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Design of Wireless Power Transmission Coupling
Structure Based on Rotary Steerable Drilling

LilJi

Abstract—TIn this article, a DD-4D double-layer orthogonal mag-
netic coupler with mutual inductance compensation is proposed
for powering electrical equipment mounted on fixed sleeve during
rotary steerable drilling. It can not only transfer the electric en-
ergy from the rotating side to the stationary side, but also ensure
the stability of the transmission efficiency of the wireless power
transmission system. First, the topology and working principle of
DD-4D double-layer orthogonal coils are proposed and the typical
WPT system of rotary steerable drilling is analyzed. Second, the
influence of the center angle and the number of combinations of DD
transmitting coils with good lateral antimigration performance on
mutual inductance of the magnetic coupler was investigated. Third,
the DD-4D double-layer orthogonal coils’ model is determined to
solve the problem of mutual inductance zero coupling point during
rotation. Fourth, the simulation characteristics of lateral migration
axial migration and off-axis angular migration are studied, respec-
tively. Fifth, an experimental model is established to verify that the
comprehensive efficiency of the system is 88.56 % and the efficiency
offset rate is only 3.34%.

Index Terms—Magnetic coupler, mutual inductance compensa-
tion, rotary wireless energy transmission, uniform magnetic field.

1. INTRODUCTION

IL and gas, as the most important primary energy of hu-
man society, have an important impact on social stability
and prosperity. With the continuous advancement of downhole
development, well depth gradually increases and the environ-
ment becomes more and more complex [1], [2], [3]. The power
supply of deep-well drilling equipment is usually provided by
turbine generator driven by high-pressure mud in drill pipe [4]. In
the drilling process, the reliability of electric energy transmission
is challenged by harsh conditions such as high temperature, high
pressure, vibration, and liquid convection [5], [6], [7], [8], [9].
The traditional wired connection mode is not suitable for
energy and signal transmission under drilling conditions, while
the brush slip ring mode has the problem of seal failure in the
well. The wireless energy transmission technology based on the
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principle of electromagnetic resonance can realize power trans-
mission under the condition of complete electrical isolation [10],
[11], without the problem of contact fire and seal failure. It can
effectively reduce equipment wear and improve transmission
reliability.

In the mechanical structure of rotary steerable drilling system,
there is relative rotation between the rotary drill pipe and the
fixed guide sleeve. How to conduct wireless power transmission
for the static working equipment through the rotary generating
device is an important research topic in this field [12], [13].
Coupling coils are the core component of wireless power trans-
mission system, and the change of its parameters can affect
the change of space magnetic field, and ultimately affect the
transmission efficiency and robustness of the system [14], [15],
[16], [17], [18].

In order to better adapt to the rotation condition, the coupling
coils are often circular. The model in which the transmitting
and receiving coils are all round is called fully wrapped model.
Song et al. [19], at Harbin Institute of Technology, proposed a
SCSC-Type magnetic coupling coils, which ensures the stability
of efficiency and lightweight structure, but has a low degree
of integration. Abdolkhani et al. [20] compared and analyzed
the transmission performance of the inner and outer coils and
the parallel coils under rotating conditions, and on this basis
proposed a parallel coils with primary side-secondary side-
primary structure, which could increase the power by four times
compared with the typical double coils model. Based on the
periodicity of the rotation of the equipment, the utilization rate
of the wire can be improved by replacing the whole circle with an
arc, or by appropriately reducing the size of one side coil. This
kind of structure is called semiencircle structure. Wang et al.
[21] proposed a radial flux rotating wireless power transmission
system, which adopted the DD-DD magnetic coupler, where in
the central angle of the unilateral receiving coils was only 60°,
which reduced the coils winding amount. However, the model
had zero coupling point of mutual inductance in the rotation
process, which affected the stability of transmission efficiency.
In [22], two solenoid coils with a difference of 120° between
their central angles were used on the transmitting side to improve
the utilization rate of wires. Meanwhile, internal and external
overlapping was adopted on the receiving side to compensate
for mutual inductance of coils, reducing the migration rate of
mutual inductance in the rotation process. Abdolkhani et al.
[23] proposed the model of multiple transmitting coils, with
six T-shaped ferrites corresponding to the solenoid coils one by
one, and the receiving coils wound on the shaft. This hexagonal
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Fig. 1. Typical device for rotary steerable wireless power transmission.

structure design effectively improved the stability of transmis-
sion performance in the rotation process, but the structure was
not equipped with protective shield, so the ferrite was more likely
to be damaged in the rotation process.

Based on the above-mentioned research content, this article
first verifies the operating characteristics of rotary steerable
drilling, and on this basis defines the transmission character-
istics of the wireless power transmission system. The model of
DD-DD coils with good lateral antimigration performance was
selected for design, and the influence law of the center angle
of DD-type transmitting coils and the number of combinations
on mutual inductance between transmitting and receiving coils
were explored. In this article, the problem of mutual induc-
tance zero coupling point in rotation process is analyzed, and
a design scheme of double-layer orthogonal DD transmitting
coils is proposed. Through the finite-element simulation design,
the mutual inductance and antimigration characteristics in the
rotation process are studied. The experimental model is built,
and the transmission characteristics of the system are analyzed
and summarized.

II. ROTATION CONDITION AND CIRCUIT ANALYSIS
A. Rotary Steerable Drilling Conditions

A typical device for rotary steerable wireless power trans-
mission is shown in Fig. 1. It consists of a power supply mod-
ule, a rotary drill pipe, a fixed guide sleeve, a wireless power
transmission system, and a drill bit related module. The power
module first supplies power to the transmitting coils located on
the rotating drill pipe, and then transmits it to the receiving coils
on the fixed guide sleeve using the principle of electromagnetic
resonance. Finally, it supplies power to the relevant module of
the bit through a series of power conversion circuits to ensure
the stable and normal operation of the bit. During the drilling
process, there will be relative rotation and relative migration
motion between the drill pipe and the sleeve. The research focus
of this article is to ensure the stability of coupling performance
under moving conditions.

B. WPT Circuit Analysis

This section focuses on the power transmission characteristics
under the S-S compensation topology. The equivalent circuit
diagram of the WPT system based on the S-S compensation
topology is shown in Fig. 2. In the designed DD-4D double-layer
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Equivalent circuit diagram of WPT system based on S-S compensation

orthogonal magnetic coupling structure, because the two trans-
mitting coils are always orthogonal and in a mutual decoupling
state, the cross-mutual inductance between them is defined as
0, and only the mutual inductance between the transmitting
coil and the receiving coil is considered. In Fig. 2, the inner
transmitting coil and the outer transmitting coil are equivalent
to a transmitting coil loop L; (equivalent self-inductance), and
the S-S compensation topology is adopted to improve the power
factor and reduce the energy loss. For convenience, it is assumed
that the dc power supply, rectifier, and inverter used are ideal
components. In Fig. 2, Uy is the output voltage of the dc power
supply, /4. is the output current of the dc power supply, Uy is
the output voltage of the inverter, /; is the current of the equiv-
alent transmitting loop, Cy and R represent the compensation
capacitance and internal resistance of the equivalent transmitting
coil, respectively. I is the receiving loop current, L, Cg, and Ry
represent the self-inductance, compensation capacitance, and
internal resistance of the receiving coil, respectively. Us is the
input voltage of the rectifier, Cyr is the filter capacitor, R; is the
load, Miot.1 represents the total mutual inductance between the
transmitting coil and the receiving coil, and R, is the equivalent
load.

According to Kirchhoftf’s voltage theorem, (1) can be ob-
tained, when jwLi+1/jwCy = 0, jwLs+1/jwCy = 0, the system
resonance occurs. At this time, solving (1) can obtain (2) of /;
and /.

Up = I (jwle + 5k + Be) + jwMals

M
0= 1, (jwLs + 7z + o) + LReq + juMiols

I _— Ut(R +Req)

© 7 Re(RetReg) +w?M, ol ()
Ib — Jw MUy ’

" Ri(RstReq) w2 Mgy,
Assuming that the inverter and rectifier are ideal components,
the output power P,,; and transmission efficiency 7 of the WPT

system based on the S-S compensation topology can be obtained

P ¢ = totalUt R (3)
out —
[R¢ (RS + Req) +w Mt%tal]Q
n= w MlotalReq (4)

(R + Req) [Rt (R + Req) +w Mtotal}

It can be seen from (4) that mutual inductance plays a
major role in efficiency. Therefore, the mutual inductance
characteristics of DD-DD coil structure with good lateral mi-
gration resistance will be studied in the following. Aiming at
the problem of zero coupling point of mutual inductance, the
DD-4D double-layer orthogonal magnetic coupling structure
is proposed and its mutual inductance characteristics and an-
timigration characteristics are analyzed. The research flow chart
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Fig. 3. Research content flow chart of DD-4D double-layer orthogonal mag-
netic coupling structure.

of DD-4D double-layer orthogonal magnetic coupling structure
is shown in Fig. 3. First, the influence of different center an-
gles of single-layer DD transmitting coils and the number of
combinations on the mutual inductance of the coupled structure
was investigated. Considering the requirements of stable mutual
inductance, small winding amount of coils, and maximum av-
erage mutual inductance during rotation, a DD-4D double-layer
orthogonal magnetic coupling structure was proposed based on
the principle of coil decoupling. Second, the control variable
method is used to simulate the misalignment angle and the
distance between the two layers of transmitting coils, and the
coil structure parameters with the best coupling performance
are obtained. Finally, considering the inevitable strong vibration
environment in the actual rotary steerable drilling conditions,
the antimigration characteristics of the coupled structure are
simulated and analyzed, and the DD-4D double-layer orthogonal
coupled structure has superior antimigration performance under
the conditions of lateral migration, axial migration, and off-axis
angular migration, respectively.

III. SINGLE-LAYER DD CoOIL MODEL

In the planar coil model, DD coils have better antimigration
performance, which is reflected in the DD coils having good
lateral antimigration ability in rotation condition. Therefore, the
three-dimensional DD-DD coil model was first selected as the
design model in this article. The mutual inductance characteris-
tics of the structure during rotation were analyzed and optimized,
and the influences of the center angle of the transmitting coils and
the number of coils combinations on the coupling performance
were explored, respectively.

A. Center Angle Analysis

As shown in Fig. 4, the transmitting and receiving coils are
placed facing each other, and the initial central angle of the
transmitting coils is designed to be 60°. By changing the central
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angle A of the transmitting coils, the finite-element simulation
model is used to explore the mutual inductance characteristics
in the rotation process of the magnetic coupler of DD-DD when
A ranges from 60° to 180°. The relative rotation angle of the
transmitting and receiving coils is defined as -y, and when the
transmitting and receiving coils are placed directly opposite as
shown in Fig. 4,  is 0. Fig. 5 is the mutual inductance change
curve of magnetic coupler with different A values in 180° rotation
cycle. Itis not difficult to find that although the magnetic coupler
with smaller central angle A changes more smoothly, but this is
because the magnetic coupler with smaller value of XA in the
rotation process of the overall mutual inductance smaller, and
no matter how the value of the central angle A changes. The
mutual inductance values all approach zero at the position with
arelative rotation angle of 90°, which is called the zero coupling
point of mutual inductance.

In order to explore the influence of the number of transmitting
coils combinations on the mutual inductance characteristics of
the magnetic coupler in the rotation process, three transmitting
coil combinations are designed, which are single-group trans-
mitting DD model, double-group transmitting DD model and
three-group transmitting DD model, as shown in Fig. 6. The
central angle X of these three models are about 180°, 90°, and
60°, respectively. The coil winding method that covers all the
rotating drill pipe is realized.
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Fig. 7. Change trend of mutual inductance under different group numbers.

B. Combined Quantity Analysis of Coils

Fig. 7 shows the variation curve of mutual inductance of
different transmitting coil combinations in the rotation process.
It can be found that with the increase of the number of trans-
mitting coil combinations, the fluctuation of mutual inductance
curve becomes stable gradually. The two-group transmitting DD
model increases the value of mutual inductance zero coupling
point to 3.418 p/H, while the three-group transmitting DD model
increases it to 4.03 pH. The effect of zero coupling points of
mutual inductance is weakened. However, compared with the
dual-group emission DD model, the mutual inductance value at
nonzero coupling points also decreases, and the coil winding
quantity increases with the increase of the number of transmit-
ting coil groups.

Through analysis and research, the reason for the existence
of zero coupling point of mutual inductance is similar to the
decoupling principle of DDQ coil [24]. The transverse mag-
netic field is generated at the central position of DD coil, and
longitudinal magnetic field is generated at this position when the
rectangular coil and DD coil are directly aligned. No coupling
occurs between them, so the two kinds of coils are decoupled.
Based on this design idea, in order to eliminate zero coupling
points of mutual inductance and realize mutual inductance com-
pensation, a new DD-4D double-layer orthogonal magnetic cou-
pler is proposed in this article. While the receiving coils remain
unchanged as DD model, the transmitting coils are designed
as 4D double-layer orthogonal structure, and the structure is
modeled and analyzed. The effects of the misalignment angle
and interlayer distance parameters on the coupling performance
were studied.

IV. DD-4D DOUBLE-LAYER COILS MODEL
A. DD-4D Magnetic Coupler Modeling

Mutual inductance and coupling coefficient are important
standards to measure the coupling state at the transceiver side. As
the relative rotation angle between the transmitting and receiving
coils changes, reducing the mutual inductance migration can
improve the transmission efficiency stability of the coupling
mechanism and reduce the power loss [25], [26], [27]. The
DD-4D double-layer orthogonal magnetic coupler proposed in
this article is composed of six subcoils, namely four transmitting
coils and two receiving coils, as shown in Fig. 8. Fig. 8(a) shows
the tiling diagram of the receiving coils. /31 represents the length
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of the outermost receiving coils, and /3o represents the height of
the outermost receiving coils. Fig. 8(b) shows the tiling diagram
of the transmitting coils, which consists of two groups of DD
coils, Ty and Ts. [17 and l5; represent the outermost coil lengths
of the two groups of transmitting coils, respectively, /15 and
l2o represent the height of the outermost coil, and d; and ds
represent the distance between turns of the coils.

Fig. 9 is a stereogram of DD-4D double-layer orthogonal
magnetic coupler. The transmitting side is composed of two sets
of DD coils with a tangential difference of 90°, which are tightly
wound around the outer surface of the rotating drill pipe. The
receiving side is a single group of DD coils, which are tightly
wound on the inner surface of the fixed guide sleeve and coaxial
with the transmitting coils. Limited by the outer diameter of
the rotating shaft, the diameter of the two transmitting coils
are 150 mm and 154 mm, respectively, and the diameter of the
receiving coils is 200 mm due to the inner diameter of the sleeve.
According to the coil model determined earlier, the influence of
misalignment angle between double-layer coils and interlayer
distance parameters on the coupling performance of the system
was studied.

B. Optimization Analysis of Coil Dislocation Angle

In order to illustrate the necessity of orthogonalization of
double-layer transmitting coils in the proposed DD-4D magnetic
coupler, the dislocation angle 5 between double-layer trans-
mitting coils is simulated in this section, and the influence of
different 8 values on mutual inductance of the magnetic coupler
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Fig. 11. Change trend of mutual inductance under different misalignment
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in the rotation process is explored. Keep the parameters of
receiving coils fixed, and only change (3 value in simulation.
Fig. 10 is a schematic diagram of coils dislocation angle. When
the dislocation is 0°, the two layers of transmitting coils are
aligned, and when the dislocation is 90°, the two layers of
transmitting coils are orthogonal. Fig. 11 shows the variation
curve of mutual inductance M of the magnetic coupler during
the process of v from 0° to 180° at different 8 angles. It can
be found that when 8 = 0°, the mutual inductance value at ~y
= 90° is close to 0, because the two layers of transmitting coils
position are right, did not play the role of compensating mutual
inductance. When the (3 value is increased, the minimum mutual
inductance increases. It is clearly observed that compared with
the other five curves in the figure, the 5 = 90° curve fluctuates
smoothly, the mutual inductance migration is only 21.9%, and
the M is maintained at about 9 pH during the rotation period,
which successfully solves the problem of zero coupling point
of mutual inductance. It is proved that the orthogonalization of
double-layer transmitting coils in DD-4D magnetic coupler is
correct, so the double-layer orthogonal transmitting coils model
is selected for further study.

C. Optimization Analysis of Interlayer Distance Between
Loops

The change of the interlayer distance r will also affect the
coupling performance of the system. The relationship between
the interlayer distance r and the rotational mutual inductance
M of the magnetic coupler will be simulated and analyzed in
the following. Keep other parameters of the transceiver coils
unchanged, and only change the value of r. Fig. 12 shows
the relationship between mutual inductance M of the DD-4D
double-layer orthogonal magnetic coupler, rotation angle ~y, and
interlayer distance r. The size of the inner transmitting coil is
fixed, and the interlayer distance r is increased from 2 to 10 mm,
and it is found that the average mutual inductance increases
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TABLE I
PARAMETERS OF DOUBLE-LAYER QUADRATURE DD CoOIL

Outer transmitting coil  Inner transmitting coil Receiving coil

111 233.5 mm 121 251.2 mm 131 314 mm
112 90 mm lzz 90 mm l}z 90 mm
113 195.5 mm 123 211.2 mm 133 274 mm
114 50 mm 124 50 mm 134 50 mm

within the rotation cycle. This is because the larger the r value
is, the closer the distance between the outer transmitting coil and
the receiving coil is, the more magnetic inductance lines will be
absorbed, resulting in the increase of mutual inductance M. It
can be seen from the figure that with the increase of the interlayer
distance, the mutual inductance fluctuation near the original
zero coupling point gradually weakens. When the interlayer
distance r is 10 mm, the mutual inductance of the transceiver
coil is almost unchanged within the rotation range of 60° to 90°.
However, in the complete rotation process, the fluctuation trend
of mutual inductance M gradually becomes stronger, and the
mutual inductance migration rate increases from 15.94% at r =
2 mm to 32.31% at r = 10 mm. In addition, from the perspective
of practical application, when the interlayer distance is too large,
the outer transmitting coil is actually in the middle position
between the fixed sleeve and the rotating drill pipe. Lacking the
means of fixation and susceptible to environmental influences,
the transmitting coil should be fixed as close to the rotating drill
pipe as possible for the stability of the equipment. To sum up,
double-layer orthogonal DD coils with the dislocation of inner
and outer layers of 90° and the distance between layers of 2 mm
were finally selected for further study.

V. SIMULATION ANALYSIS OF MIGRATION CHARACTERISTICS

Due to the limitation of practical application conditions, the
geometric parameters of coil model are fixed as shown in Table I,
and the number of turns is designed to be 6. Based on the periodic
characteristics of rotational motion, only the process of rotation
angle from 0° to 180° needs to be analyzed. In order to verify
that the double-layer orthogonal magnetic coupler has good
antioffset performance in the rotation process, the characteristics
of lateral offset and axial offset of the coil model are simulated
and analyzed in the following.

A. Lateral Migration

The geometric parameters of the fixed coils are unchanged,
the number of turns is 6, and the spacing of turns is 2 mm. The
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Fig. 13. Changes in mutual inductance with lateral migration.

migration disturbance of the receiving and transmitting coils is
simulated in actual working conditions. Due to the limitation
of the size parameters of the rotating drill pipe and the fixed
guide sleeve, the maximum lateral migration is 20 mm. The
changes in mutual inductance of the magnetic coupler of the
transmitting coil from the zero’s migration position to the lateral
migration position of 18 mm will be explored in the following.
Fig. 13 shows the variation law of rotational mutual inductance
of the transmitting coil at different migration positions. Since
the magnetic coupler is presented as a three-dimensional circle,
the lateral migration of the transmitting coil on both sides has
exactly the same influence. For the convenience of analysis, only
the migration in Fig. 13 is considered. As can be seen from
the figure, mutual inductance presents an overall upward trend
with the increase of lateral migration, and the curve becomes
more stable when v is in the range of 60° to 150° near the
position of decoupling between the receiving coil and the inner
transmitting DD coils. The main reason is that the transmitting
coil is close to the receiving coil at this position, and the coupling
magnetic flux increases when the outer transmitting coil and the
receiving coil are directly opposite, and the growth rate is greater
than the magnetic flux reduced by the other side away from the
receiving coil. Therefore, when transverse migration occurs, the
coupling performance of the local region of the double-layer DD
coil model is improved, and the mutual inductance migration
rate changes little within the complete rotation cycle. When the
maximum migration is 18 mm, the mutual inductance migration
rate is only 19.6%, and the mutual inductance fluctuation is
reduced by 2.4% compared with the zero migration position,
and the overall mutual inductance variation range is smaller. It
is proved that the coil model can maintain the stability of system
transmission when lateral migration occurs.

B. Axial Migration

Since the height of the transmitting coil is designed to be
90 mm, the range of axial migration is considered from O to
80 mm when simulating the transmitting coil axial migration
disturbance. Fig. 14 shows the variation law of rotational mutual
inductance of transmitting coils at different migration positions
when the transmitting and receiving coils are axially migration.
It can be seen from Fig. 14 that, with the increase of axial
migration, mutual inductance on the whole presents a downward
trend and the coupling performance becomes weaker. This is
because the axial migration distance between the transmitting
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coil and the receiving coil is too large, and only a small part
of the magnetic inductance line generated is coupled to the
receiving coil, making the mutual inductance value M smaller.
When the migration is larger than 60 mm, that is, two-thirds
of the coil height, mutual inductance is greatly reduced and
fluctuates greatly, making it almost difficult to achieve effective
power transmission. When the axial migration is 20 and 40 mm,
the mutual inductance migration rate is 20% and 12.3%, which is
better than 22% under the zero migration condition. Therefore,
the double-layer orthogonal magnetic coupler of DD-4D can
ensure the effective transmission of electric energy when the
axial migration is less than 40 mm.

C. Off-Axis Angular Migration

In downhole rotary steerable drilling conditions, off-axis an-
gular migration is easy to occur when rotating drill pipe and
fixed guide sleeve work, which affects the work of the WPT
system. Fig. 15 shows the schematic diagram of off-axis angular
migration of the coupling structure, where  is the off-axis angle
between the transmitting coil and the receiving coil. The effect
of off-axis angular migration of the transmitting coil in the X’
and Y’ directions is exactly the same, and only the migration in
Fig. 15 is considered for ease of analysis. Due to the limitation
of coil parameters in Table I, the maximum ¢ migration is set
to 30°. Fig. 16 shows the variation law of rotational mutual
inductance of the transmitting coil under different  migration
conditions.

It is not difficult to find that with the increase of ¢ value, the
average mutual inductance during rotation shows a downward
trend, and the coupling performance weakens. This is because
the off-axis angle is too large, only a small part of the magnetic
inductance line generated by the transmitting coil is coupled to
the receiving coil, so that M is reduced. In the range of ¢ = 0° to
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Variation of mutual inductance with rotation angle in the presence of
ferrite.

0 = 20°, the migration rate of mutual inductance decreases from
22% to 14.4%, and the stability is improved. In the range of ¢
=20° to ¢ = 30°, the mutual induction migration rate increases
from 14.4% to 38%, which affects the normal operation of the
system. However, according to the actual underground work, it
can be seen that the migration value ¢ of the coupling structure is
very small, far less than 20°. Therefore, the DD-4D double-layer
orthogonal magnetic coupling structure can ensure the effective
transmission of electric energy when the migration angle is less
than 20°.

D. Ferrite Simulation

Due to the DD-4D double-layer orthogonal magnetic coupling
structure, the mutual inductance value only has a maximum
variation of 22% during the rotation period. Considering the
role of ferrite material in dredge the magnetic inductance line, in
order to minimize the mutual inductance change of the coupled
structure, ferrite is added to the DD-4D double-layer orthogo-
nal magnetic coupling structure. Fig. 17 shows the simulation
diagram of the mutual inductance value changing with the
rotation angle in the presence of ferrite. In the actual application
conditions in the oil downhole, considering the strong vibration
environment in the well and the friability problem of ferrite,
the fully closed covering method is adopted to lay it inside
the transmitting coil and outside the receiving coil, respectively.
According to the data in the figure, it is not difficult to find that
the average mutual inductance value of the DD-4D double-layer
orthogonal magnetic coupling structure during the 180° rotation
period is greatly improved after adding ferrite. From 8 pH
without ferrite to 35 pH, the mutual inductance change rate
also decreased from 22% to 18.2%, a decrease of 3.8%. In
terms of antimigration performance, Table II shows the mutual
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TABLE II
MUTUAL INDUCTANCE OF COUPLED STRUCTURAL MIGRATION

No ferrite Ferrite
Lateral 7.919 pnH(0 mm) 32.214 pH(0 mm)
migration 8.965 pH(18 mm)  36.334 pH(18 mm)
Axial 7.919 pnH(0 mm) 32.214 pH(0 mm)
migration 3.526 pH(40 mm)  17.768 pH(40 mm)
Off-axis 7.919 pH(0°) 32.214 pH(0°)
Isir;gr;‘tlf;n 4233 uH(30°) 21.133 uH(30°)
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Fig. 18. Comparison diagram of mutual inductance between two coil struc-
tures in the case of migration.

inductance values of coupled structure migration in the presence
of ferrite. According to Table II, in the conditions of lateral
migration, axial migration, and off-axis angular migration, the
mutual inductance migration rate after adding ferrite to the
coupled structure is reduced by 0.38%, 10.63%, and 12.15%,
respectively, which effectively proves that adding ferrite can not
only minimize mutual inductance change, but also minimize
mutual inductance change. At the same time, the antimigration
performance of DD-4D double-layer orthogonal magnetic cou-
pling structure can be enhanced to some extent.

E. Antimigration Performance Comparison

The mutual inductance values of DD-4D double-layer or-
thogonal magnetic coupling structure remain relatively stable
during 180° rotation period, which is obviously better than
that of single-layer DD-DD structure. In order to verify the
antimigration performance of the DD-4D double-layer orthogo-
nal magnetic coupling structure, mutual inductance is compared
with that of the single-layer DD-DD structure from three angles
of lateral migration, axial migration, and off-axis angular migra-
tion. According to the previous research content, the migration
values of lateral migration, axial migration, and off-axis angular
migration are normalized. Fig. 18 shows the mutual inductance
comparison diagram of DD-4D double-layer orthogonal mag-
netic coupling structure and single-layer DD-DD structure under
three kinds of migration conditions. It is not difficult to find
from the data in the figure that in the lateral migration, the
coupling structure proposed in this article reduces the mutual
inductance migration rate from 13.5% of DD-DD to 13.1%. In
axial migration, the DD-4D double-layer orthogonal magnetic
coupling structure reduces the mutual inductance migration rate
from 55.5% to 55.4%. In off-axis angular migration, the coupling
structure proposed in this article reduces the mutual inductance
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TABLE III
MODEL PARAMETER

Description Symbol Value
Double layer orthqgonal Fransmlttmg coils L 47.618 uH
self-induction
Receiving coils self-induction L 26.575 uH
Double layer orthogonal transmitting coils
. C; 87 nF
compensates capacitance
Receiving coils compensation capacitance C; 132 nF
Frequency f 85 kHz

migration from 46.6% of DD-DD to 46.5%. Compared with
axial migration and off-axis angular migration, lateral migration
has better resistance characteristics, which effectively verifies
that the antimigration performance of DD-4D double-layer
orthogonal magnetic coupling structure is better than that of
single-layer DD-DD structure under three migration conditions,
and is more suitable for application in rotary steerable drilling
conditions.

VI. EXPERIMENTAL VERIFICATION AND ANALYSIS

In order to verify the stability of mutual inductance parameters
and transmission efficiency of the DD-4D double-layer orthog-
onal magnetic coupler in the rotation process, an experimental
platform based on the structure was built in this section. First,
the LCR instrument was used to measure the variation law of
mutual inductance and coupling coefficient of the transmitting
and receiving coils in the rotation process. Then a complete WPT
system was built, and the transmission efficiency was recorded
and analyzed by using S-S resonance compensation network
structure. The actual transmitting and receiving coils created
are shown in Fig. 19. The number of turns of both transmitting
and receiving coils is six turns, and the turns spacing d; and
dy are 2 mm. Winding is carried out according to the coil
parameter data in Tables I and III shows the self-inductance
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Variation of mutual inductance and coupling coefficient with rotation

value, compensation capacitance value, and frequency of the
transmitting and receiving coils.

The relationship between mutual inductance, coupling coef-
ficient, and rotation angle v of DD-4D double-layer orthogonal
magnetic coupler was obtained through experiments and simu-
lation, as shown in Fig. 20. It can be seen that rotation angle is
closely related to mutual inductance, and when the transmitting
coil rotates 180°, mutual inductance and coupling coefficient
fluctuate by one cycle. It can also be seen that in the simulation
curve, the mutual induction of DD-4D double-layer orthogonal
magnetic coupler reaches the minimum value of 7.9 H when
v = 0° and 180°, and the maximum value of 10.1 ©H when
v = 60° and 120°. Although the overall variation trend of
mutual inductance and coupling coefficient is similar between
the experimental curve and the simulation curve, there is still
some migration in the data results, which is mainly reflected in
the error of mutual inductance is about 4.1% and the error of
coupling coefficient is 9.2% when v = 90°. When v = 120°,
the error of mutual inductance is about 5.1% and the error of
coupling coefficient is 10.6%. The main reason for the migration
is that the experimental coil winding is not accurate enough and
there is inevitable operating error.

The change curve of mutual inductance and coupling coeffi-
cient between DD-4D double-layer orthogonal magnetic coupler
and independent outer layer DD or independent inner layer DD
model in the rotation process is shown in Fig. 21. Itis not difficult
to find that the average mutual inductance value of outer DD
coil in the rotation cycle is slightly larger than that of inner DD
coil, because its radius size is larger and its distance from the
receiving coil is relatively close. The magnetic lines coupled
to are more density, so the mutual inductance value is slightly
larger. It can also be found that in the process of relative rotation
of the transmitting and receiving coil of 360°, there are two zero
coupling points separated by 180°, whether the outer DD coil
or the inner DD coil is used alone, and the DD-4D double-layer
orthogonal magnetic coupler can achieve compensation for the
zero coupling point, so that the coupling coefficient and mutual
inductance can remain relatively stable. The coupling coefficient
k is kept above 0.25, and the mutual inductance coefficient M is
kept above 8 pH.

The DD-4D double-layer orthogonal magnetic coupling
structure designed in this article is applied to the rotary steerable
drilling conditions in oil downhole. Fig. 22 shows the physical
structure diagram of the rotary steerable wireless power trans-
mission system. The rotary steerable drilling tool is composed
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Fig. 22.  Schematic diagram of the physical structure of a rotary steerable
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Fig. 23.  WPT system experiment platform.

of fixed guide sleeve, rotary drill pipe, drill bit, and so on. The
rotary drill pipe is connected to the downhole turbine generator,
and the drilling fluid is between the rotary drill pipe and the
fixed guide sleeve. The migration of the drill bit and the guiding
function are driven by the electric energy transferred between
the rotary drill pipe and the fixed guide sleeve. The focus of
the work in this article is to transmit energy to the receiving coil
wound inside the fixed guide sleeve through the transmitting coil
wound outside the rotating drill pipe, and then provide power to
the executive module on the sleeve. The overall WPT system,
as shown in Fig. 23, is composed of power supply, inverter,
compensation capacitor, DD-4D double-layer orthogonal coil,
rectifier, and load. The inverter is used to generate square wave
voltage, and the rectifier is used to obtain stable output.
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In the overall system experiment, the variation of the magnetic
coupler efficiency and the system efficiency with the relative
rotation angle of the transmitting and receiving coils are shown
in Fig. 24. The variation trend of the transmission efficiency of
the simulation and experiment is consistent. When the multiple
of v = 90°, there is a local minimum, that is, the zero coupling
point of the original DD-DD coil model. It can be seen that the
double-layer orthogonal DD coil model effectively compensates
the transmission efficiency at the zero coupling point. In the
whole rotation process, the maximum transmission efficiency
of the magnetic coupler can reach 97.03%, the minimum trans-
mission efficiency is 96.32%, and the efficiency migration is
only 0.732%. The maximum efficiency of the system is 90.07%,
the minimum is 87.06%, and the migration rate is only 3.34%.
The curve of the simulation results is symmetric about v =
90°, and because the coil cannot be wound accurately in the
experiment, there is inevitable operating error, so the curve
of the experimental results is asymmetric, when the rotation
angle is less than 90° experimental efficiency is higher than the
simulation efficiency, the rotation angle is greater than 90° is
vice versa.

VII. CONCLUSION

In the field of wireless power transmission, rotary wireless
power transmission technology has been paid more and more
attention. In this article, a novel DD-4D double-layer orthogonal
magnetic coupler is proposed, and the mutual inductance differ-
ence between it and DD-DD magnetic coupler is investigated.
In this article, the mutual inductance and lateral and axial an-
timigration characteristics of the proposed DD-4D double-layer
orthogonal magnetic coupler during rotation are analyzed. The
experimental model of WPT has been constructed and tested.
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The experimental results are in good agreement with the simu-
lation results. During the rotation period, the mutual inductance
is maintained around 8 pH, and the maximum error is about
5.1%. The transmission efficiency of the system reaches 90.07%
and the migration rate is only 3.34%, which effectively verifies
the validity of the DD-4D double-layer orthogonal magnetic
coupler.
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