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3-D Embedded Receiving Coil Positioning Based on Decoupled Transformer for
Wireless Sensor Power Supply System

Jing Li"¥, Fuao Chen, Runze Zhu"’, Yang Chen

Abstract—Embedded sensors in structural health monitoring
systems can be powered by wireless power transfer technology.
However, misalignment between the transmitter and receiver is
unavoidable, resulting in system efficiency and power decreases. To
address this challenge, a 3-D positioning method for the embedded
receiving coil based on a decoupled transformer is proposed. The
decoupled transformer consists of two helical coils and one planar
coil. These three coils are orthogonal to each other and decou-
pled magnetically. Coupling occurs only between the decoupled
transformer and the receiving coil. This method requires neither
auxiliary sources nor communication equipment, and it does not
involve complex control. Experimental results show that when
the transmission distance ranges from 50 to 80 mm, 93% of the
positioning errors are within 10 mm in a 140 mm X 140 mm area.
It is proved that the proposed method achieves a high accuracy.

Index Terms—Coil positioning, decoupled
embedded sensor, wireless power transfer (WPT).

transformer,

I. INTRODUCTION

MBEDDED sensors can continuously collect vital data,
E such as stress, displacement, temperature, and so on, play-
ing an important role in structural health monitoring systems. In
recent years, wireless power transfer technology has attracted
widespread attention due to its convenience and flexibility, of-
fering an effective power supply solution for embedded sensors
(11, [2].

In a wireless sensor power supply (WSPS) system, the receiv-
ing coil and sensors are embedded within the concrete, while
the transmitting coil is typically carried by movable equipment,
such as robots or drones. For example, Fig. 1 depicts a WSPS
system where a drone carries the transmitting coil, generating
an alternating magnetic field to power wireless sensors. Since
the receiving coil is invisible and is inevitably displaced during
the concrete pouring process, it is challenging to accurately
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Fig. 1. Wireless sensor power supply system.
TABLE I
COMPARISON OF COIL POSITIONING METHODS

Methods Positioning types  Horizontal rotation ~ Positioning target

[4] 2D Effective Transmitting coil

[5],[7] 2D Ineffective Transmitting coil

[6], [8] 3D Ineffective Transmitting coil

Proposed method 3D Effective Receiving coil

determine the coil position. This leads to misalignment between
the transmitting and receiving coils, which can significantly
reduce the efficiency and output power [3]. Therefore, precise
positioning of the embedded receiving coil is crucial.

Previous researches primarily focus on positioning the trans-
mitting coil, employing techniques based on either magnetic
signal detection or voltage detection. In magnetic signal de-
tection, the transmitting coil generates a magnetic field, which
is detected by linear Hall sensors. The position of the coil is
then determined using the Biot—Savart law [4]. This technique
requires an additional dc source on the primary side. In voltage
detection, coil positioning solutions include the lookup table
method and the coupling coefficient method. In the lookup
method, the positions can be obtained by matching the inductive
voltages to a pre-established database [5], [6]. Nonetheless, the
existing methods are ineffective when horizontal rotating occurs.
In the coupling coefficient method, the coupling coefficients are
calculated from the detected voltages, and the coil position is
determined by analyzing the characteristics of these coupling
coefficients [7], [8]. However, these methods require additional
controls to switch between different operating modes. The above
methods are compared in Table I. It is important to note that the
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Circuit topology of the proposed positioning system.

Fig. 2.

abovementioned methods are only applicable for the application
where the target coil is connected to a power supply. Since
the target coil of WSPS systems is embedded in cement, these
methods are unsuitable in such scenarios.

This letter proposes a novel coil positioning method for WSPS

systems, offering the following contributions and advantages.

1) Decoupled transformer: A decoupled transformer consist-
ing of a planar coil and two solenoid coils is introduced.
These coils are orthogonal and magnetically decoupled
from each other.

2) 3-D receiver positioning in horizontal rotation scenar-
ios: The spatial coordinates of the embedded coils can
be accurately determined by fitting mutual inductance
surfaces and identifying intersections. Furthermore, the
circular design of the receiving coil ensures consistent
performance during horizontal rotation.

3) Low-cost implementation: The proposed method elim-
inates the need for additional power sources, commu-
nication modules, or complex control systems, thereby
reducing the overall system cost.

II. CircuiT TOPOLOGY

As shown in Fig. 2, an LCC-S compensation network is
chosen for the main circuit of the coil positioning system. L, and
L are self-inductances of the transmitting and receiving coils,
while Ly and Ly are self-inductances of the auxiliary coils. It is
worth noting that the transmitting coil is spatially orthogonally
integrated with two auxiliary coils, and the mutual inductances
between them are ignored. The structure is described in detail
in Section III.

According to Kirchhoff’s voltage law, the system can be
described as follows:

Uin Z11 —1/(jwCh) 0 5
0 = —1/(]&)01) Z22 —jWMps ip (])
0 0 7‘7‘pr5 Z33 is

where w is the angular frequency, Z;1, Z22, and Zss are defined
in the following:

le = ijl + 1/(]&)01) =0
Zyo = jwLy +1/(jwCp) 4+ 1/(jwC1) =0 2
Z3g = jwLs + 1/(jwCs) + Rac = Rac.
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The relationship between Uy, and Vi, as well as Ry, and R,
can be expressed as follows:

2v/2 8

Un = 7Vim Rac - TRL~ (3)
™ o

The fundamental currents in each circuit can be derived from
(1) as shown in the following:

1 = \@W‘/inw4cleP52/(4RL)
ip = —j2V3 Vi C /7 @
is = V2 Vinw?C1 My / (ARL).

The fundamental voltages of Ly, Ly, and Ly are given by

U1 = jwliiy
Ux = jwMxis Q)
Uy = jwMyis.

According to (4), when M, is positive, i1 and i are in phase.
In this case, based on (5), the polarity relationship between the
U and Uy, is determined by the sign of M,: if My is positive,
U and Uy,; share the same polarity, whereas if M is negative,
they exhibit opposite polarities. Similarly, the sign of M, deter-
mines the polarity relationship between Uy and Ur,,: when My,
is positive, Uy and Ur,; have the same polarity, but when M, is
negative, their polarities are opposite. Therefore, the sign of My
can be determined by comparing the polarities of U and Uy, 1,
while the sign of My, can be inferred from the polarities of U,
and Uy,;.

By combining (4) and (5), M, M, and My, can be solved as
follows:

My = \/(2\/§UL1RL)/(7TVinW301)
M, = (2V2RUy) /(7 Vigw® C1 M) (6)
My, = (2v2RUy) [ (1Vinw3 C1 Mpy).

Equation (6) indicates that M, can be obtained by measuring
Ur,1. Subsequently, My and My can be determined from Uy and
Uy, respectively.

III. MAGNETIC COUPLER

The magnetic coupler is shown in Fig. 3, where the turn
numbers of coils Lg, Ly, Ly, and L, are 16, 16, 16, and 15,
respectively. Ly, Ly, and Ly, are spatially oriented perpendicular
to each other and decoupled magnetically. As a result, the mutual
inductance between them is negligible.

Fig. 4 shows the simulation results of M,,, M, and M, for
various misalignments at a 60-mm transmission distance. As
shown in Fig. 4(a), M, remains positive when the X- and Y-axes
misalignment range from —100 to 100 mm. In Fig. 4(b), M is
positive when the X-axis misalignment is positive, and negative
when the X-axis misalignment is negative. Similarly, Fig. 4(c)
shows that M, is positive when the Y-axis misalignment is
positive, and negative when the Y-axis misalignment is negative.
Therefore, the orientation of the embedded coil can be inferred
based on whether M, and M, are positive or negative.



14224 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

A
Y
Region A Region B
Ux(), Uy(+) Ux(1), Uy(+)
Mx(')’ My(+) Mx(+)> My(+) X
0 »
»
@) Region C Region D
a
Ux(), Uy(-) Ux(1), Uy(-)
33.6mm 83.2mm
PRS- > My(-), My(-) My(+), My(-)
X Ao ‘
1l r_ |5
§ ; ‘ K- ng _m_y ,5:6"&? Ez Fig. 5.  Sign of voltage and mutual inductances for each region.
5 | . - 2
o Ll S
<> - 200
w3l5mm Line 2'
D T 100
(b) (c)

Fig. 3.  Magnetic coupler (a) 3-D model, (b) top view, and (c) experimental
magnetic coupler.
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E 5 _03 Mutual inductance M,s, My, and My are calculated using
6 (5). As shown in Fig. 4, two lines are derived by combining
'21(())0 ~ 200 the calculation results with the simulated mutual inductance
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10 Line 2 M=SpH of the embedded coil at an 80-mm transmission distance, points
: 6 A’ and B’ are the possible positions at a 60-mm transmission
~ 3 distance.
E 0 0 Following the above procedure, two potential positions are
.5 3 identified for each transmission distance. Fig. 7 shows the spatial
10 -6 distribution of these possible positions. Then, the M, for these
200 709 5 Too 200 pqsitipns are thainéd, ar}d tbe variation of Mp.s Wi.th X-axis
-100 2200 300 -100 misalignment is depicted in Fig. 8. As observed in Fig. 8, M,
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from the solution of M, in (6). Ultimately, the precise position
Fig. 4.  (a) My, (b) My, and (c) My for various misalignments. of the embedded receiving coil can be determined. For example,
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if the measured M, is 12.3 pH, the final positioning result is
point A’.

In corner cases, the large misalignment may lead to relatively
lower position accuracy. To align the coils precisely in these
scenarios, multiple positioning and movement iterations can
be performed. By iteratively adjusting equipment position until
M, and M, fall below the predefined thresholds, precise align-
ment can be achieved. Once My and My, are within these thresh-
olds, the residual misalignment becomes negligible, ensuring
effective alignment. Therefore, the proposed method should be
integrated with a reliable movement control system to ensure
effective coil alignment in practical applications. The whole
process of aligning coils is shown in Fig. 9.

Fig. 10 shows the magnetic coupler before and after horizontal
rotation. On one hand, since Ly, Ly, and L, are integrated and
fixed, their mutual inductance remains negligible, ensuring that
(6) is valid in horizontal rotation scenarios. On the other hand,
because the receiving coil is circular, the simulated mutual in-
ductance surfaces still hold under these scenarios. Although the
horizontal rotation of the transmitter changes the receiving coil’s
coordinates, the updated positions can be determined using the
new induced voltages of the auxiliary coils. Thus, the proposed
method remains effective even when horizontal rotation occurs.

V. EXPERIMENTAL VALIDATION

To validate the proposed method, an experimental prototype
is constructed as depicted in Fig. 11. The STM32 drives the
inverter as a control element, generating 100 kHz pulsewidth
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Experimental prototype.

modulation waveforms. Previous studies have demonstrated that
concrete has little effect on the magnetic field distribution within
the frequency range of hundreds of kilohertz [9], [10], [11].
To simplify the experimental setup and enhance observation,
the receiving coil is placed in the air. The maximum measured
mutual inductance and coupling coefficient among L, Ly, and
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TABLE II
PARAMETERS OF EXPERIMENT PROTOTYPE

Parameter Value Parameter Value
L 50.66 pH G 50.00 nF
L, 108.85 uH Gy 45.90 nF
L 47.00 uH Cs 43.89 nF
Ly 171.10 uH Ly 175.14 uH
Vin 60V Ry 8Q
i@.0A/div) | NN\ NN\ N2 N
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Fig. 12.  Experimental waveforms of (a) (—30, 50), (b) (40, 30), (c) (=20,
—50), and (d) (20, —60).

Ly are 0.86 pH and 0.0018, respectively, indicating the suc-
cessful decoupling of L, Ly, and L. Other parameters of the
experimental prototype are provided in Table II.

Fig. 12 shows the experimental waveform with the embedded
receiving coil at (—30, 50), (40, 30), (—20, —50), and (20, —70).
It can be seen that Uy and Ur,; are in the same direction when
the Y-axis misalignment is positive, whereas Uy and Uy, are in
opposite directions when the Y-axis misalignment is negative.
Meanwhile, Uy is in phase with Ur,; when the X-axis misalign-
ment is positive, but Uy and Uy, exhibit a phase difference
of 180° when the X-axis misalignment is negative, which is
consistent with the analysis in Section II.

Fig. 13 illustrates the positioning results at a 60-mm transmis-
sion distance. The X- and Y-axes misalignments of the actual
position range from —70 to 70 mm, with increments of 20
mm. The results show that the positioning results are generally
consistent with the actual positions, with 90% of the positioning
accuracy within 7 mm. Positioning errors are likely attributed
to measurement inaccuracies in both the actual position and
voltage. These experimental results demonstrate that the pro-
posed positioning method offers high accuracy at a 60-mm
transmission distance.

Fig. 14 depicts the positioning results at various transmission
distances, ranging from 50 to 80 mm in 5 mm increments.
The positioning results remain largely consistent with the actual
positions. Among the 64 tested locations, 93% of the positioning
results fall within a 10-mm accuracy range. The errors are found
to be less than 16 mm in the horizontal direction and less than
3 mm in the vertical direction. The high accuracy achieved across
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Actual position and positioning result at various transmission

different transmission distances further confirms the effective-
ness of the proposed method.

VI. CONCLUSION

In this letter, a positioning method for receiving embedded
coils based on an orthogonal decoupling transformer is pro-
posed. By measuring the rms and phase of the voltage on the
primary side, the spatial position of the receiving coil can be
determined. The proposed system only requires two auxiliary
coils, no communication, or any additional auxiliary. In addition,
positioning and energy transfer can occur simultaneously with-
outinterference. Experimental results demonstrate that when the
transmission distance is 60 mm, 90% of the position recognition
accuracy falls within 7 mm in a 140 mm X 140 mm area.
When the transmission distance ranges from 50 to 80 mm,
93% of the position recognition accuracy is within 10 mm.
These experiments validate the effectiveness of the proposed
positioning method.
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