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SYSTEMS AND METHODS TO CALIBRATE INDIVIDUAL COMPONENT
MEASUREMENT

Technical Field
The present invention relates generally to apparatus and methods related to

measurements and measurement tools,

With much of the world’s easily obtainable o1l having already been produced,
new techniques are being developed to extract less accessible hydrocarbons. These
techniques often involve drilling a borehole in close proximity to one or more
existing wells. Examples of directed drilling near an existing well include weli
intersection for blowout control, multiple wells drilled from an offshore platform, and
closely spaced wells for geothermal energy recovery. Another such technique is
steam-assisted gravity drainage {(SAGD) that uses a pair of vertically-spaced,
horizontal wells constructed along a substantially parallel path, often less than ten
meters apart. Careful conirol of the spacing contributes to the effectivensss of the
SAGD technique.

One way 1o construct a borehole in close proximity to an existing well is
“active ranging’” or “access-dependent ranging” in which an electromagnetic source is
located in the existing well and monitored via sensors on the drill string in the well
under construction. Another technique involves systems that locate both the source
and the sensor(s) on the drill string — relying on backscatter transmission from the
target well to determine the range between the drilling well and the target well These
latter systems are sometimes called “passive ranging” or “access-independent”
systems by those of ordinary skill in the art. In either case, the ranging techniques are
sometimes lmited in the degree of accuracy that can be obtamed.

Current calibrations of a gradient tool have several issues associated with the
calibration and subsequent use of the tool. For example, current calibration

procedures mclude the utilization of all components to calculate a tool calibration



coefficient. An individual component herein refers to a tangential component, a normal
component, or a tool axial component related to a tool mandrel. A related ranging calculation
will incur singularity issues, if some of the components used in the calculation have a blind spot
at certain tool orientation related to a target well. This prevents a ranging tool from being
operated at any angle range to a target well, and it can require a significant number of sensors

installed in the ranging tool in order to avoid blind spots and achieve good calibrated results.

Summary

In accordance with a general aspect, there is provided a method comprising: for each
sensor of a set of sensors, generating a tool constant matrix by: conducting magnetic field
measurements at four or more different azimuthal angles with respect to a direction to an
excitation source from a tool using the sensor arranged on a surface of the tool, the excitation
source having a current of a known value flowing in the excitation source, the tool separated
from the excitation source at a known distance from center of the tool to center of the excitation
source; generating, using a processor, the tool constant matrix for the sensor using the field
measurements and a design matrix, the design matrix based on the known value of the current,
the known distance, the four or more different azimuthal angles, and known orientation of the
sensor; and storing the tool constant matrix in a storage device as a matrix of calibration
coetficients for the sensor.

In accordance with another aspect, there is provided a method comprising: conducting
magnetic field measurements at different azimuth angles, using a set of sensors of a tool at a
selected tool azimuth angle, in response to current flowing in a conductive structure, the tool and
the conductive structure disposed below earth surface; and processing values of the magnetic
field measurements, using a processor, to generate a ranging distance from the tool to the
conductive structure, the processing including: generating an inverse of a tool constant matrix for
the selected tool azimuthal angle, the tool constant matrix being a matrix of calibration
coefficients for each sensor of the set; generating a design matrix from a multiplication of a
matrix of values from the magnetic field measurements and the inverse of the tool constant
matrix; and generating the ranging distance using two elements of the design matrix to calculate
a total magnetic field and two elements of the design matrix to calculate a gradient magnetic

field.
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In accordance with a further aspect, there is provided a machine-readable storage device
having instructions stored thereon, which, when performed by a machine, cause the machine to
perform operations, the operations comprising: for each sensor of a set of sensors, generating a
tool constant matrix by: conducting magnetic field measurements at four or more different
azimuthal angles with respect to a direction to an excitation source from a tool using the sensor
arranged on a surface of a tool, the excitation source having a current of a known value flowing
in the excitation source, the tool separated from the excitation source at a known distance from
center of the tool to center of the excitation source; generating, using a processor, the tool
constant matrix for the sensor using the field measurements and a design matrix, the design
matrix based on the known value of the current, the known distance, the four or more different
azimuthal angles, and known orientation of the sensor; and storing the tool constant matrix in a
storage device as a matrix of calibration coefficients for the sensor.

In accordance with a still further aspect, there is provided a machine-readable storage
device having instructions stored thereon, which, when performed by a machine, cause the
machine to perform operations, the operations comprising: conducting magnetic field
measurements at different azimuth angles, using a set of sensors of a tool at a selected tool
azimuth angle, in response to current flowing in a conductive structure, the tool and the
conductive structure disposed below earth surface; and processing values of the magnetic field
measurements, using a processor, to generate a ranging distance from the tool to the conductive
structure, the processing including: generating an inverse of a tool constant matrix for the
selected tool azimuthal angle, the tool constant matrix being a matrix of calibration coefficients
for each sensor of the set; generating a design matrix from a multiplication of a matrix of values
from the magnetic field measurements and the inverse of the tool constant matrix; and generating
the ranging distance using two elements of the design matrix to calculate a total magnetic field
and two elements of the design matrix to calculate a gradient magnetic field.

In accordance with a still further aspect, there is provided a system comprising: a current
generator coupled to a excitation source to provide current to the excitation source, the current
having a known value; and a processor arranged, for each sensor of a set of sensors disposed on a
surface of a tool, to: receive values of magnetic field measurements from measurements at four
or more different azimuthal angles with respect to a direction to the excitation source from the

tool using the sensor, the tool separated from the excitation source at a known distance from

2a
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center of the tool to center of the excitation source; generate a tool constant matrix for the sensor
using the field measurements and a design matrix, the design matrix based on the known value of
the current, the known distance, the four or more different azimuthal angles, and known
orientation of the sensor; and store the tool constant matrix in a storage device as a matrix of
calibration coefficients for the sensor.

In accordance with a still further aspect, there is providec a system comprising: a tool
having a set of sensors disposed on a surface of the tool, the set of sensors structured to sense a
magnetic field to provide values of magnetic field measurements, in response to current flowing
in a conductive structure, at a selected tool azimuth angle, the sensors of the set arranged on the
surface of the tool at different azimuthal angles; and a processor arranged, for each sensor of the
set of sensors, to process the values of the magnetic field measurements to generate a ranging
distance from the tool to the conductive structure, the process including: generation of an inverse
of a tool constant matrix for the selected tool azimuthal angle, the tool constant matrix being a
matrix of calibration coefficients for each sensor of the set; generation of a design matrix from a
multiplication of a matrix of the values from the magnetic field measurements and the inverse of
the tool constant matrix; and generation of the ranging distance by use of two elements of the
design matrix to calculate a total magnetic field and two elements of the design matrix to

calculate a gradient magnetic field.

Brief Description of the Drawings

Figure 1 is a sketch of an arrangement of a line source and a ranging tool having a sensor,
in accordance with various embodiments.

Figures 2A-2D is an example representation of tool constant matrix libraries versus
different tool azimuthal angles from using a four-angle measurement technique, in accordance
with various embodiments.

Figures 3A-3D are plots of calibration coefficients for tool constant matrix libraries with
respect to different tool azimuth to the excitation source, in accordance with various
embodiments.

Figure 4 is a sketch of a line source and an example ranging tool equipped with four
normal component sensors, in accordance with various embodiments.

Figures SA-5P are plots of calibration coefficients for tool constant matrix libraries with

2b
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respect to different tool azimuth to the excitation source of Figure 4, in accordance with

various embodiments.

Figure 6 is a plot of calculated distances using different sensor sets as shown in Figure 4
in accordance with various embodiments.

Figure 7 is a sketch of a line source and an example ranging tool equipped with eight
normal component sensors, in accordance with various embodiments.

Figure 8 is a plot of calculated distances using the eight sensors in Figure 7, in
accordance with various embodiments.
Figure 9 is a flow diagram of features of an example method of generating calibration

coefficients for sensors of a tool, in accordance with various

2c
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embodiments.

Figure 1013 a flow diagram of features of an example method of generating a
ranging distance from a tool to a conductive structure, in accordance with various
embodiments.

Figure 11 1s a block diagram of an example system operable to generate
calibration coefficients for sensors of a tool, 1 accordance with various
embodiments.

Figure 12 15 a block diagram of an embodiment of an example system
operable to conduct ranging operation, 1n accordance with various embodiments,

Figure 13 13 a schematic diagram of an example system at a dnlling site,
where the system includes a tool configured with a set of sensors to conduct ranging

roeasurements, 1 accordance with various embodiments.

Detailed Description

The following detailed description refers to the accompanying drawings that
show, by way of dlustration and not limitation, various embodiments in which the
mnvention may be practiced. These embodiments are described 1n sufficient detail to
enable those skilled in the art to practice these and other embodiments. Other
embodiments may be utihized, and structural, logical, and electrical changes may be
made to these embodiments. The various embodiments are not necessarily mutually
exclusive, as some embodiments can be combined with one or more other
embodiments to form new embodiments. The following detailed description 1s,
therefore, not to be taken in a limiting sense.

In various embodiments, methods to precisely calibrate individual component
measurement of a gradient tool can be implemented. Such methods can provide
calibration enhancements relative to the calibration methods currently used. The
calibration enhancements inclode implementing calibration methods based on any
individual component measurement of a gradient tool. Consequently, the calibration
and ranging distance determination can be performed using only normal component,

only tangential component, or any combination of all available measurements of the
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gradient tool as long as the used measurements are sensitive enough to the target well
signal. Such techniques provide improvements to measurement over other
procedures such as for example the procedure discussed in international patent

publication W(2014089490 that uses all components to achieve calibration methods,

¥

which does not calculate ranging distance based on a particular individual component,

such as calculation using only normal component. Other known techniques include a

ranging calculation based on only tangential component, only normal component, or

all components, if no calibration 15 needed, that 1s, such techniques assume perfect
measurements for each component.

10 Figure 1 15 a sketch of an arrangement of a line source 102 and a ranging tool
103 having a sensor 110, In this representation, the ranging tool 105 15 parallel to the
line source 102 that carries current of amplitude 7, where R 1s distance from the
ranging tool center to the line source 102, Assuming the sensor 110 has an offset
angle £, which is known as a tool face angle, with respect to a direction to the line

15 source 102 and the sensor 110 is orientated at an angle 8, ¢ with respect to the tool

face angle direction, then the sensor measurement Mo .. at the particular tool face

angle 2 can be approximately expressed as

; T o B rmef @A 8 VA et L8 V3
Mypnsor (8} = Heos{B + R )+ Heim{f + 6,1+
~Tr I SN ron ST L ~
GHeos{2(F + Brgpd} + GHs2{F + 8., 1)
20 (O
where,
£ {
e _ e —
3 < = ) 2
2wl Zai-

By taking sensor misalignment and defects into consideration, equation {1) can be

25  modified as
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ﬁ/‘{Seusw (.'8) = "T("Vcl X HCOS(/U + 15‘}‘%/’ ) + Z(ju X Hwn{ﬁ + l’j’ref}

+1C, xGHeos(Z{B+ B, )+ TC, « GHsin(2(f + 5, ))

70,

i: \ e N - 2. -t WY o - s R g Z'(j‘] E
={Heos(B+B.,) Hsin(f+ B,) GHeos(2f+ B, )y GHsin(2(f + ,(,?))}x . |
= Design Matrix % Tool Constant Matrix {2}

5 Equation (2} utilizes the tool constant matrix to determine effect of the sensor
misalignment and any defects on the measurements, whereas the design matrix 1s
hased on equation {1} assuming perfect sensor measurement. In a conventional
approach, equation (2} would be addressed by mcluding all measurements of a
gradient sensor to decouple the tool constant matnix. If some of the measurements

10 used in the calculation are very insensitive to the line source (for example, when
sensor orientation is located at or close to a blind spot), corresponding ranging
calculation may fail to determine the true ranging distance to the source. In addition,
in the conventional approach, only one set of the tool constant matrix will be obtained
for all sensors and used for ranging calculation.

15 Similar to existing calibration methods, the current [ and the distance R in
Figure 1 must be known 1n order to decouple the tool constant matrix. That 1s, the
design matrix in equation (2} is known. Since there are four unknown coefficients in
the tool constant matrix, sensor measurements with respect to at least four different
tool face angles are required to decouple the tool constant matrix. In various

20 embodiments, equation {3A) can be implemented, where equation (3A) 1s based on

four tool azimuth angles measurements, expressed as

{"M&W(ﬁ])" Heos(f+ B,y Hsin(f+ P,y GHeos(2UGB+ 2,0 GHsinQ2(f +f,,) ;“TCﬁ_
Mg, B0 | | Heos(B,+ ) Hsin(fy+ B,y GHeos(U B, + B, 0 GHsinQUp, + B, 0| | TC,
Mo, 1) || HeostB+ By Hsin(Bo+ 5,y GHeostQUf+ 8,0 GHsin(2(f, -+, | |7,
{__MS Heos(f, + By Hsin(By+ B} GHeosQ2Up,+ 5,0 GHsim(2{(B,+ .0 1 <,
(3A)

25 where for calibration, equation (3A) can be viewed as

W
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Lab Measurements = Design Matrix X Tool Constant Matrix (38}

In equation (3A), the design matrix is calculated and known based on the
known current / and the known distance £ in Figure 1, and the lab measurements are
taken at tour different reference angles (tool face) in Figure 1. Consequently, the tool
constant matrix for one particular sensor can be decoupled using equation (3A). To
avoid the blind spot issue, one must ensure a particular component at the four chosen
angles has sensitivity to the excitation source. For example, if a sensor is orientated
in the tangential direction as shown in Figure 1, the corresponding sensor
measurements have blind spots when tool face # equals (or is close to) 90° and 270°.
In addition, m order to determine a good calibration tool constant, particular for
gradient field calibrations (T€_; and T 1), one should include the measurements at
the angles with the strongest fields. For this tangential component, it 1s better to
include measurements at tool face £ equals (or is close to) 0° and 180° such that the
calibration coefficients can be accurately determined.

However, instead of calculating only one tool constant matrix, one actually
can build a tool constant matrix library for different tool face angles to precisely
calibrate tool measurements, since measurements at only four angles are required to
determine four unknown components of the tool constant matrix in equation {23, For
example, consider a sensor oriented in the tangential direction. The sensor can be
used to take azimuthal measurements with different tool face angles § from 0° ¢
360° relative to the line source, with the sensor operated to take one measurement at
every 2° increment. For this sensor, one can choose four angles from all azimuth
measurements to generate one tool constant matrix for one particular angle. For
example, one can use measurements at the tool face angle £ at 0°, 2°, 180°, and 182°
o calculate a tool constant matrix and define the tool constant matrix as calibration
coefficients when tool face angle f is 0° in practice. Similarly, measurements at the
tool face angle F at 40°, 42°, 220°, and 222° can be used to calculate a tool constant
matrix and then assign the calculated calibration coefficients for tool face angle §
being 40° in practice.

Figures 2A-2D present tool constant matrix libraries versus different tool

6
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azimuthal angles using the four-angle measurement technique described above.
Figures 2A-2I3 are plots of calibration coefficients for tool constant matrix libraries
with respect to different tool azimuth to the excitation source. Lab measurements at

5o s
ﬁf_.cf) +

H

L8+ 1BOS B, + 182° are used to calculate tool constant matrix for tool
azimuth of &,.

However, the measurements can be chosen from four other angles, such as
tool face angle # at & B, + 10° 8§, + 188° and & + 130° (o calculate the tool
constant matrix for tool face angle §; in practice. Figures 3A-3D are plots of
calibration coefficients for tool constant matrix libraries with respect to different tool
azimuth to the excitation source. Lab measurements at
8.8, + 1058 + 1805 8, + 190° are used to calculate tool constant matrix for tool
azimuth of §,. Figures 3A-3D present the tool consiant matrix library using the 10%
ncrement as caleolation.

Modeling responses can be used as vahidations to verify the calibration
technigues taught herein. Figure 4 15 a sketch of a line source 402 and a ranging tool
405 equipped with four normal component sensors, 410-1, 410-2, 410-3, and 410-4.
The tour sensors are 90° azimuthally separated from each other, and the sensor
direction of sensor 410-1 13 also indicated as the tool face direction. The line source
402 and the ranging tool 405 are separated by a distance R between the centers of the
two structures.

First, modeling responses are generated for a distance from the source 402 to
the tool center equal to 1 m. These responses at 1 m are used to generate tool
constant matrix as described above for each sensor. Figures SA-5P are plots of
calibration coefficients for tool constant matrix libraries with respect to different tool
azimuth to the excitation source for the four sensors of Figure 4. Modeling responses
at £ 8, + 25 5, + 180 &, + 1827 are used to calculate tool constant matrix for tool
azimuth of .. Figures 5A-5D are the tool constant matrix libraries for sensor 410-1.
Figures 5E-5H are the tool constant matrix hibraries for sensor 410-2. Figures 5I-5L,
are the tool constant matrix hibraries for sensor 410-3. Figures 3M-SP are the tool

constant matrix hibraries for sensor 410-4.

~1



CA 03001300 2018-04-06

WO 2017/105500 PCT/US2015/066752

¥

10

Then, modeling responses of the four sensors are created when the tool center
is 5 m away from the line source {R=5m). Equation {4) describes how to decouple
the modeling responses at 5 m and determine the ranging distance using the

calibration coefficients determined for the distance 1 m.

(M M M s M imora ] =
[Heos{(fy+ £} Hsin{f, + 8,,) GHeos(2(5, + GHsin(2(p, + B, N}
7 ’C,,] (Sensorly 1C, 1(50;750}2.) 70 (Sensor3) TC (Sensord)
C L (Sensorl)  TC Sensorly TC (Semsor3y TC {Sensord)
7 C (bmw: 1y TC,,(Sensor2) TC  {(Sensor3y TC_,(Sensord)
TC (Sensorly  TC (Sensor) TC  (Sensor3y 1C, (Sensarﬁi)_j

Sensor’
ref , ,

l’f"

X

{4
The measurements at 5 m at one particular tool azimuth angle are mput as
measurement mairix m Equation (4}, and tool constant matrix 1s created based on the
coefficients in Figures 5A-5P using modeling responses at 1 m. So, the design
matrix in Equation (4}, used to calculate ranging measurement, is unknown. Hquation
{4} can be simphified as:

[Measurement Matrix|w = [Design Matrixha < [{ool Constant Matrixiaa  (5)
Therefore, using the measurement matrix to multiply the inverse of tool constant
mairix, the design matrix ¢an be calculated by equation (6) as:

[Design Matrix)s « = [Measurement Matrix)y s * [Tool Constant MatrixVia {6}
where the “” indicates inverse. Then, there are four items obtained from the desion
matrix that can be used to calculate the total field 4 and gradient field GH

corresponding to the given source as shown 1n equations (7A) and (7B).

o

Total Field /= ;E}p sign Matrix{1}® + Design Matrix{2} (7A)
Gradient Field !rz"’— i esign Matriz{31° + Design Matvix{4}® (7B)

where Design Matrix (X) refers to the X™ component of the Design Matrix. The
ranging distance R can be calculated by

R={HIGH), (8)
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with the ranging direciion calculated as
Ranging Direction = tan™ {Design Matrix (2} / Design Matrix (1)), (9}

Figure 6 1s a plot of calculated distances using different sensor sets as shown
in Figure 4. Figure 6 shows the calculations when measurements are from modeling
at 5 m away from the line source and the calibrations are based on the modeling at 1
ma away from the line source. Curve 641 shows the true distance, which is 5 m. Curve
643 shows the calculations only using sensor 1 and sensor 3, and curve 644 shows the
calculations ounly using sensor 2 and sensor 4. There are four angles having blind
spots tor the use of only two sensors, which are 0°, 90°, 180°, and 270°.
Consequently, curve 642 indicates the calculations using all four sensors to avoid the
blind spots. As shown in the resulis, all calculations are able effectively to determne
true distance of S m.

It is noted that there are tiny differences between calculated distance and true
distance in Figure 6 due to field approximation in equation (1) and equation (2}, Un
the other hand, using more components 1n a ranging distance calculation, such as
eight normal component sensors in Figure 7, will help minimize such differences.
Figure 7 is a skeich of a line source 702 and a ranging tool 705 equipped with etght
normal component sensors 710-1, 710-2, 716-3, 710-4, 710-5, 710-6, 710-7, and 710-
& The eight vormal components are disposed 45° azimuthally separated from each
other. The line source 702 and the ranging tool 705 are separated by a distance R
hetween the centers of the two structures. Figure 8 15 a plot of calculated distances
using the eight sensors in Figure 7. Figure 8 shows the corresponding calculated
distance from using similar methods mentioned above. As shown in Figure 8, the
calculated distance in curve 842 13 essentially the same as the true distance of curve
841 at any tool azimuth to the source.

The matrix operations for the eight sensor configuration foliows that of the
four sensor configuration using field measurements and a tool constant matrix
obtained and computed from a lab test with respect to a design matrix used to

calculate ranging measurement.
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[Heos(fB,+ ..} Hsin{f + B,y GHeos(UB + 5.,y GHsin{2(f, + 5]

10

D2
U

-

TC (Sensorly  TC (Sensor2) - TC {sensor8)
y 7C (Sensorly  1C Sensorly - TC (Sensor8)
| 1C  (Sensorty 1T, (Sensor2y - TC,{(Sensory)
_1 CSensorl) TC (Sensorly -+ T, (Sensor8) |
(10}
This expression can be written as

[Field Measurements|ixs = [ Design Matvixlixa = [Tool Constant Matrixles {11)

By matrix manipuiation, the design matrix can be expressed as
[ Field Measurements) 1 x [Tool Constant Matrix) g4 =
Design Marix) 1« x {{Tool Constant Matrix] a.s = [Tool Constant Matrix] s<}aa
(2)
which becomes
[ Design Matrix] 1« = [Field Measurementsiis » [Tool Constant Matrix] sxa ¥

/

inv {| Tool Constant Matrix)a.s = |Tool Constant Matrix] s«s) 34 (13}

I3

where the *” again indicates inverse, as doesg “inv.” The total field # and the gradient
field GH can be found as in equations (7A) and {7B). The ranging distance can be
found as in equation {8) and the ranging direction can be found as in equation {9}
Figure 9 s a flow diagram of features of an embodiment of an example
method 900 of generating calibration coefficients for sensors of a tool. Method 900
can be applied to each sensor in a set of sensors of a tool 1o generate a tool constant
matrix for the respective sensor. At 910, magnetic field measurements are conducted
at four or more different azimuthal angles with respect to a direction to an excitation
source from a tool using the sensor arranged on a surface of the tool. The excitation
source has a current of a known value flowing in the excitation source. The
excitation source may be a bine source or an approximate line soure. The tool is

separated from the excitation source at a known distance from center of the tool to
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center of the excitation source. The sensors may be oriented in a tangential direction
or m a normal direction to the different azimuthal angles

At 920, using a processor, the tool constant matrix for the sensor 1s generated
using the field measurements and a design matrix. The design matrix can be based on
the known value of the current, the known distance, the four or more different
azimuthal angles, and known orientation of the sensor. In an example, generating the
tool constant matrix for the sensor can include generating the tool constant at a
selected azimuthal angle relative 1o the excitation source by using the different
azimuthal angles o include the selected azimuthal angle relative to the excitation
source, an angle equal 1o the selected azimuthal angle plus a selected mcrement, an
angle equal 1o the selected ammuthal angle plus one-hundred eighty degrees, and an
angle equal to the selected azimuthal angle plus one-hundred eighty degrees plus the
selected merement. In ancther example, the selected increment may equal ten
degrees. Other increments may be used depending on a number of factors including,
but not hmated to, operational imutations of the respective sensor. For tool azimuthal
of §i, one can choose four different angles of By, B+, Bit Py, BitPs to caleulate tool
constant matrix where By, B, Bs are different. As long as the sensor measurements at
the selected four different angles are sensitive to an excitation source, such as a line
source, the sensor measurements ai the four angles can be used to calculate the tool
constant matrix for the sensor at that particular tool azimuthal angle (i) relative to the
excitation source.

At 930, the tool constant matrix 1s stored in a storage device as a matrix of
calibration coetficients for the sensor. The storage device may be accessed to retrieve
one or more tool constant matrices to conduct ranging operations with respect to a
well. For example, such tool constant matrices may be used in steam assisted gravity
drainage {SAGD) operations.

The work flow shown in Figure 9 or similar work flow can be repeated for
different azimuthal directions relative to the excitation source, generating a plurality
of tool constant matrices for the respective sensor that can be stored. Storing the

plurality of tool constant matrices generates a tool constant matrix library for the
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respective sensor, which provides a tool constant matrix at each azimuthal angle
relative to the excitation source. Examples of tool constant matrix libraries are shown
in Figures 3A-D and Figures SA-P.

The method 900 or similar method can include forming a set of tool constant
matrices for the respective sensor, each matrix of the set of tool constant matrices
cenerated for a different sensor direction relative to the excitation source; and storing
the set of tool constant matrices in a tool constant matrix library for the respective
sensor. Such methods can include forming the set of fool constant matrices for the
respective sensor for the different sensor directions relative to the excitation source to
mclude forming the set of tool constant matrices at a plurality of different azimuthal
angles in the range from 0° to 360°,

Figure 1013 a flow diagram of features of an embodiment of an example
method 1000 of generating a ranging distance from a tool to a conductive structure,
The ranging operation may be conducted at a drilling site, such as but not limited to, a
well site at which SAGD operations are conducted. The conductive structure may be
a casing i a target well. In certain applications, such as n the build section in SAGD
wells, the well may be bent with a certain angle. At 1010, magnetic field
measurements are conducted at different azimuth angles, using a set of gensors of a
tool at a selected tool azimuth angle, in response to current flowing in a conductive
structure. The tool and the structure are disposed below earth surface. One sensor
can have its own tool constant matrix with four unknown components as described in
equations (3}, (4), or {10). Therefore, to decouple the four unknown components, the
sensor must take measurements at least at four different azimuthal angles relative to
an excitation source. So for configuration of four sensors in Figure 4 or eight sensors
in Figure 7, the sensors take at least four measurements af four different too!
azimuthal angles to decouple each tool constant for the individual sensor. The
magnetic field can be generated from current flowing in the conductive structure.

The set of sensors can include eight sensors. The set is not limited to four or eight
sensors, but may include more or less than four sensors.

Using a processor, values of the magnetic field measurements, can be
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processed o generate a ranging distance from the tool to the conductive structure. At
1020, an inverse of a tool constant matrix for the selected tool azimuthal angle 1s
generated. The tool constant matrix provides a matrix of calibration coefficients for
each sensor of the set used in the measurement. At 1030, a design matrix is generated
from a multiplication of & matrix of values from the magnetic field measurements and
the inverse of the tool constant matrix. At 1040, the ranging distance is generated
using two elements of the design matrix to calculate a total magnetic field and two
elements of the design matrix {o calculate a gradient magnetic field,

Method 1000 or methods sinmilar to method 1000 can comprise using only
sensors oriented normally to a center of the tool or only sensors oriented tangentially
to the center of the tool. Method 1000 or methods similar to method 1000 can
comprise generating a ranging direction using a ratio of the two elements of the
design matrix used to calculate the total magnetic field.

Method 1000 or methods similar to method 1000 can comprise selecting the
tool constant matrix by prior to generating the ranging distance, selecting a first tool
constant matrix from a tool constant library; calculating direction to the conductive
structure using an application of the selected first tool constant matrix to the magnetic
field measurements; and selecting the too! constant matrix from the tool constant
library based on the calculaied direction. Intensity field of the magnetic field, H, can
be used to calculate the direction. Using the set of sensors can include using at least
twe sensors with measurements in one stationary position of the tool, or using one
sensor at least two azimuthal measurements due to a rotation operation of the tool.

In various embodiments, a machine-readable storage device can comprise
instructions stored thereon, which, when performed by a machine, cause the machine
o perform operations, the operations comprising one or more features similar to or
identical to features of methods and techniques described with respect to method 900,
method 1000, combinations of method 900 and method 1000, variations thersof,
and/or features of other methods taught herein. The physical structures of such
instructions may be operated on by one or more processors.

Executing these physical structures can cause the machine to perform
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operations, the operations comprising: for each sensor of a set of sensors, generating a
tool constant matrix by conducting magnetic field measurements at four or more
different azimuthal angles with respect to a direction to an excitation source from a
tool using the sensor arranged on a surface of a tool, the excitation source having a
current of a known value flowing in the exeitation source, the tool separated from the
excitation source at a known distance from center of the tool to center of the
excitation source; generating, using a processor, the tool constant matrix for the
sensor using the field measurements and a design matrix, the design matrix based on
the known value of the current, the known distance, the four or more different
azumuthal angles, and known orientation of the sensor; and storing the tool constant
matrix in a storage device as a matrix of calibration coefficients for the sensor.
Executing the instructions can include a number of additional features. The
sensors may be oriented n a tangential direction or in a normal direction at the
different azimuthal angles. In an example, generating the tool constant matrix for the
sensor can include generating the tool constant at a selected azimuthal angle relative
to the line source by using the four different azimuthal angles to include the selected
azimuthal angle relative to the line source, an angle egual to the selected azimuthal
angle plus a selected increment, an angle equal to the selected azimuthal angle plus
one-hundred eighty degrees, and an angle equal 1o the selected azimuthal angle plus
one-hundred eighty degrees plus the selected increment. In another example, the
selected mcrement can equal two degrees. Other incraments may be used depending

on a number of factors including, but not limited to, operational limitations of the

respective sensor. For tool azimuthal of Bi, one can choose four different angles of [,
BitBi, BitBo, and Br+Bs to calculate tool constant matrix where B, B, and Ps are
different. As long as the sensor measurements at the selected four different angles are
sensitive to an excitation source, such as a line source, the sensor measurements at the
four angles can be used to calculate the tool constant matrix for the sensor at that
particular tool azimuthal angle (B relative to the excitation source.

The operations of such & machine-readable storage device can include:

forming a set of tool constant matrices for the respective sensor, each matrix of the set

14



CA 03001300 2018-04-06

WO 2017/105500 PCT/US2015/066752

¥

10

—
L

b
(o)

of tool constant matrices generated for a different sensor direction relative to the
excitation source; and storing the set of tool constant matrices in a tool constant
matrix library for the respective sensor. Forming the set of tool constant matrices for
the respective sensor for the different sensor directions relative to the excitation
source can include forming the set of tool constant matrices at a plurality of different
azimuthal angles in the range from 0° to 360°.

In various embodiments, executing instructions realized by physical structures
i a machine-readable storage device can cause the related machine to perform
operations, the operations comprising: conducting magnetic field measurements at
ditferent azimuth angles, using a set of sensors of a tool at a selected tool azimuth
angle, n response to current flowing in a conductive structure, the tool and the
conductive structure disposed below earth surface; and processing values of the
magnetic field measurements, using a processor, to generate a ranging distance from
the tool to the conductive structure, the processing including: generating an inverse of
a tool constant matrix for the selected tool azimuthal angle, the tool constant matrix
being a matrix of calibration coefficients for each sensor of the set; generating g
design matrix from a multiplication of a matrix of values from the magnetic field
measurements and the mverse of the tool constant matrix; and generating the ranging
distance using twe elements of the design matrix to calculate a total magnetic field
and two elements of the design matrix 1o calculate a gradient magnetic field.

Executing the mstructions can include a number of additional features. The
set of sensors can mclude erght sensors. The set of sensors can include any number
of sensors. The operations can comprise using only sensors oriented normally to a
center of the tool or only sensors ortented tangentially to the center of the tool. Other
orientations may be used. The operations can comprise generating a ranging
direction using a 1atio of the two elements of the design matrix used to calculate the
total magnetic field.

The operations of such a machine-readable storage device can include:
selecting the tool constant matrix by, prior to generating the ranging distance,

selecting a first tool constant matrix from a tool constant library; calculating direction
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to the conductive structure using an application of the selected first tool constant
matrix to the magnetic field measurements; and selecting the tool constant matrix
from the tool constant library based on the calculated direction. Using a set of
sensors can include using at least 2 sensors with measurements in a stationary
position of the tool, or using one sensor at least two azimuthal measurements dueto a
rotation operation of the tool. The operations can include generating a ranging
direction using a ratio of the two elements of the design matrix used to calculate the
total magnetic field,

Further, a machine-readable storage device, herein, is a physical device that
stores data represented by physical structure within the device. Such a physical
device 1s a non-transitory device. Examples of machine-readable storage devices can
mnclude, but are not limited fo, read only memory (ROM), random access memory
{RAM), a magnetic disk storage device, an optical storage device, a flash memory,
and other electronic, magnetic, and/or optical memory devices. The machine-
readable device may be s machine-readable medium such as memory module 1155 of
Figure 11 or memory module 1255 of Figure 12, While each of memory modules
1155, 1255 1s shown as a single unif, terma such as "memory module,” "machine-

readable mediom,” " machine-readable device,” and similar terms should be aken to
mclude all forms of storage media, either in the form of a single medium (or device)
or multiple media (or devices), in all forms. For example, such structures can be
realized as centralized database(s), distributed database(s), associated caches, and
servers; one or more storage devices, such as storage drives {including but not limited
io electronic, magnetic, and optical drives and storage mechanisms}, and one or more

mstances of memory devices or modules {whether main memory; cache storage,

etther internal or external to a processor; or buffers). Terms such as "memory

o LA

module," "machine-readable medium," "machine-readable device,” shall be taken to

include any tangible non-fransitory medium which is capable of storing or encoding a
sequence of instructions for execution by the machine and that cause the machine to

perform any one of the methodologies taught herein. The term “non-transitory” used

"o 39 <C

in reference to a " machine-readable device,” “medium,” “storage medium,” “device,”
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or “storage device” expressly includes all forms of storage drives {optical, magnetic,
efectrical, etc.) and all forms of memory devices {e.g., DRAM, Flash {of all storage
designs), SRAM, MRAM, phase change, etc., as well as all other structures designed
to store data of any type for later retrieval

Figure 11 1s a block diagram of an embodiment of an example system 1100
operable to generate calibration coefficients for sensors 1110 of a tool 1105 The tool
1105 may be viewed as one of a number of workpieces on which system 1100 can
operate with respect to the generation of calibration coefficients for sensors. The
system 1100 can comprise a processor 1150 and a current generator 1153 coupledtoa
excitation source 1102 to provide current to the excitation source 1102, the current
having a known value. The processor 1150 can be arranged, for each sensor of a set
of sensors 1110 disposed on a surface of the tool 1105, to conduct a number of
operations. The processor 1150 can be arranged to: recetve values of magnetic field
measurements from measurements at four or more different azimuthal angles with
respect to a direction to the excitation source 1102 from the tool 1105 using the
sensor 1110, the tool 1105 separated from the excitation source 1102 at a known
distance from center of the tool 1105 to center of the excitation source 1102; generate
a tool constant roatrix for the sensor 1110 using the field measurements and a design
matrix, the design matrix based on the known value of the current, the known
distance, the four or more different azimuthal angles, and known orientation of the
sensor 1110; and store the tool constant matrix o a storage device 1155 as a matrix of
calibration coefficients for the respective sensor.

The set of sensors 1110 can mnclude a number of sensors. The respective
sensor of the set of sensors 1110 can be oriented 1 a tangential directivnorina
normal direction at the different azimuthal angles. Other orientations may be used.

The processor 1150 can be realized as one or more processors. The processor
can be arranged to: form a set of tool constant matrices for the respective sensor, each
mairix of the set of tool constant matrices generated for a different sensor direction
relative to the excitation source; and store the set of tool constant matrices in a tool

constant matrix fibrary for the respective sensor. The set of tool constant matrices for
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the respective sensor can include tool constant matrices at a plurality of different
azimuthal angles in the range from 0° to 360°.

The system 1100 may be arranged to operatively perform methods identical or
sumilar to the method 900, The system 1100 may also perform other operations as
taught herein. For example, the system 1100 may perform one or more of the
operations of methods identical or sinular to the method 1000,

The system 1100 may include other components. The system 1100 can
mclude a user wterface (UL} 1102 operable with the processors 1150, a data
processing unit 1160 operable with the Ul 1162, where the processors 1150, the Ul
1162, and the data processing umit 1160 are structured to be operated according to any
calibration technique similar to or identical to the calibration techmques as taught
heremn. In an embodiment, processor 1150 can be realized as a single processor ora
group of processors. Processors of the group of processors may operate
mdependently depending on an assigned function. The data processing unit 1160
may operate as a dedicated unit to generate calibration coefficients for sensors 1110,
with the processor 1150 performing other related functions. The data processing unit
1160 may include one or more processors and data storage devices. The system 1100
can be arranged to perform various operations on data acquired from the tool 11035, in
a manner similar or identical to any of the processing techniques discussed heren,
The system 1100 can be arranged as a distributed system.

The systemn 1100 can include a memory module 1155, an electromic apparatus
1165, and a communications unit 1170, The processor(s) 1150, the memory module
1155, and the communications unit 1170 can be arranged to operate as a processing
unit to control management of tool 1105 and to perform operations on data signals
collected by the tool 1105, The memory module 1155 can include a database having
information and other data such that the system 1100 can operate on data from the
tool 1105, In an embodiment, the data processing unit 1160 can be distributed among
the components of the system 1100 including memory module 1155 and/or the
electronic apparatus 1165

The communications unit 1170 can include communication interfaces to
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communicate within the system 1100 and to devices or systems external to the system
1100. The communications unit 1170 may use combinations of wired communication
technologies and wireless technologies. The commiunications unit 1170 can include
devices to communicate over local area networks and/or wide area networks.

The systerm 1100 can also include a bus 1137, where the bus 1137 provides
electrical conductivity among the components of the system 1100, The bus 1137 can
nclude an address bus, a data bus, and a conirol bus, each independently configured.
Other types of communication pathways can be provided by the bus 1137, The bus
1137 can be realized using a number of different communication mediums that allows
for the distribution of components of the system 1100, Use of the bus 1137 can be
regulated by the processor(s) 1150, The bus 1137 can include a cornmunications
network to transmit and receive signals including data signals and command and
control signals.

In various embodiments, the peripheral devices 1175 can include drivers to
provide mput to the current generator 1153, additional storage memory and/or other
control devices that may operate in conjunction with the processor{s) 1150 and/or the
memory module 1155, Display unit(s} 1180 can be arranged with a screen display
that can be used with mstructions stored in the memory module 1155 to implement
the UT 1162 to manage the operation of the tool 1105 and/or components distributed
within the system 1100, Such a user interface can be operated in conjunction with the
communications unit 1170 and the bus 1137, The display unit{s} 1180 can include a
video screen, a printing device, or other structure to visually project data/information
and images. The system 1100 can include a number of selection devices 1164
operable with the Ul 1162 to provide user inputs to operaie the data processing unit
1160 or 1ts equervalent. The selection device(s} 1164 can include one or more of a
touch screen or a computer mouse operable with the Ul 1162 to provide user inputs to
operate the data processing unit 1160 or other components of the system 1100,

Figure 12 15 a block diagram of an embodiment of an example system 1200
operable to conduct ranging operations. The svstem 1200 can comprise a tool 1205

and a processor 1250. The tool 1203 can include a set of sensors 1210 disposed on a
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surface of the tool 1203, the set of sensors 1210 structured to sense a magnetic field
to provide values of magnetic field measurements, in response to current flowing in a
conductive structure, at a selected tool azimuth angle, the sensors 1210 of the set
arranged on the surface of the tool 1205 at different azimuthal angles. The processor
1250 can be arranged, for each sensor of the set of sensors, to process the values of
the magnetic field measurements to generate a ranging distance from the tool 1205 to
the conductive structure. The process executed by the processor 1250 can include:
generation of an inverse of a tool constant matrix for the selected tool azimuthal
angle, the tool constant matrix being a matrix of calibration coefficients for each
sensor of the set used in the measurement; generation of a design matrix from a
multiplication of a matrix of the values from the magnetic field measurements and the
mverse of the tool constant matrix; and generation of the ranging distance by use of
two elements of the design matrix to calculate a total magnetic field and two elements
of the design matrix to calculate a gradient magnetic field. The processor 1250 can
be arranged to generate a ranging direction by use of a ratio of the two elements of
the design matrix used to calculate the total magnetic field. The set of sensors 1210
may include any namber of sensors. The sensors 1210 may be arranged only ortented
normally with respect to a center of the tool or only oriented tangentially with respect
to the center of the tool. However, other orientations may may be used.

The system 1200 may be arranged to operatively perform methods identical or
similar to the method 1000, The system 1200 may also perform other operations as
taught herein. For example, the svstem 1200 may perform one or more of the
operations of methods identical or similar to the method 900.

The svstem 1200 may include other components. The system 1200 can
include a U 1262 operable with the processor 1250, a data processing umit 1260
operable with the U 1262, where the processor 1250, the Ul 1262, and the data
processing unit 1260 are structured to be operated according to any procedure similar
to or identical to the procedures as taught herein. In an embodiment, processor 1250
can be realized as a single processor or a group of processors. Processors of the

group of processors may operate independently depending on an assigned function.
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The data processing unit 1260 may operate as a dedicated unit to generate ranging
determinations using sensors 1210, with the processor 1230 performing other related
functions. The data processing unit 1260 may include one or more processors and
data storage devices. The system 1200 can be arranged to perform various operations
on data acquired from the tool 1205, in a manuner similar or identical to any of the
processing techniques discussed herein. The svstern 1200 can be arranged as a
distributed system. For example, the system 1200 can be distributed in a horehole
and/or at the surface at a wellsite,

The system 1200 can include a memory module 1255, an electronic apparatus
1265, and a comumunications unit 1270, The processor(s) 1250, the memory module
1255, and the communications untt 1270 can be arranged to operate as a processing
unit to control management of tool 12035 and to perform operations on data signals
collected by the tool 1205, The memory module 1255 can include a database having
mformation and other data such that the system 1200 can operate on data from the
tool 1205, In an embodiment, the data processing unit 1260 can be distributed among
the components of the system 1200 including memory module 1255 and/or the
electronic apparatus 1268,

The communications unit 1270 can include communication mterfaces o
commmumicate within the system 1200 and to devices or systems external to the system
1200. The communications unit 1270 may use combinations of wired communication
technologies and wireless technologies. The communications unit 1270 can include
devices to communicate over local area networks and/or wide area networks.

The communications unit 1270 can include downhole communications for
communication to the surface at a well site from the tool 1205 operating ina
borehole. The communications unit 1270 may use combinations of wired
communication technologies and wireless technologies at frequencies that do not
interfere with on-going measurements. The communications unit 1270 can allow for
a portion or all of the data analysis to be conducted downhole with results provided to
the Ul 1262 for presentation on one or more display unit{s} 1280 aboveground. The

communications unit 1270 can provide for data to be sent aboveground such that
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substantially all analysis is performed aboveground. The data collecied by the tool
1205 can be stored with the tool 1205 that can be brought to the surface to provide the
data to the one or more processors 1230, the Ul 1262, and the data processing unit
1260. The comumunications unit 1270 can aliow for transmission of commands 1o
tool 1205 1n response to signals provided by a user through the Ul 1262,

The svstem 1200 can alse include a bus 1237, where the bus 1237 provides
electrical conductivity among the components of the system 1200, The bus 1237 can
mclude an address bus, a data bus, and a control bus, each mdependently configured.
Other types of communication pathways can be provided by the bus 1137 The bus
1237 can be realized using a number of different communication mediums that allows
for the distribution of components of the system 1200, Use of the bus 1237 can be
regulated by the processor(s) 1250, The bus 1237 can include a communications
network to fransmit and receive signals including data signals and command and
control signals.

Tn various embodiments, the peripheral devices 1275 can include drivers to
provide tnput to a current generator 1253, additional storage memory and/or other
control devices that may operate in conjunction with the processor(s) 1250 and/or the
memory modude 1255, The current generator 1253 may be used to apply, at the
surface at a well site, a current to a conductive structure that extends underground that
is the subject of a ranging investigation. The display unit{s) 1280 can be arranged
with a screen display that can be used with instructions stored m the memory module
1255 to implement the U 1262 to manage the operation of the tool 1205 and/or
components distributed within the system 1200, Such a user interface can be
operated in conjunction with the communications unit 1270 and the bus 1237, The
display unit(s) 1280 can include a video screen, a printing device, or other structure to
visually project data/information and images. The system 1200 can mclude a number
of selection devices 1264 operable with the Ul 1262 to provide user inputs to operate
the data processing unit 1260 or its equivalent. The selection device(s) 1264 can
include one or more of a touch screen or a computer mouse operable with the Ul 1262

to provide user inputs to operate the data processing unit 1160 or other components of
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the system 1100

Figure 13 is a schematic diagram of a system 1300 at a drilling site, where the
system 1300 ncludes a tool 1305-1, 1303-2, or both 1305-1 and 1305-2 configured
with a set of sensors. In an embodiment, the set of sensors can include at least four
sensors to conduct ranging measurement from the tool 1305-1 or the tool 1305-2 with
respect to a structure. The structure may be another well structure. Tools 1305-1 and
1305-2 can be realized in a similar or identical manner to arrangements taught herein.

A control unit and processing unit of the measurement tools 1305-1 and 1305-
2 can be distributed among systern 1300 or can be integrated with measurement tools
1305-1 and 1305-2 providing for control and analysis activities 1o be conducted
downhole. The measurement tools 1305-1 and 1303-2 can be realized in a stmilar
manner or an identical manner to arrangements and processing discussed herein to
make ranging measurements that includes processing with libraries of tool constant
matrices for the set of sensors used i operation of tool 1305-1 or tool 13035-2. A
processing unit 1344 may be located at a surface 1304 of a well 1306 to operate on
the measurement data collected by of tool 13051 or tool 1305-2 a3 taught herein.
Alternatively, processing unit 1344 may be disposed downhole.

The svatem 1300 can mclude 3 drithing rig 1302 located at the surface 1304 of
the well 1306 and a string of dall pipes, that 1s, the drill string 1308, connected
together so as to form a drilling string that s lowered through a rotary table 1307 o
a wellbore or borehole 1312-1. The drnlling rig 1302 can provide support for the drill
string 1308, The drill string 1308 can operate to penetrate the rotary table 1307 for
dritling the borehole 1312-1 through subsurface formations 1314, The dnll string
1308 can include dritl pipe 1318 and a bottom hole assembly 1320 located at the
lower portion of the drill pipe 1318,

The bottom hole assembly 1320 can include a drill coliar 1315, the tool 1305
attached to the drill collar 1315, and a drill bit 1326, The drill bit 1326 can operate to
create the borehole 1312-1 by penetrating the surface 1304 and the subsurface
formations 1314, The tool 13035-1 can be structured for an implementation i the

borehole 1312-1 as a measurements-while-drilling (MWD) svstem, such as a logging-
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while-drilling (LWD) system. The housing containing the measurement tool 1303-1
can include electronics to control the sensors of the measurement tool 1303-1. Such
electronics can include a processing unit to receive sensor data and to provide ranging
determination, with respect to a structure disposed downhole, to the surface over a
standard communication mechamsm for operating a well. Alternatively, electronics
can include a communications mterface to provide signals output by sensors of the
measurement tool 1305-1 to the surface over a standard communication mechanism
for operating a well, where these output signals can be analvzed at the processing unit
1344 at the surface to receive sensor data and to provide rangmg determination.

During dnlling operations, the drill string 1308 can be rotated by the rotary
table 1307, In addition to, or alternatively, the bottom hole assembly 1320 can also
be rotated by a motor {e.g., a mud motor) that s located downhole. The drll collars
1315 can be used to add weight to the drill bit 1326, The dnill collars 1315 also can
stiffen the bottom hole assembly 1320 to allow the bottom hole assembly 1320 to
transfer the added weight to the drill bit 1326, and o turn, assist the dridl bt 1326 1n
penetrating the surface 1304 and subsurface formations 1314,

Druring drlling operations, 2 muod pump 1332 can pump drifling fluid
{sometimes known by those of skill in the art as “drilling roud”) from a mud pit 1334
through a hose 1336 into the dodl pipe 1318 and down to the dnill bit 1326, The
drilling fluid can flow out from the drill bit 13206 and be returned to the surface 1304
through an annular area 1340 between the drill pipe 1318 and the sides of the
borehole 1312-1. The drilling fluid may then be returned to the mud pit 1334, where
such fluid is filtered. In some embodiments, the drilling fluid can be used to cool the
drill bit 1326, as well as to provide lubrication for the drill bit 1326 duning deilfing
operations. Additionally, the drilling fluid may be used to remove subsurface
formation 1314 cuttings created by operating the drill bit 1326,

In various embodiments, the measurement tool 1305-2 may be included in a
tool body 1370 coupled to a logging cable 1374 such as, for example, for wireline
applications. The tool body 1370 containing the measurement tool 1303-2 can

nclude electronics to control the sensors of the measurement tool 1365-2. Such
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electronics can include a processing unit to recetve sensor data and to provide ranging
determination, with respect to a structure disposed downhole, to the surface over a
standard communication mechanism for operating a well. Alternatively, electronics
can include a communications interface to provide signals output by sensors of the
measurement tool 1305-2 to the surface over a standard commumcation mechamsm
for operating a well, where these output signals can be analyzed at the processing unit
1344 at the surface to receive sensor data and to provide ranging determination. The
logging cable 1274 may be realized as a wireline {multiple power and communication
lines), a mono-~cable {(a single conductor), and/or a shck-tine (no conductors for power
or communications), or other appropriate structure for use in the borehole 1312-2,
Though, for convemence, Figure 13 depicts both an arrangement for wireling
apphications and an arrangement for LWD applications, the system 1300 may be also
realized for one of the two appheations.

A method 1 can comprise: for each sensor of a set of sensors, generating a tool
constant matrix by: conducting magnetic field measurements at four or more different
azimuthal angles with respect to a direction to an excitation source from a tool using
the sensor arranged on a surface of a tool, the excitation source having a corrent of a
known value flowing m the excitation source, the tool separated from the excitation
source at a known distance from center of the tool to center of the excitation source;
generating, using a processor, the tool constant matrix for the sensor using the field
measurements and a design matrix, the design mairix based on the known value of the
current, the known distance, the four or more different azimuthal angles, and known
orientation of the sensor; and storing the tool constant mairix in a storage device as a
mairix of calibration coefficients for the sensor,

A method 2 can include elements of method 1 and can include forming a set
of tool constant matrices for the respective sensor, each matrix of the set of tool
constant matrices generated for a different sensor direction relative to the excitation
source; and storing the set of tool constant matrices in a tool constant matrix library
for the respeciive sensor.

A method 3 can include elements of any of methods 1 and 2 and can include

N>
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forming the set of tool constant matrices for the respective sensor for the different
sensor directions relative to the excitation source 1o include forming the set of tool
constant matrices at a plurality of different azimuthal angles in the range from (° to
360°

A method 4 can include elements of any of methods 1, 2, and 3 and can
include the sensors oriented in a tangential direction or in a normal direction at the
different azimuthal angles.

A method 5§ can comprise: conducting magnetic field measurements at
different azimuth angles, using a set of sensors of a tool at a selected tool azimuth
angle, 1n response to current flowing i a conductive structure, the tool and the
structure disposed below earth surface; and processing values of the magnetic field
measurements, Using a processor, 1o generate g ranging distance from the tool to the
conductive structure, the processing mcluding: generating an inverse of a tool
constant matrix for the selected tool azimuthal angle, the tool constant matrix being a
matrix of calibration coefficients for each sensor of the set; generating a design
matrix from a multiplication of a matrix of values from the magnetic field
measurements and the inverse of the tool constant matrix; and generating the ranging
distance using two elements of the design matrix to calculate a total magnetic field
and two elements of the design matrix to calculate a gradient magnetic field.

A method 6 can include elements of method 5 and can include selecting the
tool constant matrix by prior to generating the ranging distance, selecting a first tool
constant matrix from a tool constant library; calculating direction to the conductive
structure using an application of the selecied first tool constant matrix to the magnetic
field measurements; and selecting the tool constant matrix from the tool consiant
library based on the calculated direction.

A method 7 can include elements of any of methods S and 6 and can mclude
using the set of sensors to include using at least 2 sensors with measurements in one
stationary position of the tool, or using one sensor at least two azimuthal
measurements due 1o a rotation operation of the tool.

A method 8 can include elements of any of methods 5-7 and can include using
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only sensors oriented normally to a center of the tool or only sensors ortented
tangentially to the center of the tool

A method 9 can include elements of any of methods 5-8 and can include
generating a ranging direction using a ratio of the two elements of the design matrix
used to calculate the total magnetic field.

A machine-readable storage device 1 can have instructions stored thereon,
which, when performed by a machine, cause the machine to perform operations, the
operations comprising: for each sensor of a set of sensors, generating a tool constant
matrix by: conducting magnetic field measurements at four or more different
azimuthal angles with respect to a direction to an excitation source from a tool using
the sensor arranged on a surface of a tool, the excitation source having a cuirent of a
known value flowing in the excitation source, the tool separated from the excitation
source at a known distance from center of the tool to center of the excitation source;
generating, using a processor, the tool constant matrix for the sensor using the fisld
measurements and a design matrix, the design matrix based on the known value of the
current, the known distance, the four or more different azimuthal angles, and known
ortentation of the sensor; and storing the tool constant matrix in a storage device as a
mairix of calibration coefficients for the sensor,

A machine-readable storage device 2 can include elements of machine-
readable storage device 1 and can include the operations to mnclude: forming a set of
tool constant matrices for the respective sensor, each matrix of the set of tool constant
matrices generated for a different sensor direction relative to the excitation source;
and storing the set of tool constant matrices in a tool constant matrix library for the
respective sensor.

A machine-readable storage device 3 can mclude elements of any of machine-
readable storage devices 1 and 2 and can include forming the set of tool constant
matrices for the respective sensor for the different sensor directions relative to the
excitation source to include forming the set of tool constant matrices at a plurality of
different azimuthal angles in the range from 0° to 360°,

A machine-readable storage device 4 can include elements of any of machine-
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readable storage devices 1-3 and can include the sensors oriented in a tangential
direction or in a normal direction at the different azimuthal angles.

A machine-readable storage device 5 can have instructions stored thereon,
which, when performed by a machine, cause the machine to perform operations, the
operations comprising: conducting magnetic field measurements at different azimuth
angles, using a set of sensors of a tool at a selected tool azimuth angle, in response to
current flowing in a conductive structure, the tool and the conductive structure
disposed below earth surface; and processing values of the maguetic field
measurements, USIng a processor, to generate a ranging distance from the tool to the
conductive structure, the processing tocluding: generating an mverse of a tool
constant matrix for the selecied tool azmmuthal angle, the tool constant matnix being a
matrix of calibration coefficients for each sensor of the set; generating a design
matrix from a multiplication of a matrix of values from the magnetic field
measurements and the imnverse of the tool constant matrix; and generating the ranging
distance using two elements of the design matrix to calculate a total magnetic fietd
and two elements of the design matrix to calculate a gradient magnetic field.

A machine-readable storage device 6 can include ¢lements of machine-
readable storage device 5 and can imclude the operations 1o mclude selecting the tool
constant matrix by prior io generating the ranging distance, selecting a first tool
constant matrix from a tool constant library; calculating direction to the conductive
structure using an application of the selected first tool constant matrix to the magnetic
field measurements; and selecting the tool constant matrix from the tool constant
library based on the calculated direction.

A machine-readable storage device 7 can mnclude elements of any of maching-
readable storage devices 5 and 6 and can include using the set of sensors to include
using at least 2 sensors with measurements in a stationary position of the tool, or
uging one sensor at least two azimuthal measurements due to a rotation operation of
the tool.

A machine-readable storage device 8 can mclude elements of any of machine-

readable storage devices 5-7 and can include operations using only sensors oriented
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normally to a center of the tool or only sensors oriented tangentially to the center of
the tool.

A machine-readable storage device 9 can include elements of any of machine-
readable storage devices 5-8 and can include operations generating a ranging
direction using a ratio of the two elements of the design matrix used to calculate the
total magnetic field.

A system 1 can comprise: a current generator coupled to a excitation source to
provide current to the excitation source, the current having a known value; and a
processor arranged, for each sensor of a set of sensors disposed on a surface of a tool,
10 receive values of magnetic field measurements from measuremenis at four or more
different azimuthal angles with respect to a direction to the excitation source from the
tool using the sensor, the tool separated from the excitation source at a known
distance from center of the tool to center of the excitation source; generate a {ool
constant matrix for the sensor using the field measurements and a design matrix, the
design matrix based on the known value of the current, the known distance, the four
or moe different azimuthal angles, and known orientation of the sensor; and store the
tool constant matrix in a storage device as a matrix of calibration coefficients for the
5ensor.

A system 2 can include elements of systermn 1 and can nclude the processor
arranged to: form a set of tool constant matrices for the respective sensor, each matrix
of the set of tool constant matrices generated for a different sensor divection relative
to the excitation source; and store the set of tool constant matrices in a tool constant
matrix library for the respective sensor.

A system 3 can include elements of any of systems 1 and 2 and can mclude
the set of tool constant matrices for the respective sensor to include tool constant
matrices at a plurality of different azimuthal angles in the range from ° to 366°.

A system 4 can include elements of any of systems 1-3 and can include the
respective sensors oriented in a tangential direction or in a normal direction at the
different azimuthal angles.

A system S can comprise: a tool having a set of sensors disposed on a surface
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of the tool, the set of sensors structured to sense a magnetic field to provide values of
magnetic field measurements, in response to current flowing in a conductive
structure, at a selected tool azimuth angle, the sensors of the set arranged on the
surface of the tool at different azimuthal angles; and a processor arranged, for each
sensor of the set of sensors, to process the values of the magnetic field measurements
to generate a ranging distance from the tool to the conductive structure, the process
including: generation of an mverse of a tool constant matrix for the selected tool
azumuthal angle, the tool constant matrix being a matrix of calibration coefficients for
cach sensor of the set; generation of 3 design matrix from a multiplication of a matrix
of the values from the magnetic field measurements and the mverse of the tool
constant matrix; and generation of the ranging distance by use of two elements of the
design matrix to calculate a total magnetic field and two elements of the design
matrix to calculate a gradient magnetic field.

A system 6 can include elements of system 5 and can include the processor
arranged to select the tool constant matrix by operations to: prior to generation of the
ranging distance, select a first tool constant matrix from a tool constant hibrary,
calculate direction to the conductive structure using an application of the selected first
too] constant matrix to the magnetic field measurements; and select the tool constant
mairix from the tool constant Library based on the calculated direction.

A system 7 can include elements of any of systems S and 6 and can include
the set of sensors to include at least 2 sensors to conduct measurements in one
stationary position of the tool or one sensor 1o conduct measurements at two or more
azimuthal measurements corresponding {o a rotation operation of the iool.

A system 8 can include elements of any of system 5-7 and can include the
sensors arranged only oriented normally with respect to a center of the tool or only
ortented tangentially with respect to the center of the tool.

A system 9 can include elements of any of system 5-8 and can include the
processor arranged to generate a ranging direction by use of a ratio of the two
elements of the design matrix used to calculate the total magnetic field.

In various embodiments, calibration techniques as taught herein can improve
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calibration processing relative to conventional calibration methods such that the
calibration techniques can be achieved based on any individual component
measurement of the gradient tool. Consequently, the calibration and ranging distance
determination can be performed using only normal component, only tangential
component, or any combination of all available measurements of a gradient tool as
long as the used measurements are sensitive enough to the target well signal.

Systems and techniques, as taught herein, may be useful for magnetic ranging tool
calibration and accurate ranging distance determination. These techniques can be
apphied to any combinations of sensors used in magnetic ranging distance calculation.
The calibration techniques can be apphed to existing gradient tools to determine
accurate ranging distance compared to a reference tool. In various embodiments,
such techniques and systems, as taught herein, may be implemented with only surface
excitation without access to the target well, which can speed up the operation time
and reduce cost in SAGD applications.

Although specific embodiments have been llustrated and described herein, 1t
will be appreciated by those of ordinary skill in the art that any arrangement that is
calculated to achieve the same purpose may be substituted for the specific
embodiuments shown. Various embodiments use permutations and/or combinations of
embodiments described herein. 1t 15 1o be understood that the above description 18
intended to be llustrative, and not restrictive, and that the phraseology or ternunology
emploved herem is for the purpose of descrniption. Combinations of the above
embodiments and other embodiments will be apparent to those of skill in the art upon

studving the above description.
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CLAIMS:

1. A method for calibrating a tool comprising:
for each sensor of a set of sensors, generating a tool constant matrix by:

conducting magnetic field measurements at four or more different azimuthal
angles with respect to a direction to an excitation source from a tool using the sensor arranged on
a surface of the tool, the excitation source having a current of a known value flowing in the
excitation source, the tool separated from the excitation source at a known distance from center
of the tool to center of the excitation source;

generating, using a processor, the tool constant matrix for the sensor using the
field measurements and a design matrix, the design matrix based on the known value of the
current, the known distance, the four or more different azimuthal angles, and known orientation
of the sensor; and

storing the tool constant matrix in a storage device as a matrix of calibration

coefficients for the sensor.

2. The method of claim 1, wherein the method includes:
forming a set of tool constant matrices for the respective sensor, each matrix of the set of

tool constant matrices generated for a different sensor direction relative to the excitation source;

and

storing the set of tool constant matrices in a tool constant matrix library for the respective
Sensor.
3. The method of claim 2, wherein forming the set of tool constant matrices for the

respective sensor for the different sensor directions relative to the excitation source includes
forming the set of tool constant matrices at a plurality of different azimuthal angles in the range

from 0° to 360°.

4. The method of claim 1, wherein the sensors are oriented in a tangential direction or in a

normal direction at the different azimuthal angles.
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5. A machine-readable storage device having instructions stored thereon, which, when
executed by a computer, cause a machine to perform operations, the operations comprising:
for each sensor of a set of sensors, generating a tool constant matrix by:

conducting magnetic field measurements at four or more different azimuthal
angles with respect to a direction to an excitation source from a tool using the sensor arranged on
a surface of a tool, the excitation source having a current of a known value flowing in the
excitation source, the tool separated from the excitation source at a known distance from center
of the tool to center of the excitation source;

generating, using a processor, the tool constant matrix for the sensor using the
field measurements and a design matrix, the design matrix based on the known value of the
current, the known distance, the four or more different azimuthal angles, and known orientation
of the sensor; and

storing the tool constant matrix in a storage device as a matrix of calibration

coefficients for the sensor.

6. The machine-readable storage device of claim 5, wherein the operations include:
forming a set of tool constant matrices for the respective sensor, each matrix of the set of

tool constant matrices generated for a different sensor direction relative to the excitation source;

and

storing the set of tool constant matrices in a tool constant matrix library for the respective
sensor.
7. The machine-readable storage device of claim 6, wherein forming the set of tool constant

matrices for the respective sensor for the different sensor directions relative to the excitation
source includes forming the set of tool constant matrices at a plurality of different azimuthal

angles in the range from 0° to 360°.

8. The machine-readable storage device of claim 5, wherein the sensors are oriented in a

tangential direction or in a normal direction at the different azimuthal angles.
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9. A system for calibrating a tool comprising:
a current generator coupled to a excitation source to provide current to the excitation
source, the current having a known value; and
a processor arranged, for each sensor of a set of sensors disposed on a surface of a tool,
to:
receive values of magnetic field measurements from measurements at four or
more different azimuthal angles with respect to a direction to the excitation source from the tool
using the sensor, the tool separated from the excitation source at a known distance from center of
the tool to center of the excitation source;
generate a tool constant matrix for the sensor using the field measurements and a
design matrix, the design matrix based on the known value of the current, the known distance,
the four or more different azimuthal angles, and known orientation of the sensor; and
store the tool constant matrix in a storage device as a matrix of calibration

coefficients for the sensor.

10. The system of claim 9, wherein the processor is arranged to:
form a set of tool constant matrices for the respective sensor, each matrix of the set of

tool constant matrices generated for a different sensor direction relative to the excitation source;

and

store the set of tool constant matrices in a tool constant matrix library for the respective
sensor.
11.  The system of claim 10, wherein the set of tool constant matrices for the respective

sensor includes tool constant matrices at a plurality of different azimuthal angles in the range

from 0° to 360°.

12. The system of claim 9, wherein the respective sensors are oriented in a tangential

direction or in a normal direction at the different azimuthal angles.
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