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MULTIPHASE POWER TRANSFER IN INDUCTIVE COUPLERS

TECHNICAL FIELD
{0001} The disclosure generally relates to the field of earth or rock drilling and more particularly
to transnutiing measurmg-signals or countrol signals from the well to the surface, or from the

surface to the well, nsing inductive coupling.

BACKGROUND

0002} Transferring power and communications for mstrumentation and actaators between the
upper and lower completions, and for multilateral wells, requires some kind of connection.
Mechanical {¢.g., “wet maic”} connections can prove troublesome, mainly because of the well
environment. Blectromagunetic couplers promise to solve this reliability problem, but the cost can
be efficiency. Parnicularly if a lower completion 1s to include actuators, coupler efficiency is
wnportant. For use with multilateral wells or other well designs with multiple connections,

efficiency is important, even for low-power instrumentation designs.

BRIEF DESCRIPTION OF THE DRAWINGS
{06003} Embodiments of the disclosure may be better understood by referencing the accompanying

drawings.

{8004} FIG. 1 depicts a partial cross-sectional view of a well completion, according to ong or mare

embodiments.,

{0005} FIG. 2 depicts a cross~sectional view of a tubing-side antenna stack and a casing-side

antenna stack, according 1o one or more embodiments.

{0006} F1G. 3A depicts a schematic of a first inductive coupler systern for multipbase power

transfer, according o one or more embodiments.

{8607} FIG. 3B depicts a timing diagram of the drive signals applied cach transmitter coil of the

first inductive coupler system, according to one or more embodiments.

{0008} FIG. 4 depicts a schematic of a sccond mductive coupler system for single phase power

transter, according to one or more embodiments.

{8009] FIG. 3A depicts a schematic of a third inductive coupler system, according to one or more

cmbodiments,
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{8618} FIG. 5B depicts a timing diagram of the drive signals applied cach transmitter coil of the

third inductive coupler system, according fo one or more embodiments.

{8011 FIG. 6 depicts a schematic of a fourth indactive coupler system, according to one or more

embodiments.

{08012} FIGS. 7A-7B depict tubing-side antennas connected in a delta configuration, according to

one or more embodiments.

{0013} FIG. 8 depicts a flowchart of a method for transferring a signal from a first tubularto a

second tubular using inductive coupling, according to one or more embodiments.

DESCRIPTION

{8014] The descnption that follows mnclades example systems, methods, and technigues that
cmbody exaraples of the disclosure. However, it is understood that this disclosure may be practiced
without these specific details. For instance, this disclosure refors to one or more inductive coupling
systems for well completions in dlustrative examples. Embodiments of this disclosure can be also
applied o any set of concentric tubulars, ¢.g. those deployed in drilling or accessed via a tool
suspended from a convevance. In other instances, well-known instruction instances, protocols,

structures, and technigues have not been shown 1n detail in order not to obfuscate the deseription.

{06013} Electromagnetic, ¢.g. mductive, couplers can be used to provide wircless transfer of power
and/or commumication between two or more tubulars. For example, inductive coupling can be used (o
provide connection between upper and lower completions and/or to multidateral welibores.
Eovirommental factors and the necessity of environmental shielding can affect transfer efficiency of
mductive coupling. Multiphase power can be used to improve the efficiency of the inductive coupling,
deally to transfer sufficient power 1o power one or more downhole mstruments, eg. onge or more
downhole actuators. Further, one or more configurations can be used to allow for greater tolerance for
axial nusalignment. Tn one or more erobaduents, the coupler unit can be rotationally symmetric, ..
not requiring any clocking to engage correctly and, depending on configuration, providing a large aaal

positioning tolerance while still offening adequate power and signal transfer efficiency .

{8316} FIG. 1 depicts a partial cross-sectional view of a well completion 100, according to one or more
cmbodiments. The well compiletion 100 includes a wellbore 162 extending through a subterranean
formation 150 from a wellhead 106 located at a surface 103, The wellbore 102 includes a casing string
140. The casing string 140 can be at least partially cemented mto the subterranean formation, eg. via

one or one or mose fayers of cement 142, Although cement 142 is shown near the surface 103, in one
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or more embodiments cement can extend the length of the wellbore 102, Although the wellbore 102 13
depicted as a single vertical wellbore, other implementations are possible. For example, the tubing

string 104 can be used in a welthore including one or more deviated or horizontal portions.

{3617} A casing-side anternma stack 120 is coupled to the casing string 140 and can include a
casing-side instrument 130 and one or more casing-side antennas (three are shown: fust casing-
side antenna 121, sccond casing-side antenna 122, and third casing-side amtenna 123} Note,
although referred to as “casing-side” the antennas in the casing-side antenna stack 120 could be
disposed on any tubular circumiferentially disposed about another tubular, 1.¢. not just casing. For
example, each casing-side antenna can be referred to as an “inductive coupler” due to the antennas’

mtended function to mductively couple to antennas disposed on another tubular,

{60318} Inone ormore embodiments, the casing-side mstrument 130 can be coupled directly to the casing
string 140 and commumnicatively coupled to the one or more casing-side antennas.  Although only one
casing-side instrument 130 is shown, multiple casing-side sensors can be used, ¢.g. disposed radially
about the casing-side antenma stack 120 and/or axially disposed up or down the casing string 140, In one
or more embodiments, multiple casing-side nstroment 130 are osed af various positions in a casing
string. Iir one or more embodiments, one or more casing-side instroments 130 can be copumuicatively
coupled to separate casing-side antenna stacks. In other embodiments, multiple casing-side mstrumaents
130 can be commumicatively coupled to a single casing-side antenna stack. In one or more embodiments,
the casing-side instrumnent 130 mclades one or more actuators, e.g. one or more valves, screens, or the
like. In one or more embodiments, the casing-side instrument 130 mcludes any suitable sensor for
measuring characteristics of the subterravean formation 156 or of the wellbore 102, For exarple, the
casing-side mstrament 130 can inchude one or more pressure sensors, femperature sensors, or the ke, In
some examples, the casimg-side instrument 130 can include shielding for protection from clectromagnetic
fields generated by the antennas {tubing-side or casing-side}. In one or more embodiments, although not
shown, the casing-~side mstrument 130 13 coupled to a power unit {¢.g. one or more batteries) that powers
the mstrument and/or transmission of data back to the surface 103, In one or more embodiments, the
power wt 15 powered via power transfer from the tubing-side antenna stack 110 to the casing-side
anteona stack 120, The casing-side mstrument 130 can be connected to downbole clectronics and to

another cable leading to other devices, ¢ g. further downhole.

{0019} A tubing string 104 is positioned in the wellbore 102, and a tubing-side antenna stack 110
is mcluded in (or physically coupled to) the tubing string 104, A cable 160 (e.g. tubing
encapsilated cable (TEC)) extends from the surface 103 of the wellbore 102 to the tubing-side

amtenna stack 110 The cable 160 can supply power and/or conmumunication via one or more
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clectrical signals to the tubing-side antenna stack 110, The cable 160 can communicatively couaple
the tubing-side antenna stack 110 to a computing device (not shown) for analyzing data measuraed
by downhole sensors, ¢.g. when the casing-side mstrument 130 is a sensor, or for actuating a
downhole tool, ¢.g. when the casing-side instrument 130 is an actuator. Note, while the above
desenibes the inner tubular communicating with the sarface 103 via the cable 160, in one or more
embodiments, the casing-side antenna stack 120 can communicate with the surface 103 directly
via one or mwore cables. For example, a cable durectly coupled to casing-side antenna stack 120
can conmmumicatively couple the casing-side antenna stack 120 to the computing device to analyze
data measured by downhole sensors disposed on the tubing string 104 or for actuating a downhole

tool connecting to the tubing string 104,

[3020] As shown, the tubing-side antenna stack 110 has three tubing-side antennas, a first tubing-
side antenna 111, a second tubing-side antenna 112, and a third wbing-side antenma 113, Note,
although referred to as “ubing-side” the antennas in the tubing-side antenna stack 110 could be
disposed on any tubular circamferentially disposed within another tibular, ie. not just the tubing
string 104. For example, similar to the casing-side antennas, cach tubing-side antenna can be referred
to as an “inductive coupler” due to the antennas” miended function to mductively couple to antennas
disposed on another tabudar, ¢.g. the a second tubular disposed about a first tubular. In additional or
alternative examples, only one or two tubing-side antennas may be used. Using more than one tubing-
side antenna can cxtend the aligoment range of the commumcation system to maintain
commumcation with the casmg-side instrument 130 despite shifis in the position of the tabing string
104 within the welibore 102 relative to the casing string 140. In one or more embodiments, more
than one tubing-side antenna stack 110 can be included in, or positioned on, on the tubing string 104,
As depicted, the tubing-side antenna stack 110 1s posttioned n the tubing string 104 to be aligned
with the casing-side antenna stack 120. Alignment between the casing-side anteona stack 120 and
the tubing-side antenna stack 110 can include one of the tubing-side antennas 111-113 being within
range of one of the casing-side antennas 121-123 for communicating thereto, even if the one tubing-
side antennas 111-113 1s not physically aligned at the exact same axial posttion as the one casing-side
antennas 121-123. In one or more embodiments, at least one power source and/or one or more phase

dave is coupled to the tubing-side antennas 111-113.

{3021} The casing-side antennas 121-123 can each include condactive wire 129 for carrving current
induced by an clectromagnetic ficld that can be generated by the tubing-side antennas 111-113. In
one or more embodiments, the conductive wire 129 for cach of the casing-side antennas 121-123 1s
coiled m an opposite direction than conductive wire (not shown) in adjacent tubing-side antennas

111-113. In one or more embodiments, the conductive wire 129 for each of the casing-side antennas
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121-123 is coiled in the same direction, and the conductive wire 129 s conductively coupled to a
common antenna junction point such that adjacent casing-side antennas are conductively coupled in
series and have opposite polanty such that the altemating current generated in each of the adjacent
casmng-side antennas travels jo a different direction relative to the common antenma junction point.
For example, carrent generated in the first casing-side antenna 121 may travel towards the common

antenna junction point in response to an electromagnetic field, and current generated on a second

comunon anfennas junction point n response to the electromagnetic ficld. Although the casing-side
antennas 121-123 are shown as part of the casing-side antenna stack 120, in one or more embodiments
the casmg-side antennas can be wrapped around the casing string 140, ¢ g. between the casing string

140 and the subterranean formation 150 or between the casing string 140 and another casing string.

{06022} The tubing string 104 can move n any direction in response to changes in pressure,
temperature, or fluid flowing through the tubing string 104, For example, the tubing string 104
can respond to a change in temperatare by shifting towards the surface 103 or away from the

surface 103 to another position.

6023} FIG. 2 depicts a zoomed-inn cross-sectional view of the tubing-side antenna stack 110 and the
castng-side antenna stack 129, according to one or more crubodmments. As depicted, the tubing-side

antenna stack 116 1s disposed close to the casing-side antenna stack 120, with a gap therebetween.

[8024] The casing-side antenna stack 120 is shown with three casing-side antennas: the first casing-
side antenna 121, the second casimg-side antenna 122, and the third casimg-side antenna 123 dispose

m a casing-side housing 228, The casing-side housing 228 can be a tubular with one or more portions
hollowed out to recetve the one or more casing-side antenmas. Each antenna includes windings of
conductive wire 129, The conductive wire 129 of each antenna can be wound around casing-side
environmental shielding 224, The environmental shiclding 224 can be a tubular with an outer
diameter less than that formed by the wound conductive wire 129, i¢. forming a base for the
conductive wire to be wound around. For cach casing-side antenna 121-123, magnetic matenal can
be disposed between the conductive wire 129 and the casing-side housing 228, For example, a first
casing-side magnetic material 225 is disposed between the first casing-side antenna 121 and the
casing-side housing 228, a second casing-side magnetic material 226 is disposed between the second
casing-~side antenna 122 and the casing-side housing 228, and a third casing-side magnetic material

227 1s disposed between the third casing-side antenna 123 and the casing-side housing 228,

{3025} The wbing-side antenna stack 110 1s shown with three tubing-side antennas: the first

tabing-side antenna 111, the second tubing-side antenna 112, and the third tubing-side antenna
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113 disposed about a mandrel 218, A center axis 299 of the tubing-side antenna stack 110 and of
the mandrel 218 1s depicted by a dashed line. The tubing-side antennas 113-113 include one or
more windings of conductive wire 219, The windings of the tubing-side antennas 111-113 are
wrapped about the mandrel 218 cach having tubing-side magnetic material disposed between the
conductive wire 219 and the mandrel 218, For example, a first tubing-side magnetic material 215
can be disposed between the first tubing-side antenna 111 and the mandrel 214, a second tubing-
side magnetic material 216 can be disposed between the sccond tubing-side antenna 112 and the
mandrel 218, and a third tubing-side magnetic material 217 can be disposed between the third

tubing-side antenna 113 and the mandrel 218,

{3026] Both the casing-side environmenial shielding 224 and the tubing-side environmental
shiclding 214 can be an austenitic nickel-chromium-based alloyv, ¢ g. an INCONEL® alloy. In
one or more embodiments, the environmental shielding can be about 40 thou thick. The presence
of environmental shielding 1s often necessary m a downhole environment to protect the coils from
heat, pressare, and corroston. In one or more embodiments, the environmental shielding can cause
a transmission loss, 1.e. a power loss, between the sets of antennas, ¢.g. between the casing-side
anfennas and the tubing-side antennas. For example, the environmental shielding can cause up to
a 30% power loss (vet be very necessary to protect the antennas from environmental damage). In
one of more embodiments, the environmental shielding could be a structural component, ¢.g. the

tubing string 104 or the casing string 140 stself.

{06627} FIG. 3A depicts a schematic of a first inductive coupler system 300 for multiphase power
transfer, according to onc or more embodiments. A first side 310 of the first inductive coupler
system 300 represents the tubing-side antenna stack {e.g. tubing-side antenna stack 110) and a
second side 320 of the first inductive coupler system 300 represents the casing-side antenna stack
{c.g. casing-~side antenna stack 120). The first side 310 mncludes three tubing-side antennas: a first
tubing-side antenna 311, a second tubing-side antenna 312, and a third tubing-side antenna 313,
The first tubing-side antenna 311 is powered, i.e. driven, by a first phase drive 390, the second
tubing-side antenna 312 is driven by a sccond phase drive 392, and the third tubing-side antenna

313 is driven by a thud phase drive 394,

3628] The second side 320 includes three casing-side antennas: a first casing-side antenna 321, a
second casing-side antenna 322, and a third casing-side antenna 323, Fach tubing-side antenna is
disposed to align with a respective casing-side antenma to be mductively coupled thereto when power
is applied to the tubing-side antennas. For example, the first tubing-side antenna 311 can be aligned

with the first casing-side antenna 321, the second tubing-side antenna 312 can be aligned with the



o

10

20

3]
25

WO 2022/132163 PCT/US2020/065862

second casing-side antenna 322, and the third tubing-side antenna 313 can be aligned with the third
casing-side antenna 323. Note, exact aligoment is not required for a tubing-side antenna to be
mductively coupled to a casing-side antenna. However, the more aligned the greater can be the

power transfer, 1.¢. the efficiency of the inductive coupling can increase with better alignment.

{6025} The second side 320 further includes a tank capacitor 360, a load 370, a first rectifier 380,
asecond rectifier 382, and a third rectifier 384, The first rectifier 380 1s coupled to the first casing-
side antenna 321 and is coupled in parallel to the tank capacitor 360 and the load 370, The second
rectifier 382 13 coupled to the second casing-side antenna 322 and 1s coupled n parallel to the tank
capacitor 360 and the load 370, The third rectifier 384 is coupled to the thurd casing-side antenna

323 and 1s coupled in parallel to the tank capacitor 360 and the load 370.

{8038} Note, as mentioned above each antenna—whether casing-side or tubing-side—can also be
described individually as inductive couplers. As such, the first inductive coupler system 300 can
also be described as having first, third, and fifth inductive couplers {t.e. the first tubing-side
antenna 311, the second tubmng-side antenma 312, and the third tubing-side antenna 313,
respectively) disposed on a first tubular {e.g. coupled to the tubing string 104 or coupled to the
mandrel 281 of the tubing-side antenna stack). and having second, fourth, and sixth inductive
couplers (1. first casing-side anternma 321, the second casing-side antenna 322, and the third
casing-side antenna 323, respectively) disposed on a second tubular {¢.g. coupled o the casing

€
string 140, the casing-side environmental shielding 224, and/or the casing-side hoasing 228).

{8831 In one or more embodiments, the tank capacitor 360 reduces voltage ripple. Voltage ripple
ts the difference between the highest and lowest output voltage, and it is a periodic, repeating signal.
The tank capaciior 360 slows down power increases, 1.¢. slowing voltage ramyp, and also slows down
power decline, 1.¢. slowing the voltage’s rate of descent. In general, the higher the capacitance of
the tank capacitor 360 the less voltage npple. Reducing voltage ripple can improve power transfer
of the first inductive coupler system 300. The load 370 can be an instrument, 1.e. casing-side

mstrument 130, active electronics, or more cable, ¢.g. more TEC running further in the wellbore.

6032} FIG. 3B depicts a tinung diagramn 375 of drive signals applied cach transoutier coit of the
first mductive coupler system 300. When sending power using the first inductive coupler system
300, alternating current can be applied to cach of the tabing-side antennas so cach tubing-side
ardenna functions as a transmitter coil. For example, the first phase drive 39C can create a furst drive
signal 391, the second pbase drive 392 can create a sccond drive signal 393, and the third phase drive
394 can create a third drive signal 395, In one or more embodiments, the first phase drive 390, the
second phase drive 392, and the third phase drive 394 are powered from the surface via the same
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cable, e.g. viathe same TEC. The phase drives can be push-poll or can run off positive and negative
rails to provide current in both directions. The first drive signal 391 can be applied to the first tubing-
side antenna 3 11, the second drive signal 393 can be applied to the second wbing-side antenna 312,

and the third drive signal 395 can be apphied to the third tubing-side antenna 313,

[6633] Fach of the drve signals can be an alternating current, and, as shown, the drive signals can
be implemented as square waves. The first drive signal 391, the second drive signal 393, and the
third drive signal 395 can all be out of phase from cach other. For example, the second drive signal
393 15 out of phase with the first drive signal 391, and the third drive signal 395 is out of phase with
the first drive signal 391 and the second drive signal 393, In one or more embodiments, the first
phase drive 390 operates at a first phase angle, the second phase drive 392 operates at a second phase
angle. and the third phase drive 394 operates at a third phase angle. For example, the first phase
angle ts offset 120° from the second phase angle, and the second phase angle 13 offset 120° from the
third phase angle. Thus, the second drive signal 393 is 1207 out of phase with the first drive signal
391, t.¢. the second drive signal 393 is delayed to be 120 out of phase with the first drive signal 301
Likewise, the third drive signal 395 is 120° out of phase with the second drive signal 393, 1e. the

third drive signal 395 is delayed to be 120° out of phase with the second drive signal 393,

{6634} By having three phases, voltage ripple 1s reduced and sometimes eliminated altogether.
This can allow for a smaller capacitance on the tank capacitor 360, without loss of power and
efficiency of the first indactive coupler system 300, Note, more than three phases can be used, 1.e.
meore than three phase drives can be used, which may further reduce voltage ripple and thereby

wminunize the capacitance requirement of the tank capacitor 360,

{00338} In addition, less than three phases can be used. For exaniple, a single phase system or a

two phase system {e.g. a quadrature system} can be implemented.

{8836} FIG. 4 depicts a schematic of a second 1nductive coupler system 400 for single phase power
transfer, according to one or more embodiments. In one or more embodiments, a single phase
drive can be used o reduce electronics used, especially one an outer tubing side, i.e. the casing
side. The sccond inductive coupler system 400 has a single phase drive 490 coupled to 3 single
fubing-side antenna 411, t.e. there 1s only a one mductive coupler on an mner tubing side 410, On
an outer tubing side 420, e.g. the casing side, the second nductive coupler system 400 has a single
casing-side antenna 421, i.2. a single inductive coupler on the cuter tubing side 420. The single
casing-side antenna 421 s coupled to a single rectifier 480 and coupled in parallel with a tank
circuit, ¢.g. a tank capactior 460, and the load 370. The single phase drive 490 can switch every
180° or be asymmetric. In one or more embodiments, depending on the state of charge i the tank
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cireutt, the single rectifier 480 only condacts for a portion of the signal, ¢.g. for only 180°, causing
the tank circuit to cover. Further, the single phase drive configuration of the second inductive
coupler system 400 can lead to bigher voltage ripple than in the first inductive coupler system 300,

As such, the tank capacitor 460 has a higher capacitance than the tank capacitor 360,

{8037} FIG. 5A depicts a schematic of a third inductive coupler svstem 500 having two phase
drives, according to one or more embodiments. A first side 210 of the third inductive coupler
systern 500 represents the tubing-side antenna stack {¢.g. tubing-side antenna stack 119) and a
second side 320 of the third inductive coupler systern SO0 represents the casing-side antenna stack
{e.g. casing-side antenna stack 120}, The first side 510 mchudes two tubing-side antennas: a first
tabing-side antenna 511 and a second tubing-side antenna 512, The first tobing-side antenna 511
is powered, 1.¢. driven, by a first phase drive 590 and the second tubing-side antenna 312 is driven
by a second phase drive 592, The first phase drive 590 and the second phase drive 592 can output

drive signals in quadrature.

{8038} The second side 520 includes two casing-side antenmas: a first casmg-side antenna 521 and
a second casing-side antenma 322, Each tobing-side antenna s disposed to align with a respective
casing-side antenna to be inductively coupled thereto when power is applied to the tubing-side
antennas. For example, the first tubmg-side antenna 311 can be aligned with the first casing-side
antenna 521 and the sccond tubing-side antenna 312 can be aligned with the second casing-side
antenna 522, Note, exact alignment is not required for a tubing-side antenna to be inductively
coupled to a casing-side antenna. However, the more aligned the greater can be the power transfer,
1e. the efficiency of the mductive coupling can increase with betfer ahignment. The second side
520 further mncludes a tank capacitor 360, the load 370, a first rectifier 580 and a second rectifier
582. The first rectifier 580 1s coupled to the first casing-side antenna 521 and is coupled in parallel
to the tank capacttor 560 and the load 370, The second rectifier 582 is coupled to the second casing-

side antenna 522 and is coupled m parallel to the tank capacitor 560 and the load 370.

{8839} Note, as mentioned above cach antenna—whether casing-side or tubing-~side—can also be
described individually as inductive couplers. As such, the third mductive coupler svstem 500 can
also be described as having first and third inductive couplers (1.e. the first tubing-side antenna 511
and the second tubing-side antenna 512, respectively) disposed on a first tubular {e.g. coupled to
the tubing string 104 or coupled to the mandrel 281 of the tubing-side antenna stack), and having
second and fourth inductive couplers (i.e. first casing-side antenna 321 and the second casing-side
antenna 322, respectively) disposed on a second tubular (¢.g. coupled to the casing string 140, the

casing-side environmental shielding 224, and/or the casing-side housing 228).
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{8048} The third inductive coupler system 500 can have lower voltage ripple than the single phase
drive is the sccond inductive coupler system 400, but possibly more voltage ripple than produced
by the first inductive coupler systeny 300, As such, the tank capacitor 560 can have a lower
capacitance than the tank capacitor 460 used mn the second inductive coupler system 400 but a

higher capacitance than the tank capacitor 360 used in the first inductive coupler system 300.

{0041} FIG. 5B depicts a timing diagram 575 of the drive signals applicd each transmitter coil of
the third inductive coupler system 500, according to one or more embodiments. When sending
power using the thud inductive coupler system 300, alternating current can be applied to cach of
the tubing-side antennas so each tubing-side antenna functions as a transmitier coil. For example,
the first phase drive 590 can create a first drive signal 591 and the second phase drive 592 can
create a second drive signal 593, i one or more embodiments, the first phase drive 590 and the
second phase drive 592 are powered from the surface via the same cable, e.g. via the same THEC,
The phase drives can be push-pull or can ran off positive and negative rails to provide current in
both directions. The first drive signal 391 can be applied to the first tubing-side antenma 511 and

the second drive signal 393 can be applied to the second tubing-side antenna 512,

{3042} Each of the drive signals can be an alternating current, and, as shown, the drive signals can
be implemented as square waves. The first drive signal 591 and the second drive signal 393 can
be out of phase from each other. In one or more embodiments, the first phase drive 590 and the
second phase drive 592 operate in guadrature, i.e. such that the first drive signal 591 and the second
drive signal 593 arc orthogonal to one another. For example, the second drive signal 593 is shifted

90° the fust drive signal 591, as depicted.

16043] FIG. 6 depicts a schematic of g fourth inductive coupler systern 600, according to one or
more embodiments. The fourth inductive coupler system 600 shows two sides, a first side or tubing
side 610, i.e. an inner tubular side (¢ g. corresponding to the tubing-side anterma stack 110 in FIG.
1} and a second or casing side 620, 1.¢. an outer tubular side {e.g. comesponding to the casing-side
andenna stack 120}, Sinular to the first inductive coupler systern 300, the fourth mductive coupler
system 600 includes three tubing-side antennas: a first tubing-side antenna 611, a second tubing-side
antenna 612, and a third tubing-side antenna 613, The first tubing-side antenna 611 is powered, i.e.
driven, by a first phase drive 690, the second tubing-side antenna 612 is drven by a second phase

drive 692, and the third tubing-side antenwa 613 1s driven by a third phase drive 694

{0044] The sccond side 620, however, differs from the second side 320 of the first inductive coupler
svstem 300, as the second side 624 has a plurality of joined and/or grouped casing-side antemmas. For
example, five anterma groups are shown: first and second casing-side antennas 521A-521B, third and
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fourth casing-side antennas 522A-522B, fifth and sixth casing-side antennas 323A-523B, seventh and
cighth casing-side antennas 534A-3348, and ninth and tenth casing-side antennas 335A-5358. Note,
while five antenna groups are shown, mote or less groups can be used. Fach ofthe groups are joined at
a junction between the antennas. In one or more embodiments, at least two casing-side antennas are
joined by being center tapped. Further, each of the junctions (five junctions are depicted) are tied
together. While shown grouped as pairs, more than two casing-side antennas can be linked or grouped
together, e.g. being instead arranged n sets of three, four, or five, ete. In one or more embodiments, cach
of the casing-side antennas is half the length a tubing-side antenna. The tubing-side antennas 611-613
can be spaced equally apart. The distance between cach of the tubing-side antennas 611-613 can be the
length of a whole number of casing-side antenmas. For example, the distance between cach of the tubing-
side antennas 611-613 can be equal to the length of two casing-side antennas, the length of three casing-

side antennas {as depicted), the length of four casing-side antennas, or the like.

{8045} For cach of the pairs, the ends of the antennas not tied to the punction are coupled to a
rectifier. As shown, the first and second casing-side antennas S21A-321B are coupled to a first
rectifter 680, the third and fourth casing-side antennas 522A-5228B are coupled to a second rectifier
681, fifth and sixth casing-side antennas 523A-5238 are coupled to a thard rectifier 682, seventh
and eighth casing-side antennas 534A-534B are coupled to a fourth rectifier 683, and ninth and
tenth casing-side antennas 535A-335B are coupled to a fifih rectifier 684, Each of the rectifiers

680-684 are coupled to the tank capacitor 360 and the load 370

{0046} The arrangement of the second side 620 can improve the coupling to the anteanas, i.e.
mductive couplers, n the first side 610. For example, the arrangenent can mmprove the tolcrance
of the second side to axial misalignment of the antennas on the two sides. By connecting the
casing-side antenpas in the manner described above, the casing-side antennas can provide a
continuous zone of connection with useful efficiency as long as the group of tubing-side antennas
remains between the two furthest disposed casing-side antennas, 1.¢. between the first casing-side
anterina 521 A and the tenth casing-side antenna 535B. The region between the two furthest
disposed casing-side antennas can be referred to as a “hitzone.” n one or more embodiments,
cfficiency can vary by 10 % to 15% over the length of the bitzone. This arrangement thus allows

high efficiency even when axial shifts oceur to one or more of the tubulars.

[6047] FIGS. 7A-7B depict tubing-side antennas connected in a delta configuration, according to one or
more embodiments. FIG. 7TA and FIG. 78 show electrically equivalent circuits. In FIG. 78, tubing-side

antennas 711- 713, 1.¢. the inductive couplers of an mner tubular, are depicted in a “delta” shape. In FIG.
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7A, the tubing-side antennas 711-713 are depicted wired in the same manner as in FIG. 7B, but with the

tubing-side antonnas 711-713 arranged axially as they would be in a physical implementation.

{3048] As scen, the negative side of the first tubing-stde antenna 711 is connected to the positive
side of the second tubing-side antenna 712, the negative side of the second tubing-side antenna
712 1s connected to the positive side of the third tubing-side antenna 713, and the negative side of
the third tubing-side antenna 713 is connected to the positive side of the first tubing-side antenna
711, Each of the tubing-side antennas 711-713 is still connected 1o a separate phase drive. A first
phase drive 790 is coupled to the first tubing-side amtenna 711, a sccond phase drive 792 is coupled
to the second tubing-side antenna 712, and a third phase drive 794 1s coupled to the third tubing-
side antenna 713. By using a three phase delta connection, as depicted, logic can be reduced in
the circuit, ¢.g. theee half-bridge drivers can beused. In one or more embodiments, while the delta
counfiguration stil uses three phases, the winding ratio of the antennas 1s compensated to reduce

drive voltage by a factor of root of 3.

{00491 FIG. 8 depicts a flowchart of a method 800 for transferning a signal from a first twbularto a
second tubular using inductive coupling, according to one or more embodiments. The method can be
applied with any of the inductive coupler systems previousty described and can be applied in the well

completion 100 descrtbed m FIGS. 1 and 2. The signal transferred can be power and/or commumication.

[0050] At 802, a first tubular (e.g. tubing string 104 or the mandrel 218) is at least partially
disposed within a second tubular {¢.g. one or more casing such as casing string 140 or the casing-
side housing 228) to form an annulus therebetween, 1.e. the second tubular is circumferentially
disposed about the first tabular. Both the first and second tubular can be at least partially disposed
m a wellbore, ¢.g. wellbore 102, The first tubular can have a first inductive coupler {¢.g. the first
tubing-side antenna 311, the single tubing-side antenna 411, the first tubing-side antenna 511, the
first tubing-side antenna 611, or the first tubing-side antenna 711) disposed on an outer surface
thereof, the outer surface facing the annulus. The second tubular can have a second inductive
coupler (e.g. the first casing-side antenna 321, the single casing-side antenna 421, or first casing-
side antenna 521, the first casing-side antenna 521A) disposed thereon, e.g. on an inner surface
thereof, where the inner surface faces the annulus. In one or more embodiments, a first rectifier,
¢.g. a bridge rectifier, is coupled to the second inductive coupler and a tank capacitor is coupled to

the first rectificr. A load can be coupled 1 parallel with the tank capacitor.

[G0S1] Ar 804, a first drive signal s applied to the first mmductive coupler to produce an
clectromagnetic field. At 806, a first induced current is induced on the second inductive coupler

via the electromagnetic field.
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{6052] In one or more embodiments, a third inductive coupler {e.g. the second tubing-side antenna
312, the sccond tubing-side antenna 512, the second tubing-side antonnia 612, or the second tubing-
side antenna 712) and a fifth inductive coupler {c.g. the third mbing-side anterma 313, the third
tubing-side antenna 613, or the third tubing-side antenna 713} are disposed on the outer surface of
the first tubular. In one or more embodiments, multiple other inductive couplers are disposed on the
second tubular. For example, a fourth mductive coupler {¢.g. second casing-side antenna 322 or
second casing-side antenna 522) and a sixth inductive coupler (¢.g. third casing-side anterma 323)
can be disposed on the sccond twbular, e.g. on the mner surface of the second tubular. Tn another
cxample, a plurality of groups of indactive couplers {¢.g. casing-side antennas 521A-535B) can be

disposed on the second tubular.

{3053} In one or more embodiments, a second drive signal is applied to the third inductive coupler
to nduce a second induced current on the fourth nductive coupler, and a third drive signal is
applied to the fifth mductive coupler to mnduce a third induced current on the fourth mductive
coupler, wherein the second drive signal and the third dnive signal have the same frequency as the
first drive signal. In onc or more embodiments, the second drive signal is out of phase with the
first drive signal, and the third drive signal 1s out of phase with the first drive signal and the second
drive signal. For example, the second dnive signal can be 120° out of phase from the first drive

signal, and the third drive signal can be 120° out of phase from the second drive signal.

{8054} At 808, a first output of the second nductive coupler, e.g. a voltage produced by the
mduced current, is rectified {e.g. via the first rectifier 380, the single rectifier 480, the first rectifier
580, or the fust rectificr 680) to provide a fiest rectified output. {n one or more embodiments, a
second output of the fourth mductive coupler is rectified {¢.g. via the second rectifier 382 or the
sccond rectifier 582} to provide a second rectified output, and/or a third output of the sixth

mductive coupler s rectified (¢.g. via the third rectifier 383) to provide a third rectified output.

{B055] At %10, voltage ripple in the first rectified output is reduced via the tank capacitor. In one
ot more cobodunents, the first rectified output, the second rectiticd output, and the third rectified

output are combined to drive the load, and voltage ripple is reduced from the combined output.

[8036] The flowchart in FIG. R 1s annotated with a series of numbers/letiers 802 to 810, These
numbered blocks represent stages of operations.  Although these stages are ordered for this
cxample, the stages illustrate onc example to aid in anderstanding this disclosure and should not
be used to hmit the claims. Subject matier falling within the scope of the claums can vary with

respect to the order and some of the operations.
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{8057} The flowchart is provided to aid in understanding the illastrations and are not to be used to
hmit scope of the claims. The flowcharts depict cxample operations that can vary within the scape
of the claims. Additional operations may be performed; fower operations may be performed; the
operations may be performed in parallel; and the operations may be performed m a different order.
For example, the operations depicted in blocks 808 and 810 can be performed in parallel or
concurrently. It will be understood that cach block of the flowchart dlustrations and/or block
diagranis, and corabinations of blocks in the flowchart illustrations and/or block diagrams, can be
mplemented by program code. The program code may be provided to a processor of a general

purpose computer, special purpose computer, or other programmable machine or apparatas.

{B038] As will be appreciated, aspects of the disclosure may be embodied as a system, method or
program code/instructions stored i one or more machine-readable media. Accordingly. aspects
may take the form of hardware, software (including firmware, resident software, micro-code, etc ),
or 3 combination of software and hardware aspects that may all generally be referred to herein as

23 4¢

a “circoit,” “module” or “system.” The functionality presented as individoal modules/units in the
cxample illustrations can be organized differently in accordance with any one of platform
{operating system and/or hardware}, application ecosvstem, interfaces, programmer preferences,

programming language, administrator preferences, etc.

{80591 Any combination of one or more machine-readable mediumds) may be utibized. The machine-
readable mediom may be a machine-readable signal medim or a machine-readable storage mediam. A
machine-readable storage medivm may be, for example, but not linted to, a system, apparatus, or device,
that emplovs anv one of or combination of clectrome, magnetic, optical, clectromagnetic, infrared, or
serniconductor technology to store program code. More specific examples (a non-exhaustive sty of the
machine-readable storage medinm would include the following: a portable computer diskette, a hard disk,
a random access memory (RAM), a read-only memory (ROM), an crasable programmable read-only
memory {EPROM or Flash memory), a portable compact disc read-only memory (CI-ROM), an optical
storage device, a magnetic storage device, or any suttable combination of the foregoing. In the context of
this document, a machine-readable storage medium may be any tangible medivin that can contain or store
a program for use by or 11 connection with an mstruction execution system, apparatus, or deovice. A

machine-readable storage medivm 1s not a machine-readable signal medim.

10066 A machine-readable signal medivm may include a propagated data signal with machine~readable
program code embodied therein, for example, in baseband or as part of 3 carrier wave. Such a propagated
signal may take any of a variety of forms, mcluding, but not linaited to, electro-magnetic, optical, or any

suitabie combination thercof. A machme-readable signal medm may be any machine-readable mediom

14
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that s not a machine-readable storage medium and that can commumicate, propagate, or transpott a

program for use by or in connection with an instruction execution system, apparatus, or device.

{3061} Program code embodied on a machine-readable medium may be transmitted using any
appropriate medim, including but not limited o wircless, wireline, optical fiber cable, RF, ete, or any
suitable combination of the foregoing. Computer program code for carrying out operations for aspects
of the disclosure may be written in any combination of one or more programming languages, inclading
an object oriented progranuming language such as the Java® programming language, C++ or the ike,
a dynamic programmiing language such as Python; a seripting language such as Perl programming
language or PowerShell seript language; and conventional procedural programnung languages, such
as the "C" programming language or sunilar programming languages. The program code may exccute
entirely on a stand-alone machine, may excoute in a distebuted manner across multiple machines, and
may execute on one machine while providing results and or accepting tnput on another machine. The
program code/instructions may also be stored in a machine-readable medium that can direct a machine
to function in a particalar manner, such that the instructions stored in the machme-readable medium
praduce an article of manufacture including instractions which implement the fanction/act speeified

m the flowchart and/or block diagram block or blocks.

{0062} While the aspects of the disclosure are described with reference to various implementations
and explottations, it will be understood that these aspects are illustrative and that the scope of the
claims is not himited to them. In general, technigues for inductive coupling as deseribed herein
may be implemented with facilities consistent with any hardware system or hardware systoms.

Many vanations, modifications, additions, and vuprovements are possible,

{6663} Pluralinstances reay be provided for components, operations or structures described berein
as 3 single nstance. Finally, boundarics between various components, operations and data stores
are somewhat arbitrary, and particular operations are illustrated in the context of specific
tlustrative configurations. Other allocations of functionality are cnvisioned and may fall within
the scope of the disclosure. Tn general, structurcs and functionality presented as separate
componenis in the example configurations may be implemented as a combined structure or
component.  Similarly, structures and functionality presented as a single component may be
mimplemented as separate components. These and other variations, modifications, additions, and

improvements may fall within the scope of the disclosure.

3 <

engage,” “couple,

o ¢s,

{0064] Unless otherwise specified, use of the terms “connect, attach,” or any other
ke term describing an interaction between elements is not meant to it the mteraction to divect
miteraction between the clements and may also include indirect interaction between the elements

15



Lh

10

WO 2022/132163 PCT/US2020/065862

described. For example, antermas may be coupled inductively without touching one another. Unless

29 4c

otherwise specificd, use of the terms “up,” “upper,” “upward,” “up-hole,

55 4

upstreany,” or other like tooms
shall be construed as generally from the formation toward the surface, ¢ g., toward wellhead 106 1n FIG.
1, or toward the surface of a body of water; hikewise, use of “down,” “lower,” “downward,” “downbole,”
“downstream,” or other hke tenms shall be constraed as generally into the formation away from the sarface
or away from the swrface of a body of water, regardless of the wellbore orientation. Use of any one or
more of the foregoing teras shall not be construed as denoting positions along a perfectly vertical axis.
Unless otherwise specified, use of the term “subterrancan formation” shall be construed as encompassing

both arcas below exposed carth and areas below earth covered by water such as ocean or fresh water.

{3065] Use of the phrase “at least one of” preceding a hist with the conjunction “and” should not
be treated as an exchusive list and should not be construed as a list of categories with one ftem
from cach category, unless specifically stated otherwise. A clause that recites “at least ong of A,
B, and C” can be infringed with only one of the histed items, multiple of the listed ttems, and one

or more of the ftems in the hst and anocther item not histed.

Example Embodiments

10066} Numerous examples are provided herein to enhance understanding of the proscnt

disclosure. A specific set of example embodiments are provided as follows:

{0067} Example A: A svstem comprising: a first tubular having a first inductive coupler disposed
on an outer surface thereof, a second tubular circumferentially disposed around the first tubular
and forming an anoulus therebetween; a second inductive coupler disposed on the second tubular;
a first rectifier coupled to the second inductive coupler; a tank capacitor coupled to the first

rectifier; and a load coupled in parallel with the tank capacitor.

{8068} The systern in Example A can further comprise at least one of: (1} a thurd inductive coupler
disposed on the outer surface of the first wbular, a fourth mductive coupler disposed on the second
tubular, and a second rectifier coupled to the fourth indactive coupler and the tank capacitor; (2) 3 fifth
mductive coupler disposed on the outer surface of the first tubular, a sixth inductive coupler disposed
on the second tubular, and a third rectifier coupled to the sixth mductive coupler and the tank capacitor,
{3} a seventh mductive coupler disposed on the second tabular, wherein the second inductive coupler
and the seventh mductive coupler are joined at a first junction, an eighth tnductive coupler disposed on
the second twbular, wheren the fourth inductive coupler and the eighth mductive coupler are joined at
a second junction, and a ninth inductive coupler disposed on the second tubular, wherein the sixth

mductive coupler and the ninth inductive coupler are jomned at a third punction, optionally, wherein (a)
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the first junction, the second junction, and the third punction are tied together; and/or (b) wherein the

ccond inductive coupler and the soventh inductive coupler are coupled to the first rectificr, wherein the
fourth inductive coupler and the eighth inductive coupler are coupled to a second rectifier, and wherein
the sixth inductive coupler and the ninth inductive coupler are coupled to a third rectifier; (4} a first
phase drive coupled to the first inductive coupder; (5} a second phase drive coupled to a third inductive
coupler, wherein the third inductive coupler is disposed on the outer surface of the first tubular, and a
third phase drive coupled to a fifth inductive coupler, wheren the fifth inductive coupler is disposed on
the outer surface of the first tubular, optionally, wherein {w) the first phase drive operates at a first phase
angle, the second phase drive operates at a second phase angle, and the third phase drive operates at a
third phase angle; (x} the first phase angle is offset 120° from the sccond phase angle and the second
phase angle 15 offset 120° from the third phase angle; (v) the first mductive coupler, the third indactive
coupler, and the fifth inductive coupler are tied together mn a delta configuration; and/or () the first
phase drive is a single phase drive. In one or more embodiments of Example A, the load is at least one

of a downhole mstrument, active electronics, and a cable.

{6069} Example B: A method comprising: disposing a first tubular at least partially within a second
tubular to form an annulus therebetween, wherem the first tubular has a first inductive coupler disposed
on an outer surface thereof, the outer swrface facing the annudus, wherein the second tubularhas a second
mductive coupler disposed thereon, wherein a first rectifier is coupled to the second mductive coupler,
wherein a tank capacitor 1s coupled to the first rectifier, and wherein a load 1s coupled in parallel with
the tank capacitor; applving a first drive signal to the first mmductive coupler to produce an
clectromagnetic field; inducing a first induced current on the second inductive coupler via the
clectromagnetic field; rectifying a first output of the sceond inductive coupler to provide a first rectified

output; and reducing voltage ripple i the first rectified output via the tank capacitor,

16070} The method in Example B can further comprise transferring power from a phase drive to the
load via the first inductive coupler and the second mmductive coupler, wherein the phase drive is coupled
to the first mductive coupler. In one or more embodiments of Example B, a third mdactive coupler and
a fifth inductive coupler are disposed on the outer surface of the first tubular, a fourth mductive coupler
and a sixth inductive coupler are disposed on the second tubular, and the method i can finther comprise:
applying a second drive signal to the third inductive coupler to induce a second induced current on the
fourth mductive coupler; applving a third drive signal to the fifth inductive coupler to induce a thied
mduced coment on the fourth inductive coupler, wherein the second drive signal and the thied drive
signal have the same frequency as the first drive signal; rectifyving a second output of the fourth mductive
coupler to provide a second rectified output; and rectifying a third output of the sixth inductive coupler

to provide a third rectified output, optionally, wherein {a) the second drive signal is out of phase with

17
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the first drive signal and the third drive signal is out of phase with the first drive signal and the second
duve signal; (b} the second drive signal is 1207 out of phase from the first drive signal and the third
drive signal 1s 120° out of phase from the second duve signal, and/or (¢} the first rectified output, the

second rectified output, and the third rectified output are combined to drive the load.
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CLAIMS
1. A gystom comprising:
a first tubular having a first mductive coupler disposed on an outer surface thereof,
a second tubular circamferentially disposed around the first tubular and forming an
annulus therebetween;
a second inductive coupler disposed on the second tubular;
a first rectifier coupled to the second inductive coupler;
atank capactitor coupled to the first rectifier; and

aload coupled in paralle! with the tank capacitor.

The system of claim 1, further comprising;

N

a third inductive coupler disposed on the cuter sarface of the first tubular;
a fourth inductive coupler disposed on the second tubular; and

a second rectificr coupled to the fourth inductive coupler and the tank capacitor,

3. The system of claim 2, further comprising:
a fitth inductive coupler disposed on the outer surface of the first tubular;
a sixth mductive coupler disposed on the second tubular; and

athird rectifier coupled to the sixth inductive coupler and the tank capacitor.

4. The system of clamm 3, further comprising:
a seventh inductive coupler disposed on the second tubular, wherein the second inductive
coupler and the seventh mductive coupler are joined at a first junction;
an eighth inductive coupler disposed on the second tubular, wherein the fourth inductive
coupler and the eighth inductive coupler are joimed at a second junction; and
a ninth inductive coupler disposed on the second tubular, wherein the sixth inductive

coupler and the minth inductive coupler are joined at a third junction.

5. The system of claim 4, wherein the first junction, the second junction, and the third junction

are ticd together.

6. The system of claim 4, wherein the second inductive coupler and the seventh inductive
coupler are coupled to the first rectifier,
wherem the fourth inductive coupler and the eighth inductive coupler are coupled to a
second rectifier, and
wherein the sixth inductive coupler and the ninth inductive coupler are coupled to a third

rectifier.
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7. The system of elaim 1, wherein the load is at lcast one of a downhole instrument, active

clectronics, and a cable.

8. The system of claim 1, further comprising a first phase drive coupled to the first inductive

coupler.

9. The system of claim 8, further comprising:
a second phase drive coupled to a third inductive coupler, wherein the third inductive
coupler is disposed on the outer surface of the first tubular, and
a third phase drive coupled to a §fth inductive coupler, wherein the fifth nductive

coupler is disposed on the outer surface of the first tubular,

10. The system of claim 9, wherein the fivst phase drive operates at a first phase angle, wherein
the second phase drive operates at a second phase angle, and wherein the third phase drive

operates at a third phase angle.

11. The system of claim 10, wherein the first phase angle is offset 120° from the second phase

angle, and wherein the second phase angle is offset 120° from the third phase angle.

12. The system of claim 9, wherein the first indactive coupler, the third inductive coapler, and

the fifth inductive coupler are tied together in a delta configuration.

13. The system of claim 9, further comprising:
a fourth mductive coupler disposed on the second tubular;
a sixth mductive coupler disposed on the second tubular;
a second rectifier coupled to the fourth inductive coupler and the tank capacitor; and

a third rectifier coupled to the sixth inductive coupler and the tank capacitor.
14. The system of claim 8, wherein the first phase drive 1s a single phase drive.

15. A method comprising:
disposing a first tubular at least partially within a second tubular to form an annulus
therebetween,
wherein the first tubular has a first inductive coupler disposed on an outer surface
thereof, the outer surface facing the annulus,

wherein the second tubular has a second induetive coupler disposed thereon,
wherein a first rectifier is coupled to the second inductive coupler,
wherein a tank capacitor is coupled to the first rectifier, and

wherein a foad 15 coupled 1 parallel with the tank capacitor;
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applying a first drive signal to the first inductive coupler to prodoce an electromagnetic
fickd;

mducing a first induced current on the second mductive coupler via the clectromagnetic
field;

rectifying a first output of the second indoctive coupler to provide a first rectified outpot;
and

reducing voltage ripple m the first rectified output via the tank capacitor,

16. The method of claim 13, further comprising transferring power from a phase drive to the load
via the first inductive coupler and the second inductive coupler, wherein the phase drive 1s

coupled to the first inductive coupler.

17. The method of clatra 135, wherewn a third inductive coupler and a fifth mductive coupler are
disposed on the outer surface of the first tubular,
wherein a fourth inductive coupler and 3 sixth inductive coupler are disposed on the
second tubular, and
the method further comprising:
applying a second drive signal to the third inductive coupler to induce a second
induced current on the fourth inductive coupler;
applying a third drive signal to the fifth mductive coupler to 1nduce a third
induced current on the fourth inductive coupler, wherem the second drive signal and
the third drive signal have the same frequency as the first drive signal;
rectifying a second output of the fourth inductive coupler to provide a second
rectified output; and
rectifying a third output of the sixth inductive coupler to provide a third rectified
output.
18. The method of claim 17, wherein the second drive signal is out of phase with the first
drive signal, and wherein the third drive signal is out of phase with the first drive signal and the
second drive signal.
19. The method of claim 18, wherein the second drive signal is 120° out of phase from the
first drive signal, and wherein the third drive signal is 120° owt of phase from the second drive
signal.
20. The method of claim 17, wherein the first rectified output, the second rectified output,

and the third rectified output are combined to drive the load.



