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CONTROLLING A DOWNHOLE TOOL
BACKGROUND

[0001] Inindustries such as the oil and gas industry drilling operations provide drilled
wells to recover hydrocarbon reserves.

[0002] Dirilling, completion, maintenance and extraction operations associated with such
wells may involve the use of a wide variety of different equipment being run into the well
on a drill string. Such equipment frequently includes mechanical downhole tools which can
be controlled remotely from the Earth’s surface, for example, the tools may be controlled
to activate different modes of the respective downhole tools depending a current stage of
the drilling operation.

[0003] Controlling a downhole tool to invoke a desired mode of mechanical operation
using conventional wired or wireless communication techniques may be difficult owing to
the harsh downhole environment and the fact that it is deep underground. The present
technique is applicable to any industry in which drilling operations are performed.

[0004] Previous solutions have attempted to overcome such difficulties by, for example,
dropping objects such as a ball or a dart into a bore of the drill string to selectively block a
bore of a downhole tool and apply a back pressure to actuate a mechanical mechanism of
a tool.

[0005] A problem with downhole tools operable by selectively blocking a bore through
the drill string in this way is that the bore is then unavailable for other operations. This can
be addressed by blowing the ball or dart through the hole, but since a typical well can only
tolerate a limited number of such objects being present in addition to the drill string, this in
turn normally requires the ball or dart to be caught and retrieved, or drilled through.

[0006] A further problem with downhole tools operable by selectively blocking a bore
through the drill string is that is it desirable to run in multiple tools on a single drill string, to
minimise the number of trips. Where several tools share generally the same principle of
actuation, such as the bore-blocking actuation described above, this may limit the number
of tools that may be run in together, adding to overall time and cost of downhole
operations.

[0007] Other previous solutions include using communication protocols reliant on, fixed,
predetermined time slots, precisely controlling and measuring a rotational speed of a drill
string or a pressure between an inside of the drill string and the outside (e.g., the annulus)
of the drill string. Such solutions may have associated issues which render them inefficient

and unreliable. For example, so-called “stick-slip” may give rise to fluctuations in the
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rotational speed of a drill string throughout its length, making precisely controlling its
rotational speed challenging. As another example, precisely measuring a pressure
difference between an inside and an outside of the drill string is complicated due to
hydrostatic pressure varying with depth. Furthermore, utilising a communication protocol
reliant on measuring certain parameters within a fixed, predetermined time slot may give
rise to measurement errors due to latency in the system. Reduction of measurement
errors at least in systems where predetermined time slots are used is desirable.

[0008] There remains a need for a means controlling a downhole tool that addresses or

mitigates one or more of these issues.

BRIEF INTRODUCTION OF THE DRAWINGS

[0009] Example implementations are described below with reference to the
accompanying drawings, in which:

[0010] Fig. 1 schematically illustrates an example drilling system in which a downhole
tool may be controlled in accordance with the present technique;

[0011] Fig. 2 schematically illustrates an example control signal for controlling a
downhole tool;

[0012] Fig. 3 schematically illustrates an example control signal for controlling a
downhole tool where the control signal has a plurality of pulses with different polarities;
[0013] Fig. 4 schematically illustrates a further example control signal for controlling a
downhole tool where the control signal has a plurality of pulses with different polarities;
[0014] Fig. 5 schematically illustrates an example controller for controlling a downhole
tool;

[0015] Fig. 6 schematically illustrates an example downhole tool including an example
controller;

[0016] Fig. 7 schematically illustrates a baseline sampling rate and a measurement
sampling rate for sampling a control signal,

[0017] Fig. 8 schematically illustrates an example power source for powering a controller
of a downhole tool;

[0018] Fig. 9 is an example flowchart schematically illustrating controlling a downhole
tool; and

[0019] FIG. 10is a flow chart schematically illustrating how a downhole tool of a drill

string is activated depending on sensor readings;
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[0020] Fig. 11 is a flow chart schematically illustrating identification of a pulse of an
operational parameter of a drill string comprising a downhole tool, in which both a leading
edge and a trailing edge of the pulse are used for the identification.

DETAILED DESCRIPTION

[0021] Fig. 1 schematically illustrates an example drilling system 100 in which a
downhole tool may be controlled in accordance with the present disclosure. The drilling
system 100 comprises a drill string 110 at least partially located in a wellbore 120 bored in
the Earth 130; a drill string rotator 140, a drilling fluid pump 150, and a Derrick 160.
[0022] The drill string 110 comprises: a drill pipe 112; a downhole tool 114 comprising a
controller 115; and a drill bit 116. The drill pipe 112 may have a first end 112a
mechanically coupled to the drill string rotator 140 and a second end 112b, opposite the
first end 112a, mechanically coupled to a first end 114a of the downhole tool 114. The
downhole tool 114 may have a second end 114b, opposite the first end 114a,
mechanically coupled to the drill bit 116. The term “mechanically coupled” encompasses
both a direct and an indirect coupling between those elements which are described as
being mechanically coupled to each other. For example, the first end 112a of the drill pipe
112 may be either directly or indirectly mechanically coupled to the drill string rotator 140.
In examples where the first end 112a of the drill pipe 112 is indirectly mechanically
coupled to the drill string rotator 140, there may be, for example, one or more components
located between the first end 112a of the drill pipe 112 and the drill string rotator, such as,
for example, one or more of. heavy weight drill pipe(s); drill collar(s); stabiliser(s); drilling
jar(s); any other conventional drilling system components; and any combination thereof.
Similarly, in some examples, there may be one or more components located between any
one or more of: the second end 112b of the drill pipe 112 and the first end 114a of the
downhole tool 114; and the second end of the downhole tool 114b and the drill bit 116.
[0023] The Derrick 160 is a support structure which supports the drill string 110, the drill
string rotator 140, and the drilling fluid pump 150.

[0024] The drilling system 100 may drill the wellbore 120 by transmitting torque from the
drill string rotator 140 to the drill bit 116 via the drill pipe 112. In doing so, the drilling
system 100 may cause the drill bit 116 to rotate in a direction which results in the drill bit
116 cutting into, and removing drill cuttings from the Earth 130.

[0025] Dirilling fluid (which may be known as “drilling mud”) may be pumped, by the
drilling fluid pump 150 through the drill string 110 and ejected from the drill bit 116. Doing
S0 may serve to, for example, cool the drill bit 116 during drilling and to aid the removal of
drill cuttings. Once ejected from the drill bit 116, the drilling fluid, along with drill cuttings



4

suspended in the drilling fluid, may be pumped up an annular space between the drill
string 110 and the sides of the wellbore 120 (not shown). Tools of the drill string such as
the drill bit 116 may be arranged to allow expulsion of cuttings in various ways such as
through an annular space or a plurality of nozzles.

[0026] The drill string rotator 140 may comprise any means for rotating the drill string
110, including, but not limited to: a rotary table; a “top drive”; and a “Kelly drive”.

[0027] The downhole tool 114 may be a tool having one or more modes which an
operator of the drilling system 100 can selectively activate to cause a desired action. As
an illustrative example, the downhole tool 114 may comprise an underreamer having a
plurality of retractable cutting blades which may be configured such that they are retracted
in a deactivated mode and extended in an activated mode. In some examples, drilling may
initially commence with the underreamer in the deactivated mode. As a result, the
diameter of the wellbore 120 may correspond to the diameter of the drill bit 116.
Subsequently, the operator of the drilling system 100 may desire to enlarge the diameter
of the wellbore 120 in a region below the downhole tool 114. Accordingly, the operator of
the drilling system 100 may invoke the activated mode of the underreamer, thereby
causing its retractable cutting blades to transition to their extended position, in which they
can drill a wellbore having an increased diameter.

[0028] The present disclosure is not limited to any type of downhole tool, and the
downhole tool 114 may comprise any type of downhole tool, including but not limited to
one of: a circulating sub; an underreamer; a casing scraper; a variable gauge stabiliser; a
line hanger; a whipstock; a rotary steerable system; a drill string isolation tool; a jetting
tool; a magnet; a filter; a swivel; a mill; a brush; a venturi; and a disconnect tool. The drill
string may be, for example a casing string or a liner string or another type of drill string
having one or more tools to be controlled,

[0029] Controlling the downhole tool 114 to invoke a desired mode of the downhole tool
114 using conventional wired or wireless communication techniques may be difficult owing
to the harsh downhole environment. Previous solutions have attempted to overcome such
difficulties by, for example, using mechanical mechanisms reliant on balls or darts being
dropped from the top of the wellbore. Other previous solutions include using
communication protocols reliant on, during fixed, predetermined time slots, precisely
controlling and measuring a rotational speed of a drill string or a pressure difference
between the inside of a drill string and the outside (e.g., the annulus) of the drill string.
[0030] Such previous solutions may have associated issues which render them

inefficient and unreliable. For example, so-called “stick-slip” may give rise to fluctuations in
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the rotational speed of the drill string 110 along its length, making precisely controlling its
rotational speed challenging. As another example, precisely measuring the pressure
difference between the inside and the outside of the drill string 110 may involve time
consuming baseline measurements to account for e.g., hydrostatic pressure varying with
depth. Furthermore, utilising a communication protocol reliant on measuring certain
parameters within a predefined time slot having a fixed start time and end time may give
rise to measurement errors due to latency in the system.

[0031] Advantageously, as will be discussed further below, the present technique may
enable the downhole tool 114 to be controlled, via the controller 115, in a manner which is
not reliant on, for example, precise measurements of either the rotational speed of the drill
string 110 or pressure, and which is not as susceptible to errors due to latency.

[0032] The controller 115 may be implemented in any of hardware, software, firmware,
or any combination thereof. In some examples, the controller 115 may comprise
processing circuitry, such as, for example, a microcontroller, or any other type of
processing circuitry. As will be discussed further below, the controller 115 is operable to
control the downhole tool 114 responsive to detecting a control signal conveying a control
command for the downhole tool 114. The control signal may be communicated to the
controller 115 by modulating an operational parameter of the drill string 110 in accordance
with the present technique. The operational parameter may comprise any parameter
whose value can be selectively modulated by (e.g., an operator) operating the drill string
110. For example, the operational parameter may comprise any one of: a rotational speed
of the drill string in Revolutions per Minute (RPM); a pressure of fluid in the drill string in
pascals or psi (pounds per square inch); a flow rate of fluid through the drill string in cubic
metres per second; a longitudinal axial movement of the drill string in metres; or any other
operational parameter of a drill string. It will be appreciated that the units of measurement
may be other than as stated. In the case of the operational parameter being a pressure
then the baseline value may correspond to a hydrostatic pressure.

[0033] While a downhole tool — the downhole tool 114 — is shown in FIG. 1, this is
merely one illustrative example and the present disclosure is not so limited. In other
examples, the drill string 110 may comprise a plurality of mechanically exchangeable
downhole tools and the present technique may be applicable for controlling one or more
downhole tools of the plurality downhole tools comprised within the drill string 110.

[0034] The drilling system 100 illustrated in Fig. 1 has been simplified for the sake of
clarity, and the drilling system 100 may comprise conventional components of drilling

systems not shown in Fig. 1, including but not limited to, for example: heavy weight drill



6

pipe(s), drill collar(s), stabiliser(s), drilling jar(s), any other conventional drilling system
components, or any combination thereof.

[0035] Fig. 2 schematically illustrates an example control signal 200 for controlling a
downhole tool comprised within a drill string, such as the drill string 110 shown in Fig. 1,
for example. The downhole tool may comprise, for example, the downhole tool 114 shown
in Fig. 1, or any other downhole tool comprising or otherwise communicatively coupled to
a controller, such as the controller 115 shown in Fig. 1, for example, operable to control
the downhole tool in accordance with the present technique.

[0036] The control signal 200 comprises a number of pulses 220-1 to 220-n (where n is
any integer value of one or greater ) of an operational parameter of the drill string within a
time window 230 having a predetermined duration but flexible start time (and thus end
time). Accordingly, the control signal 200 may comprise any positive non-zero integer
number of pulses within the time window 230.

[0037] The control signal 200 may convey a particular control command for the
downhole tool based on the number of pulses of the operational parameter present within
the time window 230. In the example control signal 200 shown in FIG. 2, a start of the time
window 230 corresponds to the start (e.g., the rising edge) of the first pulse 220-1. As will
be discussed further below, the present disclosure is not so limited, however, and the start
of the time window 230 may correspond to, for example, other features present in a
control signal. Triggering the beginning of the time window 230 depending on the detected
occurrence of a pulse in the control signal provides resilience against any drift in value of
the operational parameter over time that might otherwise result in a baseline
measurement being performed during a pulse.

[0038] Referring back to Fig. 2, there may be a mapping between the number of pulses
220-1 to 220-n of the operational parameter within the time window 230 and a
corresponding control command. As an illustrative example, if the control signal 200 were
to comprise only one pulse within the time window 230, the control signal 200 may
correspond to a first control command of the downhole tool, whereas if the control signal
200 were to comprise two pulses within the time window 230 (i.e., if n were equal to 1),
the control signal 200 may correspond to a second control command, different from the
first control command.

[0039] In some examples, the mapping between the number of pulses within the time
window 230 and the corresponding control command may be based on an absolute
number of pulses within the time window 230 and may not depend on, for example, the

absolute magnitude or absolute duration of any of the pulses within the time window 230,
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or the time at which they occur relative to the time window 230. Accordingly, one or more
of the following may be variable: a duration of (e.g., each of or a subset of) the constituent
pulses in the time window 230; the magnitude of (e.g., each of or a subset of) the
constituent pulses in the time window 230; and the (e.g., temporal) position of (e.g., each
of or a subset of) the constituent pulses in time window 230. Thus, unless otherwise
stated, the constituent pulses of the operational parameter in the control signal 200 may
have any magnitude (e.g., over a threshold magnitude) and any duration, and may occur
at any time within the time window 230. If a pulse has a duration that extends beyond an
end of the time window it may not be counted. Accordingly, communicating the control
signal 200 to the controller 115 of the downhole tool 114 via a user at a data processing
device (not shown) at the Earth’s surface controlling the rotation speed of the drill pipe to
modulate it on and off or fast and slow or by altering pump characteristics to cause a
change in pressure, in either case measurable via a sensor (e.g. gyroscope or pressure
sensor) located somewhere on the drill string may not require the precise modulation of
the operational parameter with respect to any of magnitude, duration, or absolute temporal
position.

[0040] According to the present technique an asynchronous communication method is
used in which a total number of pulses in a predetermined time duration is measured. This
is feasible because the communication protocol is one way, which is from the user to the
controller 115, the communication being performed by modifying angular rotation or
pressure using the pump 150 or the rotator 140 at the Earth’s surface. There is no return
path from the controller 115 to the user and this makes sense due to the difficulties of
communicating either via a wired connection or a wireless connection in the harsh
downhole environment. By way of contrast, in bidirectional communication protocols,
synchronous communication is often used involving clocking or precision timing to
transmit binary bits. For such synchronous communication since the data may be sampled
on, say, a rising edge of the clock signal, a change in the pulse width can result in a
different pulse count for a given pulse signal due to the nature of the sampling technique.
This is because a wider pulse can be counted more than once depending on the sampling
frequency. In particular, if the pulse width is greater than the sampling period defined by
the clock signal then that pulse may be counted more than once. Thus synchronous
communication methods are more error prone when the pulse signal being monitored has
pulses likely to have variations in pulse width. Variations in the pulse width are expected in
the downhole environment. Indeed, there is an inherent variability in pulse transmission

associated with both the pump 150 and the rotator 140. For this reason, counting the total



8

number of pulses in a predetermined time window is more accurate than a binary
sampling based on a rising or falling edge of a clock signal.

[0041] A control command conveyed by the control signal 200 may comprise any control
command for the downhole tool, including, but not limited to a command putting the tool
into: an activated mode, which may be one of a plurality of activated modes; a deactivated
mode, which may be one of a plurality of deactivated modes; a delayed activation mode,
which may be one of a plurality of delayed activation modes; a delayed deactivation mode,
which may be one of a plurality of delayed deactivation modes; and an isolation mode,
which may be one of a plurality of isolation modes.

[0042] In some examples, the control command conveyed by the control signal 200 may
invoke a first mode of a plurality of modes of the downhole tool. For example, there be a
mapping between that control command and a particular mode of the downhole tool. In
other examples, the control command conveyed by the control signal 200 may invoke a
transition from a current mode of a plurality of modes of the downhole tool to a different
mode of the plurality of modes of the downhole tool. As an illustrative example, when the
downhole tool is in e.g., a deactivated mode, a given control command conveyed by the
control signal 200 may invoke a transition to an activated mode of the downhole tool.
Continuing with the same illustrative example, when the downhole tool is in e.g., an
activated mode, the same given control command conveyed by the control signal 200 may
invoke a transition to a deactivated mode of the downhole. Thus a given command may
invoke a mode transition, an outcome of which depends on a current mode of the tool
when the command is received.

[0043] In examples where a control command conveyed by the control signal 200
invokes a transition from a current mode to a different mode of the plurality of modes of
the downhole tool, the different mode may be predetermined depending on the current
mode. For example, a controller operable to control the downhole tool in accordance with
the present technique may store a state transition diagram and may invoke, responsive to
the control signal 200, the different mode depending on the current mode in accordance
with the state transition diagram. A pulse of an operational parameter may correspond to
a temporary deviation of the operational parameter from a baseline value 210 to a value
different from the baseline value 210. The baseline value may be represented by a
baseline average over a time period rather than as a fluctuating value. The value different
from the baseline value 210 corresponding to the deviation may comprise either: a value
greater than the baseline value 210; or a value less than the baseline value 210. In other

words, a pulse of an operational parameter may comprise either: a change in magnitude
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of the operational parameter from a baseline value to a value greater than the baseline
value, followed by a change back to the baseline value 210 (subsequently referred to has
a “positive pulse” or a pulse having a “positive polarity”); or a change in magnitude of the
operational parameter from a baseline value to a value less than the baseline value,
followed by change back to the baseline value (subsequently referred to as a “negative
pulse” or a pulse having a “negative polarity”). Accordingly, while the pulses of the
operational parameter shown in FIG. 2 are positive pulses, this is merely for illustrative
purposes, and the present disclosure is not so limited. Unless otherwise stated, any
control signal disclosed herein may comprise any combination of positive and negative
pulses of an operational parameter of a drill string including exclusively positive pulses or
exclusively negative pulses.

[0044] As will be discussed further below, to determine a control command of a
downhole tool, a controller of (e.g., comprised within or otherwise communicatively
coupled to) the downhole tool may sense an operational parameter of a drill string
compirising the downhole tool to detect a number of pulses of the operational parameter
within a time window having a predetermined duration. An individual pulse of the number
of pulses of the operational parameter may comprise both a first transition from a baseline
value to a value different from the baseline value (e.g., a rising edge in the case of a
positive pulse and a falling edge in the case of a negative pulse) and a second transition
from substantially the value different from the baseline value to the baseline value (e.g., a
falling edge in the case of a positive pulse and a rising edge in the case of a negative
pulse). However, to count a number of pulses, it is possible to detect only a number of
leading edges or only a number of falling edges rather than counting both leading and
falling edges of each pulse. Any way of accurately determining a total number of pulses in
the predetermined time window, , regardless of variability in pulse duration, is consistent
with the present technique.

[0045] Accordingly, detecting a pulse of a number of pulses of an operational parameter
encompasses any one of: detecting the first transition from the baseline value to the value
different from the baseline value associated with that pulse; detecting the second
transition from substantially the value different from the baseline value to the baseline
value associated with that pulse; detecting both the first and second transitions associated
with that pulse; and any other method by which the presence of the pulse may be
detected or inferred. Detecting a number of pulses of the operational parameter is not
limited to any one detection method for detecting any one constituent pulse: each pulse of

the number of pulses may be detected in the same or in different ways provided that
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switching between different pulse detection criteria does not compromise an accuracy of
the pulse count.

[0046] As will be discussed further below, in some examples, a pulse of the operational
parameter may be distinguished from, for example, baseline noise, by utilising a threshold.
For example, a magnitude of the temporary deviation between the baseline value and the
value different from the baseline value (i.e., magnitude deviation corresponding to the
arrow 240 shown in Fig. 2) may exceed a predetermined pulse threshold value 250 (also
referred to as a baseline tolerance threshold). The pulse threshold value 250 may provide
a lower bound for a magnitude of a deviation from the baseline value 210 that triggers a
pulse count. The pulse count is implemented such that variability in pulse magnitude is
accommodated. This means that any pulse deviating from a magnitude by more than the
pulse threshold results in incrementing the pulse count. Some pulses that trigger a count
may be greater in magnitude than other pulses that trigger a count. Similarly, the pulse
count is accurate regardless of any variations in pulse duration. The first pulse 220-1 is of
appreciably shorter duration than the second pulse 220-n and yet each pulse can result in
an increment of one to the pulse count according to the present technique. This may be
achieved via implementing the pulse threshold 250. An ability to distinguish between a
rising edge and a falling edge of the pulse can provide a resilience of the count such that
it remains accurate despite potential variability in pulse widths. The identification of falling
and rising edges as part of pulse detection can assist with compensating for any drift over
time, such as a drift due to any temperature variation.

[0047] While in the example control signal 200 shown in Fig. 2 the start of a time window
aligns 230 with the start of a first pulse 220-1, this is merely for illustrative purposes and
the present disclosure is not so limited. As will be discussed further below, a controller
operable to control a downhole tool in accordance with the present technique may
determine the start of a time window in which to detect a number of pulses of the
operational parameter based on, for example any one of. an earliest detected pulse of the
operational parameter; and an earliest detected pulse of the operational parameter since
an expiration of a previous time window during which a previous number of pulses of the
operational parameter were detected. The time window may be selected to coincide with a
beginning of a pulse (e.g. to detect a rising edge) or a point during a pulse (e.g. to detect
a falling edge) or to start between pulses (e.g. to detect a next rising or falling edge).
Alternatively, the time window may be set to occur periodically regardless of pulse
characteristics or timing. For example, the tool may be activated every other hour or may

be on for 5 minutes and off for 5 mins.
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[0048] While the example first control signal shown 200 shown in FIG. 2 comprises
pulses 220-1 to 220-n having the same polarity (e.g., the pulses 220-1 and 220-n are
positive pulses), the present disclosure is not so limited, and other example control signals
may comprise pulses having different polarities. For example, an control signal according
to the present technique may comprise any of: a plurality of pulses, each of which have a
positive polarity; a plurality of pulses, each of which have a negative polarity; and a
plurality of pulses, some of which have a positive polarity and some of which have a
negative polarity.

[0049] In examples where a control signal comprises a plurality of pulses having
different polarities, such as a second control signal 300 as shown in Fig. 3 or a third
control signal 400 shown in Fig. 4, a mapping between a number of pulses of the control
signal within a time window and the corresponding control command may be based on an
absolute number of pulses within the time window and may not depend on any one or
more of. an absolute pulse magnitude (relative to a baseline or otherwise); a duration of
any of the pulses within the time window; a time at which a pulse occurs relative to the
time window; or the polarity of the pulse(s). In other examples, as will be discussed
further below in relation to the second and third example control signals shown
respectively in Fig. 3 and Fig. 4, a mapping between the number of pulses of an
operational parameter within a time window of a control signal and a corresponding
control command may depend on not just the number of constituent pulses, but also
polarities of the pulse(s). In a further alternative example, the mapping between the
number of pulses of the operational parameter and the corresponding control command
may further depend on the order of the pulses in time with respect to their individual
polarities.

[0050] Fig. 3 schematically illustrates the second example control signal 300 comprising
pulses of an operational parameter having different polarities. The second example control
signal 300 comprises a first pulse 320-1 of an operational parameter and a second pulse
320-2 of the same operational parameter within a time window 330 having a
predetermined duration. The first pulse 320-1 comprises a temporary deviation of the
operational parameter from a baseline value 310 to a value greater than the baseline
value 310 and thus corresponds to a positive pulse. The second pulse 320-2 comprises a
temporary deviation of the operational parameter from the baseline value 310 to a value
less than the baseline value 310 and thus corresponds to a negative pulse.

[0051] Fig. 4 schematically illustrates the third example control signal 400 comprising

pulses of an operational parameter and including pulses having different polarities. The
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third example control signal 400 comprises a first pulse 420-1 and a second pulse 420-2
of the same operational parameter within a time window 430 having a predetermined
duration. It is convenient if the duration of the time window is arranged to exceed the
largest anticipated pulse width in duration, or at least to exceed the average pulse width.
The first pulse 420-1 is a negative pulse. The second pulse 420-2 is a positive pulse.
[0052] With reference to both Figs. 3 and Figs. 4, in some examples, the command
conveyed by a control signal, such as the second control signal 300 or the third control
signal 400 may depend on an absolute number of pulses within a time window in addition
the pulse polarities. For example, there may be a mapping between a given control
command and a number of positive pulses and number of negative pulses within a time
window. In some such examples, the mapping between the given control command and
the number of pulses with respect to their polarity may depend the order of the constituent
pulses with respect to their polarity. By way of illustration, in examples where a relative
temporal ordering of pulses having different polarities does not determine which control
command is implemented in response to the control signal, a controller operable to control
a downhole tool in accordance with the present technique may determine the same
control command from both the second example control signal 300 and the third example
control signal 400 because both comprise one positive pulse and one negative pulse
within their respective time windows. By way of contrast, in examples where a command
conveyed by an control signal does depend on a temporal ordering order positive and
negative pulses, a controller operable to control a downhole tool may determine different
control commands from the second example control signal 300 and the third example
control signal 400 because the relative order of their constituent positive and negative
pulses differs. Utilising both a number of pulses of an operational parameter and their
relative temporal ordering with respect to polarity may enable a more efficient mapping of
control commands to pulses so that a higher number of commands may be uniquely
mapped to a smaller number of pulses than would be the case of the relative temporal
ordering was not taken into account in the mapping.

[00563] A control signal in accordance with the present technique may comprise any
number of pulses of an operational parameter within a time window and is not limited to
the two pulses of opposite polarities as illustrated in Figure 3 and Figure 4. The command
conveyed by a control signal may depend on a number of pulses within the corresponding
time window irrespective of pulse polarity or relative temporal orderings of any pulses
having opposite polarities. In further examples, the command conveyed may depend on

the number of positive and number of negative pulses regardless of temporal ordering. In
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yet further examples, the command conveyed may also depend on the relative temporal
ordering of pulses having different polarities.

[0054] Fig. 5 schematically illustrates an example controller 500 for controlling a
downhole tool, such as, for example, the downhole tool 114 shown in Fig 1, or any other
downhole tool. In some examples, the controller 500 may correspond to the controller 115
shown in Fig. 1.

[0055] The controller 500 may be operably coupled to the downhole tool 114 to control it
to perform a drilling operation. For example, the controller 500 may be located within a
housing in the body of the downhole tool 114 or the drill pipe 112 or in a dedicated tool
body (not illustrated). Such an example is shown in Fig. 6 which comprises the controller
500 and a downhole tool 650. The downhole tool 650 may comprise any downhole tool,
such as: a circulating sub; an underreamer; a casing scraper; a variable gauge stabiliser;
a line hanger; a whipstock; a rotary steerable system; a drill string isolation tool; a jetting
tool; a magnet; a filter; a swivel; a mill; a brush; a venturi; and a disconnect tool.

The controller 500 comprises processing circuitry 510, one or more sensors 520, an
actuator 530, and a power source 540. In some examples, the processing circuitry 510
may comprise a memory 515, which is internal to the processing circuitry 510. Additionally
or alternatively, the controller 500 may comprise a memory 525, which is external to the
processing circuitry 510.

[0056] The one or more sensors 520 may be arranged to sense an operational
parameter of the drill string comprising the downhole tool 650 to be controlled by the
controller 500. The one or more sensors 520 may output an electrical signal, the value of
which may correspond to a value of the operational parameter. The operational
parameter of the drill string may be, for example, a rotational speed of the drill string 110;
a pressure of fluid in the drill string 110; a flow rate of fluid through the drill string 110; and
a longitudinal axial movement of the drill string 110.

[0057] The one or more sensors 520 may comprise any type or types of sensors
operable to sense the operational parameter directly or indirectly. The sensors may be
passive sensors or active sensors or a combination of these two types. In examples where
the operational parameter comprises a rotational speed of the drill string 110, the one or
more sensors 520 may comprise a rotational speed sensor — such as a gyroscope, an
accelerometer, a tachometer, or any other type of rotational speed sensor — which may
directly sense the rotational speed of the drill string. In other examples where the
operational parameter comprises a rotational speed of the drill string, the one or more

sensors 520 may indirectly sense the rotation of the drill string such as by sensing a
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vibration of the drill string 110, from which a modulation of its rotational speed may be
inferred. The one or more sensors 520 may comprise any one of. a tachometer; an
accelerometer; a hall effect sensor; a photoelectric sensor; a magnetometer; a gyroscope;
a strain gauge; a pressure sensor; any other type of sensor capable of sensing the
operational parameter of the drill string; and any combination thereof. Different sensors
may be placed at different locations on the drill string 110 or downhole tool 114 as
appropriate for the measurement being made.

[00568] The one or more sensors 520 may be communicatively coupled to the processing
circuitry 510. In some examples, the output of the one or more sensors 520 may be an
analogue output which may be converted to a corresponding digital value using an
analogue to digital converter (ADC) (not shown). In these examples, the ADC may be one
of: comprised within the one or more sensors 520 themselves; comprised within the
processing circuitry 510; or external to both the one or more sensors 520 and the
processing circuitry 510.

[0059] In some examples, the output of the one or more sensors 520 may be filtered
(e.g., by one of a low pass filter, a rolling average filter, or any other type of filter operable
to reduce noise) to reduce noise prior to the processing circuitry 510 detecting a number
of pulses of an operational parameter based on the output of the one or more sensors
520. This filtering may be implemented any of hardware, software, firmware, or any
combination thereof. In some examples, the filtering may be implemented by any one of:
the one or more sensors 520 themselves; the processing circuitry 510; or by circuitry
separate from the processing circuitry 510 (not shown).

[0060] The processing circuitry 510 may sample an output of at least a subset of the one
or more sensors 520 to determine a number of pulses of the operational parameter in a
time window having a predetermined duration. The value of the predetermined duration
may be stored, for example, in the memory 515 or the memory 525. The processing
circuity may have a counter (not shown) and may use a clock signal to perform time-
based operations such as measuring the time window in which the pulses are detected
and controlling a sampling period of sensor(s) measurements.

[0061] In some examples, responsive to detecting an earliest pulse of an operational
parameter (e.g.,), the processing circuitry may trigger a start of a time window, by, for
example, starting a timer. The pulse may be an absolute earliest pulse detected by the
processing circuitry 510 after the processing circuitry is powered up, or an earliest pulse
since expiration of a previous time window during which a previous number of pulses of

the operational parameter were determined. Upon expiration of the time window, the
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processing circuitry 510 may determine a number of pulses of the operational parameter
within the time window and cause execution of a control command to control the downhole
tool depending on the detected number of pulses of the operational parameter. The pulse
count may be incremented by a counter during the time window to provide a final pulse
count upon expiration of the time window. A mapping between the number of pulses of the
operational parameter in the time window and a corresponding control command may be
stored in, for example, the memory 515 or the memory 525. In some examples the
mapping may optionally include a mapping between the number of pulses and their
respective polarities (e.g., a number of positive pulses compared to a number of negative
pulses) and a corresponding control command. In some examples, the mapping may
further include a mapping between the number and order of the constituent pulses with
respect to their polarity.

[0062] The processing circuitry 510 may cause activation of the control command by
controlling the actuator 530, which may comprise, for example, an electromechanical
solenoid, an electromagnet, a linear ball screw, a mechanical latch or any other type of
actuator. In some examples, the processing circuitry 510 may control the actuator 530 via
driver circuitry (not shown). The actuator may trigger activation of a new downhole tool or
control an operation of a downhole tool already in use in the drill string 110. The drill string
110 may comprise a set of different downhole tools that are individually selectable via the
actuator 530. All but a currently engaged tool may be retracted within the drill string 110.
However, some tools may be non-retractable. In some examples, the processing circulitry
510 may distinguish a pulse of an operational parameter from, for example, baseline
noise, by utilising a threshold. For example, where the processing circuitry 510 detects a
pulse by detecting at least one transition between a baseline value and a value different
from the baseline value, the processing circuitry 510 may compare a magnitude of a
difference between the baseline value and the value different to the baseline value with a
predetermined pulse threshold such as the threshold 250 illustrated in Figure 2, and may
increment a pulse counter when the magnitude of a given operational parameter exceeds
the predetermined threshold. This predetermined pulse threshold may be stored in the
memory 515 or the memory 525, for example. In some examples, the comparison
between the magnitude of the difference between the baseline value and the value
different to the baseline value may involve a comparison between two sampled data
points output from the one or more sensors 520 or between two filtered data points based

on sampled data points output from the one or more sensors 520.
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[0063] In some examples, the processing circuitry 510 may periodically or intermittently
recalibrate the baseline value. For example, the processing circuitry 510 may recalibrate
the baseline value by periodically or intermittently determining either an average value to
give a baseline average or a minimum value based on a predetermined number (e.g.,
stored in the memory 515 or the memory 525) of preceding samples of the operational
parameter to give a baseline minimum. In these examples, drift in the baseline value may
be distinguished from the presence of a pulse of an operational parameter comprised
within a control signal by utilising a baseline tolerance threshold as described above. For
example, if the output from the one or more sensors 520 (which may be filtered output)
comprises a deviation from the baseline value exceeding the predetermined baseline
tolerance threshold, the processing circuitry may recognise these data points as
corresponding to a pulse of an operational parameter and may not use these data points
for baseline recalibration purposes.

In some examples, the processing circuitry 510 may sample the output of the one or more
sensors 520 with a sampling rate depending on whether or not the processing circulitry
510 has triggered the start of the time window. In other examples the sampling rate may
be independent of the time windows during which pulses are counted to interpret control
signals.

[0064] The processing circuitry 510 of FIG 5 may be general purpose processor circuitry
configured by program code to perform specified processing functions. The circuitry may
alternatively be configured by modification to the processing hardware. Configuration of
the circuitry to perform a specified function may be entirely in hardware, entirely in
software or using a combination of hardware modification and software execution.
Machine-readable instructions may be used to configure logic gates of general purpose or
special-purpose processor circuitry to perform a processing function. The machine-
readable instructions to implement the method of Fig. 9, for example, may be stored in at

least one of the internal memory 515 and the external memory 525.

Processing circuitry 510 may be implemented, for example, as a hardware circuit
comprising custom Very Large Scale Integrated, VLSI, circuits or gate arrays, off-the-
shelf semiconductors such as logic chips, transistors, or other discrete components.
Circuitry 510 may also be implemented in programmable hardware devices such as field
programmable gate arrays, FPGA, programmable array logic, programmable logic
devices, a System on Chip, SoC, or the like.

[0065] Machine readable program instructions may be provided on a transitory medium

such as a transmission medium or on a non-transitory medium such as a storage medium
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515, 525. Such machine readable instructions (computer program code) may be
implemented in a high level procedural or object oriented programming language.
However, the program(s) may be implemented in assembly or machine language, if
desired. In any case, the language may be a compiled or interpreted language, and
combined with hardware implementations. Program instructions may be executed on a
single processor or on two or more processors in a distributed manner.

Fig. 7 schematically illustrates an example control signal 700 where a baseline sampling
rate Ry 715 and a measurement sampling rate R2 725 are superimposed on top of the
example control signal 700 for illustrative purposes. The baseline sampling rate R 725
corresponds to a sampling rate outside of a time window 230 (e.g., before a triggering of a
start of the time window 230) of a control signal according to the present technique at
which processing circuitry, such as the processing circuity 510 shown in Fig. 5, for
example, may sample an output of one or more sensors operable to sense an operational
parameter of a drill string, such as the one or more sensors 520 shown in Fig. 5, for
example. Similarly, the measurement sampling rate R> 725 corresponds a sampling rate
inside the time window 230 (e.g., after a triggering of a start of the time window and before
expiration of the time window given its predetermined duration). According to the present
technique, sampling of the control signal to perform the pulse count is arranged to be
resilient to variability in pulse width and successive pulse time variation within the time
window. This may be achieved by identifying a rising edge or a falling edge of a pulse or
both the rising and the falling edge. This facilitates having variable timings on the pulses
and multiple amplitudes. By way of contrast, synchronous techniques for pulse counting
may sample on the assumption of a given pulse width and a given pulse occurrence
period in a way that does not distinguish between rising and falling edges of a pulse. In
fact synchronous techniques may result in multiple counting (e.g. double counting) of a
single pulse in the event that the pulse width is longer than the pulse sampling time. By
way of contrast, according to the present technique, identifying at least one of a rising
pulse edge and a falling pulse edge and an ability to distinguish between the two different
edge types, makes inadvertent multiple counting of a single pulse unlikely. Thus the
present technique is resilient to variations in pulse width when performing pulse counting
making it less prone to error than synchronous pulse counting techniques.

[0066] The example control signal 700 corresponds to the example control signal 200
shown in Fig. 2. Accordingly, the above description of the example control signal 200

shown in Fig. 2 is also applicable to the example control signal 700 shown in Fig. 7. For
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brevity, this disclosure does not provide a full description of the example shown in FIG. 7.
The same reference numerals are used for corresponding features of Fig. 2 and Fig. 7.
[0067] With reference to Fig. 5 and Fig. 7, outside of the time window 230, the
processing circuitry 510 may sample the output of the one or more sensors 520 to sense
the operational parameter at the baseline sampling rate R1 715 (as indicated by dot-dash
lines 710), while inside the time window 230, the processing circuitry 510 may sample the
output of the one or more sensors 520 to sense the operational parameter at the
measurement sampling rate R: (as indicated by solid lines 725), where the baseline
sampling rate 715 may be lower than the measurement sampling rate 725. Sampling the
output of the one or more sensors 520 outside of the time window 230 may be for the
purposes of detecting the start of the time window 230 and may be for recalibration of the
baseline. Such tasks may not benefit much from sensor measurements having a
particularly high granularity, and therefore, a comparatively low sampling rate may suffice
for sampling the output of the one or more sensors 520 outside of the time window.
Sampling the output of the or more sensors 520 inside the time window 230 may be for
the purpose of detecting a number of pulses of the operational parameter, based on which
a control command may be determined. To accurately detect the number of pulses of the
operational parameter it may desirable to utilise a higher sampling rate than that which
would suffice for triggering the time window or for baseline recalibration purposes. By
utilising the baseline sampling rate Ry 715 (e.g., outside the time window 230) which may
be lower than the measurement sampling rate R, 725, the processing circuitry 510 may
more accurately determine the number of pulses of the operational parameter in the time
window and yet save power due to the relatively low sampling rate outside the time
window 230 in comparison to examples where only one sampling rate is used both inside
and outside the time window 230.

[0068] Referring back to Fig. 5, the power source 540 may provide electrical power to
any active (e.g., powered) components comprised within the controller 500, including, for
example, the processing circuitry 510, and the memory 525 (when present). The power
source 540 may optionally provide electrical power to the one or more sensors 520 in
examples where the one or more sensors 520 comprise at least one active sensor. The
power source 540 may also power the actuator 530.

[0069] The power source 540 may comprise a battery or a plurality of batteries, or any
other type of power source. A power management algorithm or circuitry may be
implemented to reduce an operational power of at least one of the processing circuitry, the

sensor(s), the memory 151,125 and the actuator 230 when appropriate.
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[0070] Fig. 8 schematically illustrates an example power source 800 for powering a
controller to control a downhole tool, such as, for example, the controller 115 shown in
Fig. 1, the controller 500 shown in Fig. 5, or any other controller operable to control a
downhole tool in accordance with the present technique.

[0071] The example power source 800 comprises an electrical generator 810, a battery
820 and a regulator 830. In some examples, the power source 800 may be comprised
within a downhole tool. In other examples the power source 800 may be otherwise
coupled to, or form part of a drill string comprising a downhole tool to be controlled.
[0072] The electrical generator 810 may convert mechanical energy (e.g., associated
with the operation of the drill string e.g., associated with movement of the drill string itself,
such as, for example, rotation of the drill string, or motion of drilling fluid being pumped
through the drill string) into electrical energy for powering a controller which is to control a
downhole tool. The electrical generator 810 may comprise any type of generator including,
but not limited to a turbine generator, a vibrational energy harvester, a thermal electrical
generator and a fixed displacement motor.

[0073] The electrical generator 810 may be electrically coupled to the battery 820, which
may comprise a rechargeable battery or a plurality of rechargeable batteries having any
battery cell chemistry, including but not limited to: lead-acid; Nickel-cadmium; lithium-ion
or any other rechargeable battery cell chemistry.

[0074] The electrical generator 810 may be coupled to the battery 820 via interface
circuitry (not shown) which may, for example, convert the output of the electrical generator
from alternative current (AC) to direct current (DC). Additionally or alternatively, the
interface circuitry may control the charging of the battery in accordance with a battery
charging protocol depending on a cell chemistry of the battery 820. For example, if the
battery 820 were to utilise a lithium ion battery, the interface circuitry may control the
charging of the battery in accordance with a lithium ion battery charging cycle comprising
e.g., trickle charge, constant current charge, contest voltage charge and charge
termination phases.

[0075] The regulator 830 may comprise one or more voltage regulators which may
regulate the voltage output from the battery 820 to a voltage level or a plurality of voltage
levels suitable for powering any active components of a controller operable to control a
downhole tool in accordance with the present technique, such as, for example, the
controller 500. The voltage levels may correspond to different processor power levels as

controlled via the power management algorithm.
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[0076] FIG. 9 depicts a flow chart 900 schematically illustrating controlling a downhole
tool comprised within a drill string. The downhole tool may comprise, for example, the
downhole tool 114 shown in Fig. 1 or any other downhole tool. Flow chart 900 may be
performed by, for example, a controller operable to control a downhole tool, such as, for
example, the controller 115 shown in Fig. 1, the controller 500 shown in Fig. 5.

[0077] At block 910, an operational parameter of a drill string comprising a downhole
tool is sensed to detect a number of pulses of the operational parameter within a time
window having a predetermined duration. The operational parameter may comprise any
operational parameter, including, for example: a rotational speed of the drill string; a
pressure of fluid in the drill string; a flow rate of fluid through the drill string; a longitudinal
axial movement of the drill string; or any other operational parameter of a drill string. The
number of pulses of the operational parameter may be comprised within a control signal
conveying a control command for controlling the downhole tool. Example control
commands include on, off, open and close. The control signal may comprise, for example,
the example control signal 200, the example control signal 300, the example control signal
400, or any other control signal in accordance with the present technique.

[0078] At block 920, execution of a control command to control the downhole tool may
be caused depending on the detected number of pulses of the operational parameter in
the time window of the control signal. The detected number of pulses of the operational
parameter may be mapped to a corresponding control command. The mapping between
the detected number of pulses and the corresponding control command may be in
accordance with any example disclosed herein. The control command executed may
further depend on at least one of: the type of operational parameter sensed; the polarity of
one or more of any pulses detected in the time window; a relative ordering of pulses that
vary in polarity; a further operational parameter. Where execution of the control command
depends on values of two or more operational parameters, the value of the further
operational parameter may or may not be based on a further pulse count. For example, a
combination of a pressure above a given pressure threshold and a pulse count of a drill
string rotation measurement exceeding a pulse count threshold may trigger execution of a
first type of command whereas a combination of a pressure below a given pressure
threshold and a pulse count of a drill string rotation measurement exceeding a pulse count
threshold may trigger execution of a second type of command. Measurements and
detections of two or more types of operational parameter in a given time window may be

performed in parallel or in series.



21

[0079] FIG. 10 is a flow chart 1000 schematically illustrating controlling a downhole tool
comprised within a drill string. The downhole tool may comprise, for example, the
downhole tool 114 shown in Fig. 1 or any other downhole tool. The method of the flow
chart 1000 may be performed by, for example, a controller operable to control a downhole
tool in accordance with the present technique, such as the controller 115 shown in Fig. 1,
or the controller 500 shown in Fig. 5. The method of the flow chart 1000 may provide for
the sensing of an operational parameter of a drill string comprising a downhole tool to
detect a number of pulses of the operational parameter within a time window having a
predetermined duration. The operational parameter may comprise any operational
parameter, including, for example: a rotational speed of the drill string; a pressure of fluid
in the drill string; a flow rate of fluid through the drill string; a longitudinal axial movement
of the drill string; or any other operational parameter of a drill string. The number of pulses
of the operational parameter may be comprised within a control signal conveying a control
command for controlling the downhole tool. The control signal may comprise, for example,
the example control signal 200, the example control signal 300, the example control signal
400, or any other control signal in accordance with the present technique.

[0080] At block 1002, a sample of sensor data is obtained from one or more sensors
arranged to sense the operational parameter of the drill string. The sample may be
indicative of a value of the operational parameter of the drill string (e.g., ata
corresponding sampling time). The one or more sensors may comprise any type or types
of sensors operable to sense the operational parameter directly or indirectly, in
accordance with examples disclosed herein. On each iteration of block 1002, the
corresponding obtained sample may be stored to enable, for example, at subsequent
iterations of the flow chart 1000, one or more historical samples to be used for e.g.,
filtering or baseline calibration purposes, as will be described further below.

[0081] The flow chart 1000 optionally includes block 1003. In examples where block
1003 is present, the flowchart 1000 may proceed to block 1003 from block 1002. In other
examples, block 1003 may not be present and the flowchart may proceed to block 1004
from block 1002.

[0082] At block 1003, the sample obtained at block 1002 is filtered to reduce noise prior
to the detection of a pulse of the operational parameter at block 1004. The sample may be
filtered using any type of filter operable to reduce noise, including, but not limited to, a low
pass filter and a rolling average filter. The filtering performed at block 1003 may depend
on both the sample obtained at block 1002 and one or more historical samples. In

examples where a rolling average filter is implemented at block 1003, the rolling average
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filter may be configured to generate an unweighted mean of k samples comprising the
sample obtained at block 1002 and k-1 historical samples. On a first iteration of the block
1003, the one or more historical samples may have been obtained from a previous sensor
measurement session. On subsequent iterations of block 1003, the historical samples
may comprise either: one or more samples obtained during previous iterations of the
process e.g., at previous iterations of block 1002 or block 1010; or a combination of
historical samples obtained prior to the start of the flow chart 1000 process and one or
more samples obtained during previous iterations of the flowchart 1000.

[0083] At block 1004, it is determined if the sample obtained at block 1002 (or a filtered
variant of the sample i.e., obtained at block 1003, when present) is indicative of a pulse of
the operational parameter, based on which a pulse of the operational parameter may be
detected. A pulse of the operational parameter may be detected based on identifying any
one of: a leading edge of the pulse of the operational parameter (e.g.: a rising edge of a
pulse having a positive polarity, the rising edge corresponding to a transition from a
baseline value to a value higher than the baseline value; or a falling edge of a pulse
having a negative polarity, the falling edge corresponding to a transition from the baseline
value to a value lower than the baseline value); a trailing edge of the pulse of the
operational parameter (e.g., a falling edge of a pulse having a positive polarity, the falling
edge corresponding to a transition from a value higher than the baseline value to the
baseline value; or a rising edge of a pulse having a negative polarity, the rising edge
corresponding to a transition from the baseline value to a value lower than the baseline
value); or both a leading edge and a trailing edge of the pulse of the operational
parameter, in accordance with examples disclosed herein. The leading edge and the
trailing edge of the operational parameter may comprise a deviation from the baseline
value which is greater than or equal to a (e.g., predetermined) threshold magnitude. In
some examples, one or both of the leading edge and the trailing edge of the pulse of the
operational parameter may be identified by determining that the deviation associated with
the respective edge is greater than or equal to the threshold magnitude. An example flow
chart of a process that may be performed at the pulse detection 1004 block is described
below with reference to FIG. 11.

[0084] In some examples, if a pulse of the operational parameter is detected at block
1004, the polarity of the pulse may also be determined at block 1004 e.g., based on the
direction and order of the constituent transitions of the pulse relative to the baseline value.
[0085] If a pulse of the operational parameter is not detected at block 1004, the

flowchart 1000 returns to block 1002, optionally via block 1005 at which the baseline value
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may be updated based on the sample obtained at block 1002 and e.g., one or more
historical samples. The baseline value may be updated in accordance with any example
disclosed herein

[0086] If a pulse is detected at block 1004, the flowchart 1000 proceeds to block 1006
where a pulse counter (e.g., initialised to a value of zero) is incremented, followed by
block 1008 where a timer is started (e.g., thereby triggering the start of the time window).
In some examples, the value of the pulse counter may be incremented responsive to a
pulse of any polarity being detected at block 1004. In other examples, such as where the
polarity of the pulse of the operational parameter was determined at block 1004, the pulse
counter (or two distinct pulse counters) may count a number of pulses having a positive
polarity and a number of pulses having a negative polarity. In these examples,
incrementing the pulse counter may comprise incrementing the counter value
corresponding to the polarity of pulse detected at block 1004.

[0087] At block 1010, a further sample of sensor data from the one or more sensors is
obtained. The further sample may be indicative of a further value of the operational
parameter of the drill string (e.g., at sampling time subsequent to the sampling time
corresponding to the sample obtained at block 1002).

[0088] The flow chart 1000 optionally includes block 1011. In examples where block
1011 is present, the flowchart may proceed to block 1011 from block 1010. In other
examples, block 1011 may not be present and the flowchart may proceed to block 1012
from block 1010. At block 1011, the further sample obtained at block 1010 is filtered to
reduce noise prior to the detection of a pulse at block 1112 e.g., in accordance with any
examples disclosed herein.

[0089] At block 1012, it is determined if the further sample obtained at block 1010 (or a
filtered variant of the further sample e.g., obtained at block 1011, when present) is
indicative of a pulse of the operational parameter, based on which a pulse of the
operational parameter may be detected. This determination may be in accordance with
any example disclosed herein.

[0090] If a pulse is detected at block 1012, the polarity of the pulse may also be
determined at block 1012 e.g., based on the direction and order of the constituent
transitions of the pulse relative to the baseline value.

[0091] If a pulse of the operational parameter is not detected at block 1012, the process
may proceed to block 1016, optionally via block 1013 in which the baseline value may be

updated based on the sample obtained at block 1010 and e.g., one or more historical
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samples. The baseline value may be updated in accordance with any example disclosed
herein.

[0092] If a pulse of the operational parameter is detected at block 1012, the flowchart
1000 proceeds to block 1014 at which the pulse counter is incremented. In some
examples, an order of any pulses detected at block 1012 relative to any previous pulses
detected within the time window e.g., at block 1004 or at previous iterations of block 1012,
may be recorded.

[0093] At block 1016, it is determined if the time window has expired by comparing the
value of the timer to the predetermined duration of the time window.

[0094] If the time window has not yet expired, the flow chart 1000 returns to block 1010
to obtain a further sample to determine if any further pulses are present during the time
window. If the time window has already expired, the flow chart 1000 proceeds to block
1018, at which the counter is reset, followed by block 1020, at which the timer is reset.
[0095] At block 1022 it is determined if there is a mapping between the number of pulses
of the operational parameter detected within the time window and a corresponding control
command. The mapping may depend on, for example, an absolute number of pulses
within the time window or a number of pulses and a polarity of each pulse of the number
of pulses in the time window. In some examples, the mapping may depend on an order of
the number of pulses of the operational parameter within the time window in view of the
polarity of each of the pulses. The mapping may further depend on the particular type of
operational parameter such that a different operational parameter is mapped to a different
command for the same pulse count for example. The mapping between a pulse count of
an operational parameter can a control command may depend on two or more operational
parameter values in the time window. An operational parameter value other than a pulse
count may be taken into account for the further operational parameter where the
command mapping depends on two or more operational parameters.

[0096] If, at block 1022, it is determined that there is no such mapping between the
number of pulses of the operational parameter detected within the time window and a
corresponding control command, the process returns to block 1002 to detect future pulses
of the operational parameter in future time windows to cause execution of future control
commands. If on the other hand it is determined that such a mapping exists, the flowchart
1000 proceeds to block 1020 where execution of the corresponding control command is
caused to control the downhole tool accordingly. Following block 1020, the process
returns to block 1002. In some examples, samples of sensor data may obtained at a (e.g.,

variable) sampling rate. The sampling rate may depend on whether samples are being
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obtained inside or outside the time window e.g. as described herein. The sampling rate
outside the time window may correspond to the rate at which the process 1000 loops
through blocks 1002 to 1004 and back to 1002, as indicated by the arrow 1022. This
sampling rate may correspond to a baseline sampling rate. The sampling rate inside the
time window may correspond to the rate at which the flow chart 1000 loops through blocks
1010 to 1016 and back to 1010, as indicated by the arrow 1024. This sampling rate may
correspond to a measurement sampling rate. The baseline sampling rate may be less
than the measurement sampling rate to, for example, reduce power consumption outside
a time window while providing sufficient measurement granularity during the time window.
[0097] While the flowchart 1000 shows certain blocks to occur in a given order, this is
merely for illustrative purposes and the present disclosure is not limited to this order. For
example, the order of blocks 1006 and 1008 may be reversed i.e., block 1008 may occur
before block 1006. As another example, the order of blocks 1018 and 1020 may be
reversed i.e., block 1020 may occur before block 1018. Furthermore, the blocks shown in
the flowchart 1000 may not be executed sequentially: some may be executed in parallel.
As an illustrative example, if at block 1004, a pulse is detected by identifying both the
leading and trailing edge of the pulse (e.g., as shown in FIG. 11 described below), one or
both of the incrementing of the counter at block 1006 and the starting of the timer at block
1008 may occur during block 1004 e.g., subsequent to the detection of the leading edge of
the pulse at block 1004 but prior to the detection of the trailing edge of the pulse at block
1004. Similarly, the incrementing of the counter at block 1014 may occur during block
1012.

[0098] While the flowchart 1000 depicts an example where the time window is triggered
by a pulse, this is merely for illustrative purposes and the present disclosure is not so
limited.

[0099] FIG. 11 is a flow chart 1100 schematically illustrating identifying a pulse of an
operational parameter of a drill string comprising a downhole tool based on identifying
both the leading edge and the trailing edge of the pulse. The flow chart 1100 may
correspond to, for example, one or both of the pulse detections performed at block 1004
and block 1012 of the flowchart 1000 shown in FIG. 10.

[00100] At block 1102, it is determined if a sample of sensor data indicative of a value of
the operational parameter of the drill string (such as for example, the sample obtained at
block 1002 or block 1010 of flowchart 1000, respectively) is indicative of a leading edge of
a pulse of the operational parameter, based on in which it may be determined if a leading
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edge has been detected. The presence of the leading edge may be determined in
accordance with any example disclosed herein.

[00101] If it is determined that the sample is not indicative of a leading edge of a pulse of
the operational parameter, then the flow chart takes branch 1103 (which may correspond
to, for example branch 1007 or 1015 of flow chart 1000) and it is determined that no pulse
of the operational parameter has been detected.

[00102] If it is determined on the other hand that the sample is indicative of a leading
edge of a pulse of the operational parameter, then flow chart 100 proceeds to block 1104.
[00103] At block 1104, a further sample of sensor data is obtained from one or more
sensors arranged to sense the operational parameter of the drill string, such as, for
example, the one or more sensors arranged to sense the operational parameter of the drill
string at blocks 1002 and 1010 of the flowchart 1000. The further sample is indicative of a
value of the operational parameter of the drill string (e.g., at a corresponding sampling
time). On each iteration of block 1104, the corresponding obtained sample may be stored
to enable, for example, their subsequent use at e.g., filtering block 1006 (when present).
[00104] The flow chart 1100 optionally includes block 1106. In examples where block
1106 is present, the flowchart may proceed to block 1106 from block 1104. In other
examples, block 1106 may not be present and the flowchart 1100 may proceed to block
1108 from block 1104. At block 1106, the sample obtained at block 1004 is filtered to
reduce noise prior to the detection of a trailing edge of a pulse of the operational
parameter at block 1108. The sample may be filtered in accordance with any examples
disclosed herein.

[00105] At block 1108, it is determined if the sample obtained at block 1104 (or a filtered
variant of the sample e.g., obtained at block 1106, when present) is indicative of a trailing
edge of the pulse of the operational parameter, based on in which it may be determined if
a trailing edge has been detected. The presence of the trailing edge may be determined in
accordance with any example disclosed herein.

[00106] If it is determined that the sample is not indicative of a trailing edge of a pulse of
the operational parameter, then the flow chart reverts to block 1104 to obtain further
samples. In other words, the flowchart 1100 loops through blocks 1104 to 1108 until a
trailing edge of the operational parameter, and therefore, a complete pulse of the
operational parameter is detected. While not shown in FIG. 11, the flowchart 1100 may
comprise e.g., break points operable to break the above-mentioned loop based on, for

example a given number of loop iterations exceeding a timeout threshold.
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[00107] If it is determined that the sample obtained at block 1104 (or its filtered variant) is
indicative of a trailing edge of a pulse of an operational parameter, the flow chart 1100
takes branch 1110 (which may correspond to, for example, branch 1009 or 1017 of flow
chart 1000) and it is determined that a pulse of the operational parameter has been
detected.

[00108] According to the present technique, a method, apparatus and computer program
are provided for efficiently and effectively communicating with one or more downhole tools
to execute control commands to control the operations of the downhole tool(s) in situ in a
wellbore below the Earth’s surface. Such a downhole environment presents particular
communication challenges such as, for example, making wireless communication with a
downhole tool using a wireless control protocol challenging or infeasible. Although control
commands may be communicated to downhole tools by, for example, using
predetermined variations in a rotational speed of the drill string 110 or predetermined
changes in pressure of fluid being pumped down the drill string by the pump 150, such
measurements that rely on sensors measuring absolute values of pressure or rotational
speed are highly error prone. The error may arise, for example, as a result of drift due
temperature or general drift over time such as could be attributable to hysteresis from
soldering. Furthermore, pressure has a tendency to increase with a depth of the wellbore
120 and changes depending on mud weights, pressure and stick-slip of the drill string 110.
This means that, in practice, control calibration using absolute values for sensor
measurements such as rotational speed and pressure and any changes in those values to
infer a control command can be highly error prone.

[00109] Thus according to the present technique, an asynchronous time-based approach
is implemented that allows for variability in absolute values of sensor measurements of an
operational value and also allows for variability in the duration of any deviation from
baseline values of the operational value that can arise in the course of communicating the
control signal from the Earth’s surface (e.g. via one or both of the pump 150 and the
rotator 140) down the wellbore 120. A baseline value of the operational parameter is
measured for calibration purposes and a threshold is defined to quantify any deviations
from the baseline value that are to be associated with a feature of a control signal for
triggering a control command to operate a downhole tool. This technique of conveying
control commands provides resilience to inevitable variations in absolute values of sensor
readings when measuring an increment in a variable such as pressure or speed initiated
via the pump 150 or the rotator 140, the variations arising due to the harsh downhole

conditions rather than being due to intended changes in the control values themselves.
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The technique also provides resilience to variations in timing of control pulses arising due
to the measurement environment. Timing between successive pulses is considered to be
less important than the total number of pulses within the predetermined time period
associated with the pulse count. There is inherent variability in pulse transmission for
apparatus such as mud pumps and rotary tables used to control downhole tools. This
timing resilience and sensed value variation resilience when interpreting control
commands conveyed remotely (e.g. from the Earth’s surface to the bottom of the wellbore)

makes the technique well-adapted for downlinking in a wellbore.

For the purposes of the description, a phrase in the form "A / B" or in the form "A and/or
B" means (A), (B), or (A and B). For the purposes of the description, a phrase in the form
"at least one of A, B, and C" means (A), (B), (C), (A and B), (A and C), (B and C), or (A,
B and C).
Embodiments of the inventions are described by the following numbered examples.
According to a first example a method of controlling a downhole tool is provided, the
method comprising:

sensing an operational parameter of a drill string comprising the downhole tool,
the sensing to detect a number of pulses of the operational parameter within a time
window having a predetermined duration, a pulse corresponding to a period during which
the operational parameter deviates from a baseline value, wherein the detection of the
number of pulses accommodates at least one of a variable pulse duration and a variable
pulse magnitude within the time window; and

causing execution of a control command to control the downhole tool depending
on the detected number of pulses of the operational parameter.
Example 2 is the method of example 1, wherein a pulse of the operational parameter
comprises a deviation by at least a threshold magnitude between a baseline value and a
value different from the baseline value.
Example 3 is the method of example 2, wherein the operational parameter comprises
one or more of: a rotational speed of the drill string; a pressure of fluid in the drill string; a
flow rate of fluid through the drill string; and a longitudinal axial movement of the drill
string.
Example 4 is the method of any one of examples 1 to 3, wherein the control command
executed depending on the number of pulses of the operational parameter differs

depending on the particular operational parameter being sensed.



29

Example 5 is the method of any one of examples 1 to 4, wherein execution of the control
command depending on the detected number of pulses of the operational parameter
further depends on a sensed value of at least one further operational parameter.
Example 6 is the method of example 5, wherein the sensed value of the at least one
further operational parameter is a value other than a number of sensed pulses of the
second operational parameter.

Example 7 is the method of any one of examples 1 to 6, wherein a first time window in
which the operational parameter is sensed is triggered by detection of a first pulse

following initiation of the pulse count by a processing circuit.

Example 8 is the method of any one of examples 1 to 7, wherein a first pulse of the
operational parameter following a preceding time window triggers a start of a next time
window in which the number of pulses is detected.
Example 9 is the method of any one of examples 2 to 8, wherein a magnitude of a
difference between the baseline value and the value different from the baseline value
exceeds a predetermined threshold magnitude.
Example 10 is the method of any one of examples 1 to 10, further comprising
recalibrating the baseline value periodically or intermittently.
Example 11 is the method of any one of examples 1 to 10, wherein the sensing
comprises sampling sensor data at a variable or at a constant sampling rate.
Example 12 is the method of example 11, wherein the sampling rate is variable and
wherein the sampling rate outside the time window comprises a baseline sampling rate,
and wherein the sampling rate during the time window comprises a measurement
sampling rate.
Example 13 is the method of example 12, wherein the baseline sampling rate is less
than the measurement sampling rate.
Example 14 is the method of any one of examples 10 to 13, wherein the recalibrating of
the baseline value comprises:

sampling the operational parameter of the drill string either periodically or
intermittently; and

determining one of. an average value of the operational parameter based on a
predetermined number of samples of the operational parameter; a minimum value of the

operational parameter of a predetermined number of samples.
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Example 15 is method of any one of examples 1 to 14, wherein the number of pulses of
the operational parameter comprises either: pulses of a given polarity; or pulses of
different polarities.
Example 16 is the method of example 15, wherein a polarity of a pulse of the operational
parameter comprises either a positive polarity or a negative polarity.
Example 17 is the method of example 16, wherein:

a pulse of the operational parameter comprising a positive polarity comprises: a
pulse of the operational parameter having a first transition away from the baseline value
of the operational parameter to a value greater than the baseline value and a second

transition back towards the baseline value of the operational parameter.

Example 18 is the method of example 16 or example 17, wherein:

a pulse of the operational parameter comprising a negative polarity comprises: a
pulse of the operational parameter having a first transition away from the baseline value
of the operational parameter to a value less than the baseline value and a second
transition back towards the baseline value of the operational parameter.

Example 19 is the method of any one of examples 1 to 18, wherein the command further
depends on a polarity of at least a subset of the number of pulses in the time window.
Example 20 is the method of example 19, wherein the command depends on an order of
the number of pulses of the operational parameter in the time window, each pulse of the
number of pulses having a respective polarity.

Example 21 is the method of any one of examples 1 to 20, wherein the downhole tool is
any one of: a circulating sub; an underreamer; a casing scraper; a variable gauge
stabiliser; a line hanger; a whipstock; a rotary steerable system; a drill string isolation
tool; a jetting tool; a magnet; a filter; a swivel; a mill; a brush; a venturi; and a disconnect
tool.

Example 22 is the method of any one of examples 1 to 21, wherein the operational
parameter is sensed by any one of. a tachometer; an accelerometer; a hall effect sensor;
a photoelectric sensor; a magnetometer; a gyroscope; a strain gauge; a pressure
sensor; any combination thereof.

Example 23 is the method of any one of examples 1 to 22, wherein the downhole tool
has a plurality of modes.

Example 24 is the method of example 23, wherein the plurality of modes comprises one
or more of. an activated mode; a deactivated mode; a delayed activation mode; a

delayed deactivation mode; an isolation mode; and one or more intermediate modes.
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Example 25 is the method of either one of examples 23 or 24, wherein the command is
to invoke a first mode of the plurality of modes.

Example 26 is the method of either one of examples 23 or 24, wherein the command is
to invoke a transition from a current mode of the plurality of modes to a different mode of
the plurality of modes.

Example 27 is the method of example 26, wherein the different mode is predetermined

depending on the current mode.

Example 28 is the method of any one of examples 1 to 27, wherein the downhole tool is
a first downhole tool of a plurality of downhole tools, and wherein the drill string is
couplable to the plurality of downhole tools.

Example 29 is the method of example 28, wherein the number of pulses of the
operational parameter used to cause execution of the control command upon detection
in the time window, is either:

uniquely associated with the first downhole tool; or

uniquely associated with a subset of downhole tools of the plurality of downhole
tools including the first downhole tool.

Example 30 is the method of any one of examples 1 to 29, wherein the drill string is a
casing string or a liner string.

Example 31 is machine-readable instructions which when executed by processing
circuitry cause the processing circuitry to perform the method of any one of examples 1
to 30.

Example 32 is a program product comprising the machine readable instructions of
example 31.

Example 33 is an apparatus for a control of a drill string having at least one downhole
tool, the apparatus comprising;

a memory to store a mapping of a number of pulse counts of an operational
parameter pulse to a corresponding control command for one or more of the least one
downhole tool; and

processing circuitry to:

process sensor measurements to detect a number of pulses of an operational
parameter of the drill string within a time window having a predetermined duration,
wherein a pulse corresponds to a period during which the operational parameter

deviates from a baseline value and wherein the detection of the number of pulses is
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resilient with respect to at least one of any variability in pulse duration and any variability
in pulse magnitudes within the time window; and

cause execution of a control command to control the downhole tool depending on
the detected number of pulses of the operational parameter and the stored mapping.
Example 34 is the apparatus of example 33, wherein the stored mapping maps different
control commands to different operational parameters and wherein the control command
executed depending on the detected number of pulses of the operational parameter

further depends on the given operational parameter.

Example 35 is the apparatus of example 33 or example 34, wherein the processor is
arranged to discriminate between a rising edge and a falling edge of the pulse to provide
the resilience of the number of pulses detected to variability in at least one of pulse
duration and pulse magnitude.

Example 36 is the apparatus of any one of examples 33 to 35, wherein the drill string is a
casing string or a liner string

Example 37 is a downhole drilling system comprising:

a drill string;

at least one downhole tool connected to the drill string; and

the downhole tool control apparatus of any one of examples 33 to 36.
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CLAIMS

1. A method of controlling a downhole tool, the method comprising:

sensing an operational parameter of a drill string comprising the downhole tool, the
sensing to detect a number of pulses of the operational parameter within a time window
having a predetermined duration, a pulse corresponding to a period during which the
operational parameter deviates from a baseline value, wherein the detection of the number
of pulses accommodates at least one of a variable pulse duration and a variable pulse
magnitude within the time window; and

causing execution of a control command to control the downhole tool depending on
the detected number of pulses of the operational parameter;

wherein the sensing comprises sampling sensor data at a variable sampling rate.

2. The method of claim 1, wherein a pulse of the operational parameter comprises a
deviation by at least a threshold magnitude between a baseline value and a value different

from the baseline value.

3. The method of claim 1 or claim 2, wherein the operational parameter comprises one
or more of:. a rotational speed of the drill string; a pressure of fluid in the drill string; a flow

rate of fluid through the drill string; and a longitudinal axial movement of the drill string.

4. The method of any one of claims 1 to 3, wherein the control command executed
depending on the number of pulses of the operational parameter differs depending on the

particular operational parameter being sensed.

5. The method of any one of claims 1 to 4, wherein execution of the control command
depending on the detected number of pulses of the operational parameter further depends

on a sensed value of at least one further operational parameter.

6. The method of claim 5, wherein the sensed value of the at least one further operational
parameter is a value other than a number of sensed pulses of the at least one further

operational parameter.
7. The method of any one of claims 1 to 6, wherein a first time window in which the

operational parameter is sensed is triggered by detection of a first pulse following initiation of

the pulse count by a processing circuit.

33



1310 23

8. The method of any one of claims 1 to 7, wherein a first pulse of the operational
parameter following a preceding time window triggers a start of a next time window in which

the number of pulses is detected.

9. The method of any one of claims 2 to 8, wherein a magnitude of a difference
between the baseline value and the value different from the baseline value exceeds a

predetermined threshold magnitude.

10. The method of any one of claims 1 to 10, further comprising recalibrating the

baseline value periodically or intermittently.

11. The method of claim 1, wherein the sampling rate outside the time window comprises
a baseline sampling rate, and wherein the sampling rate during the time window comprises a

measurement sampling rate.

12. The method of claim 11, wherein the baseline sampling rate is less than the

measurement sampling rate.

13. The method of claim 10 or any one of claims 11 to 12 as dependent on claim 10,
wherein the recalibrating of the baseline value comprises:

sampling the operational parameter of the drill string either periodically or
intermittently; and

determining one of. an average value of the operational parameter based on a
predetermined number of samples of the operational parameter; a minimum value of the

operational parameter of a predetermined number of samples.

14. The method of any one of claims 1 to 13, wherein the number of pulses of the
operational parameter comprises either: pulses of a given polarity; or pulses of different

polarities.

15. The method of claim 14, wherein a polarity of a pulse of the operational parameter

comprises either a positive polarity or a negative polarity.
16. The method of claim 15, wherein:

a pulse of the operational parameter comprising a positive polarity comprises: a

pulse of the operational parameter having a first transition away from the baseline value of
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the operational parameter to a value greater than the baseline value and a second transition

back towards the baseline value of the operational parameter.

17. The method of claim 15 or claim 16, wherein:

a pulse of the operational parameter comprising a negative polarity comprises: a
pulse of the operational parameter having a first transition away from the baseline value of
the operational parameter to a value less than the baseline value and a second transition

back towards the baseline value of the operational parameter.

18. The method of any one of claims 1 to 17, wherein the command further depends on a

polarity of at least a subset of the number of pulses in the time window.

19. The method of claim 18, wherein the command depends on an order of the number
of pulses of the operational parameter in the time window, each pulse of the number of

pulses having a respective polarity.

20. The method of any one of claims 1 to 19, wherein the downhole tool is any one of: a
circulating sub; an underreamer; a casing scraper; a variable gauge stabiliser; a line hanger;
a whipstock; a rotary steerable system; a drill string isolation tool; a jetting tool; a magnet; a

filter; a swivel; a mill; a brush; a venturi; and a disconnect tool.

21. The method of any one of claims 1 to 20, wherein the operational parameter is
sensed by any one of: a tachometer; an accelerometer; a hall effect sensor; a photoelectric
sensor; a magnetometer; a gyroscope; a strain gauge; a pressure sensor; any combination

thereof.

22. The method of any one of claims 1 to 21, wherein the downhole tool has a plurality of

modes.
23. The method of claim 22, wherein the plurality of modes comprises one or more of: an
activated mode; a deactivated mode; a delayed activation mode; a delayed deactivation

mode; an isolation mode; and one or more intermediate modes.

24. The method of either one of claims 22 or 23, wherein the command is to invoke a first

mode of the plurality of modes.
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25. The method of either one of claims 22 or 23, wherein the command is to invoke a
transition from a current mode of the plurality of modes to a different mode of the plurality of

modes.

26. The method of claim 25, wherein the different mode is predetermined depending on

the current mode.

27. The method of any one of claims 1 to 26, wherein the downhole tool is a first
downhole tool of a plurality of downhole tools, and wherein the drill string is couplable to the

plurality of downhole tools.

28. The method of claim 27, wherein the number of pulses of the operational parameter
used to cause execution of the control command upon detection in the time window, is
either:

uniquely associated with the first downhole tool; or

uniquely associated with a subset of downhole tools of the plurality of downhole tools

including the first downhole tool.

29. The method of any one of claims 1 to 28, wherein the drill string is a casing string or a

liner string.

30. Machine-readable instructions which when executed by processing circuitry cause the

processing circuitry to perform the method of any one of claims 1 to 29.

31. Computer program product comprising the machine readable instructions of claim 30.

32. An apparatus for a control of a drill string having at least one downhole tool, the
apparatus comprising;

a memory to store a mapping of a number of pulse counts of an operational
parameter pulse to a corresponding control command for one or more of the least one
downhole tool; and

processing circuitry to:

process sensor measurements to detect a number of pulses of an operational
parameter of the drill string within a time window having a predetermined duration, wherein a
pulse corresponds to a period during which the operational parameter deviates from a

baseline value and wherein the detection of the number of pulses is resilient with respect to
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at least one of any variability in pulse duration and any variability in pulse magnitudes within
the time window; and

cause execution of a control command to control the downhole tool depending on the
detected number of pulses of the operational parameter and the stored mapping;

wherein the processing circuitry is to sample an output of one or more sensors to

sense the operational parameter at a variable sampling rate.

33. Apparatus of claim 32, wherein the stored mapping maps different control commands to
different operational parameters and wherein the control command executed depending on
the detected number of pulses of the operational parameter further depends on the given

operational parameter.

34. Apparatus as claimed in claim 32 or claim 33, wherein the processor is arranged to
discriminate between a rising edge and a falling edge of the pulse to provide the resilience of
the number of pulses detected to variability in at least one of pulse duration and pulse

magnitude.

35. Apparatus of any one of claims 32 to 34, wherein the drill string is a casing string or a

liner string

36. A downhole drilling system compirising:
a drill string;
at least one downhole tool connected to the drill string; and

the downhole tool control apparatus of any one of claims 32 to 35.
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