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WORK STRING CONTROLLER

BACKGROUND

[0001]  Automated control systems attempt to drive physical characteristics of a
system, for example a process or object, to achieve system objectives. Automated
control systems may be able to Improve on the control provided manually by a human
operator, for example by providing a higher frequency response, by taking account of a
greater number of system parameters, and/or by providing a higher accuracy of control.
Automated confro} systems may take many forms and may be designed to use
continuous time controllers andfor discrete time controllers. Control systems may be
both designed and described with control diagrams representing processing blocks..
Generally, a conftrol system may be built and implemented from the control system
diagram.

[0002] A well bore may be serviced using a work string. A work string may include
continuous coiled tubing which is fed continuously into the well bore from large spools.
The longer the continuous tubing, the greater the tensile strength of the tubing may be
to support the weight of the longer tubing. On the other hand, the greater the tensile
strength of the tubing, the less flexible the tubing may be and the greater stress that
may be produced in the tubing as it flexes going into the well bore and coming back out
of the well bore. An advantage of coiled tubing is that it can be fed relatively rapidly and
continuously into a well bore. A work string may also be composed of interconnected
pieces or joints of pipe, for example joints of pipe about 10 meters long with a male
threaded end and an opposite female threaded end. The pipe joints are connected
together by threading two pipe joints together tightly, Various tocls may be attached to
the end of the work string — either coiled tubing or interconnected joints of pipe — to
accomplish a variety of well bore operations.

SUMMARY

[0003]  Disclosed herein is a well bore servicing equipment, comprising a first
manipulator to grip a well bore wark string, {o raise the work string, and ta lower the
work sfring; and a controller fo receive a work string trajectory input and to automatically
control the first manipulator to raise and to lower the work string substantially in
conformance with the work string trajectory input. The work string trajectory input may
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comprise at least a work string target pasition and a work string target velocity. The
work string trajectory input may comprise an ordered sequence of target pairs, wherein
each target pair comprises a work string target position and a work string target velocity,
and wherein the controller controls the first manipulator to drive the work string to each
of the work string target positions at the associated work string target velocity with the
work string target position in the ordered sequence. The first manipulator may comprise
a first slip bowl to grip the work string and a first hydraulic actuator to exert force on the
work string via the first slip bowl to raise and to lower the work string. The first
manipulator may further comprise a hydraulic axial piston pump, and the controller may
be operable to control the flow rate of the hydraulic axial piston pump, whereby the
controller controls in part the first manipulator. The first manipulator may further
comprise a second hydraulic actuator to exert force on the work string via the first slip
bowl {o raise and to lower the work string and a first traveling head that couples the first
slip bowl to the first hydraulic actuator and to the second hydraulic actuator. The well
bore servicing equipment may further include a second manipulator to grip the well bore
work string, o raise the work string, and to lower the work string, and the controlier may
further automatically control the second manipulator to raise and to lower the work
string substantially in conformance with the work string frajectory input. The well bore
servicing equipment may further include a collar detector to detect a collar location of
the work string. The controller may coordinate control of the first manipulator and the
second manipulator to provide substantially continuous movement of the work string in
accordance with the work string trajectory input and to avoid one of the first manipulator
and the second manipulator gripping the work string at the collar location of the work
string, whereby increased operational speed is achieved. The confroller may comprise
a first manipulator controller to provide a first manipulator force command based on a
feedback associated with the first manipulator, based on a model of the first
manipulator, and based on a first manipulator command trajectory that is based on the
work string frajectory input. The first manipulator may comprise an actuator, and the
controfler may comprise a first drive modulator to map a first manipulator force
command and a first manipulator velocity command {o an actuator control signal. The
first drive modulator may map the first manipulator force command and the first
manipulator velocity command fo the actuator control signal based on feedback
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associated with the actuator and based on a model of the actuator. The first
manipulator may comprise an actuator, and the controller may comprise a drive
observer that provides an estimated acfuator parameter feedback vaiue that is
smoothed and substantially zero fime lagged based on sensor information received
from the actuator, wherein the controller automatically controls the first manipulator
based in part on the estimated actuator parameter feedback value. The actuator may
be a hydraulic actuator, and the drive observer sysiem may provide the estimated
hydraulic pressure parameter feedback value of a hydraulic chamber of the hydraulic
actuator based in part on a model of the hydraulic actuator. The model may be based
on an estimated effective piston area, an estimated hydraulic fluid bulk modulus, and an
estimated variable hydraulic chamber volume. The first manipulator may comprise a
hydraulic actuator, and the controller may comprise a drive observer that provides an
esfimated flow disturbance value that is smoothed and based on sensor information
received from the actuator, wherein the controller automatically controls the first
manipulator based on the estimated flow disturbance value. The first manipulator may
- comprise an actuator, and the confroller may comprise a manipulafor observer that
provides an estimated actuator position feedback value that is smoothed and
substantially zero time lagged based on actuator position sensor information received
from the actuator, wherein the controller automatically controls the first manipulator
based in pért on the estimated actuator position feedback value. The manipulator
observer further may provide an estimated actuator velocity feedback valjue that is
smoothed and substantially zero time lagged based on actuator velocity sensor
information received from the actuator, wherein the controller automatically controls the
first manipulator based in part on the estimated actuator velocity feedback value. The
manipulator may comprise a force coupling component to couple force output by the
actuator to the work string, and the manipulator cbserver may provide the estimated
actuator position feedback value based in part on a model of the force coupling
component. The model may be based on an estimated mass of the force coupling
component, an estimated weight of the force coupling component, and an estimated
damping factor of the force coupling component. The model further may be based on
an estimated friction of the force coupling component moving within a restraint
mechanism. The first manipulator may comprise an actuator, and the controller may
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comprise a manipulator observer that provides an estimated disturbance force feedback
value that is smoothed and based on actuator position sensor information received from
the actuator, wherein the controller may aufomatically confrol the first manipulator
based in part on the estimated disturbance force feedback value.

[0004] Further disclosed herein is a method of servicing a well bore with a work
siring, comprising receiving a control mode input identifying a work string control mode
of operation; receiving a work string trajectory input; and automatically controlling a
plurality of manipulators to drive the work string to substantially matich the work string
trajectory input according to the work string control mode of operation. The work string
control mode of operation may be a high speed sequential mode in which two
manipulators are automatically controlled, and the method of servicing the well bore
with the work string may further comprise gripping the work string with a first
manipulafor; refeasing the work string with a second manipulator; moving the work
string with the first manipulator; repositioning the second manipulator; first stopping the
work string; then gripping the work string with the second manipulator; releasing the
work string with the first manipulator; moving the work string with the second
manipulator; and repositioning the first manipulator. The work string control mode of
operation may be a high speed sequential mode with stationary slip usage, and the
method of servicing the well bore with the work string may further comprise gripping the
work string with a stationary slip bowl before gripping the work string with the first
manipulator; releasing the work string with the stationary slip bowl before moving the
work string with the first manipulator; gripping the work string with the stationary slip
bowl before gripping the work string with the second manipulator; and releasing the
work string with the stationary slip bowl before moving the work string with the second
manipulator. The work string control mode of operation may be a high speed
continuous mode in which two manipulators are automatically controlled, and the
method of servicing the well bore with the work string may further comprise gripping the
work string with a first manipulator, without stopping the work string; releasing the work
string with a second manipulator; moving the work string with the first manipulator;
reposttioning the second manipulator; gripping the work string with the second
manipulator, without stopping the work string; releasing the work string with the first
manipulator; moving the work string with the second manipulator; and repositioning the
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first manipulator, wherein the work string may be moved by the manipulators to achieve
at least one of a substantially constant velocity and a substantially constant acceleration
identified by the work sfring trajectory input. The work siring control mode of operation
may be a high speed constrained mode in which two manipulators are automatically
controlled, and the method of servicing the well bore with the work string may further
comprise gripping the work string with a first manipulator, without stopping the work
string; releasing the work string with a second manipulator; moving the work string with
the first manipulator; repositioning the second manipulator; gripping the work string with
the second manipulator, without stopping the work string; releasing the work string with
the first manipulator; moving the work string with the second manipulator; and
repositioning the first manipulator, wherein the work siring may be moved by the
manipulators to remain within one or more operational constraints including a maximum
mechanical load, a maximum elecirical load, and a safety operational limit. The work
string control mode of operation may be a high capacity sequential mode in which two
manipulators and a stationary slip bowl are automatically controlled, and the method of
servicing the well bore with the work string may further comprise gripping the work
string with a first manipulator and a second manipulator; releasing the work string with a
stationary slip bowl; moving the work string with the first and second manipulator;
stopping the work string with the first and second manipulator; gripping the work string
with the stationary slip bowl; releasing the work string with the first manipulator and the
second manipulator; and repositioning the first manipulator and the second manipulator.,
The work string control mode of operation may be a high capacity continuous mode in
which at least three manipulators are automatically controlied, and the method of
servicing the well bore with the work string may further comprise gripping the work
string with a first manipulator and a second manipulator; releasing the work string with a
third manipulator; moving the work string with the first and second manipulator;
repositioning the third manipulator; gripping the work string with the third manipuiator;
releasing the work string with the first manipulator; moving the work string with the
second and third manipuiafor; reposifioning the first manipulator; gripping the work
string with the first manipulator; releasing the work string with the second manipulator;
moving the work string with the first and third manipulator; and repositioning the second
manipulator, wherein the work string is moved by the manipulators to achieve at least
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one of a substantially constant velocity and a substantially constant acceleration
identified by the work string trajectory input. In an embodiment, the plurality of
manipulators may comprise a dual-jacking system, wherein the dual-jacking system
comprises a first pair of hydraulic actuators plumbed in parallel and coupled to a first
traveling head coupled to a first gripping device and a second pair of hydraulic actuators
plumbed in parallei and coupled to a second traveling head coupled to a second
gripping device. The work string control mode of operation may be a high speed
sequential mode, and the method of servicing the well bore with the work string may
further comprise gripping the work string with the first gripping device; releasing the
work string with the second gripping device; moving the work string with the first pair of
hydraulic actuators; repositioning the second pair of hydraulic actuators; first stopping
the work string; gripping the work string with the second gripping device; releasing the
work string with the first gripping device; moving the work string with the second pair of
hydraulic actuators; and repositioning the first pair of hydraulic actuators. The work
string control mode of operation may be a high speed sequential mode with stationary
slip usage, and the method of servicing the well bore with the work string may further
comprise gripping the work string with a stationary slip bowl before gripping the work
string with the first gripping device; releasing the work string with the stationary slip bowl
before moving the work string with the first pair of hydraulic actuators; gripping the work
string with the stationary slip bowl before gripping the work siring with the second
gripping device; and releasing the work string with the stationary slip bow] before
moving the work string with the second pair of hydraulic actuators. The work string
control mode of operation may be a high speed continuous mode, and the method of
servicing the well bore with a work string may further comprise gripping the work string
with the first gripping device, without stopping the work string; releasing the work string
with the second gripping device; moving the work string with the first pair of hydraulic
actuators; repositioning the second pair of hydraulic actuators; gripping the work string
with the second gripping device, without stopping the work string; releasing the work
string with the first gripping device; moving the work sfring with the second pair of
hydraulic actuators; and repositioning the first pair of hydraulic actuators, wherein the
work string is moved by the dualjacking system to achieve at least one of a
substantially constant velocity and a substantially constant acceleration identified by the
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work string trajectory inpuf. The work string control mode of operation may be a high
speed constrained mode, and the method of servicing a well bore with a work string
may further comprise gripping the work string with the first gripping device, without
stopping the work string; releasing the work string with the second gripping device;
moving the work string with the first pair of hydraulic actuators; repositioning the second
pair of hydraulic actuators; gripping the work string with the second gripping device,
without stopping the work string; releasing the work string with the first gripping device;
moving the work string with the second pair of hydraulic actuators; and repositioning the
first pair of hydraulic actuators, wherein the work string is moved by the dual-jacking
system to remain within one or more operational constréints including a maximum
mechanical load, a maximum electrical load, and a safety operational limit. The work
string control mode of operation may be a high capacity sequential mode in which a
stationary slip bowl is automatically controlied, and the method of servicing the well
bore with the work string may further comprise gripping the work string with the first
gripping device and the second gripping device; releasing the WOrk string with a
stationary slip bowl; moving the work string with the first pair of hydrautic actuators and
the second pair of hydraulic actuators; stopping the work string with the first pair of
hydraulic actuators and the second pair of hydraulic actuators; gripping the work string
with the stationary slip bowl; releasing the work string with the first gripping device and
the second gripping device; and repositioning the first pair of hydraulic actuators and
the second pair of hydraulic actuators.

[0005]  Further disclosed herein Is a control system comprising a first hydraulic
actuator having a rod side chamber and a piston side chamber; a hydraulic pump to
provide hydraulic fluid at an adjustable pressure and an adjustable flow rate to the first
hydraulic actuator; a first hydraulic pressure sensor to produce an indication of a first
hydraulic pressure of the hydraulic actuator; and a force modulator to automaticaliy
control the flow rate of the hydraulic pump based on a first force command, based on a
first velocity command, and based on the indication of the first hydraulic pressure. The
control system may further comprise a directional flow controi valve coupled to the first
hydraulic actuator and to the hydraulic pump and operable to be commanded to direct
hydraulic fluid from the hydraulic pump to one of the rod side chamber of the hydraulic
actuator, the piston side chamber of the hydraulic actuator, or fo a retum port of the
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hydraulic pump, and the force modulator further automatically commands the directional
flow conirol valve based on the first force command, based on the first velocity
command, and based on the indication of the hydraulic pressure from the first pressure
sensor, whereby the direction of force produced by the hydraulic actuator is controlled.
The first hydraulic pressure may be a hydraulic pressure of the rod side chamber, and
the control system may further comprise a second pressure sensor to produce an
indication of a hydraulic pressure of the piston side chamber; and a pressure observer
to produce an estimate of the hydraulic pressure of the rod side chamber based on the
indication of the hydraulic pressure of the rod side chamber produced by the first
hydraulic pressure sensor and to produce an estimate of the hydraulic pressure of the
piston side chamber based on the indication of the hydraulic pressure of the piston side
chamber produced by the second pressure sensor, and the force modulator may
automatically control the flow rate of the hydraulic pump based at least in part on the
estimate of the hydraulic pressure of the rod side chamber and on the estimate of the
hydraulic pressure of the piston side chamber. The conirol system may further
comprise a position sensor, coupled to the first hydraulic actuator, fo produce an
indication of the position of a rod end of the first hydraulic actuator and a velocity
sensor, coupled to the first hydraulic actuator, to produce an indication of the velocity of
the rod end of the first hydraulic actuator, wherein theT manipulator controller may further
determine the first force command at least in part based on the indication of the position
of the rod end of the first hydraulic actuator and on the indication of the velocity of the
rod end of the first hydraulic actuator. The control system may further comprise a
position and velocity observer to produce an estimate of the position of the first
hydraulic actuator based on the indication of the position of the rod end of the first
hydraulic actuator and to produce an esfimate of the velocity of the rod end of the first
hydraulic actuator based on the indication of the velocity of the rod end of the first
hydraulic actuator, wherein the manipulator controller may transmit the first force
command to the force modulator based at least in part on the estimate of the position of
the rod end of the first hydraulic actuator and on the estimate of the velocity of the rod
end of the first hydraulic actuator. The control system may further comprise a flow
regulator to produce a hydraulic pump conirol signal under the control of the force
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modulator, whereby the force modulator controls the flow rate of the hydraulic pump
through the flow regulator.

[o006] Further disclosed herein is an automated hydraulic flow regulator, comprising
a proportional-integral (Pf) controller portion to determine a flow error and to generate a
corrective signal based on the flow error; a command feed-forward portion to determine
a command feed-forward signal based on a flow rate command and an estimate of a
hydraulic pump motor angular velocity; and a pump control gain to amplify the sum of
the corrective sighal and the command feed-forward signal to produce a commanded
hydraulic pump motor signal, whereby the automated hydraulic flow regulator controls a
hydraulic flow. The flow error may be determined és the difference of the flow rate
command and a sensed flow rate. The command feed-forward signal may be
determined by amplifying the flow rate command by a feed-forward gain, wherein the
feed-forward gain may be inversely propottional to the estimate of the hydraulic pump
motor angular velocity. The hydraulic flow regulator may further inciude an axial piston
pump that produces the hydraulic flow, wherein the commanded hydraulic pump motor
signal controis the axial piston pump by controiling the angular displacement of a swash
plate of the axial piston pump.

J0007] Further disclosed herein is an automated force modulator, comprising a
proportional gain controller portion to determine a force error and to generate a
corrective signal based on the force error; a command feed-forward portion to
determine a command-feed forward signal based on a velocity command and a
directional area gain, wherein the directional area gain has a first value when the
velocity command has a first polarity and the directional area gain has a second value
when the velocity command has a second polarity; and a summation junction to output
a commanded flow sighal based on the comective signal and the command feed-
forward signal. The force error may be determined as the difference of a force
command and an estimated force. The estimated force may be determined based on
an indication of a rod side pressure of a hydraulic actuator and a piston side pressure of
the hydraulic actuator. The first value of directional area gain may be proportional to the
area of a piston of a hydraulic actuator, and the second value of directional area gain
may be proportional to the area of the piston of the hydraulic actuator minus the cross-
section area of a rod of the hydraulic actuator. The summation junction may output the
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commanded flow signal based further on a flow disturbance term. The automated force
modulator may further comprise a directional valve modulator to output a directional
valve command based on the polarity of a sum of the comective signal and the
command feed-forward signal.

[0008] Further disclosed herein is an automated manipulator controller, comprising a
praportional-integral-derivative (PID} controller portion to determine a manipulator
position error and a manipulator velocity error and to generate a corrective signal based
on the manipulator position error and the manipulator velocity error; a command feed-
forward portion to determine a command feed-forward signal based on a manipulator
acceleration command and a manipulator mass gain; a manipulator damping gain to
determine a manipulator damping force based on a manipulator damping gain and an
indication of manipulator velocity; and a summation junction to output a first manipulator
force command based on the corrective signal, the command feed-forward signal, the
manipulator damping force, and a feed forward work string load command. The
manipulator position error may be determined as the difference of a manipulator
position command and an indication of manipulator position, and the manipulator
velocity error may be determined as the difference of a manipulator velocity command
and the indication of manipulator velocity. The summation junction may further output
the first manipulator force command based on a manipulator weight. The summation
junction may further output the first manipulator force command based on a difference
between the manipulator force command and an estimate of a manipulator force
disturbance.

[0009]  Further disclosed herein is a pressure estimator comprising a directional
valve command feed forward component to produce a rod side flow command and a
piston side flow command based on a directional flow valve command and a feed
forward flow rate command; a piston side pressure observer 1o produce an estimated
piston side pressure based on the piston side flow command, a sensed piston side
pressure, an actuator velocity, and an actuator position; and a rod side pressure
observer to produce an estimated rod side pressure based on the rod side flow
command, a sensed rod side pressure, the actuator velocity, and the actuator position.
The pressure estimaior may further comprise a directional valve disturbance flow
component to estimate a disturbance flow based on the directional flow valve



11

command, the estimated piston side pressure, and the estimated rod side pressure.
When the directional flow valve command has a piston side value, the piston side flow
command may be proportional to the feed forward flow rate command and the rod side
flow command may be proportional to the negative value of the feed forward flow rate
command. When the directional flow valve command has a rod side value, the piston
side flow command may be proportional to the negative value of the feed forward flow
rate command and the rod side flow command may he proportional fo the value of the
feed forward flow raie command. When the directional flow valve command has a
piston side value, the rad side flow command further may be proportional to an effective
rod side area of the piston divided by the effective piston side area of the piston. When
the diractional flow valve command has a rod side value, the piston side flow command
further may be proportional to the effective piston side area of the piston divided by the
effective rod side area of the piston.

[0010) Further disclosed herein is a pressure observer comprising a first
proportional-integral (P1) contraller portion to determine a first pressure error and to
generate a first corrective signal based on the first pressure error; a first feed-forward
portion fo determine a first flow rate based on a velocity and a first gain; a first integrator
to integrate the sum of the first corrective signal and the first flow rate; and a second
gain to amplify an output of the first integrator by a first mode! gain and to produce a first
pressure estimate. The first proportional-integral controller portion may further
determine a first flow disturbance signal based on the first pressure etror. The first
pressure error may be determined as the difference of a first sensed pressure and the
first pressure estimate. The first gain may be proportional to the difference of an area of
a piston of a hydraulic actuator and a cross-section area of a rod of the hydraulic
actuator. The first model gain may be propottional fo a bulk modulus of a hydraulic fluid
and may be inversely proportional to a volume comprising a rod side chamber of a
hydraulic actuator, wherein the volume of the rod side chamber may change as a rod of
the hydraulic actuator moves. The pressure observer may further comprise a second
proportional-integral (P} controller portion to determine a second pressure error and to
generate a second corrective sighal based on the second pressure error; a second
feed-forward portion fo deiermine a second flow rate based on the velocity and a
second gain; a second integrator to integrate the sum of the second corrective signal
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and the second flow rate; and a second gain to amplify an oufput of the second
integrator by a second model gain and to produce a second pressure estimate.

[0011] Further disciosed herein is a manipulator position and velocity observer
comprising a proportional-integral-derivative (PID) controller portion to determine a
manipulator position error and a manipulator velocity error and to generate a corrective
signal based on the manipulator position error and on the manipulator velocity error; a
first gain to amplify an indication of manipulator velocity by a manipulator damper gain
to generate a damper force signal; a force summation portion that is operable to
determine a summed force term based on the corrective signal, based on the damper
force signal, based on a force command, and based on a manipulator weight term; a
second gain to amplify the summed force term by an inverse manipulator gain and to
generate a manipulator acceleration term; a first integrator fo integrate the manipulator
acceleration term to generate a manipulator velocity term and to output an estimate of
manipulator velocity; and a second integrator to integrate the manipulator velocity term
to generate a manipulator position term and to output an estimate of manipulator
position. The proportional-integral-derivative controlier portion may be further operable
to produce a manipulator force disturbance term based on the manipulator position
error and on the manipulator velocity esror.  The manipulator position error may be
determined as the difference of a sensed manipulator position and the estimate of
manipulator position, and the manipulator velocity error may be determined as the
difference of a sensed manipulator velocity and the estimate of manipulator velocity.
[0012]  Further disclosed herein is a work string controller comprising a first
proportional-integral-derivative (PID) controller portion to determine a first position error
and a first velocity error and to generate a first simulated force feedback based on the
first position error and the first velocity error; a second proportional-integral-derivative
(PID) controller portion to determine a second position error and a second velocity error
and to generate a second simulated force feedback based on the second position error
and the second velocity error; a third proportional-integral-derivative (PID) controller
portion to determine a work string position error and a work string velocity error and to
generate a force term based on the work string position error, based on the work string
velocity error, based on the first simulated force feedback, and based on the second
simulated force feedback; a gain to ampiify the force term by a work string mass gain to
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produce an acce]eraﬁon' term; a first integrator to integrate the acceleration term to
produce an estimated work étring velocity; a second integrator to integrate the
estimated work string velocity term to produce an estimated work string position; and a
commands generator to produce a first slip bowl command,. a first acceleration
command, a first velocity command, a first position command, a second slip bowl
command, a second acceleration command, a second velocity command, and a second
position command based on the estimated work string velocity and the estimated work
string position. The commands generator may be further operable to produce the first
and second slip bow! commands based on a collar indication. The work string mass
gain may be inversely proportional to a mass of a work string. The work string
controller may further comprise a first slip bowl portion to determine a first slip bowl
error based on a first estimated slip bowl position, a first commanded slip bow! position,
and a first slip bowl model; a first proportional-integral (Pl) controller portion to generate
a third simulated force feedback based on the first slip bowl error; a second slip bowl
portion to determine a second slip bowl error based on a second estimated slip bowl
position, a second commanded slip bowl position, and a second slip bowl model; and a
second proportional-integral (PI) controller portion to generate a fourth simulated force
feedback based on the second slip bowl error, wherein the third proportional-integral-
derivative controller portion generates the force term further based on the third
simulated force feedback and the fourth simulated force feedback.

[0013]  Further disclosed herein is a collar locator, comprising a first digital camera to
capture a first image; and a collar detector coupled o the first digital camera and
operable to generate a first thresholded image of the first image, to generate a first
edge detection analysis of the first thresholded image, and to determine the location of
a collar based In part on the first edge detection analysis. The collar locator may further
include a first light source, whereby the light source may illuminate a work string that is
at least a portion of the first image. The collar locator may further comptise a second
digital camera to capture a second image, wherein the collar detector is coupled to the
second digital camera, and the collar locator may further generate a second
thresholded image of the second image, generate a second edge detection analysis of
the second thresholded image, and determine the location of the collar based in part on
the second edge detection analysis. In an embodiment, the first and second digital
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cameras may each capture a plurality of images at a periodic rate, and the coltar
detector may determine a position and a velocity of the collar based on the plurality of
images. In an embodiment, the first and second digital cameras may each capture
about 30 images per second.

[0014] Further disclosed herein is a method of servicing a well bore with a work
string comprising placing the work string in a well bore; receiving a work string trajectory
input; determining a simulated force feedback of the work string on a first manipulator;
determining an estimated work string velocity based at least on the simulated force
feedback of the work string on the first manipulator; determining an estimated work
string position based at least on the simulated force feedback of the work string on the
first manipulator; determining a first manipulator position command and a first
manipulator velocity command based on the estimated work string position and the
estimated work string velocity; and automatically controlling the first manipulator based
at least on the first manipulator position command and the first manipulator velocity
command, Determining the estimated work string velocity may comprise determining a
corrective signal based on a work sfring position command and a work string velocity
command, combining the simulated force feedback of the work string on the at least
one manipulator and the corrective signal to determine a force term, converting the
force term to an acceleration term, and integrating the acceleration term to determine
the simulated work string velocity. Determining the estimated work string position may
comprise integrating the estimated work string velocity to determine the simulated work
string position. The simulated force feedback of the work string on the at least one
manipulator may be determined as the sum of a plurality of a simulated force feedback
of the work string on a manipulator, and determining the simulated force feedback of the
work string on the manipulator may comprise determining a manipulator position error
term, determining a manipulator velocity error term, amplifying the manipulator position
error term to produce a first proportional term, integrating and amplifying the
manipulator position error term to produce a first integral term, amplifying the velocity
error term to produce a first derivative term, and summing the first proportional term, the
first integral term, and the first derivaiive term. In an embodiment, determining the
simulated force feedback of the work string on the manipulator may further comprise
determining a slip bow! position error, amplifying the slip bowl position error by a second
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proportional gain fo produce a second proportional term, integrating and amplifying the
slip bow! position error to produce a second integral term, and summing the second
proportional ferm, the second integral term, the first proportional term, the first integral
term, and the first derivative term. In an embodiment, the first integral gain may be
used to produce the first integral term, and a second integral gain may be used to
produce the second integral term, wherein the second integral gain may be at least
about fen times larger than the first integral gain. Controlling the first manipulator may
be further based on a collar indication input. Controlling the work string may further
include determining a second manipulator position command and a second manipulator
velocity command based on the simulated force feedback of the work string on the at
least one manipulator, the estimated work siring position, the estimated work string
velocity, and the work string irajectory input; and automatically controlling a second
manipulator based on the second manipulator position command and the second
manipulator velocity command. The method may further comprise determining a
simulated force feedback of the work string on an a second manipulator; determining
the estimated work string velocity further based on the simulated force feedback of the
work string on the second manipulator; determining the estimated work string position
further based on the simulated force feedback of the work siring on the second
manipuiator; determining a first feed forward work string load command, a second
manipulator position command, a second manipulator velocity command, and a second
feed forward work string load command based on the estimated work sfring position
and the estimated work string velocity; further automatically controlling the first
manipulator based on the first feed forward work string load command; and
automatically controlling the second manpulator based at least on the second
manipulator position command, the second manipulator velocity command, and the
second feed forward work siring load command.

[0015]  These and other features will be more clearly understood from the following
detailed description taken in conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] For a more complete understanding of the present disclosure, reference is
now made to the following brief description, taken in connection with the accompanying
drawings and detailed description, wherein like reference numerals represent like parts.
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[0017] FIG. 1 is a block diagram of a control system according to some
embodiments of the disclosure.

[0018] FIG. 2A is an iflustration of a single actuator hydraulic power system
according to some embodiments of the disclosure.

[0019]  FIG. 2B is an illustration of a two actuator hydraulic power system according
to other embodiments of the disclosure.

[0020] FIG. 3 is an illustration of a dualjacking mechanism according to some
embodiments of the disclosure.

[0021] FIG. 4 is a block diagram of a work string control system according to some
embodiments of the disclosure.

[0022] FIG. 5 is an illustration of a feedback vector according to some embodiments
of the disclosure.

[0023]  FIG. 6 is a block diagram of a manipulator control system and a maniputator
physical system interface according to some embodiments of the disclosure.

[0024) FIG. 7 is control diagram of a flow regulator according to some embodiments
of the disclosure.

[0025] FIG. 8 is a control diagram of a force modulator according to some
embodiments of the disclosure.

[0026] FIG. 9 is a control diagram of a traveling head controller according fo some
embodiments of the disclosure.

[0027] FIG. 10 is a block diagram of a drive observer according io some
embodiments of the disclosure.

[0028] FIG. 11 is a control diagram of a rod side pressure observer and a piston side
pressure observer according to some embodiments of the disclosure.

[0029]  FIG. 12is a control diagram of a traveling head position and velocity observer
according to some embodiments of the disclosure.

[0030] FIG. 13 is a block diagram of a work string controller according to some
embodiments of the disclosure.

[0031] FIG. 14 is a control diagram of a manipulator simulated force feedback
component according to an embodiment of the disclosure.

[0032] FIG. 15 is an illustration of a kinemaﬁc mode] according to an embodiment of
the disclosure.
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[0033]  FIG. 16 is an illustration of a pipe collar locator according to an embodiment
of the disclosure.
[0034] FIG. 17 is a flow chart of a method of controiling a work string according to an
embodiment of the disclosure.
[0035] FIG. 18 illustrates an exemplary general purpose computer system suitable
for implementing the several embodiments of the disclosure.

DETAILED DESCRIPTION
[0036) It should be understood at the outset that although Iillustrative
implementations of one or more embodiments are illustrated beiow, the disclosed
systems and methods may be implemented using any number of techniques, whether
currently known or in existence. The disclosure should in no way be limited to the
illustrative implementations, drawings, and techniques illustrated below, but may be
modified within the scope of the appended claims along with their full scope of
equivalents.
10037] In the figures and in the text herein below, variable names and variable
symbols that are associated with an asterisk, for example F*, generally represent
commanded values. Variable names and variable symbols that are associated with a
caret, for example F?, generally represent estimated values. Variable names and
variable symbols that are not associated with any additional symbol, for example F,
generally represent measured and/or actual values. Turning now to FIG. 1, a control
system architecture 8 suitable for some of the embodiments of the present disclosure is
discussed. The control system architecture 8 includes a system controller 10, a plurality
of manipulator controllers 20, a manipulator observer system 30, a plurality of drive
modulators 40, a drive observer system 50, a plurality of manipulator physical systems
60, and a manipulated physical system 70. An embodiment of the system controller 10
is shown in FIG. 13 and described in more detail hereinafter. An embodiment of the
manipuiator controller 20 is shown in FIG. 9 and described in more detail hereinafter.
An embodiment of the manipulator observer system 30 is shown in FIG. 12 and
described in more detall herelnafter. An embodiment of the drive modulator 40 is
shown in FIG. 7 and FIG. 8 and described in more detail hereinafter. An embodiment of
the drive observer system 50 is shown in FIG. 10 and FIG. 11 and described in more
detail hereinafter. An embodiment of the manipulator physical system 60 is shown in
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FIG. 2A, FIG. 2B, FIG. 3, FIG. 6, and FIG, 7 and described in more detail hereinafter.
An embodiment of the manipulated physical system 70 is shown in FIG. 3 and FIG. 16
and discussed in more detail hereinafter.

[0038] While FIG. 1 depicts three separate manipulator systems 60, in different
embodiments, different numbers of manipulators 60, drive modulators 40, and
manipulator controllers 20 may be implemented. Also, while FIG. 1 depicts a second
manipuiator physical system 60-b, a second drive modulator 40-b, and a second
manipulator controller 20-b as well as a third manipulator physical system 60-c, a third
drive modulator 40-c, and a third manipulator controller 20-c without an associated
manipulator observer system 30 and without an associated drive observer system 50, in
other embodiments a manipulator observer system 30 and/or a drive observer system
50 may be associated with these system control components. The system controller 10
receives a system controller command signal 12, a physical system feedback 16 from
the manipulated physical system 70, and a manipulator feedback 14 from each of the
manipulator physical systems 60 as input, for example a first manipulator feedback 14-a
from the first manipulator physical system 60-a, a second manipulator feedback 14-b
from. the second manipulator physical system 60-b, and a third manipulator feedback
14~c from the third manipulator physical system 60-¢c. In an embodiment, the system
controller command signal 12 may comprise a work string trajectory input. The system
controller 10 outputs a manipulator controller command signal 22 o each of the
manipulator controllers 20. In an embodiment, the manipulator controller command
signal 22 may comprise a manipulator command frajectory that is based on a work
string frajectory input to the system controller 10. In an embodiment, a first manipulator
controller command signal 22-a may comprise a first manipulator command frajectory
and a second manipulator controller command signal 22-b may comprise a second
manipulator command trajectory, wherein both the first manipulator command trajectory
and the second manipulator command trajectory are based on the work string trajectory
input. The general purpose of the conirol system architecture 8 is to drive the physical
system 70 according to the system confroller command signal 12. In an embodiment,
the system controller command signal 12 may be a trajectory describing the position,
velocity, and acceleration of the manipulated physical system 70 at different times, The
system controller command signal 12 may further include various mode and
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commands. In an embodiment, the control system architecture 8 comprises well bore
servicing equipment, for example a control system automatically controlling a plurality of
manipulators to raise and lower a well bore work string in and out of a well bore to
accomplish a well bore servicing job.

j0039]  Each of the manipulator controllers 20 receives a manipulator controller
command signal 22 from the system controller 10 and one of a manipulator observer
feedback signal 34 from the manipulator observer system 30 or a manipulator feedback
24 as inputs. Each of the manipulator controllers 20 outputs a drive modulator
command signal 42 to the drive modulator 40. The first manipulator controfier 20-a also
outputs a first manipulator controller output signal 32 to the manipulator observer
system 30. With respect to describing FIG. 1, the term “signal” may mean either a
single signal or a vector of sighals. For example, in an embodiment, the command
signal 22 may comprise a commanded fraveling head position signal, a commanded
traveling head velocity signal, a commanded traveling head acceleration signal, a
commanded traveling head force sighal, and a commanded slip bowl position signal.
[00401 Each of the drive modulators 40 receives the drive modulator command
signal 42 from the manipulator controller 20 and a manipijlator feedback signal 44 from
the manipulator physical system 60. The first drive modulator 40-a also receives a first
drive observer system output signal 58 from the first drive observer system 50. Each of
the drive modulators 40 outputs a manipulator physical system command signal 62 to
the manipulator physicai system 60. The first drive modulator 40-a also outputs a first
drive modulator output signal 52 to the first drive observer system 50.

[0041] The manipuiator observer system 30 receives the first manipulator controller
output signal 32 and a first manipulator feedback 24-a. The manipulator observer
system 30 outputs the first manipulator observer feedback signal 34 to the first
manipulator controller 20-a and a first manipulator observer system output signal 54 to
the first drive observer system 50.

[0042]  The first drive observer system 50 receives the first observer output signal 54
from the manipulator observer system 30, the first drive modulator output signal 52 from
the first drive modulator 40-a, and a first manipulator feedback signal 56 from the first
manipulator physical system 60-a. The first drive observer system 50 outputs the first
drive observer system output signal 58 {o the first drive modulator 40-a.
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[0043]  Each of the manipulator physical systems 860 receives the manipulator
physical system command signal 62 from the drive modulator 40. Each of the
manipulator physical systems 60 outputs a plurality of feedback signals 14, 24, and 44
to the system controller 10, the manipulator observer system 30 or the manipulator
controller 20, and the drive modulator 40, respectively. Additionally, the first
manipulator physical system 60-a outputs a first manipulator feedback signal to the first
drive observer system 50. Each of the manipulator physical systems 60 also interacts
with the manipulated physical system 70, represented in FIG. 1 by the manipulated
physical system interaction with manipulator 72. For example, in an embodiment, the
manipulated physical system 70 may be a work string for servicing and/or drilling a well
bore and the manipulators 60 may be a plurality of hydraulic jacks coupled to siip bowls
configured to grip the work siring. The work string may comprise a plurality of
connected segments (e.g., drill string, fubing string, casing string, etc.) or a continuous
length of oilfield tubular such as coiled tubing. The work string may have one or more
associated or connected tools, for example one or more down hole tools positioned at
or near a terminal end of the work string. In some embodiments, the several
manipulator physical systems 60 that manipulate the manipulated system 70 may be of
different types. The manipulator physical system 60 may include hydraulic actuators,
electric motor actuated screw jacks, robot lever arms, slip bowls, and other devices. in
another embodiment, the manipulated physical system 70 may be some other object
manipulated by one or more manipulator physical systems 60 that are robotic arms. 1t
should be understood that the control system architecture 8 depicted in FIG. 1 is
suitable to a number of aiterations, modifications, and arrangements of components, all
of which are contemplated by the present disclosure.

[0044]  Turning now to FIG. 2A, a single actuator hydraulic system 100 is described.
The single actuator hydraulic system 100 comprises a hydraulic pump 102, a directional
flow valve 104, a hydraulic pressure supply line 106, a hydraulic return line 107, a
hydraulic fluid reservoir 108, a hydraulic supply fine 109, a hydraulic actuator 110, a rod
side hydraulic line 112, a piston side hydraulic line 114, a first counterbalance valve
115-a, and a second counterbalance valve 115-b. In an embodiment, the hydraulic
pump 102 provides pressurized flow of hydraulic fluid at an effective pressure and rate
of flow to drive the hydraulic actuator 110 according to operational control regimes. In
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different embodiments, different hydraulic pumps 102 may be selected to provide
different flow/pressure capacities and/or different pump ratings. Pressurized hydraulic
fluid flows through the hydraulic pressure supply line 106 to the hydraulic actuator 110
under the control of the directional flow valve 104, The hydraulic fluid is returned from
the hydraulic actuator 110 through the hydraulic return line 107 to hydraulic fluid
reservoir 108 under the control of the directional flow valve 104. The hydraulic pump
102 draws hydraulic fiuid from the hydraulic fluid reservoir 108 via the hydraulic supply
line 109. The directional flow valve 104 directs pressurized hydraulic fluid to the rod
side hydraulic line 112 when in a first control state, to the piston side hydraulic line 114
when in a second state, and to the hydraulic return line 107 when in a third state.

[0045] In an embodiment, the directional flow valve 104 has four ports which
connect to the hydraulic pressure supply line 108, the hydraulic return line 107, the rod
side hydraulic line 112, and the piston side hydraulic line 114. The directional flow valve
104 has an internal diverting spool that is electrically actuated by use of a first and a
second solenoid. When the flrst solenoid is energized, the internal diverting spool is
displaced to a first position, connecting the hydraulic pressure supply line 106 with the
rod side hydraulic line 112 and connecting the hydraulic return line 107 with the piston
side hydraulic line 114. When the second solenoid is energized, the internal diverting
spool is displaced to a second position, connecting the hydraulic pressure supply line
106 to the piston side hydraulic line 114 and the hydraulic return line 107 1o the rod side
hydraulic line 112. When neither the first solenoid or the second solenoid is energized,
the internal diverting spool remains in a neutral position, and all four hydraulic lines —
the hydraulic pressure supply line 106, the hydraulic retumn line 107, the rod side
hydraulic line 112, and the piston side hydraulic line 114 ~ are connected together,
effectively routing the hydraulic pressure supply line 106 to the hydraulic return line 107
and bypassing both the rod side hydraulic line 112 and the piston side hydraulic line
114.

[0046]  The hydraulic actuator 110 comprises a rod 116 attached to a piston 118.
The rod 116 is supporied and retained by an end cap (nhot shown) of the hydraulic
actuator 110 and by the piston 118. The piston 118 is supporied by the interior of the
hydraulic actuator 110. The rod 116 may be coupled to a weight bearing structure (not
shown) to manipulaie or move the weight bearing structure. The interior of the
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hydraulic actuator 110 includes a rod side chamber 120 and a piston side chamber 122.
By directing hydraulic fluid at different pressures into the rod side chamber 120 from the
rod side hydraulic line 112 and into the piston side chamber 122 from the piston side
hydraulic line 114, the rod 116 is driven under force in different directions. The force
exeried by the rod 116 may be calculated to be the diiference of the product of an area
of the piston 118 muitiplied by the hydraulic pressure, Ppg, in the piston side chamber
122 and a product of the hydraulic pressure, Pgg, in the rod side chamber 120 multipled
by an area determined as the area of the piston 118 minus a cross-sectional area of the
rod 116. In different embodiments, different hydraulic actuators 110 may be selected
having different stroke lengths, different diameters, different piston sizes, different
chamber volumes, and other different specifications, capacities, and/or dimensions.
[0047] In an embodiment, a first counterbalance valve 115-a Is installed in the rod
side hydraulic line 112 and a second counterbalance valve 115-b is installed in the
piston side hydraulic line 114. The first and second counterbalance valves 115-a, b are
cross-connected to each other. The purpose of the first and second counterbalance
valves 115-a, b is to hold any overrunning loads of the hydraufic actuator 110. For
example, if the hydraulic actuator 110 is extended and bearing a heavy weight, as may
be the case when the hydraulic actuator 110 is supporting a long pipe string or coiled
tubing, and then the single actuator hydraulic system 100 is controlled or commanded
to direct hydraulic fluid and pressure to the rod side chamber 120 and to return
hydraulic fluid from the piston side chamber 122, while not choking back the flow out of
the piston side chamber 122, the hydraulic actuator 110 and the load it supports may
fall uncontrolled at the rate which the hydraulic fiuid can escape the piston side
chamber 122. The first and second counterbalance valves 115-a, b promoie
maintaining controlled movement of the hydraulic actuator 110 by holding back
hydraulic fluid so that the hydraulic actuator 110 does not run away or fall.

[06048]  The first counterbalance valve 115-a provides a first pilot hydraulic pressure
to the second counterbalance valve 115-b, and, similarly, the second counterbalance
valve 115-b provides a second pilot hydraulic pressure to the first counterbalance valve
115-a. In order fo move the hydraulic actuator 110 in a manner that requires fluid to
flow through the first counterbalance valve 115-a into the rod side chamber 120 and for
fluid to exit the piston side chamber 122 through the second counterbalance valve 115-
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b, sufficient hydraulic pressure must be supplied by the first pilot hydraulic pressure o
the second counterbalance valve 115-b. Similarly, in order to move the hydraulic
actuator 110 in a manner that requires fluid to flow through the second counterbalance
valve 115-b into the piston side chamber 122 and for fluid to exit the rod side chamber
120 through the first counterbalance valve 115-a, sufficient hydraulic pressure must be
supplied by the second pilot hydraulic pressure to the first counterbalance valve 115-a.
Counterbalance valves 115 may be employed in both the rod side hydraulic line 112
and the piston side hydraulic line 114, because the work string may be either heavily
weighted and exerting a downwards force on the hydraulic actuator 110 or heavily
buoyant and exerting an upwards force on the hydraulic actuator 110. These conditions
may be referred to as work string heavy and work string light, respectively.

[0049]  Turning now to FIG. 2B, a two actuator hydraulic system 130 is described.
The two actuator hydraulic system 130 is substantially similar to the single actuator
hydraulic system 100, with the difference being that the two actuator hydraulic system
130 contains two hydraulic actuators 110, a first hydraulic actuator 110-a and a second
hydraulic actuator 110-b, plumbed in parallel. The first hydraulic actuator 110-a
comprises a first rod 116-a attached to a first piston 118-a. The interior of the first
hydraulic actuator 110-a includes a first rod side chamber 120-a and a first piston side
chamber 122-a. Similarly, the second hydraulic actuator 110-b comprises a second rod
116-b attached to a second piston 118-b. The interior of the second hydraulic actuator
110-b includes a second rod side chamber 120-b and a second piston side chamber
122-b. The two rod side chambers 120-a, b are plumbed in parallef from the common
rod side hydraulic line 112, and the iwo piston side chambers 122-a, b are plumbed in
parallel from the common piston side hydraulic line 114. Because the hydraulic
actuators 110 are plumbed in parallel, the function of the directional flow valve 104 and
the counterbalance valves 116 remain the same as described with respect to FIG. 2A.
The use of multiple hydraulic actuators 110, for example two hydraulic actuators 110-a,
110-b as illustrated in FIG. 2B, may provide increased force to apply to a manipulated
object. Additionally, the use of multiple hydraulic actuators 110 may promote ease of
force transfer from the hydraulic actuators 110 to the manipulated object or objects.
{0050]  Turming now fo FIG. 3, a dualjacking system 150 is described. The dual-
jacking system 150 is operable to manipulate a work string 152 in and out of a well bore
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(not shown) to a target depth Z and at a target velocity V under automatic control of a
work sfring controller to be described hereinafter. The dualjacking system 150
compriges a first slip bowl 154, a first fraveling head 156, a second slip bowl 158, a
second traveling head 160, and four hydraulic actuators — the first hydraulic actuator
110-a, the second hydraulic actuator 110-b, a third hydraulic actuator 110-c, and a
fourth hydraulic actuator 110-d. The first hydraulic actuator 110-a and the second
hydrauiic actuator 110-b are coupled to opposite ends of the first traveling head 156.
The third hydrauiic actuator 110-c and the fourth hydraulic actuator 110-d are coupled
to opposite ends of the second traveling head 160. The dual-jacking system 150 may
also comprise a stationary slip bowl 162. In some contexts, slip bowls may be referred
fo as grasping actuators that may be said to assume a non-grasping position when
open and a grasping position when closed. In an embodiment, the bases of the
hydraulic actuators 110-a, b, ¢, d and the stationary siip bowl 162 may be attached to
and supported by another structure, for example a drilling derrick, a work-over rig, or
some other support structure. The positive Z direction is oriented downwards, into a
well bore (not shown). The positive V velocity is oriented downwards, into the well bore,
(0051  The two hydraulic actuators 110-c, d are substantially similar to the hydraulic
actuators 110-a, b described above with reference fo FIG. 2B. Because in some control
regimes or operational modes the fwo hydraulic actuators 110-a, b and the two
hydraulic actuators 110-¢, d may be commanded independently, the two hydraulic
actuators 110-a, b may be coupled to a first directional flow valve 104-a (not shown)
and a first hydraulic pump 102-a (not shown)} and the two hydraulic actuators 110-c, d
may be coupled fo a second directional flow valve 104-b (not shown) and a second
hydraulic pump 102-b (not shown).

[0052] By commanding the first slip bowl 154 to grip the work string 152 and
commanding the first hydraulic actuator 110-a and the second hydraulic actuator 110-b
in unison, the work string 152 may be manipulated to move in and out of the well bore.
In effect, the parallel plumbing of the first and second hydraulic actuators 110-a, b
described above resuits in the common motion of the first and second hydraulic
actuators 110-a, b. Similarly, by commanding the second slip bowl 158 to grip the work
string 152 and commanding the third hydraulic actuator 110-c and the fourth hydraulic
actuator 110-d in unison, the work string 152 may be manipulated o move in and out of
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the well bore. Again, in eifect, the parallel plumbing of the third and fourth hydraulic
actuators 110-c, d described above results in the common motion of the third and fourth
hydraulic actuators 110-c, d. The stationary siip bowl 162 may be commanded fo grip
the work string 152 during different operation modes, for example during transfer of the
load from the first slip bowl 154 to the second slip bowl 158 and from the second slip
bowl 158 to the first slip bowl 154. During some operation modes, however, the
stationary slip bow} 162 may not be employed. The four hydraulic actuators 110-a, b, ¢,
d may move to about the extended limit of their travel and to about the retracted limit of
their fravel. In some embodiments, the first and second hydraulic actuators 110-a, b
are about fully extended while the third and fourth hydraulic actuators 110-c, d are
about fully retracted, and vice-versa, that is the hydraulic actuator pairs may have about
opposite traversal (e.g., opposite direction and velacity). In an embodiment, the
motions of the four hydraulic actuators 110-a, b, ¢, d are guided by rails or other
structures (not shown) that constrain their motions fo substantially one axis of motion,
for example positive and negative Z-axis motion. For further details of the dual jacking
system 150, see U.S. patent number 6,688,393 B2 issued February 10, 2004, entitied
Dual Jacking System and Method by Eric M. Sredensek and Michael S. Oser, which is
hereby incorporated by reference for all purposes.

[0053] In one case, for example when the weight of the work string 152 is moderate,
the hydraulic actuators 110 may be commanded so that while the first slip bowl 154
grips the work string 152 and the first and second hydraulic actuators 110-a, b move the
work string 162 in a positive Z direction, the second slip bowl 158 is disengaged from
the work string 162 and the third and fourth hydraulic actuators 110-¢, d move in a
negative Z direction. At about the limits of travel, the hydraulic actuators 110 are
commanded to stop, bringing the work string 152, both slip bowls 154, 158, and both
traveling heads 156, 160 to a sfop with zero velocity. The second slip bowl 158 is
engaged to grip the work string 152, and the first slip bowl 154 is disengaged from the
work string 152. This operation may be referred to as a “hand-off” from one slip bowl
154, 158 to another and may involve additional movements of one or more of the
traveling heads 156, 160 for the second slip bowl 158 to fully engage the work string
452 and for the first slip bowl 154 to fully disengage from the work string 152. The third
and fourth hydraulic actuators 110-c, d may then be commanded fo move the work
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string 152 in the positive Z direction, while the first and second hydraulic actuators 110-
a, b are commanded to move in the negative Z direction. At about the limits of travel,
the hydrauiic actuators 110 may be commanded to stop, bringing the work string 152,
both slip bowls 154, 158, and both fraveling heads 156, 160 to a stop with zero velocity.
A hand-off is then performed transferring the work string 152 from the grip of the second
slip bowl 158 to the grip of the first slip bowl 154. This cycle may be repeated, moving
the work string 152 further into the well or reversed and repeated, moving the work
string 152 out of the well, Ih some contexts, this mode of operation may be referred fo
as a high speed sequential mode.

[0054] Using the high speed sequential mode, the four hydraulic actuators 110-a, b,
¢, d may cooperate to maintain a sequence of start-stop movements of the work string
152, driving the work string 152 at an average commanded velocity V to a commanded
depth Z. In this mode, the two pairs of hydraulic actuators — hydraulic actuators 110-a,
b and hydraulic actuators 110-c, d — can operate out-of-phase, handing off between
“each other, thereby achieving higher velocities of the work string 152 than may be
possible with a single pair of hydraulic actuators, for example 110-a, b. In some
contexts herein, the commanded velocity V and commanded depth Z may be referred
to as a trajectory of the work string 152. Alternatively, a plurality of commanded
velocities V and commanded depths Z may be concatenated into a series that may also
be referred to asa trajectory of the work string 152.

[0055]  In another case, for example when the work string 152 may be too heavy for
manipulation by one pair of hydraulic actuators 110 at a time, the four actuators 110-a,
b, ¢, d and the two slip bowls 154, 1568 may be commanded to share the load of
manipulating the work string 152. In this case, the first and second slip bowls 154, 158
may be engaged to grip the work string 152 and the four hydraulic actuators 110-a, b, ¢,
d may be commanded to move the work string 152 in the positive Z direction to about
one limit of their travel. The four hydraulic actuators 110-a, b, ¢, d then may be
commanded to bring the work string 152 to a stop, zero velocity V, whereupon the
stationary slip bowl 162 may be engaged fo grip and hold the weight of the work string
152. When the stationary slip bowl 162 is supporting the work string 152, the first and
second slip bowls 154, 158 may be disengaged, and the four hydrautlic actuators 110-a,
b, ¢, d may be commanded to move in the negative Z direction fo about the opposite
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limit of their travel. The four hydraulic actuators 110-a, b, ¢, d may then be commanded
to come fo a stop, zero velocity V, whereupon the first and second slip bowls 154, 158
may be commanded to engage and grip the work string 152. The stationary slip bowl
162 then may be commanded fo disengage, and the cycle may be repeated. In some
contexts, this mode of operation may be referred to as a distributed load or high
capacity sequential mode. This mode may be characterized by a coordinated
sequence of start and stop operations between the two pairs of hydraulic actuators —
hydraulic actuators 110-a, b and hydraulic actuators 110-c, d ~ working in unison and
using the stationary slip bow! 162 to bear the work string 152 during stops. This mode
may provide a capacity to manipulate higher loads, for example a heavier work string
152, but with lower velocity than may be possible with the high speed sequential mode.
[0056] In another case, for example when the weight of the work string 152 is within
the handling capacity of one pair of hydraulic actuators 110, for example the hydraulic
actuators 110-a, b, the four hydraulic actuators 110-a, b, ¢, d and the two slip bowls
154, 158 may be synchronized to maintain a substantially continuous movement of the
work string 152. In other words, the hydraulic actuators 110-a, b, ¢, d and the slip bowls
154, 158 may move in such a way as to provide substantially constant velocity of the
work string 152 or substantially constant acceleration or deceleration of the work string
152. The hand off of the work string 152 between the hydraulic actuators 110-a, b, ¢, d
and the slip bowls 154, 158 may be coordinated “on the fly" fo promote this continuous
motion. In some contexts, this mode of operation may be referred to as a high speed
continuous mode. This mode may have the advantage of reducing the power and/or
energy consumption requirements necessary to start and stop the work string 152 with
each motion as described in the high speed sequential mode. Additionally, this mode
may reduce stress and strain on the various components of the dual-jacking system 150
and/or the hydraulic components, thereby possibly extending the service life of the
same.

[0057) In another case, for example when the weight of the work string 152 is
within the handling capacity of one pair of hydraufic actuators 110, for example the
hydraulic actuators 110-a, b, constraints other than the maximum handling capacity of
the pairs of hydraulic actuators 110 may constrain the work string 152 velocities and/or
accelerations. For example, mechanical, electrical, and/or safety constraints may limit
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the speed at which a hand-off “on the fly” can be accomplished. This maximum hand-off
speed may be slower than the desired or commanded velocity of the work string 152.
In order to achieve an overall “average” work string speed which matches the
commanded velocity of the work string 152, the four hydraulic actuators 110-a, b, ¢, d
and the two slip bowls 154, 158 may be synchronized. When synchronized, the four
hydraulic actuators 110-a, b, ¢, d and the two slip bowls 154, 158 may decelerate the
work string 152 to the maximum hand-off speed during hand-offs and accelerate the
work string 152 to a velocity between hand-offs such that the overall average velocity of
the work string 152 is the commanded velocity of the work string 152. In some
coniexts, this mode of operation may be referred fo as a high speed constrained mode.
[0058] In ancther case, for example when the weight of the work string 152 is within
the handling capacity of one pair of hydraulic actuators 110, for example the hydraulic
actuators 110-a, b, mechanical, electrical, or safety constraints or considerations may
make it desirable to use the stationary slip bow! 162 during the hand off between the
hydraulic actuators 110, for example between the hydraulic actuators 110-a, b and the
hydraulic actuators 110-¢, d. The four hydraulic actuators 110-a, b, ¢, d and the three
slip bowls 154, 158, and 162 may be synchronized such that after a stroke of
manipulating the work string 152 is completed by the hydraulic actuators 110-a, b the
first slip bow! 154 hands off the work string 152 to the stationary slip bowl 162. At this
point, the slip bowls 154 and 158 are both disengaged from the work string 152. The
stationary slip bowl 162 then hands off the work string 152 to the second slip bowl 158
with the hydraulic actuators 110-c, d in position for a full stroke of manipulating the work
string 152. The hydraulic actuators 110-¢, d then manipulate the work string 152 while
the hydraulic actuators 110-a, b reposition the first slip bowl 154 to a starting position for
the next hand off. In some contexts, this mode of operation may be referred to as a
high speed sequential mode with the stationary slip. Generalizing, this mode of
operation may be referred to as a three manipulator high speed sequential mode as
" opposed to the two manipulator high speed sequential mode described above.

[0059] in another case, for example when the weight of the work string 152 exceeds
the handling capacity of one pair of hydraulic actuators 110, for example the hydraulic
actuators 110-a, b, three or more pairs of hydraufic actuators 110 may be employed to
provide a high capacity continuous mode of operation. For example, hydraulic
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actuators 110-a, b, c, d, e, T may be operated with hydraulic actuators 110-a, b forming
in part a2 first manipulator, hydraulic actuators 110-c, d forming in part a second
manipulator, and hydraulic actuators 110-e, f forming in part a third manipulator. The
first, second, and third manipulators may be coupled to slip bowls by a traveling head
as depicted in FIG. 3. The first and second manipulator may grip the work string 152
and move the work stting while the third manipulator is repositioned. The third
manipulator may then grip the work string 152, and the second manipulator may release
the work string 152. The first and third manipulators may move the work string 152
while the second manipulator is repositioned. The second manipulator may then grip
the work string 152, and the first manipulator may release the work string 152. The
second and third manipulators may move the work string 152 while the first maniputator
is repositioned. The first manipulator may then grip the work string 152, and the third
manipulator may release the work string 152. The cycle may be repeated to provide
substantially continuous movement of the work string 152. It will be appreciated by one
skilled in the art that other numbers of manipulators may be combined in a fashion
simiiar to that described above to provide substantially continuous motions while
distributing the weight of the work string 152 over multiple manipulators.

[0060]  The mode of operation chosen determines how the commanded trajectories
of the manipulators (traveling head position, traveling head velocity, slip bowl position)
are computed through kinematics. Additionally, all of these modes are relevant with any
number, type, or combination of manipulators. For example, a system which consists of
four manipulators could be used where the weight of the work string 152 exceeds the
capacity of a single manipulator but does not exceed the capacity of two manipulators
working in unison. A mode can be envisioned where the manipulators are paired inio
two sets for capacity reasons and the paired sets of manipulators are operated in a high
speed confinuous mode {o maximize pipe speed.

[0061]  Another example would be the same four manipulator system where the
weight of the work string 152 exceeds the capacity of two manipulators but does not
exceed the capacity of three manipulators working in unison. A mode can be
envisioned where there are always three manipulators in contact with the work string
152 for capacity reasons and the manipulators are operated in a version of the high
speed continuous mode to maximize the velocity of the work string 152.
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[0062]  With multiple manipulators in a particular system a series of modes can be
envisioned where the control system automatically changes from mode t0 mode fo
optimize performance and prevent failure as the weight of the work string 152 increases
or decreases.

0063} in combination with the present disclosure, one skilled in the art may
recombine or extend the scenarios described above to describe other controlling
regimes, all of which are contemplated by the present disclosure and system.

[0064] Turning now to FIG. 4, a work string control system 200 is described. The
work string contro! system 200 is one embodiment of the control system architecture 8
described with reference to FIG. 1 above. The work sftring control system 200
comprises a controller 202, a commanded frajectory input 204, a first flow rate
command 210, a first flow direction command 212, a first slip bowl position command
214, a second flow rate command 216, a second flow direction command 218, a
second slip bowl position command 220, a third flow rate command 222, a third flow
direction command 224, a third slip bow! position command 226, a first feedback vector
230, a second feedback vecfor 234, and a third feedback vector 238. In an
embodiment, any number of flow raie commands and fiow direction commands may be
provided by the controller 202. Similarly, in an embodiment, any number of feedback
vectors may be received by the controlier 202. The confroller 202 is configured fo
automatically generate the flow rate commands 210, 216, and 222; the flow direction
commands 212, 218, and 224; and the slip bowl position commands 214, 220, and 226
hased on the commanded trajectory input 204 and the feedback vectors 230, 234, and
238. n an embodiment, each one of the commands may depend upon all of the input
vectors. For example, the first flow rate command 210 may depend not only on the first
feedback vector 230 but also on the second feedback vector 234, because the motions
of the first and second traveling heads 154, 158 may not be commanded entirely
independently of each other. In an embodiment, the third slip bowl position command
226 may control the stationary slip bowl 162 and the third flow rate command 222 and
the third fiow direction command 224 may remain zero.

[0065) in an embodiment, the controller 202 is implemented on a general purpose
computer system using digital control methods based on discrete time processing of
sampled inputs. In another embodiment, however, the confroller 202 may be
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implemented as a combination of the general purpose computer system and some
analog processing components and at least part of the controller 202 may use analog
control methods based on continuous fime processing of analog inputs. Analog
feedback control system components are well known io those skilled in the art and may
be implemented, for example, using differential amplifiers, capacitors, and resistors to
compose integrators, differentiators, amplifiers, and other common analog feedback
control system components. General purpose computer systems are discussed in
further detail hereinafter. It will be understood by one skilled in the art that the several
components of the control system architecture 8 including the manipulator controllers
20-a, b, ¢, the drive modulators 40-a, b, ¢, the manipulator observer system 30, and the
drive observer system 50 may be conceptually aggregated as the controller 202 and
implemented in one or more coordinated computer programs or software components
that are executed on one or more computer systems.

[0066] in an embodiment, the controller 202 is coupled to the dualjacking system
160 described above and is operable to control the actuators 110-a, b, ¢, d and to
control the first and second siip bowis 154, 158 to manipulate the work string 152 to
achieve the commanded frajectory input 204. In this embodiment, the first flow rate
command 210 may be coupled to a first hydraulic pump 102-a (not shown) associated
with the first and second hydraulic actuators 110-a, b, the first flow direction command
212 may be coupled to a first directional flow valve 104-a (not shown) associated with
the first and second hydraulic actuators 110-a, b, and the first slip bowl position
command 214 may be coup!ed to the first slip bowl 154. In this embodiment, the
second flow rate command 216 may be coupled to a second hydraulic pump 102-b (nhot
shown) associated with the third and fourth hydraulic actuators 110-c, d, the second
flow direction command 218 may be coupled to a second directional flow valve 104-b
(not shown) associated with the third and fourth hydraulic actuators 110-c, d, the
second slip bowl position command 220 may be coupled to the second slip bowl 158,
and the third slip bowl position command 226 may be coupled to the stationary slip bow!
162.

{0067} In this embodiment, velocity and position sensors coupled to one or both of
the first and second hydraulic actuator 110-a, b and pressure and flow sensors coupled
fo a first rod side hydraulic line 112-a (not shown) and a first piston side hydraulic line
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114-a (not shown) connected in parallel to the first and second hydraulic actuators 110-
a, b may be coupled to the controller 202 as the first feedback vector 230. In this
embodiment, velocity and position sensors coupled to one or both of the third and fourth
hydraulic aciuators 110-c, d and pressure and flow sensors coupled to a second rod
side hydraulic line 112-b (not shown) and a second piston side hydraulic line 114-b (not
shown) connected in parailel to the third and fourth hydraulic actuators 110-c, d may be
coupled fo the controller 202 as the second feedback vector 234. In an embodiment,
the velocity and position sensors may be coupled fo the rod 116 of the hydraulic
actuator 110.
[0068] Tuming now to FIG. 5, an exemplary feedback vector 250 is described. The
feedback vector 250 may comprise a piston side pressure feedback 262, a rod side
pressure feedback 254, a flow rate feedback 256, a traveling head velocity feedback
258, a traveling head position feedback 260, a slip bowl position feedback 261, and a
work string collar location feedback 262. In other embodiments, some of the depicted
feedbacks may not be present and other feedbacks not depicted may be present in the
feedback vector 250. In another embodiment, velocity of the work sfring 152 and
position of the work string 152 may be present in the feedback vector 250.
[0069]  Turning now fo FIG. 6, a manipulator control system 300 is described. The
manipulator control system 300 is one embodiment of portions of the control system
architecture 8. In the following descriptions some control components associated with
specific embodiments are associated with their corresponding generic component in the
control system architecture 8 depicted in FIG. 1, for example by enclosing one or more
_components in a doited line box and referring fo the dotied line box with a label from the
control system architecture 8 depicted in FIG. 1. The confrol system architecture 8
depicted in FIG. 1 should not be limited by the following description, because the
specific embodiments of control system components described hereinafter are only
some of the wide variety of possible embodiments of the control system architecture 8
that are contemplated by the present disclosure.
[0070] The manipulator control system 300 automatically controls a physical system,
for example the manipulator physical system 80, through a manipulator physical system
interface 302. In an embodiment, the physical system associated with the manipulator
physical system interface 302 may be substantiaily similar fo portions of the dual-
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jacking system 150 and portions of the two actuator hydraulic system 130. In another
embodiment, however, the manipulaior control system 300 may control a different
manipulator physical system 60. The manipulator conirol system 300 may be said fo
have two degrees of freedom because it controls the first slip bowl 154 and it controls
the first traveling head 156, for example by controlling the first directional valve 104-a
and the first hydraulic pump 102-a. In an embodiment, the manipulator physical system
interface 302 comprises the first slip bowl 154, the first directional flow valve 104-a, the
first hydraulic pump 102-a, a flow sensor 310, a first pressure sensor 312-a, a second
pressure sensor 312-b, a traveling head position sensor 314, and a traveling head
velocity sensor 316. The manipulator control system 300 may be implemented on a
general purpose computer system using digital control methods based on discrete time
processing of sampled inputs. In another embodiment, however, the control system
300 may include some analog componenis which process continuous fime inputs
according 0 analog feedback control methods.

[0071) In an embodiment, the manipulator contro! system 300 comprises a flow
regulator 320, a force modulator 322, a pressure estimator 324, a traveling head
controller 326, and a traveling head position and velocity observer 328. In other
embodiments, the manipulator control system 300 may comprise other components.
For example, in an embodiment, the manipulator control system 300 may not comprise
the pressure estimator 324, and instead the outputs of the pressure sensors 312-a, b
may be directly input fo the force modulator 322, In an embodiment, the manipulator -
control system 300 may not comprise the traveling head position and velocity observer
328, and instead the output of the traveling head position sensor 314 and the output of
the traveling head velocity sensor 316 may be directly input to the traveling head
controller 326. The flow regulator 320 in combination with the force modulator 322 form
an embadiment of the drive modulafor 40 depicted in FIG. 1. The pressure estimator
324 is an embodiment of the drive observer system 50 depicted in FIG. 1. The traveling
head position and velocity observer 328 is an embodiment of the manipulator observer
system 30 depicted in FIG. 1. The traveling head controller 326 is an embodiment of
the manipulator controller 20 depicted in FIG. 1.

[0072] in an embodiment, a slip bowl command (Ssg*) commands the first slip bowl
154 to an open or a closed position or state. In a different embodiment, however, a slip
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bowl controller (not shown) may be employed to generate a slip bowl command based
on a sensed or estimated position of the first slip bowl 154 and based on a desired
position of the first slip bowl 154.

[0073]  In an embodiment, the flow regulator 320 receives a flow rate command (Q*)
input from the force modulator 322 and a flow rate feedback (Q) from the flow sensor
310 and automatically produces a current command (I*) to regulate the first hydraulic
pump 102-a to provide the desired hydrauiic flow rate fo the manipulator, for example fo
the hydraulic actuators 110-a, b. In another embodiment, however, no flow rate
feedback is provided to the flow regulator 320 which operates in an open-lioop control
mode. An embodiment of the flow regulator 320 is described further hereinafter.

[0074] In an embodiment, the force modulator 322 receives a traveling head force
command (F*ru) and a traveling head velocity command (V*ry) from the traveling head
controller 326. In an embodiment, the force modulator 322 also receives an estimated
piston side pressure feedback (P%ps), an estimated rod side pressure feedback (Pgs),
and an estimated flow rate disturbance feedback (Q*p) from the pressure estimator 324.
In combination with the present disclosure, one skilled in the art will readily appreciate
that an estimated parameter value, while it is related to a sensed parameter value, may
be different from the sensed parameter value. For example, an estimated parameter
value may be a smoothed or filtered version of the sensed parameter value that
attenuates noise produced by a sensor or by an environment. Additionally, an
estimated parameter value may partially reduce or remove phase shifts and/or time lags
of system response., In another embodiment, however, the force modulator 322
receives a sensed piston side pressure feedback (Pps) and a sensed rod side pressure
feedback (Pgrs), for example in an embodiment which does not comprise the pressure
estimator 324. The force modulator 322 automatically produces the flow rate
command Q* and provides the flow rate command Q* to the flow regulator 320. The
force modulator 322 also automatically produces a directional flow valve command
(Spv*) to control the state of the directional flow valve 104, In an embodiment that
comprises a pressure estimator 324, the force modulator 322 also automatically
produces an observer feed forward flow rate command Q*e and provides the observer
feed forward flow rate command Qo to the pressure estimator 324. In an embodiment,
the directional flow valve command may be mapped by a digital-to-analog converter
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device (not shown) to produce an electrical current fo energize the first or the second
solenoid to actuate the diverting spool to control the first directional flow valve 104-a.
An embodiment of the force modulator 322 is described further hereinafter.

[0075] In an embodiment, the pressure estimator 324 receives a sensed piston side
pressure (Ppg) input, a sensed rod side pressure (Prs) input, the directional flow valve
command (Spy*) input, the observer feed forward flow rate command (Q*g) input, an
estimated traveling head position (ZAw) input, an estimated traveling head velocity
(VM) input and automatically produces the estimated piston side pressure, the
estimated rod side pressure, and the esiimated disturbance flow rate. In another
embodiment, one or more of the estimated traveling head position (ZAry) and the
estimated traveling head velocity (VA1) may be sensed rather than estimated values.
Each of the estimated pressures are a zero time lagged, fittered signal. An embodiment
of the pressure estimator 324 is discussed further hereinafter.

[0076]  In an embodiment, the traveling head controlier 326 receives a traveling head
command input vector 340 that comprises a traveling head position command (Zm*),
the traveling head velocity command (V7u*), a traveling head acceleration command
(At*), and a feed forward work sfring load on the traveling head (F*wsmn). The
traveling head controller 326 also receives an estimated traveling head position (ZAy)
input, an estimated traveling head velocity (V) input and an estimated traveling head
force disturbance (F”p) input from the position and velocity observer 328. In an
embodiment, however, the manipulator control system 300 does not comprise a
fraveling head position and velocity observer 328, and the traveling head coniroller 326
receives a sensed traveling head position (Zry) from the traveling head position sensor
314 and/or a sensed fraveling head velocity (V) from the traveling head velocity
sensor 316. In general, a velocity sensor may provide a more accurate indication of
manipulator velocity, for example traveling head velocity, than differentiating the output
of a manipulator position sensor over time to calculate manipulator velocity, because
the differentiation operation may produce unreliable results caused by noise in the
signal generated by the position sensor 314. The traveling head controller 326
automatically produces the traveling head force command F*ry and provides the
traveling head force command F*ry to the force modulator 322. The traveling head
controller 326 automatically produces the observer feed forward traveling head force



36

command F*ryo and provides the observer feed forward traveling head force command
F*Ho to the traveling head position and veiocity observer 328. An embodiment of the
traveling head controller 326 is discussed further hereinafter.

[0077] The traveling head position and velocify observer 328 receives the observer
feed forward traveling head force command F*ryo from the traveling head controller
326, the sensed traveling head position input from the traveling head position sensor
314, and the sensed traveling head velocity input from the traveling head velocity
sensor 316. ‘The traveling head pasition and velocity observer 328 automatically
produces the estimated traveling head position, the estimated traveling head velocity,
and the estimated traveling head force disturbance and provides the estimated traveling
head position, the estimated traveling head velocity, and the estimated traveling head
force disturbance to the traveling head controller 326. Each of the estimated traveling
head position and estimated traveling head velocity is a zero time lagged, filtered signal.
An embodiment of the traveling head position and velocity observer 328 is discussed
further hereinafter. In combination with the present disclosure, one skilled in the art will
readily appreciate that an estimated parameter value, while it is related to a sensed
parameter vaiue, may be different from the sensed parameter value. For example, an
estimated parameter value may be a smoothed or filtered version of the sensed
parameter value that attenuates noise produced by a sensor or by an environment.
Additionally, an estimated parameter value may partially reduce or remove phase shifts
and/or time lags of system response.

[0078]  Turning now to FIG. 7, an embodiment of the flow regulator 320 and an
embodiment of the hydraulic pump 102 are discussed. The flow regulator 320, in
combination with the force modulator 322 discussed below, comprise an embodiment of
the drive modulator 40 of the control system architecture 8 described with reference to
FIG. 1. The flow regulator 320 comprises a plurality of functional blocks including
summation junctions, integrators, and gain units. The flow regulator 320 comprises a
proportional-integral (P1) controller portion, a command feed-forward portion, and a
pump control gain portion. The general purpose of the Pl controller portion is to correct
the error between a sensed flow rate and a flow rate command by producing a
corrective signal that tends to drive the sensed flow rate to the flow rate command. The
general purpose of the command feed-forward portion is to provide a command feed-
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forward signal that comprises a substantial component of the drive signal to control a
motor that drives the hydraulic pump 102 based on the flow rate command, which may
promote the Pl controller portion being more suitably tuned to the purpose of correcting
for dynamic iransients and disturbances, such as changes of the physical system,
sensors, or errors. Generally, in control systems analysis, disturbance terms
correspond to imperfections or errors, for example extraordinary conditions, imperfect
measurements or sensing of system parameters, irregularities such as bubbles in the
hydraulic fluid, efc.

[0079] A sensed flow rate 406 is negatively summed with a flow rate command 402
by a first summation junction 408 to determine a flow rate error term. The sensed flow
rate 406 provides a negative feedback term. The output of the first summation junction
408 is amplified by a first proportional gain 410. The output of the first surmation
junction 408 is integrated by a first integrator 412 and then amplified by a first integral
gain 414. The output of the first proportional gain 410 and the output of the first integral
gain 414 are summed by a second summation junction 416. The components 408,
410, 412, 414, and 416 comprise a Pl controller portion. The output of the second
summation junction 416 may be viewed as a corrective signal that tends to drive the
sensed flow rate 406 to the value of the flow rate command 402. In an embodiment, the
position of the first integrator 412 and the first integral gain 414 may be reversed, and
the flow rate error term, the output of the first summation junction 408, may be first
amplified by the first integral gain 414 and then may be integrated by the first integrator
412. In combination with the present disclosure, the values of the first integral gain 414
and of the first proportional gain 410 may be readily determined by one skilled in the
control systems arf. The process of determining proportional, integral, and derivative
gains in control systems is discussed in further detail hereinafter.

[0080) The command feed-forward signal is produced by amplifying the flow rate
command 402 by a first feed-forward gain 418. The first feed-forward gain 418 is
inversely proportional to an estimate of the angular velocity or rate of rotation of the
motor driving the hydraulic pump 102. In an embediment, the first feed-forward gain
418 may be a constant value, for example a constant value proportional to the
reciprocal of the designed steady-state angular velocity of the motor. In another
embodiment, however, the first feed-forward gain 418 may be determined based on the
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actual value of the angular velocity wp of the motor, for example the value of motor
angular velocity determined by a sensor. The command feed-forward signal is summed
with the output of the second summation junction 416 by the third summation junction
420. The output of the third summation junction 420 is amplified by a pump control gain
422 to produce a current command 404. in combination with the present disclosure, the
pump control gain 422 may be readily determined by one skilled in the control systems
art based on design data provided by the manufacturer of the hydraufic pump 102. In
an embodiment, the pump conirol gain 422 may not remain constant and may vary with
the value of the output of the third summation junction 420. In this case the flow
regulator may determine the pump control gain 422 using a look-up table, gain
scheduling, or other function definition. In some contexts, the first feed-forward gain
418 and the pump control gain may be referred to as a model or a portion of a model of
the flow regulator 320 or of the drive modulator 40.

[0081] In an embodiment, the hydraulic pump 102 is an axial piston pump system
308 comprising a motor that tums a swash plate that drives an axial piston pump. The
axial piston pump system 308 may comptise a curent regulator 430, a pump swash
plate actuator 432, a pump rotation multiplication junction 434, a pump chamber 436,
and a flow sensor 310. The current regulator 430 outputs a control current to actuate
an angle of displacement of the pump swash plate actuafor 432 based on the current
command 404 provided by the flow regulator 320. The angle of displacement of the
pump swash plate actuator 432 determines the amount of piston displacement as the
pistons reciprocate within the pump chamber 436,

[0082] The swash plate actuator 432 is illustrated as coupled to the pump chamber
436 through the pump rotation multiplication junction 434 illustrated as having a
rotational input designated by w,. The piston displacement, in combination with the rate
of rotation of the pump swash plate, determines the flow output of the hydraulic pump
102. The outputs of the pump chamber 436 include the pump pressure output 440 and
the pump flow output 442. The inputs of the pump chamber 436 include a pump back
pressure 444, and a pump inlet pressure Ps. The flow sensor 310 provides the sensed
flow rate 406.

[0083]  In an embodiment, the value of the first proportional gain 410 and the value of
the first integral gain 414 are both set fo zero, the output of the second summation
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junction 416 is substantially zero, and the output of the third summation junction is
substantially determined by the output of the first feed-forward gain 418. In another
embodiment, the components 408, 410, 412, 414, and 416 - the Pl controller portion
are not part of the flow regulator 320. In both these embodiments the sensed flow rate
406 is not used to generate the current command 404. These fwo embodiments may
be employed when there is no flow sensor 310 available, when the sensed flow rate
406 output by the flow sensor 310 is unreliable or time lags the actual flow rate
excessively, or when the pump swash plate actuator 432 has a low frequency
response.

[0084] Tuming now to FIG. 8, an embodiment of the force modulator 322 is
discussed. The force modulator 322, in combination with the flow regulator 320
discussed above, comprise an embodiment of the drive modulator 40 of the contro}
system architecture 8 described with reference to Flé. 1. The combination of the force
modulator 322 and the flow regulator 320 may be said fo transform or map a
manipulator force command and a manipulator velocity command to an actuator control
signal. The force modulator 322 comprises a proportional controller portion, a
command feed-forward portion, and a directional valve modulator 514. The general
purpose of the propoitional gain controller is fo correct the error between a fraveling
head force command 504 and a calculated or estimated force by producing a corrective
signal that tends to drive the estimated force to the value of the traveling head force
command 504. The calculated force is determined based on sensed or estimated
pressures in the rod side pressure line 112 and in the piston side pressure line 114. In
an embodiment, it is assumed that the pressure sensed in the rod side pressure line
112 is substantially the same as the pressure in the rod side chamber 120 and that the
pressure sensed in the piston side pressure line 114 is substantially the same as the
pressure in the piston side chamber 122. In another embodiment, however, pressure
sensors may bhe placed in the rod side chamber 120 and in the piston chamber 122.
The estimated force is negatively summed with the traveling head force command 504
by a fourth summation junction 506 to produce a force error term. The estimated force
provides a negative feedback term. The output of the fourth summation junction 506 is
amplified by a second proportional gain 508. The components 506 and 508 comprise a
proportional controller. In combination with the present disclosure, the value of the
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second proportional gain 508 may be readily determined by one skilled in the control
systems art.

[0085] The command feed-forward portion produces a command feed-forward signal
by amplifying a traveling head velocity command 502 by a directional area gain 510.
Amplifying the traveling head velocity command 502 by an area ierm generates a
volumetric rate of change term, or a flow rate term, corresponding to the flow rate of
hydraulic fluid that promotes driving the fraveling head velocity to achieve the value of
the traveling head velocity command 502. In an embodiment, the directional area gain
510 may be determined based on the effective surface area of the piston 118 of the
hydraulic actuator 110. In another embodiment, because the effective surface area of
the pision 118 is greater in the piston side chamber 122 than in the rod side chamber
120, a different value of the directional gain 510 may be used depending upon the
 polarity or sense of direction of the velocity command 502. As noted above with respect
fo FIG. 2A, the effective surface area of the piston in the rod side chamber 122 is
decreased by the cross-sectional area of the rod 116. In another embodiment, a single
value of directional gain 510 may be used that is based on an average of the effective
surface area of the piston in the piston side chamber 122 and the effective surface area
of the piston in the rod side chamber 120. In the dual jacking system 150 embodiment,
because two actuators 110-a, b are employed to manipulate the work string 152, the
area gains of interest may be determined based on twice the effective surface area of
the piston in the piston side chamber 122 side and fwice the effective surface area of
the piston in the rod side chamber 120. The ouiput of the second proportional gain 508
is summed with the oufput of the directional gain 510 by a fifth summation junction 512.
In the event that additional hydraulic actuators 110 are employed together, the
directional gain 510 may be determined based on multiplying the effective surface area
of the piston in the piston side chamber 122 and the effective surface area of the piston
in the rod side chamber 120 by the number of hydraulic actuators 110. In another
embodiment, however, the directional gain 510 may be determined in another way.
[0086]  The force modulator 322 also comprises the directional valve modulator 514.
The directional valve modulator 514 determines a directional flow valve command 530
based on the output of the fifth summation junction 512. The directional flow valve
command 530 may control the directional flow valve 104 to direct the fluid flow to the
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rod side chamber 120, to the piston side chamber 122, or to the hydrauiic return line
108. In an embodiment, the directional flow valve command 530 may be mapped by a
digitalto-analog converter device {(not shown) to produce an electrical current to
energize the first or the second solenoid fo actuate the diverting spool to control the
directional flow valve 104. In an embodiment, the directional valve modulator 514
outputs an observer feed forward flow rate command 403. In an embodiment, the
directionatl valve modulator 514 also outputs a fiow command that is summed with an
estimate of the hydraulic fluid flow disturbance 650 to produce the flow rate command
402. The hydraulic fluid flow disturbance 650 is discussed further below with reference
to FIG. 10. The estimate of the hydraulic fluid flow disturbance 650 may take account of
fluid leakage past seals within the directional flow valve 104 and/or other hydraulic seals
in the hydraulic system. In another embodiment, however, the directional value
modulator 514 directly outputs the flow rate command 402 and no hydraulic fluid flow
disturbance term is consldered.

[0087] The force modulator 322 also Eomprises a portion for calculating an
estimated manipulator force as the force produced by the piston side chamber 122
subtracted from the force produced by the rod side chamber 120. The estimated piston
side pressure 532 is amplified by a piston side area gain 546 to determine the force
produced by the pision side chamber 122 of the hydraulic actuators 110-a,b. The
estimated rod side pressure 534 is ampilified by a rod side area gain 554 to defermine
the force produced by the rod side chamber 120 of the hydraulic actuators 110-a, b.
Because in the subject embodiment two actuators 110-a, b are employed, the area
gains 546, 554 are represented as multiplying their respective areas by a factor of two.
In some contexts, the area gains 546, 554 may be referred to as a model or a model
portion of the force modulator 322 or of the drive modulator 40. A seventh summation
lunction 556 sums the negative value of the piston side force with the positive value of
the rod side force to determine the estimated traveli.ng head force FAry. In another
embodiment, other conftro! structures may be employed to estimate force. In another
embodiment, sensed values of rod side pressure and piston side pressure may be used
instead of the estimated rod side pressure 534 and the estimated piston side pressure
532, respactively.
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[0088]  Turning now to FIG. 9, an embodiment of the traveling head controller 326 is
described. The traveling head controller 326 is one embodiment of the manipulator
controller 20 of the control system architecture 8 described above with reference to FIG.
1. The traveling head controller 326 comprises a proportional-integral-derivative (PID)
controller portion and a command feed-forward portion. The traveling head controller
326 also comprises constants to compensate or offset the weight and the damping gain
of the traveling head 156, 160.

[0089] An estimated fraveling head position 610 is negatively summed with a
traveling head position command 602 by an eighth summation junction 608 fo
determine a traveling head position error term. The estimated traveling head position
610 provides a negative feedback term. The output of the eighth summation junction
608 is amplified by a third proportional gain 616. The output of the eighth summation
junction 608 is integrated by a second integrator 618 and amplified by a second integral
gain 620. In another embodiment, the output of the eighth summation junction 608 is
first amplified by the second integral gain 620 and then integrated by the second
integrator 618. An estimated traveling head velogity 608 is negatively summed with the
traveling head velocity command 502 by a ninth summation junction 612 to determine a
traveling head velocity error term. The estimated traveling head velocity 806 provides a
negative feedback term. The output of the ninth summation junction 612 is amplified by
a first derivative gain 622, The processing of the traveling head velocity error term is
considered to be a derivative component with respect to traveling head position
because generally velocity is the derivative of position. In another embodiment, the
sensed traveling head position and sensed traveling head velocity are used in place of
the estimated traveling head position 610 and the estimated traveling head velocity 608,
respectively. A tenth summation junction 624 sums the outputs of the third proportional
gain 616, the second integral gain 620, and the first derivative gain 622. The
components 608, 612, 616, 618, 620, 622, and 624 comprise a PID controller portion.
The output of the tenth summation junction 624 may he viewed as a corrective signal
that tends to drive the estimated traveling head position 610 and the estimated traveling
head velocity 606 to the vaiues of the traveling head position command 602 and the
traveling head velocity command 502. In combination with the present disclosure, the
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values of the third proportional gain 616, the second integral gain 620, and the first
derivative gain 622 may readily be determined by one skilled in the control systems art.
[0090] A traveling head acceleration command 634 is amplified by a second feed-
forward gain 636 to produce a feed-forward signal. The second feed-forward gain 636
is proportional to the estimated mass of ihe traveling head. The feed-forward term
corresponds to a force term, because the product of an acceleration multiplied by a
mass is equivalent to a force. The estimated traveling head velocity 606 is amplified by
an estimated traveling head damping gain 640. The output of the tenth summation
junction 624 is summed with the output from the second feed-forward gain 636, the
output from the damping gain 640, and the negative of the estimated traveling head
weight 638 by an eleventh summation junction 641 to produce an observer feed forward
traveling head force command 643. The output of the eleventh summation junction 641
is summed with negative values of a feed forward work string load command 632
corresponding fo the predicted weight of the work string 152 on the traveling head 156,
160 and an estimated traveling head disturbance force term 644 by a twelfth summation
junction 642 to produce the traveling head force command 504. In some contexts, the
traveling head force command 504 may be referred to more generally as a manipulator
force command. In another embodiment, the estimated {traveling head disturbance
force term 644 is not available and hence is not summed by the twelfth summation
junction 642. In combination with the present disclosure, one skilled in the art may
readily determine the second feed-forward gain 636 and the tfraveling head damping
gain 640 by experimentally collecting data, for example velocity, position, acceleration,
and/or pressure data, and fitting these gain values to this data, a technique which may
be commonly performed by one skilled in the control systems art. In some contexts, the
second feed-forward gain 636 and the estimated traveling head damping gain 640 may
be referred to as a maodel of the traveling head and/or the manipulator.

[0091)  Turning now to FIG. 10, a block diagram of the pressure estimator 324 is
described. The pressure estimator 324 is one embodiment of the drive observer 50 of
the control system architecture 8 described with reference to FIG. 1. The pressure
estimator 324 comprises a directional valve command feed forward component 646, a
rod side pressure observer 647, a piston side pressure observer 648, and a directional
valve disturbance flow component 649. The pressure estimator 324 receives inputs
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from the directional flow valve command 530, the observer feed forward flow rate
command 403, the sensed rod slde pressure 652, the sensed piston side pressure 676,
the estimated ftraveling head position 610, and the estimated traveling head velocity
606. In another embodiment, sensed values for traveling head position and {raveling
head velocity are used in place of the estimated traveling head position 610 and the
estimated traveling head velocity 606, respectively. The pressure estimator 324 outputs
the flow disturbance 650, the estimated piston side pressure 532, and the estimated rod
side pressure 534.

[0092] The directional valve command feed forward component 646 receives the
directional flow valve command 530 and the observer feed forward flow rate command
403 as inputs and outputs a rod side flow command 667 and a piston side flow
command 690. When the directional flow valve command 530 has a piston side value,
the directional flow valve 104 is selected o direct hydraulic fluid under pressure from
the hydraulic pressure supply line 106 to the piston side hydraulic line 114 into the
piston side chamber 122 and to return hydraulic fluid from the rod side chamber 120 to
the rod slde hydraulic line 112 fo the hydraulic return line 107 to the hydraulic fiuid
reservoir 108. When the directional flow valve command 530 has a piston side value,
the directional valve command feed forward component 646 determines the piston side
flow command 690 to be proportional to the value of the observer feed forward flow rate
command 403 and the rod side flow command 667 to be proportional to the negative
value of the observer feed forward flow rate command 403 multiplied by the constant
dstermined as the effective surface area of the piston 118 in the rod side chamber 120
divided by the effective surface area of the piston 118 in the piston side chamber 122.
[0093] When the directional flow valve command 530 has a rod side value, the
directional flow valve 104 is selected to direct hydraulic fluid under pressure from the
hydraulic pressure supply line 106 to the rod side hydraulic line 112 into the rod side
chamber 120 and to return hydraulic fluid from the piston side chamber 122 to the
piston side hydraulic line 114 to the hydraulic return line 107 to the hydraulic fluid
reservoir 108. When the directional flow valve command 530 has a rod side value, the
directional valve command feed forward component 646 determines the rod side flow
command 667 to be propottional to the value of the observer feed forward flow rate
command 403 and the piston side flow command 690 to be proportional to the negative
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value of the observer feed forward flow rate command 403 multiplied by the constant
determined as the effective surface area of the piston 118 in the piston side chamber
122 divided by the effective surface area of the piston 118 in the rod side chamber 120.
This may be expressed symbolically by:
S*py = Piston Side
Qs a Q%
Q*rs o (—Q%) (Ars/Aps)
S*pv = Rod Side

Q*ps o (~=Q%) (Aps/Ars)

Qs a Q%
In an embodiment, the constant of proportionality is unity, but in other embodiments a
non-unity constant of proportionality may be used. In some embodiments, when the
directional flow valve command 530 has a piston side value, the piston side flow
command 680 is proportional to the value of the observer feed forward flow rate
command 403 and the rod side flow command 667 is set to about zero; when the
directional flow valve command 530 has é rod side value, the rod side flow command
867 is propottional to the observer feed forward flow rate command 403 and the pision
side flow command 690 is set to about zero. The directional valve command feed
forward component 646 may be implemented as a software component, a function call,
or a portion of a software program that executes on a processor of a general purpose
computer.
10094} The rod side pressure observer 647 receives the sensed rod side pressure
652 the rod side flow command 667, the estimated traveling head position 610, and the
estimated ftraveling head velocity 606 and outputs the estimated rod side pressure 534
and an estimated rod side flow disturbance 645. The piston side pressure observer 648
receives the sensed piston side pressure 676 the piston side flow command 690, the
esfimated traveling head position 610, and the estimated traveling head velocity 606
and outputs the estimated piston side pressure 532 and an estimated piston side flow
disturbance 651. Both the rod side pressure observer 647 and the piston side pressure
observer 648 are discussed in greater detail hereinafter.
[0095] The directional valve disturbance flow component 649 receives the
directional flow valve command 530, the estimated rod side flow disturbance 645, and
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the estimated piston side flow disturbance 661 as inputs and outputs the flow
disturbance 650. When the directional flow valve command 530 has a piston side
value, the directional valve disturbance flow component 648 sets the value of the flow
disturbance 650 to the value of the estimated piston side flow disturbance 851. When
the directional flow valve command 530 has a rod side value, the directional valve
disturbance flow component 6849 sets the value of the flow disturbance 650 to the value
of the estimated rod side flow disturbance 645. The directional valve disturbance
component 649 may be implemented as a software componert, a function call, or a
portion of a software program that executes on a processor of a general purpose
computer.

[0096]  Turning now to FIG. 11, an embodiment of the rod side pressure observer
647 and the piston side pressure observer 648 are discussed. Each of the pressure
observers 647, 648 have a similar structure and are each directed to producing an
estimated pressure output and an estimated flow disturbance term output. In
combination with the present disclosure, one skilled in the art will readily appreciate that
an estimated parameter value, while it Is related fo a sensed parameter value, may be
different from the sensed parameter value. For example, an estimated parameter value
may be a smoothed or filtered version of the sensed parameter value that atienuates
noise produced by a sensor or by an environment. Additionally, an estimated
parameter value may partially reduce or remove phase shifts and/or time lags of system
response. Each of the pressure observers 647, 648 includes a proportional-integral (Pl)
controller portion, a flow feed-forward portion, and a model portion. While the
discussion below is based on inputting an estimated traveling head position ZAw and an
estimated traveling head velocity VA o each of the pressure observers 647, 648, in
another embodiment a sensed traveling head position Zry and a sensed iraveling head
velocity Vyy may be input to each pressure observer 647, 648 in the place of the
estimated traveling head position Zh and the estimated traveling head velocity VA .
[0097]  An estimated rod side pressure 673 is negatively summed with a sensed rod
side pressure 652 by a thirteenth summation junction 654 to produce a rod side
pressure error term. The estimated rod side pressure 673 is a negative feedback term.
The sensed rod side pressure 652 may be provided by the second pressuré sSensor
312-b. The output of the thirteenth summation junction 654 is amplified by a fourth
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_proportional gain 656. The output of the thirteenth summation junction 654 is first
integrated by a third integrator 658 and then amplified by a third integral gain 660. In
another embodiment, the output of the thirteenth summation junction 654 may by first
amplified by the third integral gain 660 and then integrated by the third integrator 658.
The outputs of the fourth proportional gain 656 and the third integral gain 660 are
summed by a fourteenth summatlon junction 662. The components 654, 656, 658, 660,
and 662 comprise a Pi controiler portion.

[0098) in combination with the present disclosure, the values of the fourth
propottional gain 656 and the third integral gain 660 may be readily determined by one
skilled in the control systems art. In an embodiment, the values of the fourth
proportional gain 656 and the third integral gain 660 are not constant but may vary
based on the estimate of the traveling head position ZAry, which may be referred to as
gain scheduling. In an embodiment, the gain schedule may be looked up in a table. In
another embodiment, the gain schedule may be defined by a mathematical function
dependent on the estimate of the traveling head position Z*ry. In another embodiment,
the gain schedule may be defined by ancther method. Gain scheduling may be useful
for achieving stable and fast response across the operating range of the actuators 110,
For example, the gains may be based on the volume of the rod side chamber 120 which
may vary substantially over the full range of travel of the piston 118.

[0099] The components 654, 656, 658, 660, and 662 which comprise the Pl
controller portion may be viewed as a filtering andfor smoothing mechanism fo
attenuate noise associated with the second pressure sensor 312-b and/or the operating
environment. The output of the fourteenth summation junction 662 may be viewed as a
corrective signal that tends fo drive the estimated rod side pressure 673 fo the sensed
rod side pressure 652. The output of the fourteenth summation junction 662 may also
be viewed as the estimated rod side flow disturbance 645. In some contexts, the
estimated rod side flow disturbance 645 may be referred to as an estimated flow
disturbance value that is a smoothed value and based on sensor information.

[00100] The flow feed-forward portion produces a flow rate by amplifying the
estimated traveling head velocity 606 of the manipulator by a rod side area gain 666.

This flow rate is associated with the flow of hydraulic fluid into and out of the rod side
chamber 120 as the manipulator moves in the Z-axis of motion. The value of the rod
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side area gain 666 is proportional fo the effective surface area of the rod side of the
piston, the area of the piston 118 compensated for by the area of the rod 116 as
described above. When two hydraulic actuators 110 are employed, for example the first
and second hydraulic actuators 110-a, b, then the area gain may be doubled. The
ouiput of the rod side area gain 666 is negatively summed with the output of the
fourteenth summation junction 662 and with a rod side flow command 667 by a fifteenth
summation junction 668. The effect of the summation of the negative of the rod side
gain 666, the rod side flow command 667, and the oufput from the fourteenth
summation junction 662 is to produce through the model a filtered pressure related
value that is zero time lagged or zero phase lagged with respect to the sensed rod side
pressure 652,

[00101] The output of the fifteenth summation junction 668 is integrated by a fourth
integrator 672 and then amplified by a rod side model gain 670. In another
embodiment, the output of the fifteenth summation junction 668 may be first multiplied
by the rod side model gain 670 and then integrated by the fourth integrator 672. The
value of the rod side model gain 670 is proportional to KAy, the estimated bulk modulus

of the hydraulic fluid, and is inversely proportional to Vrs, the estimated volume of the
rod side chamber 120 for both the first and second hydraulic actuators 110-g, b and the
hydraulic lines, for example the rod side hydraulic line 112 associated with the first and
second hydraulic actuators 110-a, b. Because the volume of the rod side chamber 120
varies with the estimated traveling head position ZAy,, in an embodiment the value of
the rod side model gain 670 may vary and may be determined using gain scheduling in
a manner similar to that discussed above.

[00102] The estimated bulk modulus of the hydraulic fluid, K*4, is an indication of the
compressibility of the hydraulic fluid. In an embodiment, the value of the estimated
hydraulic bulk modulus K" may be about 180,000 pounds per square inch (PS!), but in
other embodiments and in using other hydraulic fluids a different estimated bulk
modulus K%y may be used. The volume of the rod side chamber 120, in an
embodiment, may be calculated from an about ten foot stroke and an about seven and
one half inch bore or diameter. In other embodiments, different dimensions of the rod
side chamber 120 may be appropriate. The calculation of the volume of the rod side
chamber 120 should take account of the volume consumed by the rod 116. in
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combination with the present disclosure, the value of the rod side mode} gain 670 may
be readily determined by one skilled in the contro! systems art.

[00103] The integration of the flow term and multiplying through by the rod side model
gain 670 has the effect of fransforming the flow term oufput by the fifteenth summation
junction 868 into a pressure term. The output of the rod side model gain 670 is the
esfimated rod side pressure 673.

[00104] An estimated piston side pressure 697 is negatively summed with a sensed
piston side pressure 676 by a sixteenth summation junction 678 to produce a piston
side pressure error term. The estimated piston side pressure 697 is a negative
feedback term. The sensed piston side pressure 676 may be provided by the first
pressure sensor 312-a. The output of the sixteenth summation junction 678 is amplified
by a fifth proportional gain 680. The output of the sixteenth summation junction 678 is
integrated by a fifth integrator 682 and then amplified by a fourth integral gain 684. In
another embodiment, the output of the sixteenth summation junction 678 may be first
amplified by the fourth integral gain 684 and then integrated by the fifth integrator 682.
The outputs of the fifth proportional gain 680 and the fourth integral gain 684 are
summed by a seventeenth summation junction 686. The components 678, 680, 682,
684, and 686 comprise a proportional-integral (Pl) controller porion. In combination
with the present disclosure, the values of the fifth proportional gain 680 and the fourth
integral gain 584 may be readily determined by one skifled in the control systems art. In
an embodiment, for the same reasons discussed above with respect to the rod side
pressure observer 647, the values of the fourth proportional gain 680 and the fourth
integral gain 684 may not be constant but may be determined by gain scheduling, by
mathematical function dependent on the estimate of the traveling head position ZAy, or
by some other methaod.

{00105] The components 678, 680, 682, 684, and 686 which comprise the Pl
controller portion may be viewed as a filtering and/or smoothing mechanism to
attenuate nolse associated with the first pressure sensor 312-a and/for the operating
environment. The output of the seventeenth summation junction 686 may be viewed as
a corrective sighal that tends to drive the estimated piston side pressure 697 to the
sensed piston side pressure 676. The output of the seventeenth summation junction
886 may also be viewed as an estimated piston side flow disturbance 651. In some
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contexts, the estimated piston side flow disturbance 651 may be referred to as an
estimated flow disturbance value that is a smoothed value and based on sensor
Information.

[00106] The command feed-forward portion produces a flow rate by amplifying the
estimated traveling head velocity 606 of the manipulator by a piston side area gain 688.
This flow is associated with the flow of hydraulic fluid into and out of the piston side
chamber 122 as the manipuiator moves in the Z-axis of motion. The value of the piston
side area gain 688 is proportional to the area of the piston 118. When two hydraulic
actuators 110 are employed, for example the first and second hydraulic actuators 110-
a, b, then the piston side area gain 688 may be doubled. The output of the piston side
area gain 688 is positively summed with the output of the seventeenth summation
Jjunction 686 and with a piston side flow command 690 by an eighteenth summation
junction 692. The sense of summing of the traveling head velocity and area product is
different for the piston pressure observer 648 versus the rod side pressure observer
647 because the direction of traveling head motion has opposite flow effects on the rod
side chamber 120 and the piston side chamber 122. The effect of the summation of
the output of the piston side area gain 688, the piston side flow command 690, and the
output from the seventeenth summation junction 686 is to produce through the model a
filtered pressure related value that is zero time lagged or zero phase lagged with
respect to the sensed piston side pressure 676. HERE

[00107] The output of the eighteenth summation junction 692 is integrated by a sixth
integrator 696 and then amplified by a pision side model gain 694. In another
embodiment, the output of the eighteenth summation junction 692 may be first amplified
by the piston side mode! gain 694 and then integrated by the sixth integrator 696. The
value of the piston side model gain is proporiional o KAy, the estimated bulk modulus

of the hydraulic fluid, and is inversely proportional to Vps, the estimated volume of the
piston side chamber 122 for both the first and second hydraulic actuators 110-a, b and
the hydraulic lines, for example the piston side hydraulic line 114 associated with the
first and second hydraulic actuators 110-a, b. Because the volume of the piston side
chamber 122 varies with the estimated traveling head position ZAr, in an embodiment
the value of the piston side model gain 694 may be determined using gain scheduling in
a manner similar to that discussed above.



51

{00108] The integration of the flow term and multiplying through by piston side model
gain 694 has the effect of transforming the flow term output by the eighteenth
summation junction 692 into a pressure term. The ouiput of the piston side model gain
694 is the estimated piston side pressure 697.

[00109]1 In some contexts, the model portion of the rod side pressure ohserver 647
may be considerad io comprise the rod side area gain 666 and the rod side model gain
670, and these gains are based on the estimated effective rod side pision area, the
estimated hydraulic fluid bulk modulus, and the estimated variable rod side chamber
volume. [n some contexts the model portion of the piston side pressure observer 648
may be considered to comprise the piston side area gain 688 and the piston side model
gain 694, and these gains are based on the estimated effective piston side piston area,
the estimated hydraulic fluid bulk modulus, and the estimated variable piston side
chamber volume. In some contexts, the model portion of the rod side pressure
observer 647 and the mode! portion of the piston side pressure observer 648 may be
referred to as a mode! of the hydraulic actuator 110 with reference to FIG. 2A or of the
hydraulic actuators 110-a, 110-b with reference to FIG. 2B.

[00110] Turning now fo FIG. 12, an embodiment of the traveling head position and
velocity observer 328 is described. The traveling head position and velocity observer
328 is one embodiment of the manipulator observer 30 of the control system
architecture 8 described with reference to FIG. 1. The traveling head position and
velocity observer 328 may be referred to in some contexts as a manipulator position
and velocity observer. The traveling head position and velocity observer 328 provides
the estimate of traveling head position 610, the estimate of traveling head velocity 606,
and the estimate traveling head disturbance force term 644. In combination with the
present disclosure, one skilled in the art will readily appreciate that an estimated
parameter value, while it is related to a sensed parameter value, may be different from
the sensed parameter value. For example, an estimated parameter value may be a
smoothed or filtered version of the sensed parameter value that atienuates noise
produced by a sensor or by an environment. Additionally, an estimated parameter
value may partially reduce or remove phase shifts and/or time lags of system response.
The traveling head position and velocity observer 328 comprises a proportional-integral-
derivative (PID) controller portion, a feed-forward portion, and a model portion.



52

[00111] The estimated fraveling head position 610 is negatively summed with a
sensed traveling head position 730 by a nineteenth summation junction 734 fo
determine a sensed traveling head position error. The estimated traveling head position
610 provides a negative feedback term. The output of the nineteenth summation
~ Junction 734 is amplified by a sixth proportional gain 736. The output of the nineteenth
summation junction 734 is integrated by a seventh integrator 738 and then amplified by
a fith integral gain 740. In another embodiment, the oufput of the nineteenth
summation junction 734 may be first amplified by the fifth integral gain 740 and then
may be integrated by the seventh integrator 738. The estimated traveling head velocity
606 is negatively summed with a sensed traveling head velocity 732 by a twentieth
summation junction 742 to determine a sensed traveling head velocity error. The
estimated velocity 606 provides a negative feedback term. The output of the twentieth
summation junction 742 is amplified by a second derivative gain 744. The processing
of the sensed traveling head velocity error term is considered to be a derivative
component with respect to the sensed traveling head position because generally
velocity is the derivative of position. A twenty-first summation junction 746 sums the
outputs of the sixth proportional gain 736, the fifth integral gain 740, and the second
derivative gain 744. The components 734, 736, 738, 740, 742, 744, and 746 comprise
a PID controlier portion. In combination with the present disclosure, the values of the
sixth proportional gain 736, the fifth integral gain .740, and the second derivative gain
742 may be readily determined by one skilled in the control systems art.

[00112] The components 734, 736, 738, 740, 742, 744, and 746 which comprise the
PID controller portion may be viewed as a filiering and/or smoothing mechanism to
attenuate noise associated with the sensed traveling head position 730, the sensed
traveling head velocity 732, and/or the operating environment. The output of the
twenty-first summation junction 746 may be viewed as a corrective signal that tends to
drive the estimated traveling head position 610 and estimated traveling head velocity
606 to the sensed fraveling head position 730 and the sensed fraveling head velocity
732 values. The output of the twenty-first summation junction 746 may also be viewed
as the estimated traveling head disturbance force term 644, an estimate of the un-
modeled disturbances acting on the traveling head physical system. In some contexts,
the estimated traveling head disturbance force term 644 may be referred to as an



53

estimated disturbance force feedback value that is a smoothed and based on actuator
position sensor information.

[00113] A iwenty-second summation junction 750 sums the output of the twenty-first
summation junction 746, the observer feed forward fraveling head force command 643,
an estimated traveling head weight 752, the negative of the oufput of the estimated
traveling head friction component 760, and the negative of the output of the estimated
traveling head damping gain 762. The effect of the summation of the output of the
twenty-first summation junction 746, the observer feed forward traveling head force
command 643, the estimated iraveling head weight 752, the negative of the output of
the estimated traveling head friction component 760, and the negative of the output of
the estimated traveling head damping gain 762 is to produce through the model a
filtered velocity and position related value that is zero time lagged or zero phase lagged
with respect 1o the sensed traveling head position 730 and the sensed traveling head
velocity 732.

[00114] The estimated traveling head friction component 760 and the estimated
traveling head damping gain 762 are provided to take into account friction and damping
effects that may be present in the mechanical structure associated with the hydraulic
actuators 110-a, b, for example mechanical rails or guides which substantially constrain
the hydraulic actuators 110-a, b to motion in a single Z-axis. The estimated traveling
head friction component 760 is a function of the polarity of the estimated traveling head
velocity 758. The damping effect is modeled as the estimated traveling head velocity
758 amplified by the estimated traveling head damping gain 762. In combination with
the present disclosure, the estimated fraveling head damping gain 762 and the
estimated traveling head friction component 760 may be determined and/or tuned by
one skilled in the art by collecting data during experimental operation of the control
system and fitting the traveling head model to the data. The value of the estimated
traveling head weight 752 may be determined by weighing the traveling head 156, 160,
by taking the net weight identified on a specification provided by a manufacturer of the
traveling head 156, 160, or by some other known manner. The output of the twenty-
second summation junction 750 corresponds to a force term. The output of the twenty-
second summation junction 750 is amplified by an inverse estimated traveling head
mass gain 766. The value of the inverse estimated traveling head mass gain 766 is
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inversely proportional to the mass of the traveling head, and the mass of the traveling
head 156, 160 may be determined from the weight of the traveling head 1586, 160.
[00115] The output of the inverse estimated traveling head mass gain 766 is an
acceleration term. The oufput of the inverse traveling head mass gain 766 is integrated
by an eighth integrator 768. The output of the eighth integrator 768 is a velocity term,
the estimated traveling head velocity 606, because generally the integration of an
acceleration produces a velocity. The output of the eighth integrator 768 is integrated
by a ninth integrator 770. The output of the ninth integrator 770 is a position term, the
estimated traveling head position 610, because generally the integration of a velocity
produces a position.

[00116] In some contexis, the estimated traveling head weight 752, the estimated
fraveling head friction component 760, the estimated traveling head damping gain, and
inverse traveling head mass gain 766 may be referred to as a model of the traveling
head 156, 160, as a mode} of the traveling head 156, 160 and associated slip bowl 154,
158, or as a mode! of a force coupling component. In some contexts, the traveling head
156, 160 may be referred to as a force coupling component, e.g., a force coupling
component that couples the force output by the actuators 110 to one of the slip bowl
154, 158. In some cases the model of the traveling head 156, 160 may take into
account or include the slip bowl 154, 158. In some contexts, the estimated traveling
head friction component 760 may be referred to as a force coupling friction component,
the estimated traveling head weight 752 may be referred to as an estimated weight of
the force coupling component, the estimated fraveling head damping gain may be
referred to as an estimated damping factor of the force coupling component, and the
inverse traveling head mass gain 766 may be associated with an estimated mass of the
force coupling component.

[00117] Turning now to FIG. 13, an embodiment of a work string controller 800 is
discussed. The work string controller 800 is one embodiment of the system controller
10 of the control system architecture 8 described with reference to FIG. 1. The work
string controller 800 is configured to control one or more manipulator control systems
300, for example a first manipulator control system 300-a, a second manipulator control
system 300-b, and a third manipulator control system 300-¢, whereby to control the
work string 152. In an embodiment, the work string controller 800 controls the work
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string 152 through controlling the dual-jacking system 150. In this embodiment, the first
manipulator control system 300-a conirols the first and second hydraulic actuators 110-
a, b and the first slip bowl 154, the second manipulator control system 300-b controls
the third and fourth hyd}aulic actuators 110-c, d and the second slip bowl 158, and the
third manipulator control system 300-b controls the third or stationary slip bow! 162. In
another embodiment, the work sfring controller 800 may control the work string 152 by
another means, for example using more than two pairs of hiydraulic actuators 110 or for
example by using a different kind of actuator. In an embodiment, the: work string
controiler 800 comprises a simulated force feedback section 802, a mode! controller
804, and a manipulator commands generator 806. )

foo118] The work string confroller 800 receives commanded work string values, for
example a work string position command 818 and a work string velocity command 828,
as control inputs. These commanded work string values 818, 828 may come from a
user interface or an operator control station. The work string controller 800 also
receives a plurality of sensed and commanded values from components that are part of
the control system architecture 8. The work string controller 800 receives sensed or
esfimated values of manipulator position Zrxs, Zm2 and manipulator velocity Virye, Virne,
for example from the traveling head position sensors 314 a, b, the traveling head
velocity sensors 316 a, b or from the traveling head position and velocity observer 328.
The work string controller 800 receives state value of slip bowls Ssg1, Ssg2, Ssas from
the slip bowls 154, 158, 162. The sensed or estimated values of position and velocity
and of slip bowl state may be considered to be feedback fo the work string controller
800 from the manipulator physical systems. The work string controller 800 outputs
commanded values of manipulator position Zmy*, Zmye*, manipulator velocity Vrq®*,
Vrie*, manipulator acceleration Aryq*, Atha*, workstring force Fwsrni™ Fwsore®, and slip
bowl state Ssg1”, Sse2”, Ssus* , for example fo the traveling head controller 326 and to
the slip bowl 154. At a high level, the work string controller 800 takes into account the
command inputs and the feedback inputs to develop commands that are output to the
manipulator controllers 300.

[00119] In an embodiment, the simulated force feedback section 802 comprises three
manipulator simulated force feedback components 810: a first manipulator simulated
force feedback component 810-a associated with the actuators 110-a, b and the first
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slip bowl 154, a second manipulator simulated force feedback component 810-b
associated with the actuators 110-c, d and second slip bowl 158, and a third simulated
force feedback component 810-¢ assoclated with the stationary slip bowl 162. The first
manipulator simulated force feedback component 810-a receives sensed or estimated
first fraveling head position, commanded first fraveling head position, sensed or
estimated first fraveling head velocity, commanded first fraveling head velocity, sensed
or estimated first slip bowl position and commanded first slip bowl position inputs and
generates therefrom a simulated force feedback of the work string on the first
manipulator 812-a. The second manipulator simulated force feedback component 810~
b receives sensed or estimated second traveling head position, commanded second
traveling head position, sensed or estimated second traveling head velocity,
commanded second traveling head velocity, sensed or estimated second slip bow!
position, and commanded second slip bow! position inputs and generates therefrom a
simulated force feedback of the work siring on the second manipulator 812-b. The third
manipulator simulated force feedback component 810-c receives a sensed or estimated
stationary slip bowl position and a commanded stationary slip bow! position as inputs
and generates therefrom a simulated force feedback of the work string on the third
manipulaior 812-c. A twenty-third summation junction 814 sums the simulated force
feedback of the work string on the first, second, and third manipulator 812-a, b, ¢ to
determine a combined simulated force feedback of the work string on the manipulators
812

[00120] The model controller 804 comprises a PID coniroller section and a work
string model section. The intention of the model controller 804 is to produce an
estimated work string position 840 and an esfimated work string velocity 842.

[00121] The estimated work string position 840 Is negatively summed with the work
string position command 818 by a twenty-fourth summation junction 820 to produce a
position error term. The estimated work string position 840 provides a negative
feedback term. The output of the twenty-fourth summation junction 820 is amplified by
a seventh proportional gain 821. The output of the fwenty-fourth summation junction
820 is integrated by a tenth integrator 822 and amplified by a sixth integral gain 823. In
another embodiment, the ouiput of the twenty-fourth summation junction 820 may be
first amplified by the sixth integral gain 823 and then integrated by the fenth integrator
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| 822. The estimated work string velocity 842 is negatively summed with the work string
velocity command 828 by a twenty-fifth summation junction 830 o produce a velocity
error term. The estimated work string velacity 842 provides a negative feedback term.
The output of the twenty-fifth summation junction 830 is amplified by a third derivative
gain 831. The processing of the velocity term is considered to be a derivative
component with respect to the work string position because generally velocity is the
derivative of position. The output of the twenty-third summation junction 814 is
negatively summed with the output of the seventh proportional gain 821, the output of
the sixth integral gain 823, and the output of the third derivative gain 831 by a twenty-
sixth summation junction 832. The output of the twenty-third summation junction 814
effectively couples position and velocity feedback, in the form of simuliated force
feedback of the work string on the manipulators 812, from the manipulators into the
estimation of work string position and velocity. In an embodiment, the general intention
is that if one of the manipulators is not achieving the targeted manipulator position, the
simulated force feedback term grows large, and the position commands to the other
non-lagging manipulators are adapted accordingly.  This may promote better
synchronization among manipufators when a heavy load or an operational anomaly
oceurs.
[00122] In another embodiment, sensed values of work string position and work string
velocity may be fed directly to the manipulator commands generator 802. Alternatively,
in another embodiment, a sensed value of the work string position and work string
velocity may be available, the sensed value of work string position may be substituted
for the estimated work string position 840 input to the twenty-fourth summation junction
820, and the sensed value of work string velocity may be substituted for the estimated
work string velocity 842 input to the twenty-fifth summation junction 830.
[00123] The output of the twenty-sixth summation junction 832 is amplified by a
model gain 834. The model gain 834 is inversely proportional to the estimated mass of
the work string. During well bore servicing operations the mass of the work string may
change, for example as joints of pipe are added to or removed from the work string, and
in an embodiment, the model gain 834 may be a changing value rather than a static
value. In another embodiment, however, the model gain 834 may be set to a static
value associated with a static estimated mass of the work stting. The output of the
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model| gain 834 is integrated by an eleventh Integrator 836 to produce the estimated
work string velocity 842. The output of the eleventh integrator 836 is integrated by a
twelfth integrator 838 to produce the estimated work string position 840.

[00124] [n an embodiment, the manipulator commands generators 806 may be
selected to operate in a plurality of operation modes for controlling the first, second, and
third manipulators cooperatively. A first mode may be a distributed load or high
capacity sequential mode, where the first and second manipulators are controlled to
- concurrently grip the work string 152 and 1o apply substantially equal force to the work
siring 152 in the same direction at the same time. A second mode may be a high speed
sequential mode, where the first and second manipulators trade off gripping the work
string 152 and applying force to the work string 152 In a sequence of start and stop
motions. The high speed sequential mode could also be extended to include all three
manipulators. A third mode may be a high speed continuous maode, where the first and
second manipulators trade off gripping the work string 152 and applying force to the
work string 152 in a manner which constrains work string motions to substantially
constant work string velocity or substantially constant work string acceleration or
deceleration independent of manipulaior trajectories. A fourth mode may be a high
speed consfrained mode, where the first and second manipulators trade off gripping the
work string 152 and applying force to the work string 152 in a manner which is
constrained by a maximum hand-off speed between the manipulators. In other
embodiments with multiple manipulators and constraints, combinations of these modes
are contemplated by the present disclosure. A user interface (not shown), for example
a control panel, may be used to select the operation mode of the manipulator
commands generator 806 and 1o input the work string position command 818 and the
work string velocity command 828. In another embodiment, the mode of operation may
be chosen automatically as the system conditions change, including but not restricted to
the changing weight of the work string 152. In response to the operation mode
selection, the estimated work string position 840, and the estimated work string velocity
842, the manipulator commands generators 806 may employ an internal map or table
or program o genherate the operation mode specific manipulator controller command
input vectors 340. In an embodiment, a pipe collar indication 844, which may he
provided by a collar locator such as that shown in FIG. 16, is also input fo the
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manipulator commands generator 806. The manipulator commands generator 806 may
employ the pipe collar indication 844 to avoid commanding the first and second slip
bowls 154, 158 and the stationary slip bowl 162 to close on a pipe collar, a situation
which would prevent the first and second slip bowls 154, 158 and the stationary slip
bowl 162 from closing and gripping the work string 152 securely.

[00125] The manipulator commands generator 806 generates the first slip bowl
command 214, the first traveling head velocity command 502-a, the first traveling head
position command 602-a, the first traveling head acceleration command 634-a, a first
feed forward work string load command 632-a, the second slip bow! command 220, the
second traveling head velacity command 502-b, the second traveling head position
command 602-b, the second traveling head acceleration command 634-b, a second
feed forward work string load command 632-b, and the stationary slip bowl command
228.

[00126] Tuming now fo FIG. 14, an exemplary manipulator force feedback
component 810 is discussed. The manipulator force feedback component 810
comprises a PID controller section, a slip bowl mode} section, and a slip bowl model Pl
controller section. The sensed fraveling head position 730 is negatively summed with
the commanded traveling head position 602 by a twenty-seventh summation junction
860 to produce a position error ierm. The sensed traveling head posltion 730 provides
a negative feedback term. The oufput of the twenty-seventh summation junction 860 is
amplified by an eighth proportional gain 861. The output of the twenty-eighth
summation junction 860 is integrated by a thirteenth integrator 862 and amplified by a
seventh integral gain 863. In another embodiment, the output of the twenty-eighth
summation junction 860 may be first amplified by the seventh integral gain 863 and then
may be integrated by the thirteenth integrator 862. The sensed traveling head velocity
732 is negatively summed with the commanded traveling head velocity 502 by a twenty-
eighth summation junction 864 to produce a velocity error term. The sensed traveling
head velocity 732 provides a negative feedback term. The oufput of the twenty-eighth
summation junction 864 is amplified by a fourth derivative gain 865. The processing of
the traveling head velocity term is considered to be a derivative component with respect
to the traveling head position because generally velocity is the derivative of position.
The output of the eighth proportional gain 861, the seventh integral gain, and the fourth
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derivative gain 865 are summed by a twenty-ninth summation junction 866 to produce
an estimated work string force feedback on the traveling head 867. In combination with
the present disclosure, the values of the eighth proportional gain 861, the seventh
integral gain 863, and the fourth derivative gain 864 may be readily determined by one
skilled in the control systems art.

[00127] The slip bowl command 214, 220, 226 is processed by a slip bow! mode| 870
to produce an estimated slip bowl position 871. In an embodiment, the slip bowl model
870 may comprise a simple time delay to model the time it takes for the physicalslip
bowl system to follow the slip bowl command under normal situations. In another
embodiment, the sensed slip bowl position and the slip bowl command 214, 220, 226
may relate to a continuous slip bowl position from being fully disengaged to being fully
engaged, where the slip bowl model 870 may become unnecessary. The sensed slip
bowl position 216 is negatively summed with the estimated slip bowl state 871 by a
thirtieth summation junction 872. The output of the thirtieth summation junction 872 is
amplified by a ninth proportional gain 876. The oufput of the thirtieth summation
junction 872 is integrated by a fourteenth integrator 877 and amplified by an eighth
integral gain 878. In another embodiment, the output of the thirtieth summation junction
872 may first be ampilified by the eighth integral gain 878 and then integrated by the
fourteenth integrator 877. The output of the ninth proportional gain 876 and the output
of the eighth integral gain 878 are summed by a thirty-first summation junction 879 to
produce an estimated work string force feedback on the slip bowl. [n an embodiment,
the value of the eighth integral gain 878 may be set to a substantially higher vaiue than
that of the seventh integral gain 863, so the estimated work string force feedback on the
slip bowl may ramp up more rapidly than the estimated work string force feedback on
the traveling head. In an embodiment, the eighth integral gain 878 may be about five
times larger than the seventh integral gain 863. In another embodiment, the eighth
integral gain 878 may be about ten times larger than the seventh integral gain 863. In
yet another embodiment, the eighth integral gain 878 may be about fifty times larger
than the seventh integral gain 863. For example, if the physical slip bowl system does
not follow the estimated slip bow! state, for example if the slip bowl 154, 1568, 162 does
not close because it has erroneously attempted to close on a pipe collar, it is desirable
for the estimated work string force feedback on the slip bowl to rapidly increase in value
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to cause the several manipulators to come to a stop or even reverse direction
momentarily. In combination with the present disclosure, the values of the ninth
proportional gain 876 and the eighth integral gain 878 may be readily determined by
one skilled in the controf sysiems art.

[00128] The output of the fwenty-ninth summation junction 866 and the thirty-first
summation junction 879 are summed by a thirty-second summation junction 884 to
determine a simulated force feedback of the work string on the manipulator.

[00129] The proportional, integral, and derivative gains in the several control
components described above may be determined by an initial calculation based on a
pole-zero system stability analysis and a frequency response analysis of the control
system and later the gains may be further adjusted when deploying the control system
to actual use. The general design approach is to design the contro! system based on a
frequency domain mathematical model, for example expressed using Laplace
transforms. This mathematical mode! includes both control elements and physical
elemenis of the control system. The manipulator contfrol system 300 and the work
string controlier 800 controlling two or more manipulator control systems 300 may be
implemented as hierarchical control systems, wherein the conirol feedback loops are
closed and tuned in order from the lowest level or innermost loop to the highest level or
outermost loop. The gains ai each level may be tuned to the fastest frequency
response which can be attained while maintaining a stable system with good
disturbance rejection. In a work string controller system such as that disclosed herein,
large disturbances are possible, for example large manipulator force transients
associated with portions of the well bore coliapsing in on the work siring 152 and
increasing the friction experienced by the work string 152 moving in the well bore.
Therefore, it may be prudent to employ reasonable safety factors in setting the design
values for disturbances that may be experienced when tuning the control gains.
According to a generally accepted practice, when cantrol loops are placed around other
control loops, as is the case with the work string controller 800 and the manipulator
control system 300, the outer loop gains may be designed to achieve about one quarter
the frequency response of the next lower control [oop. Ih some embodiments, however,
this general practice may not be adhered to.
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[00130] While the figures illusirate the control components in terms of the Laplace
transform, which is a continuous fime transform, one skilled in the control systems art
could readily adapt the continuous time illustrations to discrete time illustrations. The
principal modification would be repiacing the continuous time Laplace transform of the
integration operation, represented as 1/S in the several integrator blocks, by Ts/(Z-1),
where Ts is a constant proportional fo the conirol system data sampling interval and
1/(Z-1) is the discrete time Z-transform of the integration operation.

[00131] As would be appreciated by those of ordinary skill in the control systems art,
some portions of the above described control systermn componenis may be combined or
separated without materially altering the function of the control system. For example,
other combinations of summation junctions may be employed to build the flow regulator
320 without materially changing the control function of the flow regulator 320. For
example, in another embodiment, the summation provided by the second summation
junction 416 and the third summation junction 420 may be performed by a single
summation junction without materially altering the control function of the fiow regulator
320. Additionally, the order of some portions of the above described control
components may be changed without materially changing the function of the control
system. For example, reversing the positions of the first integrator 412 with the first
integral gain 414 in the flow regulator 320 may not materially alter the function of the
flow regulator 320. All such trivial combinations and positional rearrangements that do
not materially alter the control function of the controllers and control components
described above are contemplated by this disclosure.

[00132] Turning now to FIG. 15, some kinematic parameters associated with a twelve
stage traveling head frajectory are illustrated. The illustrated kinematic parameters
provide one possible model of kinematic parameters associated with the control system
architecture 8 depicted in FIG. 1, for example kinematic parameters associated with the
dual-jacking system 150 depicted in FIG. 3. The kinematic equations disclosed below,
including egquation (1) through equation (48), provide exemplary kinematic equations
that may be employed by the manipulator commands generators 806 in part to
generate the manipulator commands in one mode of operation, for example in a high
speed continuous mode of operation. In other modes of operation, other kinematic
parameters and other kinematic equations may apply. In combination with the present



63

disclosure, one skilled in the art may make appropriate modifications and extensions of

these kinematic parameters and associated Kinematic equations to apply this

information to other related control systems and/or manipulator systems.

Table 1

identifies some trajectory stage lengths and describes the stages. Tabie 2 identifies

some trajectory parameters.

L Din | Stage 1— Maximum Acceleration to Match Pipe Speed

Lo ? Stage 2 — Slip Bow Engagement (Hand Off) for Fully Loaded Single
Ls ? Stage 3 — Accelerate for Hand Off

Ly ? Stage 4 - Relative Jack Velocity for Slip Bowl Disengagement
Ls ? Stage 5 — Accelerate Away from Pipe

Lg ? Stage 6 — Potential Maximum Velocity Achieved

L ? Stage 7 — Decelerate for Return Stroke

Ls Ls Stage 8 — Zero Velocity Dwell for Directional Valve Switch

Lg Ls Stage 9 — Maximum Acceleration on Return Stroke

Lio ? Stage 10 — Potential Maximum Velocity Achieved

Laq ? Stage 11 — Maximum Deceleration on Return Stroke

L1z 0in | Zero Velocity Dwell for Directionél Valve Swiich

Table 1: Trajectory Stage Lengths

Puo ? Hand Off Length

Dsy ? Fully Loaded Single Jack Portion of Stroke Length

Dsg ? Distance Traveled during Slip Bowl Response Time tsg
Dsiip 1in Relative Distance for Slip Bowl Disengagement w.r.t. Pipe
Fs 6 Slip Insurance Safety Factor (Shutdown Conditional)
Qmax G6OM Maximum Output Flow rate per Pump

Qe : Maximum Outpui Fiow Rate of Change per Pump

Van ? Maximum Achievable Velocity Downward

Vup ? Maximum Achievable Velocity Upward

Agn ? Maximum Achievable Acceleration Downward

Ayp ? Maximum Achievable Acceleration Upward
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Table 2: Trajectory Parameters

vi=0 )
L1 =0 (2)
Lo—Ly= ya b ©
v2=agty (4)
V2 = Vp (5)
a2=0 . (6)
L3 —Lp =Dgy+ Duo + Dsg (7
La-L2=wv2 12 (8)
Ls—Ls=Dno (9)
V3 =Va (10)
Li~Ls= Vot +3 25 1 (41)
Va=Vykagts (12)
a3 = apN_max (13)
Dygiip = (Ls — L3) ~ ve(ts + &) (14)
Ls—La=vats (15)
as=0 (16)
V5 = V4 (17)
Ls—L5=V5f5+%as'(52 | (18)
Le—Ls = Dgip Fs . (19)
Ve=Vs+asts (20)
ty=0 @1)
as=0 (22)
Lr=Le (23)
La=lg~Ls (24)
Vz=arty (25)
V7= Vs (26)

7=NTs (27)
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Ls~Lz=vrty —% ay t7* (28)
vg=0 (29)
ag=0 (30)
18 = Tsuiten (31)
Vo=0 (32)
vip=dgts (33)
V40 = —VUuP_MAX (34)
ag = — ayp_MAx (35)
Lg=Ls (36)
Lip—Lo =% ag to? (37)
L11 — Lo =vio to (38)
Lyt =lg—Lo (39)
a;p=0 (40)
V41 = Vup_wax 41)
t11=1tg (42)
a11 = aup_max (43)
V12 =0 (44)
t12 = Tewiten (45)
ap=0 (46)
Liz=0 (47)
PV Rl PRl CRl O v Al PRl R T Rl T o P (48)
Unknowns:

L1, L2, L3, L4, Ls, Ls, Ly, Ls, Lo, L1o, L41, Lyz

ta, o, 13, b, 15, 16, T, 15, fo, tao, T4, fa2

Vi, V2, V3, V4, Vs, Ve, V7, VB, Vo, V10, V11, V12

a4, A, a3, 84, 8g, Ag, 97, g, A9, 840, 814, Q12
[00133] Turning now to FIG. 16, an embodiment of a collar locater Q00 is described.
In an embodiment, the collar locator 300 comprises a first digital camera 908, a first fight
source 914, a second digital camera 918, a second light source 920, and a coliar
detector 922. The work string 152 includes a first collar 802 and a second collar 904.
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Collars in the work string 152 may be formed where two ends of pipes are threaded into
each other. The collars 902 and 904 have a larger diameter and a broader profile than
the rest of the pipe sections when viewed by the first and second digital cameras 908,
918. The first and second digital cameras 908, 918 provide images of the work string
152 to the collar detector 922 which processes these images to identify coliars. The
collar detector 922 outputs a collar indication 844. In an embodiment, the collar
indication 844 may indicate when a collar is in view of the first digital camera 908, when
a collar is in view of the second digital camera 918, and/or the estimated position of one
or more collars. '

[00134] In an embodiment, the digital image of a section of the work string 152 may
be thresholded by the collar detector 922 to distinguish the work string 152 from the
background. Thresholding is an image processing technique that designates pixels as
object pixels or background pixels based on comparing the value of the pixels fo a
threshold value, for example a grayscale value. In different embodiments, object pixels
may be either lighter or darker than the threshold value. After thresholding, an edge
detection computer vision algorithm may be applied by the collar detector 8922 o
determine the approximate width of the profile of the portion of the work string 152
within the image. If the width of the work string 152 exceeds a limit, the collar detector
922 determines that a collar is in the image.

[00135] In an embodiment, the first and second digital cameras 908, and 918 may
capture images of the work string 1562 at a sample rate of 30 times per second or
greater. In this embodiment, the collar locator 900 may be able o determine a speed of
the work string 1562 and to provide an estimate of the location of the first collar 802 and
the second collar 904 after they have passed out of the view field of the first and second
digital cameras 908, 918 based on the calculated work string velocity.

[00136] Tuming now to FIG. 17, a method 950 of controlling the work string 152 is
described. [n black 851, the work string is placed in a well bore. In block 952, a work
string trajectory input is received. The work string trajectory characterizes a desired
motion of the work string 152 as one or more linked pairs of position and velocity, or
work string target position and work string velocity target. These may be refetred to as
an ordered sequence of target pairg, wherein each target pair comprises a work siring
target position and a work string target velocity. [n a first example, the work string
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trajectory input may include one linked pair of position and velocity having a position
target of 5000 feet and a velocity target of 5 feet per second. [n a second example, the
work string trajectory input may include six linked pairs of position and velocity — a first
position target of 5010 feet and a first velocity target of 5 feet per second, a second
position targetf of 4880 feet and a second velocity target of -20 feet per second, a third
position target of 5010 feet and a third velocity target of 20 feet per second, a fourth
position target of 4990 feet and a fourth velocity target of -20 feet per second, a fifth
position target of 5010 feet and a fifth velocity target of 20 feet per second, and a sixth
position target of 0 feet and a sixth velocity target of -5 feet per second. This second
exampie corresponds to lowering the work string 162 into the well bore to a depth of
about 5000 feet and oscillating the work string 152 partially in and out of the well bore
and then retracting the work string 152 out of the well bore. 1t will readily be appreciated
that a wide variety of work string manipulation regimes may be described and/or defined
by such a series of linked pairs of position and velocity, all of which are contemplated by
the present disclosure.

[00137] In block 954, the simulated force feedback of the work sfring on the
manipulators is determined. The simulated force feedback of the work string on the
manipulators is the sum of the simulated force feedback of the work string on each of
the manipulators of the control system. In an embodiment, three manipulators are
deployed, for example the dual-jacking system 150, where the first traveling head 156
and the first slip bowl 154 comprise a first manipulator, the second traveling head 160
and the second slip bowl 158 comprise a second manipulator, and the stationary slip
bowl 162 comprises a third manipulator. In this embodiment, the simulaied force
feedback of the work string on the first manipulator 812-a, the simulated force feedback
of the work string on the second manipulator 812-b, and the simulated force feedback of
the work string on the third manipulator 812-c are determined and summed.

[00138] In block 9586, the estimated work string velocity 842 and the estimated work
string position 840 are determined. In an embadiment, a model force is determined
based on the estimated feedback force of the manipulators on the work string 812, on
the work string position command 818, and on the work string velocity command 828.
The model force is multiplied by the reciprocal of the estimated work string mass io
transform the model force to a model work string acceleration. The estimated work
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string velocity 842 is determined by integrating the model work string acceleration. The
estimated work string position 840 is determined by integrating the estimated work
string velocity 842.

[00139] In block 958, a first manipulator controller command input vector 340-a is
determined based on the estimated work string velocity 842, the estimated work string
position 840, the pipe collar indication 844, and the mode of operation. The first
manipulator confroller command input vector 340-a is transmitted fo the first
manipulator control system 300-a.

[00140] In block 960, a second manipulator controller command input vector 340-b is
determined based on the estimated work string velocity 842, the estimated work string
position 840, the pipe coltar indication 844, and the mode of operation. The second
manipulator controller command input vector 340-b is transmitted o the second
manipulator control system 300-b.

[00141] In block 962, a first manipulator position command and a first manipulator
velocity command are determined by using the first manipulator controller command
input vector 340-a to drive the first manipulator physical system components fo desired
values. . ’

[00142] In block 964, a seéond manipulator position command and a second
manipulator velocity command are determined by using the second manipulator
controller command Input vector 340-b to drive the second manipulator physical system
components to desired values. In block 966, the first and second manipulators are
automatically controlled based on the first and second manipulator position and velocity
commands. The method 950 then ends or may be repeated at a periodic rate effective
o control the work string 152.

(00143} The system described above may be implemented on any general-purpose
computer with sufficient processing power, memory resources, and network throughput
capability to handle the necessary workload placed upon it. FIG. 18 lllustrates a typical,
general-purpose computer system suitable for implementing one or more embodiments
disclosed herein. The computer system 1080 includes a processor 1082 (which may be
referred to as a central processor unit or CPU) that is in communication with memory
devices including secondary storage 1084, read only memory (ROM) 1086, random
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aé:cess memory (RAM) 1088, input/ouiput (I/Q) devices 1090, and network connectivity
devices 1092, The processor may be implemented as one or more CPU chips.

[00144] The secondary storage 1084 is typically comprised of one or more disk drives
or tape drives and is used for non-volatile siorage of data and as an over-flow data
storage device f RAM 1088 is not large enough to hold all working data. Secondary
storage 1084 may be used to store programs which are loaded info RAM 1088 when
such programs are selected for execution. The ROM 1086 is used to store instructions
and perhaps data which are read during program execution. ROM 1086 is a non-
volatile memory device which typically has a small memory capacity relative to the
larger memory capacity of secondary storage. The RAM 1088 is used fo store volatile
data and perhaps to store instructions. Access to both ROM 1086 and RAM 1088 is
typically faster than to secondary storage 1084.

[00145] 1/O devices 1090 may include printers, video monitors, liquid crystal displays
(LCDs), touch screen displays, keyboards, keypads, switches, dials, mice, track balls,
voice recognizers, card readers, paper tape readers, or other well-known input devices.
[00146] The network connectivity devices 1092 may take the form of modems,
modem banks, ethemet cards, universal serial bus (USB) interface cards, serial
interfaces, foken ring cards, fiber distributed data Interface (FDDI) cards, wireless local
area network (WLAN) cards, radio transceiver cards such as code division multiple
access (CDMA) and/or global system for mobile communications (GSM) radio
fransceiver cards, and other well-known network devices. These network connectivity
devices 1092 may enable the processor 1082 to communicate with an lnternet or one
or more intranets. With such a nefwork connection, it is contemplated that the
processor 1082 might receive information from the network, or might output information
to the network in the course of performing the above-described method steps. Such
information, which is often represented as a sequence of instructions to be executed
using processor 1082, may be received from and outputted to the network, for example,
in the form of a computer data signal embodied in a carrier wave. In an embodiment,
portions of the control system 8, the controller 202, the maniputator control system 300,
and/or the work string controlier 800 may be reconfigured and/or gains be tuned from a
remote computer via the network connectivity devices 1092.



70

[00147] Such information, which may include data or instructions to be executed
using processor 1082 for example, may be received from and outputted to the network,
for example, in the form of a computer data baseband signal or signal embodied in a
carrier wave. The baseband signal or signal embodied in the carrier wave generated by
the network connectivity devices 1092 may propagate in or on the surface of electrical
conductors, in coaxial cables, in waveguides, in optical media, for example optical fiber,
or in the air or free space. The information contained in the baseband signal or signal
embedded in the carrier wave may be ordered according to different sequences, as
may be desirable for either processing or generating the information or transmitting or
receiving the information. The baseband signal or signal embedded in the carrier wave,
or other types of signals currently used or hereafter developed, teferred to herein as the
transmission medium, may be generated according to several methods well known to
one skilled in the control systems art.

[00148] The processor 1082 executes instructions, codes, computer programs,
scripts which it accesses from hard disk, floppy disk, optical disk (these various disk
based systems may all be considered secondary storage 1084), ROM 1086, RAM
1088, or the network connectivity devices 1022. While only one processor 1092 is
shown, multiple processors may be present. Thus, while instructions may be discussed
as executed by a processor, the instructions may be executed simultaneously, serially,
ar otherwise executed by one or multiple processors.

[00149] While several embodiments have been provided in the present disclosure, it
should be understood that the disclosed systems and methods may be embodied in
many other specific forms without departing from the spirit or scope of the present
disclosure. The present examples are to be considered as illustrative and not
restrictive, and the infention is not to be limited to the details given herein. For example,
the various elements or components may be combined or integrated in another system
or certaln features may be omitted or not implemented.

[00150) Also, fechniques, systems, subsystems, and methods described and
iltustrated in the various embodiments as discrete or separate may be combined or
integrated with other systems, modules, techniques, or methods without departing from
the scope of the present disclosure. Other items shown or discussed as directly
coupled or communicating with each other may be indirectly coupled or communicating
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through some interface, device, or intermediate component, whether electrically,
mechanically, or otherwise. Other examples of changes, substitutions, and alierations

are ascertainable by one skilled in the art and could be made without departing from the
spirit and scope disclosed herein.
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CLAIMS

What is claimed is:

1. A method of servicing a well bore with a work string, comprising:

placing the work string in a well bore;

receiving a work string trajectory input from a user interface, wherein the work
string trajectory input comprises at least a first work siring target

position and a first work string target velocity;

determining a simulated force feedback of the work string on a first
manipulator, wherein determining the simulated force feedback of the
work string on the first manipulator is based at least in part on one of a
sensed and an estimated first manipulator position and on one of a
sensed and an estimated first manipulator velocity, and wherein
determining the simulated force feedback of the work string on the first
manipulator is further based one of a sensed and an estimated first slip
bowl position, wherein the first slip bowl is coupled to the first
manipulator; determining an estimated work string velocity based at
least on the simulated force feedback of the work string on the first

manipulator and on the work string trajectory input;

determining an estimated work string position based at least on the
simulated force feedback of the work string on the first manipulator

and on the work string trajectory input;

determining a first manipulator position command and a first manipulator
velocity command based on the estimated work string position and

the estimated work string velocity; and
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automatically coniroling the first manipulator based at least on the first
manipulator position command and the first manipulator velocity
command, wherein the first manipulator moves the work string in the

well bore.

The method of claim 1, further comprising:

determining a simulated force feedback of the work string on a second
manipulator;

determining the estimated work string velocity further based on the simulated

force feedback of the work string on the second manipulator;

determining the estimated work string position further based on the simulated

force feedback of the work string on the second manipulator;

determining a first feed forward work string load command, a second
manipulator position command, a second manipulator velocity
command, and a second feed forward work string load command
based on the estimated work string position and the estimated work

string velocity;

further automatically controlling the first manipulator based on the first feed

forward work string load command; and

automatically controlling the second manipulator based at least on the second
manipulator position command, the second manipulator velocity
command, and the second feed forward work string load command,

wherein the second manipulator moves the work string in the well bore.
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3. The method of claim 1, wherein determining the simulated force feedback of
the work string on the first manipulator is further based on a commanded first slip

bowl position.

4. The method of claim 1, wherein determining the simulated force feedback of
the work string on the first manipulator is further based at least in part on a

commanded first manipulator position and commanded first manipulator velocity.

5. A control system for controlling movement of a work string in a well bore,
comprising: a controller comprising a processor, a memory, and an application
stored in the memory, wherein the application, when executed by the processor
receives a work string trajectory input from a user interface, wherein the work string
trajectory input comprises at least a first work string target position and a first work
string target velocity; determines a simulated force feedback of the wark string on a
first manipulator; determines an estimated work string velocity based at least on the
simulated force feedback of the work string on the first manipulator and on the work
string trajectory input; determines an estimated work string position based at least
on the simulated force feedback of the work string on the first manipulator and on

the work string trajectory input;

determines a first manipulator position command and a first manipulator
velocity command based on the estimated work string position and the

estimated work string velocity; and

controls the first manipulator based at least on the first manipulator position
command and the first manipulator velocity command, wherein the first

manipulator moves the work string in the well bore;
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wherein the application further determines a simulated force feedback of the
work string on a second manipulator; determines the estimated work
string velocity further based on the simulated, force feedback of the

work string on the second manipulator;

determines the estimated work string position further based on the simulated

force feedback of the work string on the second manipulator;

determines the first feed forward work string load command, a second
manipulator position command, a second manipulator velocity
command, and a second feed forward work string load command
based on the estimated work string position and the estimated work

string velocity;

controls the first manipulator based on the first feed, forward work string load

command; and

controls the second manipulator based at least on the second manipulator
position command, the second manipulator velocity command, and the
second feed forward work string load command, wherein the second

manipulator moves the work string in the well bore.

The control system of claim 5, wherein determining the simulated force

feedback of the work string on the first manipulator is based at least in part on one of

a sensed and an estimated first manipulator position and on one of a sensed and an

estimated first manipulator velocity.

7.

The control system of claim 6, wherein determining the simulated force

feedback of the work string on the first manipulator is further based on one of a
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sensed and an estimated first slip bowl position, wherein the first slip bowl is coupled

to the first manipulator.

8. The control system of claim 7, wherein determining the simulated force
feedback of the work string on the first manipulator is based further on the first slip

bowl position.

9. The control system of claim 6, wherein determining the simulated force
feedback of the work string on the first manipulator is further based at least in part
on a commanded first manipulator position and a commanded first manipulator

velocity.

10. A system for servicing a well bore with a work string, comprising:

a first manipulator for gripping and moving the work string in the well bore; a

first manipulator drive for providing power to the first manipulator;

a controller coupled to the first manipulator drive comprising a processor, a

memory, and

an application stored in the memory, wherein the application, when executed

by the processor

receives a work string trajectory input from a user interface, wherein the work
string trajectory input comprises at least a first work string target

position and a first work string target velocity;
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determines a simulated force feedback of the work string on the first
manipulator, wherein determining simulated force feedback of the work
string on the first manipulator is based at least in part on one of a
sensed and an estimated first manipulator position and on one of a
sensed and an estimated first manipulator velocity; and wherein
determining the simulated force feedback of the work string on the first
manipulator is further based on one of a sensed and an estimated first
manipulator first slip bowl position, wherein the first slip bowl is coupled

to the first manipulator;

determines an estimated work string velocity based at least on the simulated
force feedback of the work string on the first manipulator and on the

work string trajectory input;

determines an estimated work string position based at least on the simulated
force feedback of the work string on the first manipulator and on the

work string trajectory input;

determines a first manipulator position command and a first manipulator
velocity command based on the estimated work string position and the

estimated work string velocity; and

controls the first manipulator drive based at least on the first manipulator
position command and the first manipulator velocity command, wherein

the first manipulator moves the work string in the well bore.
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11.  The system of claim 10, further comprising a second manipulator for gripping
and moving the work string in the well bore, a second manipulator drive for providing
power to the second manipulator, wherein the controller is coupled to the second

manipulator drive, and

wherein the application further determines a simulated force feedback
of the work string on the second manipulator; determines the estimated
work string velocity further based on the simulated force feedback of

the work string on the second manipulator;

determines the estimated work string position further based on the

simulated force feedback of the work string on the second manipulator;

determines a first feed forward work string load command, a second
manipulator position command, a second manipulator velocity
command, and a second feed forward work string load command
based on the estimated work string position and the estimated work

string velocity;

controls the first manipulator based on the first feed forward work string

load command; and

controls the second manipulator drive based at least on the second
manipulator position command, the second manipulator velocity
command, and the second feed forward work string load command,

wherein the second manipulator moves the work string in the well bore.
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12.  The system of claim 10, wherein determining the simulated force feedback of
the work string on the first manipulator is further based on a commanded first slip

bowl position.

13.  The system of claim 10, wherein determining the simulated force feedback of
the work string on the first manipulator is further based at least in part on a

commanded first manipulator position and a commanded first manipulator velocity.

14.  The system of claim 10, wherein the first manipulator drive provides hydraulic

power to the first manipulator.

15.  The system of claim 10, wherein the first manipulator drive provides electrical

power to the first manipulator.



