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Abstract — In complex environments such as mines and
pipelines, wireless power transfer (WPT) technology
stands as a safe and convenient method for supplying
power. However, in practical applications, the unavoid-
able angular misalignment between the sending and
receiving coils results in decreased power. To address
this issue, this paper proposes a variable direction WPT
design method based on auxiliary coils. The mutual
inductance of the system is analyzed with coils placed at
different positions and incorporating multiple auxiliary
coils. This paper conducts simulation and experimental
analysis based on a 45° angle between the horizontal
shaft and the slant shaft, showing a 14.92% increase in
received power. The effectiveness of the proposed design
method validates the feasibility of the technology and
offers substantial support for practical applications.

Index Terms — Codirectional coil, variable direction coil,
variable direction transfer, wireless power transfer.

L. INTRODUCTION
Wireless power transfer (WPT) technology has
lately gained increasing attention as an alternative way
to transfer power with respect to a cabled connection [[1].
Due to its advantages of high reliability [2], safety [3],
flexible usage [4], low maintenance cost [5] and better
adaptability in some extreme or special conditions [6} 7],
it is widely used in various fields, including internet of
things [I8]], electric vehicles [9], medical devices [10], etc.
In 2007, MIT successfully illuminated a 60 W
bulb one meter away using magnetic field resonance
[[L1]. Magnetic coupled resonant wireless power trans-
fer (MCR-WPT) has emerged as the most promising

medium-distance wireless transfer mode.
Coupling coils are a key part of a WPT system [12].
Currently, the majority of WPT systems impose strict
requirements on the coil’s positioning during operation.
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Misalignment between the sending and receiving coils
significantly reduces received power [13].

In certain application scenarios, coil placement is
restricted, preventing direct alignment. As shown in
Fig. [T} in the mining industry, the sending coil on the
mining car moves with the slant shaft, while the receiv-
ing coil is positioned on the wellbore. When the min-
ing car supplies power to electrical equipment on the
slant shaft, direct alignment is possible. However, when
powering equipment on the horizontal shaft, an angle
between the sending and receiving coils reduces received
power [[14]].

Slant shaft

Fig. 1. Schematic of the location of WPT coils in coal
mines.

To enhance coil transfer efficiency in diverse sce-
narios, [15] introduced ferrite between the sending and
receiving ends to increase the transfer power when mis-
aligned. However, maintaining consistent shapes for the
sending and receiving coils is necessary. By winding Litz
lines at different positions on the ferrite, [16] altered
the magnetic field distribution, providing improved resis-
tance to misalignment.

To supply power to receiving coils at various angles,
[L7] utilizes multiple relay coils for equipment power,
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but requiring separate capacitors to be configured for
each coil. Although multi degree of freedom WPT
technology energizes devices at different positions and
angles, its structure is generally complex and demands
sophisticated control methods [18]].

Due to the angular misalignment between the send-
ing coil and the receiving coil, the distribution of the
electromagnetic field and the process of power transfer
become complex. Therefore, based on electromagnetic
field analysis and finite element simulation, a design
method for a variable direction WPT system was pro-
posed. Through mutual inductance calculation and sim-
ulation, the case of a horizontal shaft and a slant shaft
with an angle of 45° was analyzed. The proposed method
is applicable for cases where the angle is less than 90°.
The main contributions of this paper are as follows:

(1) This paper analyzes the mutual inductance between
multiple coils and the occurrence of angular errors
between coils.

(2) A design method for variable direction WPT based
on auxiliary coils was proposed.

(3) The experimental prototype is designed to measure
the power transfer of different numbers of auxiliary
coils and auxiliary coils at different positions. With
the proposed design method, the received power can
be increased by 14.92%.

II. THEORETICAL ANALYSIS
A. Basic WPT analysis

The equivalent circuit method was utilized to model
the WPT system in our research. The equivalent cir-
cuit method simplifies complex electromagnetic systems
into circuit models for analysis, providing an intuitive
description of the power conversion and transfer pro-
cesses among system components.

The MCR-WPT system mainly consists of a high-
frequency (HF) power supply, sending module (sending
coil), receiving module (receiving coil) and load [12}[19].
The equivalent circuit is depicted in Fig. 2]

Ryc represents the equivalent impedance of the HF
power supply AC. Lg, Cs and Rys denote the equiv-

|_
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Fig. 2. Equivalent circuit of MCR-WPT system.
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alent inductance, resonant capacitance and equivalent
resistance of the sending module. Similarly, Lg, Cr and
Ry r represent the equivalent inductance, resonant capac-
itance and equivalent resistance of the receiving module.
R; signifies the load resistance, while Mgg stands for
the mutual inductance between the two coils. In accor-
dance with Fig.[2] deducing the Kirchhoff’s Voltage Law
(KVL) equations of the two circuits with the operating
angular frequency  is straightforward:

[ Zs jwMSR:| lls]:
JoMsg  Zg I

L] L]
Is and Ir are the currents of the sending circuit and
L]

Uac

. 1
0 ey

the receiving circuit, Uyc is the input voltage and Py is
the power of load. The transfer efficiency 1 is defined as
the ratio of load power to input power. Zg and Zg repre-
sent the equivalent impedance of the sending coil circuit
and the receiving coil circuit, respectively. When reso-
nance occurs between the sending and receiving coils,
the load power Py, and efficiency 1 are highest:
L]

P IR2R
N= e x100% = 5l x 100%.  (2)
Uucls Uacls

In the MCR-WPT system, the coupling coefficient
k represents the coupling strength between two coils,

defined as follows:
Msg

VEsls ®

According to the definition of coupling coefficient,

the mutual inductance directly determines the coil cou-

pling strength when the coil parameters are fixed. There-

fore, mutual inductance is key to analyzing the transfer
capacity of WPT systems.

k=

B. Variable direction WPT analysis

In WPT systems, power is transmitted from the
transmitter module to the receiving module through elec-
tromagnetic field coupling, where mutual inductance
serves as a crucial parameter to describe this coupling
strength [20]. When dealing with complex electromag-
netic systems, the simple equivalent circuit method may
not provide sufficiently accurate analysis results. To cal-
culate the mutual inductance between coils, the Neu-
mann formula from computational electromagnetics was
employed for analysis. This method enables precise cal-
culation of mutual inductance between coils at different
positions and angles, serving as a reference for system
design and optimization.

The coils used in this paper are all coaxial multi-turn
circular coils. For ease of observation, they are depicted
as single-turn coils in the figures.

Establishing a coordinate system with the center of
the sending coil as the origin, the center of the receiv-
ing coil remains in the yz plane and shifts towards the
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positive y-axis until the outer radius of the receiving
coil is tangent to the inner radius of the sending coil.
Subsequently, using the tangent point as the center of
rotation, a 45° rotation is performed about an axis paral-
lel to the x-axis, directed away from the sending coil. The
positional relationship between the sending and receiv-
ing coils post-rotation is illustrated in Fig.[3]

AZ

Receiving coil Ly

Sending coil Lg

Fig. 3. Schematic of coil position.

The spatial position of the sending coil and the
receiving coil undergo changes after rotation, introduc-
ing complexity to the calculation of mutual inductance.
To simplify the calculation, assuming uniform flow of
coil current through the conductor element and neglect-
ing skin effect, mutual inductance can be expressed

as [21]:
,U()NsNRff dLg -dLg
Msg = . 4
SR 4an JigJe  h “)

U represents the vacuum magnetic permeability. Ng
and Ng are the turns of the sending coil and receiv-
ing coil, respectively. Based on the proposed equivalent
model:

dLs -dLg = rgrocosacosf, 5)
where r, signifies the length of the projection of the
differential element d Lg of the receiving coil in the xy
plane. Its value depends on the rotation angle ¢ of the
receiving coil and the angular relationship  of the dif-
ferential element with respect to the point of rotation. Its
expression is:

ro = er{ \/ 1 +cos? B sin® . (6)
Lg

The airline distance between dLg and dLg is h,

Ve — HoNsNin 7{ f
Sin = "o
Lg JLiy \/2r§(1 —Cos as)+d§in
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derived by:
h= \/(FR —710)? 4 [dsg +rr(1 —cosB)sin@]?.  (7)

Compared with the topology before rotation, the
coupling between coils is reduced. Auxiliary coils with
the same radius as the sending coil can be added between
the sending coil and receiving coil to enhance transfer
efficiency.

This paper introduces two auxiliary coils, namely
the codirectional auxiliary coil L; and the variable direc-
tion auxiliary coil L;, positioned between the sending
and receiving coils. As illustrated in Fig. [} the codi-
rectional auxiliary coil is placed near the sending coil,
aligned coaxially with it. The variable direction auxiliary
coil is placed close to the receiving coil, with its axis
in the positive half of the yz plane. The angle between
the coil plane and xy plane is denoted as 6, (60,<@).
The codirectional auxiliary coil enhances the magnetic
field intensity, while the variable direction auxiliary coil
is designed to alter the direction of magnetic field prop-
agation, facilitating variable direction transfer.

‘A

Receiving coil Ly

Variable direction

auziliary coil L; _ _°

Codirectional

augiliary coil L,

Sending coil Lg

Fig. 4. Schematic of coil position (with auxiliary coils).

d represents the distance between coils, and the two
letters after d represent the corresponding coils. For coils
with an angle between the xy plane (L; and Lg), when
representing their position with other coils, the point with
the highest y-value on the yz plane is used as the refer-
ence, as shown by the red and blue dots in Fig.[d]

Both the codirectional auxiliary coil and the variable
direction auxiliary coil are multi-turn coils, with sub-
scripts added after the coil name to indicate a particu-
lar turn of coil, denoted as L;1, L, ..., Liy and L;j1, Lj,
...y Ljy. According to equation (@), the mutual induc-
tance between each coil can be calculated:

2
r; cos ogd oud By
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The wire of the coil has a conductivity of 6x 10’
S/m, and the cross-sectional diameter of the coil wire is
1 mm. The coil Lg has a turn number of 30, while coils
L;, L; and Lg have turn numbers of 10. The radius of
coils Lg, L; and L; are 10 cm, and the radius of coil Lg is
5 cm.

The mutual inductance Mgk varies with the fre-
quency f (f=w/2m) and can be obtained using the above
parameters, as shown in Fig. |§[ When =70 kHz, the
mutual inductance is maximum. As ¢ increases, Msg
decreases.

3.5 |
—O— ¢=10°
3 | $®=20°|
9=30°
ol ol
9=60°
T 27
E
. 15¢
%
s )
0.545 -
I
O | 4
-0.5 ‘ ‘ ) . g%
68 685 69 695 70 705 71 715

f (kHz)
Fig. 5. Curves of Mgg varied with f at different ¢.

For WPT systems, the maximum power can be real-
ized only at specific angles and distances [22]]. Figure [f]
illustrates the variation of Mgg with respect to f at dif-
ferent ds; when dsg=8 cm. Similarly, when f=70 kHz,
the mutual inductance reaches its maximum. It is note-
worthy that the maximum value of mutual inductance is
obtained at dg;=5 cm.

All auxiliary coils are connected in series with corre-
sponding resonant capacitors C;, or Cj,, and work reso-

- .
\/<rR — fLR rr/ 1 —cos? Bi, sin® (p) + [drin + rr (1 — cos Biy) sin (p}2

(1)

67 68 69 70 71 72
f (kHz)

Fig. 6. Curves of Mgy varied with f at different dg;.

nantly with the system operating frequency. Based on the
equivalent circuit model, it is easy to deduce the voltage
KVL equations of the system with the operating angular
frequency w:

I I Zs j(x)MSil j())MSjl ja)MSR i
I JOMs;y  Z; w JOMijy ... jOMRi
! j(l)Mi]iQ
. jwMSjl Zj jCOMRj]
I; JoOMij1 ... joM;j ...
I;Q _j(DMSR JoOMpgi1 ... j(DMRj] ZR ]
Uac
0
= | (12)
0
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I.s, I;n, I;n and I;g represent the currents in the send-
ing circuit, codirectional coil circuit, variable direction
coil circuit and receiving circuit, respectively. The total
impedance for each circuit is shown in Table[I]

Table 1: Equivalent total impedance of the circuit

Circuit Total Circuit Impedance
Sending circuit Zs = Rac+ ﬁ + joLg

s : T ;
Codlrf:ctllona.l Zin = JaC, + joLi,
coil circuit
. s . — 1 . -
Var1ab1§ d1.rect'10n Zip = aCs, +JjoLj,
coil circuit
T . . T .
Receiving circuit Zr =Ry + Tk + joLg

Furthermore, the current I;e in the receiving circuit
at various angles of ¢ and distances ds; can be calcu-
lated, which is illustrated in Figs. [/| and [8| Similar to
the analysis of mutual inductance, the current reaches its
maximum when /=70 kHz, and its magnitude decreases
with increasing ¢.

T
—O— o=10°

685 69 695 70 705 71 715
f (kHz)

Fig. 7. Curves of I varied with f at different ¢.

As shown in Fig. |8 the current reaches its maximum
when ds;=5 cm at a frequency of 70 kHz. The magnitude
of the current is directly proportional to the power.

Through mutual inductance calculations, the impact
of auxiliary coils on transfer characteristics at different
positions and angles was analyzed. The combination of
the equivalent circuit method and the Neumann formula
provides us with an effective analytical tool, offering
essential insights for system design and optimization.
Therefore, the addition of auxiliary coils can enhance
the magnetic field near the receiving coil from within
the geometric structure of the system, thereby improv-
ing transfer power.

ACES JOURNAL, Vol. 39, No. 04, April 2024

10

T
N —O— dg=4cm

67 68 69 70 71 72 73
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Fig. 8. Curves of I;g varied with f at different dg;.

Due to the proposed system having multiple coils
and the existence of angular misalignment, there is a lack
of explicit formulas to calculate the power. According to
equations (T) and (), mutual inductance and current are
key parameters that affect the power transfer. Therefore,
feasibility needs to be validated through simulations and
experiments.

II. SIMULATION ANALYSIS
A. Design method

After determining the basic structure of the system,
it is necessary to further determine the specific posi-
tions of the two auxiliary coils. To achieve the maximum
received power, the goal can be accomplished through
the following steps. The specific process is illustrated in
Fig.[9]

The first step involves determining the positions
of the sending coil and the receiving coil. The angle
between the sending coil and the receiving coil is
application-specific, set at 45° in this paper.

In the second step, vary the position of the codi-
rectional auxiliary coil, measure the power received by
the receiving coil, and record the maximum power point
along with its corresponding position. Moving on to the
third step, fix the codirectional auxiliary coil at the iden-
tified maximum power point.

In the fourth step, determine the rotation center (blue
dot) and axis of the variable direction auxiliary coil. The
center position of dg; on the yz plane is the midpoint,
i.e., dgj=d;;. The rotation axis passes through the rotation
center and is parallel to the x-axis.

For the fifth step, rotate the variable direction auxil-
iary coil around the rotation axis towards the direction of
the receiving coil, recording the maximum power point
and its corresponding position.

Finally, the sixth step involves fixing the variable
direction auxiliary coil at the maximum power point.



1. Fix the sending coil and the receiving coil

2. Change the position of the codirectional

auziliary coil, and measure the received power

3. Secure the codirectional auziliary

coil at the position of mazimum power

4. Determine the rotation center and axis

of the variable direction auziliary coil

5. Change the position of the variable direction

auziliary coil, and measure the received power

6. Fix the variable direction auxiliary

coil at the position of mazimum power

Fig. 9. Variable direction transfer design process.

B. Electromagnetic field simulation

Here we match capacitors according to the coil
inductance to construct a resonant circuit. The coil
parameters are shown in Table[2}

Table 2: Coil parameters

Coils Inductance Series  |Resistance
Capacitor
Sending coil Lg | 170 uH 30 nF 0.422 Q
Codirectional 18 uH 30 nF 0.236 Q
auxiliary coil L;
Variable 18 uH 30 nF 0.236 Q
direction
auxiliary coil L;
Receiving coil 170 nH 30 uF 0.15Q
Lg

The number of turns, radius and other parameters of
each coil are consistent with those mentioned earlier.

With a distance dsg of 8 cm between the sending coil
and the receiving coil, the position of the codirectional
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auxiliary coil is altered to measure the system’s transfer
power at different locations. The measurement results are
shown in Fig. [T0}

54 . . . , .

———— Only with L’
Without L, and L]

d

i (€M)

Fig. 10. The received power with codirectional auxiliary
coil.

It can be seen that when dg;=5 cm, the transfer
power is highest, so the codirectional auxiliary coil is
placed in this position. After the addition of the codirec-
tional auxiliary coil, a frequency splitting phenomenon
occurred, that is, when the distance between the codirec-
tional auxiliary coil and the sending coil is too close, the
power is lower than that without the addition of auxiliary
coil [23].

After determining the position of the codirectional
auxiliary coil, we studied the impact of the variable
direction auxiliary coil. We rotated the axis parallel to
the x-axis in the direction away from the sending coil,
and measured the transfer power at different angles. The
results are shown in Fig. [TT]

—&—— With L’ and L/

r nly wi
60 Only with L,
Without L/ and Lj

50

48—
15 16 17 18 19 20 21 22 23 24 25
6,()

n

Fig. 11. The received power with two auxiliary coils.
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70 . . . . . . . . .
—O—— With L;and L,
77777777 Onlywi(hL’
eor @ | ______ Wi(houlL’andL] 1
e N 53.04
BO F~ " fr e e d
< 50.56
s
& 40 r
30
20& T
1 11 12 13 14 15 16 1.7 18 19 2
de (cm)

Fig. 12. The received power with two auxiliary coils
when 6,=19°.

When the angle between the variable direction aux-
iliary coil and the xy plane is 19°, the power is maximum
and higher than when only the codirectional auxiliary
coil is added. Therefore, the proposed design method can
effectively improve transfer power and achieve variable
direction transfer.

When 0,, is 19°, we varied dg; and measured the
transfer power, as shown in Fig. According to the
proposed design method, the rotational center of the
variable direction auxiliary coil is located at the center
position of dg;, i.e., dgj=d;j}=1.5 cm. Due to the pre-
cise requirements of coil positioning in WPT [22]] and
the existence of frequency splitting phenomena [23]], the
power rapidly decreases when the variable direction aux-
iliary coil is located at other positions.

The magnetic flux distribution of the system is
shown in Fig. [T3] The magnetic flux generated by the
sending coil is guided towards the direction of the receiv-
ing coil through the auxiliary coils L; and L;, effectively
improving the transfer power.

Fig. 13. Magnetic flux distribution.
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IV. EXPERIMENTAL MEASUREMENTS
AND RESULTS
Analysis from computational electromagnetics pro-
vided a basis for studying the placement of auxiliary
coils. Validation of the analysis results will be conducted
through experiment.

Variable direction auxiliary coil

Codirectional auxiliary coil

Oscilloscope
UTD7052B

High frequency power
supply AG1019

__ : . p Receiving coil
Impedance matching Sendi i
transformer T1K-7A €nding col

Fig. 14. Experimental prototype.

Figure [[4] illustrates the experimental prototype
for the variable direction WPT system. Power supply
AG1019 is adopted to produce an HF voltage signal with
a frequency of 70 kHz. The impedance matching trans-
former T1K-7A is employed to mitigate the influence
of reflected power from the system on AG1019. The
parameters of each coil are consistent with those used
in the simulation. The experimental prototype adopts an
SS topology with a load resistance of 5 Q.

After fixing the sending and receiving coils, the dis-
tance between the codirectional auxiliary coil and the
sending coil is varied, and the transfer power is measured
at different positions. The results are depicted in Fig. T3]

The power peaks when the distance between the
codirectional auxiliary coil and the sending coil is 5 cm.
Due to the manual winding of the coil, a slight error
in the design size leads to slightly lower experimental
power than the simulated power. Specific values mea-
sured during the experiment are detailed in Table 3]

To further enhance received power, a variable direc-
tion auxiliary coil is added to the system. Following the
method described earlier, the codirectional auxiliary coil
is fixed at dg;=5 cm. The angle of the variable direction
auxiliary coil is adjusted, and received power is mea-
sured at different positions, as illustrated in Fig. [T6]

At 0,=19°, the maximum received power is 58.07
W. Compared with the situation without the addition of
the codirectional auxiliary coil, the received power has



55 . . . . .
—S— Sim ,
A Exp
50 r
s
Q
45
N
40 ) . . : )
1 2 3 4 5 6 7
dSI. (cm)

Fig. 15. The experiment results of received power with
codirectional auxiliary coil.

Table 3: The experiment results of received power with
codirectional auxiliary coil

ds; dgi Received Power
1 cm 7cm 392 W
2 cm 6 cm 40.65 W
3cm 5cm 4376 W
4 cm 4 cm 458 W
5cm 3cm 51.03 W
6 cm 2 cm 47.67 W
7 cm 1 cm 43.58 W

62 , . . : . . , . ;

60 r

17 18 19 20 21 22 23 24 25
6, ()

n

15 16

Fig. 16. The experiment results of received power with
two auxiliary coils.

increased by 7.04 W. In comparison with the original
two-coil system, the received power has increased by
14.92%.

When 6,=19°, the transfer power is measured by
varying the distance between the variable direction aux-
iliary coil and the receiving coil, as shown in Fig. [T7]
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The power rapidly decreases when the variable direction
auxiliary coil is located at other positions.

70

60 |

50

30 1

/
20

10

1 1112 13 14 15 16 1.7 18 19 2
de. (cm)

Fig. 17. The experiment results of received power with

two auxiliary coils when 6,=19°.

When L; and L; are not placed according to the
proposed design method, even when operating at the
resonant frequency, the power is lower. As shown in
Fig. [18] at different distances, the power is consistently
below 35 W.

35 T T T T T

——O—— dgg=Bem.dg =4cm.dy=2cm
——5—— dgg=10em,dg =4cm d =dem
dgg=9cm dg=4cm dg;=3om

— dSR=Scm.dSl=4::m‘dRA:2cm

30

25}

68 69 70 71 72 73 74
f (kHz)

Fig. 18. Transfer power of coils at different positions.

The above experiment demonstrates that auxiliary
coils can effectively enhance the received power of the
system. The variable direction transfer method proposed
in this paper proves effective in improving received
power at specific positions. Consistency between the
computational electromagnetics analysis and experimen-
tal results validated the feasibility of our design method.

V. CONCLUSION
In application scenarios, when the sending and
receiving coils deviate from being parallel, the
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performance of the WPT system deteriorates sig-
nificantly. In traditional two-coil WPT systems, the
received power experiences a considerable reduction
when the receiving coil is rotated. Addressing this issue,
this paper introduces a method for a variable direction
WPT system based on two auxiliary coils.

Due to the lack of explicit formulas for calculating
power in complex WPT systems, the mutual inductance
and current related to transfer characteristics were ana-
lyzed. To validate the rationality of the design method,
the magnetic flux distribution of the system was studied
through simulations. Finally, the analysis results were
verified through experiments, confirming the feasibility
of the proposed approach.

Moreover, when altering the angle between the
sending and receiving coils, the proposed variable
direction transfer method also contributes to improved
received power. Nonetheless, the transfer efficiency
remains suboptimal, prompting further investigation into
optimizing the coil structure and control modes as our
next step. In other scenarios, adopting more coils and
using intelligent algorithms to calculate parameters are
also our future work.
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