation of corresponding current excitation combi-
nations to achieve precise control of the magnetic field strength at
various positions, including line intersections, line midpoints, and
surface midpoints.

Simulation of distributed magnetic control

The simulation of the distributed magnetic energy steering crite-
rion is performed to validate both the direction and magnitude of
the magnetic field generated by the distributed system at a
common field point. Given the existence of multiple excitation
combinations, it is necessary to determine the optimal node configu-
ration and the corresponding current amplitude parameters.

The distributed system is constructed using three nodes, with
their centers positioned at the vertices of an equilateral triangle. The
three orthogonal coils at each individual node are coplanar. A
schematic diagram of this configuration is shown in Fig. 5a.

The parameters of the COMSOL simulation model are listed in
Table 6, and a schematic of the simulation model is shown in Fig. 5b.

The central point M of the distributed power transfer system is
selected as the verification point. To comprehensively validate the
magnetic vector control criterion in terms of both magnetic field
direction and magnitude, it is necessary to perform verification with
the X, Y, and Z directions, each serving as the desired magnetic field
orientation, and also to use 7 A/m as the desired magnetic field
magnitude for validation. Synthetically, this requires setting the red
arrows in Fig. 5b as the desired directions to conduct the corre-
sponding validation of magnetic field direction and magnitude. This
section takes the X-direction as an example. After specifying the
field point location, the desired magnetic vector direction, and
magnitude, multiple sets of current amplitude parameters are
derived through the magnetic field steering method. These sets are
then evaluated using the optimal combination selection formula for
the distributed power transfer system to determine the optimal
node configuration and the corresponding current amplitude

Table 4. The magnetic field size control verifies the current parameter setting.

Experimental Desired
- magnetic magnetic
Point field magnitude field magnitude hA) B(A) 15(A)
(A/m) (A/m)
(a) Intersection point Y 7 3.5 —42 -52
(b) Line midpoint Y 7 0 -16 -48
(c) Face centerpoint Y 7 0 111 o

Table 5. Size of magnetic vector at different point in centralized architecture.

Freq X-component Y-component Z-component

Point (kHz) (A/m) (A/m) (A/m)

(a) Intersection point 91 0.31123 6.9856 0.40862
(b) Line midpoint 91 0.10435 6.9577 0.00367
(c) Face centerpoint 91 -0.01346 7.0007 0.00093

Full-space magnetic control method
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Fig. 5 (a) Spatial diagram of distributed power transfer architecture.
(b) Distributed simulation model. (c) Magnetic vector simulation of
distributed architecture with expected magnetic field direction in the X
direction.(d)Top view of Fig. 5c.

parameters. Subsequently, the currents in the coils of the selected
different nodes are set to the respective amplitudes according to
the algorithmic results. The magnetic field direction is then
visualized via streamlines, and the components of the magnetic
vector at point M are obtained to complete the verification.

Following the aforementioned procedure, parameters are config-
ured for the simulation model established in Fig. 5b. The current
combination parameters corresponding to the desired X-direction
are presented in Table 7, where Q1, Q2, and Q3 denote Node 1,
Node 2, and Node 3, respectively.

Different excitation current combinations lead to varying coil
losses. By substituting the current amplitudes of the different
combinations from Table 7 into Eq. (18), the total current energy
required for each combination can be derived. The corresponding
results are shown in Fig. 6.

The current amplitude parameters of the aforementioned opti-
mal combination are applied to the simulation model in Fig. 5b, with
the operating frequency set to 91 kHz. The corresponding simula-
tion results are presented in Fig. 5c—d.

As observed from Fig. 5¢—d, the magnetic vector arrows on the
receiving coil predominantly align with the positive X-direction,
clearly indicating orientation along the predefined desired magnetic
field direction. Furthermore, the magnetic field magnitude in the
X-direction is 7.0139 A/m, which is in close agreement with the
desired value.

Table 6. Set distributed power transfer architecture parameters.

Parameters Values
Node 1 location (X;, Y4, Z;) (—0.144,-0.2,0)
Node 2 location (X5, Y,, Z,) (-0.144,0.2,0)
Node 3 location (X3, Y3, Z3) (0.2,0,0)
Receiving coil position (xq, Yo, Zo) (0,0,0.1)
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Table 7. A set of current combination parameters for a distributed architecture with an expected magnetic field direction in the X direction.
Group Position of Coil 1 Position of Coil 2 Position of Coil 3 Intended direction Intended magnitude L(A) L (A) I5(A)
1 Q1 Q2 Q3 X 7 A/m 1.18 -1.84 -04
2 Q1 Q3 Q2 X 7 A/m 6.26 -14 -8.8
3 Q2 Q3 Q1 X 7 A/m 6.27 1.4 -8.8
4 Q2 Q1 Q3 X 7 A/m 1.18 1.8 -04
5 Q3 Q1 Q2 X 7 A/m —-2.37 1.6 1.13
6 Q3 Q2 Q1 X 7 A/m -2.37 -1.62 1.12
o L] L] L] E
Experimental verification H= s 23)

To validate the feasibility and effectiveness of the proposed full-
space magnetic energy steering method in this paper, an experi-
mental setup is constructed as shown in Fig. 7.

The setup primarily consists of a DC power supply, three Buck-
Boost voltage regulators, three full-bridge inverters, three Series-
Series (SS) compensation networks, a power transfer architecture,
and an inductive coil. On the receiver side, a compact one-dimen-
sional magnetic field probe was designed and fabricated by wind-
ing multiple turns of enameled wire. This probe serves as a
receiving coil to detect both the magnitude and direction of the
synthesized magnetic field. The relationship between the indu-
ced electromotive force and the magnetic field strength is given by
Eq. (23).
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l’ “ - “O- - Current Excitation Combination
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Fig. 6 Line graph of total current power of different current excitation
combinations with expected magnetic field direction in the X direction.
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o

‘/ s Tuned Circuit
Full-Bridge Inverter

Induction Coil

Fig. 7 Schematic diagram of the experimental device for a centralized

power transfer system.
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where, E is the electromotive force induced in the magnetic field probe
coil by the alternating magnetic field, S is the cross-sectional area of the
probe coil, N is the number of turns of the probe coil, and p, = 4 x
1077 N/A? is the permeability of free space. The circuit parameters of
the experimental system are listed in Table 8.

Experimental verification of centralized
magnetic energy control principles

To validate the correctness of the magnetic energy steering crite-
rion, experimental verification is conducted on both the direction
and magnitude of the spatial magnetic field vector. Since the verifi-
cation methodology is identical, only the case with the desired
magnetic vector direction along the X-axis is examined here.

First, the directional control of the magnetic field is verified. The
excitation current parameters for the X-direction from Table 2, along
with other relevant parameters, are applied to the experimental
platform shown in Fig. 7. The X, Y, and Z components of the
magnetic vector at field point M are detected using the magnetic
field probe coil. The resulting transmitter coil currents and the
induced voltage waveforms on the probe coil are shown in Fig. 8.
Specifically, Fig. 8a—c presents the oscilloscope results for the X, Y,
and Z components of the magnetic field, respectively.

As shown in Fig. 8, the X-component of the magnetic field at
point M is dominant, while the Y- and Z-components are negligible.
This indicates that the actual magnetic field direction aligns with the
desired X-direction, demonstrating the capability of the proposed
magnetic energy control method to achieve directional steering of
the magnetic vector within a certain spatial region.

To verify the magnitude control of the magnetic field, the Buck-
Boost converter is used to adjust the current amplitude of each coil
to the parameter values specified in Table 4. Simultaneously, the
magnetic field probe coil in the experimental platform is employed
to detect the magnetic field magnitude at the intersection point,
line midpoint, and face center point. The resulting transmitter coil
currents and the magnitude and waveform of the induced voltage
on the probe coil are shown in Fig. 9.

The magnitudes of the magnetic vector, corresponding to the
induced voltages measured in the experiment and calculated via
Eq. (23), are presented in Table 9.

Table 8. System circuit parameter settings.

Parameters Values
Inductance (uH) 64
Resistance (QQ) 0.1
Capacitance (nF) 47.2
Series resistance (Q) 1
Number of turns (N) 123
Voltage (V) 10
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Table 9. Magnetic vector size verification.

Experimental Desired magnetic

Point magnetic field field magnitude Error (%)
magnitude (A/m) (A/m)

(a) Intersection point 6.47 7 7.6

(b) Line midpoint 6.53 7 6.7

(c) Face centerpoint 6.67 7 4.7

As observed from Fig. 9 and Table 9, the spatial magnetic field
magnitude of the centralized power transfer system can be effec-
tively controlled to the desired value around 7 A/m at different
field point locations using the proposed magnetic field control
method. Despite minor discrepancies due to system parameters in
accuracy and experimental measurement errors, the recorded errors
at the three points are 7.6%, 6.7%, and 4.7%, all remaining within
10%. These results validate the correctness of applying the
proposed magnetic energy steering method to the centralized
power transfer system.

Experimental verification of distributed
magnetic energy control principles

Following the optimal excitation current combination selected
from Fig. 10 and due to the identical verification methodology, only
the magnetic vector's X-direction orientation and magnitude are
validated herein. The parameters of the optimal current combina-
tion from Table 7 are applied to the experimental platform in Fig. 7,
with the resulting waveforms presented in Fig. 10.

As observed from Fig. 10 and calculated using Eq. (23), the X-
component of the magnetic field at point M is dominant at 6.5 A/m,
while the Y- and Z-components are significantly smaller at 1.43 A/m
and 1.28 A/m, respectively. This indicates that the magnetic field
direction at point M is predominantly aligned with the positive
X-direction. However, due to system parameter inaccuracies and
experimental measurement errors, a deviation exists, with a
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measured error of 7.2% in the magnetic field magnitude along the
desired direction. Overall, the theoretical, simulation, and experi-
mental results are in good agreement, thereby validating the appli-
cation of the proposed magnetic energy steering method to the
distributed power transfer system.

Centralized and distributed effective distance
verification

To conduct a comparative analysis of the effective power transfer
ranges between centralized and distributed wireless power transfer
systems under a given current threshold, the maximum achievable
transmission distance satisfying the constraints is sequentially
solved along different angular directions, with the center of the
centralized architecture serving as the origin. Based on magnetic
field control theory, with the current threshold set to 4 A (RMS) and
the target magnetic field intensity set to 7 A/m, the coil current
amplitude along each angular direction is calculated as the trans-
mission distance is incrementally increased. The computation
continues until the current in any coil reaches the threshold, at
which point the corresponding distance is recorded as the maxi-
mum transmission distance for that direction. By aggregating the
results from all angular directions, the complete spatial distribution
of the system's effective power transfer range can be obtained.

Considering three-dimensional symmetry, measurement direc-
tions are selected in the xOy plane with an angular step of 30°. For
the centralized architecture, only the 0° and 30° directions need to
be measured to reflect its full-circumference symmetric characteris-
tics. For the distributed architecture, based on its structural symme-
try, six representative directions 0° 30°, 60°, 90°, 270°, and 300° are
chosen for analysis, as illustrated in Fig. 11.

In the theoretical calculations, the maximum transmission
distance at which the current threshold is reached in each direction,
and the corresponding current distribution are recorded, with the
results summarized in Tables 10 and 11. Since the measurement

Guo et al. Wireless Power Transfer 2026, 13: €015
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Fig. 10 Experimental waveform plots of magnetic field components in the (a) X, (b) Y, and (c) Z directions at point M.

Fig. 11 (a) Centralized and (b) distributed omnidirectional effective
power transfer direction schematic diagram.

plane is positioned at the height of the node center, Coil 1 does not
participate in excitation within the xOy plane. For directions where
the threshold is not precisely reached during the stepwise distance
increment, the final effective distance before the current first

q - -

P EAR

s N

t (Sus/div)

L(5A/div)
(/AT

Table 10. Parameter setting of effective power transfer range for centralized
power transfer system.

Angle 1(A) 1(A) 15(A)
0° 0 4 0
30° 0 4 3

Table 11. Set effective power transfer range parameters for distributed power
transfer system.

Angle I (A) I,(A) l(A)
90° 0 -3.8 -1.2
60° 0 -13 4
30° 0 3.6 1.4
0° 0 0.6 -3.8
330° 0 1.8 4
300° 0 4 -1.1
270° 0 0 —4

exceeds the threshold is taken as the maximum transmission dis-
tance in that direction.

In the experimental verification, the induced voltage correspond-
ing to a magnetic field intensity of 7 A/m is 0.7 V. The parameters
obtained from theoretical calculations for each direction are applied
to the experimental platform. The measured waveforms are shown
in Figs 12 and 13, and the actual maximum transmission distances
are recorded. Fig. 14 comprehensively compares the maximum
transmission distances of the centralized and distributed systems
based on theoretical, simulation, and experimental results, thereby
effectively validating the accuracy of the power transfer range.

The integrated theoretical and experimental results demonstrate
that the proposed centralized and distributed magnetic energy
control systems possess stable omnidirectional power transmission
capability across the full-space range.

t (Sus/div)

Fig. 12 Waveform of the effective distance test for centralized magnetic energy control system (a) 0°. (b) 30°.

Guo et al. Wireless Power Transfer 2026, 13:e015

Page9of11



Wireless Power
Transfer

a fye b

=
3
<
O
NG
< E

4¥

t (Sus/div)

d + e
S
3 -
ﬁ b f\,r-q\ .%
~ W
N/\/\//\(//\/ 2 2
< Y S Qo
3 s =
S <
S
g A

t (Sus/div)

s
+

L(5A/div)

AN P, o ] WW*

(ap/AS)d
L. 1\(5A/dlv)
§

(ap/AS)T
L IJ(SA/le)

;

Full-space magnetic control method

c - i

(up/AS)H

R

)

t (Sus/div) t (Sus/div)

/ wh 2 M P
A A AT
‘ P

(up/AS)A

LA N S N AN

(Ap/AS)T
L. ls(SA/dlv)

4»WW et o s O e

t (Sus/div) t (Sus/div)

+

I8

(@p/ADT

P

t (Sus/div)

Fig. 13 Waveform of the effective distance test for a distributed magnetic energy control system (a) 90°, (b) 60°, (c) 30° (d) 0°, (e) 330°, (f) 300°, and

(g) 270°.

90°

120° 60°

180°

210°

Cen-Theory
Cen-Sim
=L} Cen-Exp

270° i Dis-Theory
Dis-Sim

=B Dis-Exp

240° 2 300°

Fig. 14 Effective distance distribution of centralized and distributed
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Conclusions

This paper introduces a novel framework designed to address the
challenges of angular misalignment, limited spatial coverage, and
power transfer dead zones. This framework incorporates both
centralized and distributed 3D orthogonal transmission modalities.
Central to this work is a proposed multi-excitation cooperative
control strategy that leverages excitation current amplitude modu-
lation for magnetic energy regulation. This strategy facilitates
precise directional control of the magnetic field while simultane-
ously minimizing excitation source losses, leading to a substantial
boost in transfer efficiency. The synergy between the proposed
architecture and the control strategy empowers the system to
manipulate the magnetic field vector at any arbitrary point within its
effective domain, enabling the realization of omnidirectional, full-
angle, low-leakage, and highly efficient power delivery with
pinpoint accuracy.
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