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ABSTRACT

MODELING AND CONTROL OF OIL WELL DRILLING TOWER

NOBAHAR SADEGHI NAM, Amir

PhD.Department of Modeling and Design of Engineering Systems (Main Field of
Study: Mechatronics Engineering)
SupervisorAsst.Prof. Dr.Mehmet Efe @BEK
Co-SupervisorAsst. Prof. Dr. Kutluk Bilge ARIKAN

Januany2020, 172 pages

Oil well drilling towers have different operating modes during a real operation, like
drilling, tripping, and reaming. Each mode involves certain external disturbances and

uncertainties.

In this studythe main equipment of the drilling rig is mathematically modeled, and
the dynamics of the verticalnd rotational motionsf drill string and drill bitare
derived. The optimum values of the rate of penetration as an econammgber in
drilling process, and weiglh bit are extracted, then the speed profile, to derive proper
equations for the acceleration, and deceleration rates, while hoisting and lowering, is
extracted Using by the nonlinear model for the modes of the afien, robust and or
adaptive control systems are designed. These control strategies include five types of
controllers; Cascaded PID, Active Disturbance Rejection Controller, Loop Shaping,
Feedback Error Learning, and Sliding Mode Controller. The gtughents the design
process of these controlle@nd evaluates the performances of the proposed control
systems to track the reference signal, and reject the uncertain forces including the
parametric uncertainties and the external disturbances. This coomp&risased on

the mathematical performance measures and energy consunipéised on the
realistic conditbons or constraints in the fieldnd the optimum valuessome

architectures are presented to control the weagHtit during drilling process. Fingll



the subject of autonomous drilling is reviewed by managing the rate of penetration, in

four modes, as ROP mode, WOB mode, Delta P mode, and Torque mode.

The measuring and or predicting of the bottbate-assembly variables is surveyed
and introduced. Téntorsional modelling of the drill string is fulfilled by dividingsit
length to some equal sectionlsen usingthe ADRC controller inboth vertical and
rotational motionssome proper observers to predict the bit rotational speed, rock

stiffness and taue on bit, in realime are designed and presented.

The stickslip vibrations is studied to model acdntrol The manipulation of the
weight on bit, and the increasing of the damping in the BHA, are two solutions
proposed to activenitigation of these knd of vibrations. Using these two strategies,
the stick phase, stietlip transient, and the slip phase of the bit are derived and

analyzed in some case studies.

The practical performance evaluation of the designed Cascade PID, Active
Disturbance Rejeain, Loop Shaping, Feedback Error Learning and Sliding Mode
controllers during the tripping and drilling operations, their practical comparison, and
improve the physical rig performance are studied. This purpose is realized by
designing and constructing ah experimental drilling setup. The prototype setup is
modeled mathematically, and then proper linear and nonlinear models are derived by
system identification. The behavior of the controllers and their stabilities are studied
during the tripping operatiorby loading and unloading a disturbance weight. The
effect of input shaping on the system behavior is analyzed consequently. On the other
hand, to study the behavior of the controllers during the drilling operatuniler is

added tathe prototype setp. Finally, the behavior of two designed architectures in
ROP and WOB modes of the autonomous drilling are studied and analyzed practically.

Keywords: Modeling and Controlling of Oil Well Drilling Rig,Cascaded PID
Controller, Active Disturbance Rejectio Controller, Loop ShapingController,
Feedback Error Learningontroller, Sliding Mode ControllerAutonomous Dirilling,
Stick-Slip Vibrations.
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PETROL KUYU SONDAJ KULESI MODELLEME VE KONTROLU

Amir NOBAHAR SADEGHI NAM

Doktorg Mihendislik Sistemlerinn Mo del | en mMODESv e Tasar &

Tez Yoneticisi Asst.Prof. Dr.Mehmet Efe OZBEK
Ortak Tez Yoneticist Asst.Pr o f . Dr. Kutluk Bil ge /

Ocak 2020172 sayfa
Petrol kuyusu sondaj kul el eri, del me, m e
Sérdas éfnar kl & -al eékma modl| ar & rbeunsmdalve pt i r .
bazé belirsizlikler i -erir.
Bu -al eékmada, sondaj kul esinin ana eki pn

matkapdizin( st ri ng) ve mat kap ucun indpamidlerik ey v e
t ¢r et.Dlemimet jdelzmen éink | emi nde ekonoptmukn bir p
deejrl eri bul unmuk ve matékkap tuec umewk teétrk € Aerdc
-ekme ve akajé indhemeprefemihErziapgneana s
y av ackprofillenia é kart él mékt ér .ind @Ojpreu aasly ool mayyd ma
kull anél ar ak, g¢é¢rbe¢gz ve adaptif kontr ol s
b e k kantrolou termektedir;Kaskat PIDkontrolcusy Aktif Bozunma Girdisi

Reddetmekontrolcusu Loop ke konttolcusyn d Geme bes| eme Ha
¥7] r e kommlcusweKayanKipik ont r ol cusu. ¢al @éamsay élnu
s¢recini sunar ve °nerilen kontrol ési st el

veayné z parametrik ebelirsizliklerve d € k bozunwknmnrgiéeséinldealik

performanséné dejerlendirir. Bu karkél ak:
enerji t¢ketimine dayanmaktadér. veSahada
optmumd¢ er |l er e dayanarak, del me i kkuwathi sér a
kontr ol et mek amascuenydlamulxa aug . miSmair idlear ak
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i Kl emi , dydhetmeiyleh ROP énadé, WOB modu, Delta P modu ve Tork

modu olmak Uzere dortmodad et | eyer ek i ncelenmiktir.

Kuyu di bi di zi si parametrelerinin ©°1-¢1lr
incelenmi ktir. Mat kap dizisinin burul ma
b°l mesiyle ger-eklexktiril mik, me&ontiokcsndan A

Unitesini hem dikey hem de dairesel hareketlerinde kullanarak, matkap ucu dénme

hezéneé, kaya sertlijini ve matkap ucu ¢z
i-in bazé g°zlemciler tasarlanép sunul mu!l
Tutmab ér akma t it reemkei mierkontnroadlel il -i n 1 ncel

Uzerine etki eden kuvvetin manipulasyonu ve kuyu dibi dizisinde sénimlenmenin

arttéerél mase , bu t¢r titrekimlerin akti
iki stratejiyi kullanarak, matkap ucu Uten d e K i tutma faze, ge - i
béerakma fazeé t¢retil mik ve analiz edi |l mi|
Manevra ve sondaj I Kl eml eri sérasénda ta
Reddet me, Loop kekill endir me, Geri besl en
kontrolaw | er i n, prati k karkélakteéereél masé ve
incel enmi ktir. Bu ama-, deneysel bir sor
fiziksel ortamda ger-ekl ekmékteéer . Prot of
vedahasonraygun dojrusal ve dojrusal ol mayan
-eékarteéel mexkter. Kontrolculerin davraneéckeé

bozunum ajeéerléejée y¢kleyerek ve bokaltar.

sistem davrianetklkei sizeanaldiekx edi | mi Kt i r . ¥t
I K1 emi séraseéendaki davranékeneé i ncel eme
ekl enmi ktir. Son ol arak otonomom sondaj d
davranéekée, fizi kdodel achearayz dga en dijnic ed zzenrmi |

Anahtar Kelimeler:Petrol Kuyusu Sondaj Kulesi Modellemesi ve Kontrolu, Kaskat
PID Kontrolcusu, Aktif Bozunma Girdisi Reddeti® nt r ol cusu, Loop ke
Kontrol cusu, Ger i beKdntoltusu, khgan Kigkentroldusu, ¥ ] r e n

Otonom Sondaj, TutmB ér akma Ti treki ml eri
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CHAPTER 1

INTRODUCTION

1.1.Background Information

A drilling rig is a machine which digs boreholes in the grobmdotating andvertical
penetrating of the drikring with adown-holebit. Drilling rigs can béwugestructures
used to drill oil wells, or they can lseall portable machinesised tomanual
operations Oil and gas drilling towers can be usedot only to explore ground
resourcedut also toextractoil or natural gas from thogesourcesA short view on
the history of this industry highlights that the primargthodfor creating holes was
muscle powerof animal in the beginning years, and then the internal combustion
engines came ithe late ninth centuryAbout 1%0, therope anddropmethod, used a
steelrod or piston to raise ardtop verticallythrougha rope. Then in the 1970s, roller
bits using mud circulation were replaced byfihg efficient pneumatic recipoating
piston reverse circulatiogRC) drills. RC drilling proved much faster and more
efficient, and continues to improve with betteetallurgy, deriving hardemnore
durable bits, enabling deeper and faster penetrdfihnThe drilling rigs can be

classified by,

- Power usedMecharical, Electrical, Hydraulic, Pnenatic; Steam)

- Pipe usedCable, Conventional, Coil Tubing)

- Height(Single, Double, Tripple, Quadri)

- Method of Rotation or Drilling Metho¢(Rotary Table, Top Drive, Sonic, Hammer)

- Pasition of Derrick(Conventional, Slant)

The drilling rigs have different parts and componeffisme important ones are;
actudor, gearbox, drawworks, travelling block or hook, mud pumpdioge, drill-
string, bottom hole assembly, etc. Dynamic modelih¢hese parts constitutes the
basis for system analysis and cohttOn the other hand, the towehave different
operating modes during a real operation; tripping, drilling, reaming andrbaokng.

Each mode involves certain external disturbances aoértainties. In addition, some



emergency states are critical during the operation. The mathematical model, which
describes the dynamical behavior of the plant during the operating modes in real wells,

has to be simple enough for analysis and control s&go0

Drilling optimization is an important issue in the subjdtte optimization process of
drilling parameters has direct effects on the cost reduction, which aims to optimize
controllable variables during drilling operation such as weight on bit drrdthtion
speed for obtaining maximum drilling rate. Determination of optimum weight on bit
is very important in drilling operation as this parameter can be change during drilling
operation. A rate of penetration model considers many drilling parameteds a
conditions. One of the most complete madel model the rate of penetratimnthe
Bour goyne rmodely dhuisnngpdekonsidersthe drilling parameters, as
formation compaction, formation pressure, equivalent circulating density, and
effective weigh on bit, rotation of the bit, bit wear, hole cleaning, inclination, fluid
loss properties and bit hydraulics. On the other heglging just on the surface data,
without having the data or behaviour of the bottom hole assembly (BHA), causes the
drilling optimization process to be ineffectivEhe majorproblem is having the BHA
parameterssuch as bit rotational speed, weight and torque on bit, and then detection
of BHA problems like bit sticking in the surface [2]. In other woris,control system
need tohavesome drilling mechanics data, liketational speed and torque data from
the top drive and BHA continuouslyrhere are several methods to this problem.
Measuring and acquiring the data at the surface can be done easilg, limte many
difficulties to measure the needed datthe BHA There are generally two solutions

to acquire the data at the BHA. First is measuring them practically by the sensors, and
second is predicting thenin the first solution, the key problem is t&elect
measuremensystems at the surface or at thettom hole assemhlySystems
combining both surface ardbwn-hole measurement systerhavemore advantages

[2]. For instancedown-holevibrations detection through surface measurements gives
some advantages, such as, ldgha transmission speed. fitgjor disadvantage is that

the vibration and der variables can be attenuated, becanessgsurement siam is far

away from the sourc&o thedownhole measurement systems are preferred and they

are regarded as measure whltdling (MWD) systemg3]. The second solution, is
2



estimate or predict of the needed unknown parameters at the Begl\gning a
controller withouthavingthe exact values of the process parametsrafrequently
employed issue byonitrol engineerdt meansthe processes can be robustly controlled
without the actualvalue of some of thecontrol parameters.These unknown
parameterscan be identifie&mployingspecially designeéstimators or observers
By estimating the unknown parameters in the bothahe assembly, we will be able
to optimize the controllable variablésr obtaining the optimum drilling rate, with no
needs to the expensimegeasurement systems at the bottom hole assembly.

The other main issue, is thkillstring vibrations.Drillstring vibration is one of the
major causes for a deteriorated drilling performance. For instancesbtidck a severe
state of torsionabscillationsthat can cause prematudestuction of drillstring
components, excessive wear of the bit, amongst othetivegdfects.Modeling and
analysis of drillstringvibrations, anddesigning propevibration reduction controllers
arethe methods to mitigatand attenuate of these vibratio3n the other hando
analyze the drillig data,the wellbore frictionis moceledas an importansurvey A
dynamic model of the drillstring includindpe pipes bottom hole assemblgnd bit
must be formulated, and the equation vefitical and rotationamotions of the

drillstring must be extracted

Automation in oil well drillig operations is developing quicklyrogressesn
automatiorand controbf the whole drilling proedurewill increase improvements in

safety, performance, quality, reliability and stabilitjhe autonomous drilling system

is designed to provide a constalnilling state at the bif4]. These states can be the

weight on bit (WOB), the rate of penetration (ROP), the pressureddifferin the drill

string (DeltaP), and the torque of the ve, which are well known as the modes of

the autonomous drillingThe principal advantage of the autonomous drilling is to

provide a system, which is able to improve the efficiency of drilling operations through
controlling of the drilling rigds equipn
activated individually om combination with other modes to form the optimum drilling

control.



Bringing all these models together in any unifieéthodand proposing a unified
control systemto fully automate the wholérilling procedureis the difficult and
sensitive part of thpb. Every aspect of modeling and controlling rdakinteraction,
drillstring dynamics, rate of penetrati@md weight on bibptimizatiors, trajectory

path following,mud pressure contropand many other issuesust be considere@Qur

rig control systen will be takingthe necessary actions to maximite rate of
penetration duringlrilling operation while obeying the limits for torque, rotational
speed and weight on bAlso the system will be able to detect and prevent gk
oscillations. For sth functions, our control system will need doquire rotational
speed and torque data from the top drive and BHA continuoDsky.to nonlinear
problem at neazerospeedwvhere the torque exerted trebit is a function of the bit
rotationalspeed, theontrolling of thedrillstring motionis not an easy taskOn the

other hand, as the model uncertainties (structured and or unstructured) have strong
effects on the nonlinear control systems, the robust and or adaptive control

architectures must be design® deal with model uncertainties.

1.2.Thesis Objectives

Oil well drilling towers have different operatinggodes during a real operation.
Drilling, tripping, andreaming are some of these modes. Each mode involves certain
external disturbances and uncertigig. In addition, some emergency states are critical
during the operation. In this study, a nonlinear model will be developed for the modes
of the operation and the emergency scenarios witlitellated, as well. Robust and

or adaptive control systems Wibe designed based on the models. Sqmuper
solutionswill be proposed for the emergency cases. The model and the control systems

will provide some fundamentals for the autonomous drilling towers in future.

The mainequipmenbf the drilling rigis matrematically modeled, and the dynamics

of the vertical and rotational motionsf drill string and drill bitare derived. After
modeling of the rate of penetration as an economic parameter in drilling process, the
optimum value for rate of penetration and gveion bit using this model is calculated.

The proposed vertical speed profile, is studied more accueatdlgxtractetb derive

proper equationgor calculating ofthe acceleration, and deceleration rates, while
4



hoisting and lowering. @ control the weght on bit during drilling processome
control architectureare presentedbased on the realistic conditions or constraints in
the field, and the optimum valueEhen,using tke nonlinear models for the vertical

and rotational motions during the opengtmodesfive types of control algorithms on

the advanced dynamical model of the drilling rig including external distuelsaared
parametric uncertainties, are designédese robust and or adaptive control systems
include; Cascaded PID, Active DisturbarRejection, Loop Shaping, Feedback Error
Learning, and Sliding Modé\s far as we have seen in literature, several controllers
such asPID, ADRC, and the Sliding Moddave been usedbr the control of the
drilling rigs. In addition, wedesignthe Loopshaping and Feedback Error Learning
type controllersin the ADRC controller, the™ order of the observer is designed, and
then based on the different values of order, the performance of the controller are
evaluatedThe ability of the robust and adaptizentrollersis utilized to dealing with
uncertain forces on the system, including the structured or parametric model
uncertainties and the external disturbances. The design process of each control system
is presented in detail, artie control parameterd each controller are optimized to

the best performanceh&n the performances of thentrollersarecompared based on

the simulation results, the mathematical performance measures, and the energy
consumptionsTo our knowledge, there isardly any liteature that evaluates and
makesa comprehensive comparisohthe control systems on advangeddels using
mathematical measureghis contribution reveals novelty for the design of drilling

rigs in the theoretical domain.

In oil well drilling towers thebottom hole asembly (BHA) data is needed to optimize
the controllable variablesuch as weight on bit and bit rotational speed for obtaining
the optimum drilling rateln order to acquire the data of the BHA, an effective and
low-charge method, is predicy of these parameterSo, the measuringnd or
predicting of the bottom holassembly variables is surveyed and introdudéu:
torsional modelling of the drill string is fulfilled by dividing its length to some equal
sections. As the pipelines lengthncbe totally reached to hundreds of meters, it is
shown that, dividing it to more sections, give us more accurate in the prediction of the

BHA parameters. Then some proper observers to predict the bit rotational speed, rock
5



stiffness and torque on bit, reattime are designed and presented. Dividing the drill
string length to more sections, leads to design high order observer, so to compare the
performance of the designed observers with different orders, their ISE errors are
computed respect to the ackled value by simulation and anaba To our
knowledge, there ikardly any literature that models the drill string in this manner.
This contribution revealsanothernovelty for the design of the observers in the
theoretical domainThe drill string torsioal model, is continued to model the stick

slip vibrations, and then two solutions are proposed to activeotaftthese kind of
vibrations,manipulation of the weight on bit, and increasing of the damping in the
BHA. Employingthese two strategies, teéck phase, sticklip transient, and the slip
phase of the bit are derived and analyzed in some case studies. Also to control the
torsional vibrations, two more solutions are introduced. Finally, the subject of
autonomous drilling is reviewed by managihg rate of penetration, in four modes,

as ROP mode, WOB mode, Delta P mode, and Torque mode.

A prototype drilling setup is designed and constructed with primary objectives of
practical evaluation of the mechanical and electrical parts and elementfiskesig

the electronic communications between the elements and computer. The principal
purposes, are performance evaluation of the desigbadcade PID Active
Disturbance Rejectign_oop ShapingFeedback Error Learningnd Sliding Mode
controllers, dumg the tripping and drilling operations, their practical comparison, and
improve the physical rig performance. To this purpose, first the prototype setup is
modeled mathematically, and then proper linear and nonlinear models are derived by
system identifiation. To control the vertical speed of the hook, during the tripping and
drilling operations, the presented controllers, are tuned in the Simulink environment.
On the prototype setup during the tripping operation, to study the behavior of the
controllersand their stabilities, as a disturbance a second weight is loaded on the
system when it is hoisting, and unloaded when it is lowering. The effect of input
shaping on the system behavior is analyzed consequently. On the other hand, to study
the vertical mabn during drilling operatiom proper structure is constradtto mount

a driller, which allows it to move just in vertical direction. First some tests are

implemented by different rate of penetrations, to derive the weight onddlso the
6



rate of chage in weight on bitFinally, the system behavior is studied in ROP and
WOB modes of the autonomous drillinfjo this aim two separate strategies are
designedo maintain a preset rate of penetrafiPROP), and a presednstant weight

on bit(PWOB) Thes contributions reveal novelty for the design of drilling rigs in the

t heoretical domain. We believe that, by
controlled environment, what we learn in this research could presumably be applicable
in the real opetion. The goal is to enable the operation process to be more accurate
by risks decline while keeping a safe operations in the field.



CHAPTER 2

LITERATURE SURVEY

More than one hundred fifty references and studies were survwaiedh ninety of

them were slected as potentially included sources. Theyisbo§six books, fourteen
thess works fifty five papers and fifteen patents. Then using their abstracts and
conclusion parts, they were summarized and classifieid subcategories, which are

introduceal subsequently.

There are some useful and outsiagdoooks in the petroleum engineering subject.
The book'Applied Drilling Engineering [5] as one othe most important and useful
reference boofor petroleum engineering, describes the oil well desigietail. Some
topics are; rotary drilling, drilling fluids, cements, drilling hydraulics, rotary drilling
bits, formation, pore pressure and fracture resistance, casing design, directional
drilling and deviation control:Nonlinear Dynamics of Oilwell Digtrings' [6] is the

title of another book which describes all the drilling tools, rorkshing tool, electric
motor, drillstring consisting mainly of slender tubes, drillcollars, and stabilizers. Also
the dynamic behavior of the drillstring, as an exe&bmslender structure during
drilling is presented in this reference bo&@ome important contents of the book
"Petroleum Engineering HandbdoK7] are as geomechanics applied to drilling
engineering, fluid mechanics for drilling, procedures and principiasell control,
introduction to rollercone and polycrystalline, directional drilling, drilling, problems
and solutions, introduction to well planning, underbalanced drilling, emerging drilling
technologies, offshore drilling units, and drillidgta acqisition. "Petroleum
Engineering Drilling & Well Completiorig8] is the title of another book in the subject
which includes some useful parts as cable tollidg] rotary drilling, general methods
and equipment, the composition, functions, and genatate of rotary drilling fluids,
rotary drilling hydraulics, factors affecting penetration rate, rotary drilling techniques.
Some useful parts of the bodk/orking Guide to Drilling Equipments and Operation

[9] are drilling muds and completion system,lidstring: composition and design,

directional drilling, selection of drilling practices, and environmental considerations
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for drilling operationsThe book"An Overview of Drillstring Model!s[10] compiles

the most popular modeling strategirsorder toanalyzeand control of a vertical oll
well drilling system. As mentioned in this reference book, existing drilling models can
be groupedinto three general categoriekimped parameter models, which the
drillstring is regarded as a masgringdamper systa that can be described by an
ordinary differential equatiordistributed parameter models, which the drillstring is
considered as a beam subject to axial and/or torsional efforts, and -typeréme
delay models, which are directiytractedrom the dstributed parametenodels

Over the last hal€entury, wide research effort has been conducted to mathematically
model and control the drilling rig. The motion control approaches and optimization
methods have been studied in many literature and patmse article address the
issue of motion control problems generally, and some of them presemtotien
control architectures particularly in the drilling rigd class of motion control
problems is addressed in a study [11], which applies a convenBéDatontroller,

and twoalternative control algorithmspdp shaping and linear ADRC. The study
evaluates the control systems ability to reject the disturbahcesder to evaluate
these methods objectively based on practical design considerationsglacost
function is proposedrhe reference [12]s concerned with design methods for faster
and more accurate control of mechanical motion. It preseatsolution of complex
problems in motion control systems. After introducing the basics of electhamieal
systems and control system design, some issues in motion control as acceleration
control, disturbance observer, interactions and constraints are pregepégebr [13],
develops a nonlinear mathematical model of drilling rig system, consistihg oif,

the control cabin, the working platform and platforms with engines. The rig system
has six degrees of freedom, and the mathematical model is presented by a system of
nonlinear ordinary differential equations. The mathematical model in [14] psekent
equations of motion that simulate the fundamental behavior of the drill string during
both rotary and slide drilling operationghe directional drilling simulator that lends
itself to control design by characterizing how changes in rate of peaetritp drive
rotational speed, and pump speed affect transient drill string dynaNoodinear

dynamics of a horizontal drédtringas the gnamical model is proposea [15]. In this
9



research, the drgtring is modeled using a bar model based ont¢hsion and the
compression forceandthendiscretized by means of the finite element metfidu

friction between the column and tleekis considered in the modet.is described by

an exponential correlation functiomhe paper [16], helps engineers understand
various mechanisms and variables that affect BHA's behavior, like weigtit,

rotary speed, penetration rate, etc. The paper proposes, analytical method for
calculating side forces as well as contact poihte proposed method provides the
capability to evaluate and to adjust the actual well profile in an interactive, real time
mode thus enabling wetlath steeringln a research, challenges of modeling drilling
systems is considered for the purposes of automation and control [17]. The auth
mentions that, many studies are being made to develop models of the rig systems, drill
string, rockbit interaction, but bringing all these models together in any unified
manner and proposing a unified control solution to fully automate the wholesproce

is still an exploratory ventur&his researcpresents the issue of drill string dynamics,
modeling and controlling of roekit interaction, rate of penetration optimization,
through a standard industry communication speeds at multiple points along the
wellbore. Dynamic soft string model and its practical application is researched and
presentedn the papef18]. This approach enables the wellbore designer to determine
torgue and other forces in the dsifing. The presented model is use@valuate he
behavior ofdrill string dynamics, estimate local contact forces, and predict the effect

of different trippingspeedrofiles on axial and lateral contact forcBgsign of control
approaches for the vertical drilling operation is studied in [19]. Th®oapresents a
robust servo controller design, based on the existing mathematical models of drill
string systems and rock cutting process that successfully tracks the reference vertical
motion speedTlhe presented controtchitectureas a cascadedontrd, where thdnook
vertical speeds controlled throughby stabilizingof thedrill string rotational motion
indirectly, as displayed in the below figul. To this aim, a robust servo controller

is designed in the presence oftdibance®riginated fromthetorque orbit. To solve

this issue, ambserveris designed that provides an estimatiohthe rock stiffness

This estimate isised instead dhe actuaparametewralue in the contradtrategy and

the corresponding adaptive control systemeisgned andevaluated.
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Figure2.1: Block diagram of Drilling Systenm the Reviewed Studjl9]

In a thesis work20], active feedback control of drilling systems with multiple
dominant exibility modesre studied to desigproper controlstrategies. Alsdor
severespeedweakening and uncertainty in the-baick interactionthe controllers are
developedThen, the robustness analysis and validatiomaxperimentadirill string
system of the proposed controléechitecturesire evaluatedhe article [21]presents

a fuzzy logic controller to drill string motion. This control approach assures
simultaneously, the high rate of penetration, and an acceptable level of the stress in the
drill string to increase its lifetimén order toaccurate measurements léthook load
readings, the effect of some factors on the hook load, such as the weight per unit length
of the drill line, dolly retraction, and mal hose and tedrive umbilicalare investigated

[22]. First these factors are modelled, and then proper iexpais are carried out.
Model of hook loadduring tripping operation is addressed in [23]. The initial goal of
the study is to evaluate and develop the mathematical model of the weight of the drill
string when pulling it out of the hol@he first objectie of the paper [24] is to find a
model to describe the behavior of the rod during drilling operation, and the second
objective is the control design for the stabilization of the drilling system through
Lyapunovtheory based on two different approaches:tnagtype timedelay model

and wave equation mod@.patent{25], preserga system and method for controlling

of drawworks operatianThe systenhave a rotatable drum line is wapped around

it, the drawworks and the line are usedHorsting the hookoad suspended on the
line, and thedrawworks control systemvhich is used fomonitoring and controlling

the drawvorks.Another same patef26], presents controldevicefor thedrawworks.

A devicehaving acomponent suspended from it to apf@gsionforce, aline, one end

of theline being wappedon a drum, the rotation a@fis controlled by a power brake
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mechanism, the contralevice consistinga tension sensor, a pulse generator and a
brake control applying theontrol inputto the power brake mbeanism.An invention

[27], presents an ovepeed preventing system for hook loadhef drawworks The
method and apparatus for preventing runaway lowering of a hook block characterized
by monitoring the instantaneous values of hook load and speed agdhese values
together with parameters associated with the drawworks to calculate an energy value
which must be dissipated during a braking stop by the drawworks Bbi#ien the
computedenergy value reaches a predetermined value representative ofxineuma
energy absorbing capability of the braltee brake is automatically actuated. Another
patenf28], relates to a hoist control for oil well drilling equipment. Among the several
objects of the invention is the provision of a hoist control which ¥y and
automatically controls the tension in a hoist cable as well as theytawpte of the
cable; the provision of a hoist control for drilling equipment which cooperatively and
simultaneously control the drill load and rate of drill descent sutisiigtrio increase

the life of the drill bit and to decrease the drilling time; the provision of a hoist control
of the type referred to which may be manually adjusted accurately to control the cable
tension and the rate of cable paying out to any depiedetermined values; and the
provision of a hoist control which is efficient and dependable in operation and strong
in construction. In a patented inventif@®], an oil drilling rig is characterized by
devicefor comparing signals representative of thiualspeedand direction omotion

of a traveling block with signals representative of predetermined minimum and
maximumspeed®f the traveling block and a signal representative of a predetermined
direction of motion of the traveling block. The optimizah process of drilling
parameters during drilling operation is presented3i]. This study observes the
effects ofthe drilling parameters to the rate of penetratemploying thenumerical
correlations. The correlations are used to maximize ttee dapenetation during
drilling operationsA model for rate of penetration estimation based oBthegoyne

& Y o u nngodef BYM), is presented, in directional and horizontal wells [31]. This
study aims to propose a rate of penetration model considerimganding parameters

and conditions.The proposed model considers formation compaction, formation

pressure, equivalent circulating density, and effective weight on bit, rotation of the bit,
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bit wear, hole cleaning, inclination, fluid loss properties lbihtydraulics. Also, a bit

wear model is developed for roller cones gnd/crystalline diamondones PDC) in

this referenceln a project [32] Bourgoyne% YoungROP model is selected to study

the effects of several parameters during drilling operafibase important parameters
such as depth, pore pressure, bit weight, rotary speed, equivalent circulating density,
bit tooth wear and jet impact force have been extracted from a field report. In order to
study their relationship statistical method whishmultiple regressions analysis has
been used. The penetration model for the field is constructed using the results from
statistical method. A study emphasizes Boeirgoyne and Young Modeirmulation

[33], how it is applied in terms of rate of penetratimodeling, identifies the main
drilling parametersto drive each subfunction. The paper is also addressing the
normalization factors and modeling coefficients which have signifietiacton the
model. Some basic concepts of static analysis of bditwenassemblies in direonal

drilling is presented if34]. Thedynamic behavior of thieottom hole assembly li&e

a beam column which can be straight or curweith selfweight, buoyancy, and
weightonbit. Beginning with a one stabilizer bottom holesesbly, the effects of
additional stabilizers, borehole curvature, torque, wall contact of variations in cross
sectional properties are introduced in stepge equation of dateral borehole
propagation is developed for a generic class of steering systg88B]. The author
mentions, a directionally controlled drilling mechanism has a lateral borehole
propagation equation of state composed of spatially delayed feedback terms
determined by the distribution of contact points between the borehole and drilling
mechanismThe potential for closetbop feedback control on a large rotary blasthole
drill is investigated in #hesis waok [36]. The adopted control strategy in this work is
proportionalintegratvelocity (P1V). Reference [37] presents the modeling,dation

and optimal designing of an active heaeoenpensation system for a dnararkson a

rig. The main components of the dnaarks and hoisting rig are modeleahd then

the design parameters are optimiz&€wr controlling the draw works a cascaded
contrdler is used, which is displayed in the figure.2As it is seena simple P

controller has been used ime outer controllewhile the inner controller is a Pl
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controller. In this way the cordl job isimplemented in two partdirst part is heave

compasation seconds the payloadlowering.

Relative valve Motor angular
stroke (Rel) velocity sensor

| Out | Inner vt
S uter W nner mechanical
J Controller Controller Model

Figure2.2: The Cascade Control Architecture for the Drawwankfie Reviewed
Study[37]

Modeling, and control of a rotary blasthole drillerinvestigated irj38]. The plant
model is consisting of the machinastuators and the drillingprocedureat the bit-

rock interaction which are describedbasedon the physical assumptionsin this
article,a twotier closed loop feedback control strategy is adop¢aimizing steady
state error, minimizing settling timminimizing the maximum over shoot and reduce
risetime tasks are chosen for controller purposésnew type of semactive
drawworks heave compensation system is designed and presented in [39], through
structure design, system modeling afekigning of arinternal model PID robust
position controller The Control diagram is illustrated in the figug3. The
simplification of the ocean drilling heave compensatstructureand reduction ofhe
energy consumptiom theactive drawwerks heave compensatiorssgm are fulfilled

in this study A model for the dynamical behaviof an active drilling assembly is
developed in [40]Using the developed moddhe stability of vertical axsymmetric
configurations under both coupled torsiorsdial and lateral paurbationshas been
evaluated. In orderto analyze the drilling process in realtinteg wellbore friction
modeling s considered in the paper [41]. The presented control architezdare
predict and prevent drilling troubles such as tight holes, cuigdgaccumulations and
differential sticking. In this reference, a new three dimensional wellbore friction model

is presented for drilling horizontal and extended reach wells.
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Figure2.3: Diagram of Control Schene the Reviewed StudB9]

Analytical fiction models are considered to design oil wellsiargdpresented if85].

Explicit analytical equabns are extracted to model the dititing tension for histing

or lowering The equations ameveloped for straight, butdp, dropoff sections and

side bendsThe article [42], develops a simulation environment, model an automatic
managed pressure drilling using constant bottom hole pressure technique by a PID
controller and optimize the drilling operatiodn invention[43], presents aystem
methodfor optimizing rate of penetration while drilling continuously determines an
optimum weight on bit necessary to achieve an optimum rate of penetratiorobased

themeasured conditions and maintains weight on bit at the optivalue

Modeling of the drilstring vibrations and more speciity stick-slip vibration,
analyzingof the vibration data, andlesigning propevibration reduction controllers
andarchitectureso attenuatarillstring vibrations,have been investigated extensively
in many novel work and studieA dynamic model for the axial and lateral vibrations
in drill string is presented in [44]. The governing nonlinear dynamic equations, are
fully coupled with time varying coefficients. These coefficients are the effects of
gyroscopic momentsontact with the borehole wall, axial excitation due terbak
interactions, and hydrodynamic damping due to the presertbe wfud outside the
drillstring. In referencd45], a drillstring oscillationmodel is created using nonlinear
strain formulationwhich couples the axial, lateral and torsiomecillations A
dynamic model of the drillstringonsistinghe drillpipes and drillcollars is formulated

in [46]. The equation of motion of the rotating drillstringeigractedusingLagrangian
approachthroughthe finite element method. The model accounts for the torsional

bending inertia coupling, the axibénding geometric nonlinear coupling, and also for
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the gyroscopic effect, the effect of the gravitational force field, and the-sijck
interaction brcesBased on a research [4&]drillstringcan be considereat a rotating
torsional pendulum. It is rotated at a constant rotational speed, but exhibits
superimposed torsional vibrations caused by a nonlinear relationship betveeen
torgue andhebit rotational speedrlhe vibrations are seéixcited, and disappear when

the mearvalue of thependulunrotational speed is raised above a threshold vAle.
active damping system is proposed that strongly reduces the threshold value by using
feedback combl. The active damping systecan be describegs an extension of the
passive tuned vibration absorber feducingthe oscillationsA bond graph model of

a drillstring is developed in [48Jvhich predicts axialandtorsional vibratios, and
alsocoupling betweerthese vibrationslue torock-bit interaction. The model predicts

the expected coupling between weight on bit, bit rotational speet raakbit
interface conditionsand their effect on stieklip oscillations The athor mentions,

low bit rotaional speed and high weight on bit cause s8tig vibrations.Control of

both torsional and axialscillations occurring along a dstring is researched in [49].

The presentednodel consists of a wave equation coupled to an ordinary differential
eguaton, through a nonlinear functioepresentinghe rockbit interaction. The author
propose a systematic method to design feedback controllers guaranteeing ultimate
boundedness of the system trajectories and leading consequently to the suppression of
harmfd dynamicsA patent [50], studies the methods to estimate severity of downhole
vibration for a wellbore drill tool assembly. The estimation of downhole vibration
index is implemented by evaluating the determined surface vibration attribute with
respect tdhe identified reference surface vibration attribdiiee stick-slip vibrations
present at thdown holeof an oil well drillstring, and more specifaly thedry friction

are studied, anthendifferent nonlinear differential equatiotss modelof adrillstring

are derived andanalyzed in[51]. Referencg52], presentshe drillstring dynamic
models, and using the modgdsoduce sticlslip vibrationswith different operating
conditions. This paper, uses a different approach to ntbddbrque on the hiwith

respect to other nuels proposed in the literature. Second issue presenting in this
reference i®valuatingsome experienebased contrastrategies tanitigate stickslip

vibrations The control approach is a decentralized control, in other wordtdigonal
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speed at the topf drillstring and at the bit are controlled separatiiyanother study
[53], the effects of thdrillstring rotational speed at ttsairface the torqueandweight

on bit forces areevaluated to reduce the drillstring torsabivibrations. The author
presented a model for the rebk interactionat the bottom hole, whids main reason

to produce thestick-slip vibrations. Some strategies faritigating the stick-slip
vibrationsare applied based on the manipulation of bothmte assemblparameters
First method is presented using the variation of the weight on bit, and second way
using the increasing of the damping at the down end of the drillsinitigesis work
[20], the analysis of control strategiegéducestick-slip vibrations in drilling systems
are researchedand developed After developing of some controller design
architecturesfor active feedback control of drilling systems, the modelling and
analysis of a passive dowmple deviceto attenuatehe stickslip oscillationsand is
studied. The author arguments that, as the field observationslisaleeyedmultiple
torsional exibility modesn the starting othe stickslip vibrations, especially in deep
and curved boreholebased on airfiite element method repsentation of a realistic
drilling system thereforea multtmodal model of th torsional dynamic#hich can
exhibitthe most dominant torsional exibility modes has been proposet$ayning
proper controlles. First, two modebased controller design &itecures are
presented, and themanlinear observebbased control stratedy reduce the torsional
stick-slip oscillationsis developedTo mitigatestick-slip oscillations,anotherinear
robust controller design approach is presentEthally a modeding and analysis
approach forthe drillstring including the amnstick-slip device is proposed.An
approach for the robustitigationof stick-slip vibrations in the dritrings is presented
in study [54]. To tis aim, two controlarchitecturesare deried: a cascade control
structure where a favorablgselectof virtual input control variables is demonstrated as
illustratedin the figure2.4, and a decentralized contesthitecturewhere two control
inputs are manipulated. To provide robustness agéigtibn termsand uncertain
parameters modeling error compensation techreguare derived as the robust

feedback control approach.
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Figure2.4: Recursive Cascade Control Scheme for the drillstring Model [54]

Self-excited stickslip vibrations in drilstring with a drag bit, is studied using a discrete
model which takes into consideration the bit axial and torsional vibration modes [55].
Coupling between these two vibration modes takes place througloalbinteraction

law which accounts for both @tional contact and cutting processes at theduok
interface.In this study, a model favaluatingthe axial and torsionalscillationsof a

fixed cutter bit is described, that are often observed to take place tivaeleep
boreholesaredrilling. In another article [56], to avoid different bit sticking problems
present in a conventional vertical drill string, a dynamical sliding mode control is
presented. The proposed controller is evaluatigiu changes of theveight on bit and

in the presence of skicslip oscillationsA discontinuous lumped parameter torsional
model of four degrees of freedom is considered, which allows to describe drill pipes
and drillcollars behaviorAs the author mentions, the closed loop system has two
discontinuity surfaces. @@ of them gives rise to seadikcited bit stickslip vibrations

and the other surface is introduced to perform the control goal despite variations in the
weight on bit and the other system parameteett-excited stickslip vibrationsof a
rotary drillsting with a drag bit is studieth [57]. In this researchthe coupling
between the torsional and ax@scillationsis studied with considering the effects of
rotary table, damping of drilling mud and active damping system. This model is a
discrete model wth two degrees of torsional freedom and one degree of axial freedom.
The effects of damping, active damping ratios sotk-bit interaction are studied on
stick-slip vibration This research shows that by increasing the damping of drilling
fluid, bit paraneter andppropriateehooseof active damping ratioshe surfacestick-

slip vibrations can be attenuatedFor controlling the sticlslip oscillations a new
mechanism is proposed [B8]. Theyproposed using the weight on the bit force as an
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additional ontrol variable to reduce thebrations limit cycles. Then a stability
analysis of &ind of the control mechanismyhich helps to mitigatéhe stickslip

vibrationsis presentedl’he system block diaram is shown in the figRfe

Figure2.5: System Bdck Diagram and Static Friction Torgurethe Study58]

In paper59], in orderto simulatethe stick-slip oscillationsa simple alternate friction
model isdescribed. This frictiomodelhas been represented dget of ordinary on-
stiff differential egiations. "he advantagef these equations that the system can be
integrated with any standard ordinary differential equation sdiveamparison with

a smoothing methqdt showsthat thecomputations of the presentiattion model is
more efficient.In a researcli60], an experimental drakring setup iconstructedo
understanding of the causes for torsional vibratidnsthe presentedystem,the
torsional vibrations with and without stiip areevaluated in steadstate.In this
study, n order tohavea predictive model, a discontinuous static friction model is
proposedand analyzedA nortlinear friction compensation method for a drillstring
system by considering thelown holestick-slip vibrationsis presented ifi61]. The
proposedcontrd architectureemploysa combination of a feedback model based
friction compensationand linear controller whiclinelpsto mitigate the stick slip
vibrations The system igsomprised offriction compensation and friction model as
displayed in the figur&.6. The linearPI controller is used to achieve increased
damping, reduced rise time, and fricti@ompensation without much stiskp

vibration

Stick-Slip
Compensation

Figure2.6: Block Diagram of the ModdBased Friction Compansation Sche®g]
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The torsional stability of he drillstring is studied in62], aiming at a better
comprehension as to what causes s$igkand what is the best way to prevent it or to
mitigate it. A -offreedpnh systeends cansidereddretlte raralgsis,
where the bitotational spee@s unknownbut the surfacespeeds known Therock-

bit interaction isdescribedby a nonlinear torque, and the equation of motion is
integrated numerically. For the two input parameters, weight on bit and top speed
rotation, the author maps the secure areas for a given drillstringanother words,

the regions for which the weight on bit and the top speed rotation do not yield stick
slip. The nonlinear dynamic behavior of the torsional ssigk vibration is modeled

in [63], in interaction with longitudinal vibration. To model thktslip phenomenon,

it is used a slender rotating vertical column, which represents a simplified model of a
drill string. For this torsional column, it is considered that the top is rotating with a
constant rotary speed and the bottom end is subjecetoutting force. This force
represents the effect between rock and bit and is strongly nonlireearnitigate the
effect of stick slip vibration, practical solution is presented in [64], by implementing
roller reamer base dheactual field scenarid-irst, the alignment of different diing
parameters, such as rotatiospeed, torquen bitand weight on biarre fulfilled, hen

a roller reamer is introded asaneffective control methadRoller cutteronthe rolle
reamer rotate around the wall, whiprovide low torque point of stabilization. It
transforms the interaction between borehole and contact points by introducing a low
friction bearing between bottom hole assembly and borehole wall.-skailti
technology is presented in [65], which is a natbal downhole solution that adjast

the drilling torque automatically in real time. The goal is to eliminate eurntierced
torque variations and string stalls in difficult formations and resultant harmful effects.
The study describes in detail, both &éon theory and on field experience, how the
bit-induced torque fluctuations are significantly decreased to improve penetration, and
how bottom hole assembly damage is prevented to increase run Id¢ngtily. the
purpose of a paterig6], defined asdeing to absorb impacts and bring abthe bit

axial motion when the torque exceeds a predetermined value. For this purpose the
torque converter is composed of two cylindrical string parts connected through the

bearing elements. The string parts are conddoteach other through helical elements
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in such a way that relative rotation of the two cylindrical string parts brings about axial

movement, which unloads the drill bit.

To measure and acquire of data from BHA and analyze them to use in the controllers,
some studies present the methods amlogeghes fomeasurement while drilling or

MWD systemsln a study{67], the author clarifies the logging while drilling (LWD)

term, whichrefersto describe the systems and techniquesdpturing thedownhole
datawhile drilling a well, and the MWD term whicis usedto the acquisition and
collection of wellbore deviation directional surveys, drilling mechanics data, like
downhole torque, pressure, or vibration, andattoeess of sending the datahgde in
reattime. An overview of the applications of the measurements performed by the
MWD and LWD tools is addresses in another ari6®. In this article, the available
telemetry techniques used to transfer the measured data from the dosehodsto

surface a& evaluated, with emphasis on rqualse telemetry (MPT) and wirgulpe
telemetry (WPT)A study[69], researches theliable, precise, and efficient downhole
MWD systems as key prerequisites for accurate well placement with an optimal rate
of penetrationwhich leads to reduce total costs. In the refergi@g by sending a

pulse into the hole with fluid, the response characteristics such as pressure based on
the feedback from pulses such as depth, material composition, are determined, and
thus the drillspeed is optimized, and or the drill bit should be modified based on the
measurements and material another articl¢71], the authopresents a review of the
application oftwo types of magnetic sensoffyxgate magnetometers and nuclear
magnetic resamce sensors in the oil and gas indudtrys mentioned that,hiese
magnetic sensors play a critical role in
by providing the well directional data and acquiringeological dataabout the
surroundingocks Thepapef3], presents a microprocessor based downhole vibration
data acquisition and recording systetacedat the bottom hole assemhland then

four case studies of vibration leveseparedfrom somedrilling operations are
presented. These exaraplinclude vibration monitoring during reaming, drilling a
casing shoe, and drilling new formatioihe author mentions that, tHateral
accelerations aregenerally an order of magnitude greater than longitudinal

accelerationsThis is shownn one examg@, where thecatastrophic failure of MWD
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componentriginatedfrom sustained highevel lateral vibrationsThe paper [72],
presents a system for downhatesurface Mud Pulse Telemetry (MPT). Since the
pipe bore filled with flowing drilling mud, this stem is able of handling the complex

and continuously varying propesti of the transmission chanr®} optimizing the
transmission signal and the surface processing algorithms in reafinadly, the
author presents in [73fhe analysis of measured ¢inp oscillationdata from dield

test that used both dowole andsurface vibration measuremetiévices Surface
sensors included dynamic axial and torsional strain gages and accelerometers, and a
single axis magnetometer, all mounted in the drillstabgve the rotary table. Down

hole sensors included an axial accelerometer, two orthogonal bending strain gages,
dynamic weight on bit and torque strain gages and two orthogonal magnetometers,
mounted in an MWD subAn invention[74], concerns apparatus asgistems for
drilling wells, and more specifically methoder ensuring efficient drilling and
protection of drilling systems during drilling operatiofis invention concerns a
closed loop control system fdhe rig controls, which is responsive to dohaie
measurement by drillinglevices The measured downhole data is transmitted by
measurement while drilling (MWD) telemetsystemto a switching control regulator
(SCR) module via an interfacing computer &tilized to refine the drilling controls

by automated correction of driller inputs to the drilling contrélpaper presents a
control system for predictive control in drilling optimization, as displayed in the figure
2.7 [75]. The author claimsan MWD drilling dynamics measuremedeviceis an
essentialcomponent of a closed loop drilling control system (DCS). This work
presents the initial fieldest results of a control system tleatploysa neural network

for predictive control in drilling optimization.

Ra(t)
downhole responses
Rs(t)

drilling Cit)
equipment | controls
=

Drilling
Process

Ag(tmg-Ta)

“delayed”
action

E(t) H
Eilier ;

| Cassltn)

downhole

surface
response

surface
tools

measurement
Rglta)
MWD
telemetry
command Drilling
Ages(tin) Control
destm System Rgltr-T7)

advice decimated and delayed
downhole responses

decimated surface
responses

Figure2.7: Control Block Diagrann the Reviewed Study’5]
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Another paten{76], presents arilling monitor with the torqueat the bottom hole
assemblyand axial load transducens a drilling monitor, transducerat the BHA
provide signals representative of torque and axial,l@&ich are transfered tothe
down hole computer, thenrelationship between torque and leaéstablished, based
on short term modeling. From the system maitheltorqueis predicted and correlated

based orthe measured values received from the torque traesduc

Some papers and studiekleess the issue ofgdicting of needed drilling pameters

in the BHA.In an article[77], a computer program has been presented which is used
to predict the BHA performance. In this program, the formation dip angle, hole and
collar size, and stabilizer spacing are the input parameters, and the predictions are hole
curvature, hole angle, weight on bit, efte presented approach in a st(id§], uses
neural network to modeaind predicthe d/namic behavioof the drillstringand BHA.

Then, the presentedheural network modek developedisingthe drilling dynamics

data from a field test. The dynamic state of tioétom hole assemblig measured
using data from downhole vibration sensors. The test data set, along with the
corresponding set of inpeutput control parameters, asmployed to trainthe
presented model. The presented system and method in an in@8fios used to
estimate the effective displacementtioé bit. In this invention, a néinear physical
model of thedrilling process based dhe general mechanics equations is used. First
the parameters of the model are identified based on the well and string parameters,
then the model is linearizemround the working poinfThe dynamic equationare
reduced while kgang only some of the specific modes of the state matrix of the
model, and finally the displacement of the bit is predicted or computed using the
reduced model and at least one measured parameter at the doréacesearci?],

using the real time MWD gstem, the downhole and surface sensorssaamned
synchronously and analgd Thenusing the sole standastirface measurements

new method is developed ¢stimate real time downhole measurements like the bit
rotational speed and the weight on. it a case studj/5], the applications aforque

and drag for deviated and horizontal wells are demonstrasatientioned, theorque

and drag analysis and calculations are very important for well design, so a proper

modelling is implemented to predict apdevent downhole problems related to drill
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string and boreholén invention [80], presenis method for predictinthedrillstring
sticking includes evaluating the borehole severity for the drillstrirtgv@tor more
measured bit depths. It presents &sgaluating the rate of change of borehole severity
with bit depth, and predicting trstartof drillstring sticking based on the magnitude

of the rate of change of borehole severity with bit depth.

The subject of drilling mud and modeling of its behavimgdiressing and discussing
in a couple of paper# review paper on studiepresentshe mathematical modeling
of thixotropic drilling mud and crude oil flow in wells and pipelinasdthen clarifies
the challenges and limitations enctened in suclstudies [81].The author mentions
in an article [82],that drilling muds are rheologically complex, and the models
presently used to characterize their behavioBanghamandOstwalddeWaeleThe
HerschelBulkley model is shown in this articlas asupeior model| which ismore
difficult to implement with theoretiextnes. A simplified approacbuitable for field
use is developed and compared to rigorous solutiensesearch [83] proposed a
geometry factor which reduces the hydraulic equations tayessiet describing pipe,
parallel plate and annular flow. It also defines a generalkeygholdsnumber for

different geometries and flow regimes found in the circulating system

Some literature aitess the issue of the autonomous drilling in the oil w#lling

rigs. The paper [84] presents the evolution of drilling automation and mechanization
since midnineteenth centuryThe author mentionsnithe history of drilling, there
have manyissues of drilling mechanization and automation that have been
investigated, machines designed and built, and operations implementechamth
success and failuresThese issues include drilling fluid systems, cementing
operations, downhole automation, and the rig floBecause drilling automation
history has been ogered on the rig floor and related surface operations, this paper
focuseson the rig floor for drilling operations such as rate of penetration, rotary
systems, rig floor and entire drilling rig automatioh.study examines and defines
drilling systems atomation, its drivers, enablers and barriers, and its current state and
goals [32]. In particular, it studies the drilling systems automation among all segments

of the drilling industry. An invention describes a method for the autonomous drilling
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of groundholes by a drill rig [33]. The method includes the step of utilizing an
autonomous drilling procedure in order to control the drilling equipment to dig a hole
after locating the drill rig in a ground position where the well must be driiedther
patent[85], presentsan automatic drilling system, whiatonsistsan electric servo
motor, a vinch brake control, a servo controller, and a drum positioodsicThe
controller is adapted to operate the servo motor in responsietgosition
measurementsoming fromthe encoder so thatdesiredrate of rotation of the drum

is maintained An invention [86], presents a multiple input scaling auto drillér.
wellbore drilling system includes weight on bit contrgliérilling torque controller

and differential pressure controllerconfigured to generate normalized WOB,
normalized TOB, and normalized DeltaP outputs respectivligjas alsoa rate of
penetration controller configured to multiply a ROP set point with the normalized
WOB, the normalized TOB, and th@mmalized DeltaP outpsto generate a ROP

output.

Based on the statistical information extracted from the survived literature, the
thematical and historical charts can ddractedwhich areillustrated in the below

figure 2.8.
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CHAPTER 3

DRILLING RIG MODELING

Dynamic modeling of the drilling tower parts constitutes the basis for system analysis
and control. Drawworks and tdpve actuators, hoisting system, mud effect,lidgl

and cutting process, drétring and babm holeassembly (BHA), are the important
equipment in a drilling rig, which must be modeled mathematicHiig.main parts of

an oil well drilling tower have been illustrated in the below figure 3.1.

Upper Sheave ---~

Fast Line.__

Figure 3.1: @neral $uctureof a Drilling Rig

3.1.Actuator Modeling

The drawworks and topdrivetaatos are generalhl AC motors, whichcan follow both
torque and peed reference given to its drivéve have used an ideal actuator model
as acanonicalsecond order trafer functionpresented in the equan (3.1), for both

of drawworks and tagrive motors, anatontinuel the jobs.Here "' is the damping
ratio, and' " is the natural frequencyQ " is the control input of the actuator atel "

is the producedorque by that actuatoAlso, to limit the producedtorque by the

actuators, a saturation bloikappliedin the model.

~ 56
G ¢ 570 5%

Z (3.1)
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3.2.Hoisting System Modeling

The hasting system in a drilling tower isalled to all lifting equipmentDrawworks,

travelling block and hook are the equipments which is modeled in this section.
3.2.1. Drawworks Modeling

Drawworksis an important part of a drilling rigvhich consists of dur main parts:
drum, AC motor(s), reduction garbox, and bvake In order toextractthe dynamic

equations of the vedal motion, it must be modeled.

3.2.1.1.Gear Box Modeling

The transferred torque and rotatiogpéed by the gelox from the motor to the drum
is asfollow equationg3.2) and (3B), where"z " is the applied torque to the drum,
"z "is produced torque by the motb2, " is the ratio of geaox,'3" is the rotational

speedf the drum, and[ " is the rotationaspeeddf the motor.

z 2% (3.2)
3 — (33)

3.2.1.2.Drum Modeling

In order to model the drumsa novelty, we have considered the radius of the drum

"0, and consequently some other parameters, as the variables not the constant values.
This is because of changing length of the cable, which is wrapped aroundrthe dru
Based on the illustrated figure 3tBjs radius is as) 2 2 ,where"2 "is

a function of the hook positiolZ, and can bealculated as below equation43 In

this equation;Q" is the radius of the cablé2 " is the oter radius of the cylinder,

"E and"E arenumber of rows and rounds in each row of cable on the cylinder

8
v ~ 8 . . o) ol
nEop 8:); 0 EAT O
2 . EXO EA —2 2% g g (3.4)
|’|E p8:);';(‘w EA CO 2 ole o 2 ole
b 8
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Figure 3.2.DrawworksDrum Model

The parameters which depend on the radius of the drum, and thus functiortsoaiithe
positior' @, can becalculated as bel equations (3.53.8), where'l " is mass of
the hook load!' " is mass of the pipes on the dsiling,"i " is mass of the
topdrive, "I "is mass of the cablél " is mass of the cylindeti " ismass of
the cable at inial time,"{ " is mass of the cylinder at initial timé&l " is mass
of the cable with length of 1 met&f " ismass of the dis¢( " is radius of the
disc, and'2 " is the inner radius of the cylindéil," is number of timesvhich the

cable wrapped around the sheamed ") " is the inertia of the drum.

i i i i (3.5)

i i 1 azd (3.6)

i i 1 azd (3.7)

) -1 2C¢ 2 ¢O-i e (3.8)

Based on the free body diagram of therd, as displayed in the below figu8e3, the
eguation between the torque and foreetloe fastlire is as the equation.@, where
"z " is appliedtorqueby the drawworks"&" is the force on the fastlinéz" is the

rotational acceleration ofrdm.

& — (3.9)

It is worth mentioning that, there will be a torque transfer sequéinisea way to
transition the load between thead/works and the brake smooth87]. This transfer
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sequence is implemented from brakes to motors while start to travelling and from

motors to brakes while stopping.

Figure 3.3: Free Body Diagram of tBeum

To canpute thepowerof the drawvorks,the dawworksinput poweis consideredy
taking into account the efficiency of the chaiivds and shafts inside the dnaarks
[88]. The efficiency factor'E" is given by the following equatiorwhere"+" is
efficiency between thesheave andcable + T1@o@ pis in common use. By
considering ¢, the efficiency factgrandthe tensioriorce alonghe fast line when
upward travelling is impending as below equatiori3.10) and (3.11). When the
drawworks provide an input power to theisting system as high & (hp), the
maximum hook horsepowes available0 %3 , andthe maximum hoistingspeed

will be as the equatior8(12).
o)

% — @ X T (3.10)
& — (3.11)
& 80 800 (312)

Maximumsubmerged weight7 ", while the drillstrirg is in mudandout of mudis
computed as below:
7 cAvomaonn C " & cqxTAhQ

7 cAvpronn C cgyxotpplAo

Sothe maximum value is considerasl, 7 o A @Ve can result for instance, to reach

the maximum hoisting spedd p AQ the drawvorks should provide an input

power 0O 3 ph Tt ED
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3.2.2. Hook Modeling and Equation of Vertical Motion

Theattachechook to the bottom of traveling block, pgkp heavy loads and used
to hang various equipment. All the forces applietherhook isllustrated in the figure
3.4, wheré'7 " is weight onbit originatedfrom the interaction dbit androck, "&" is
fast line force"& " is hook load total forge7 " is hook load weight'& " is floating
force " &is Bouancyfactor,”- $"is mud density;'( $' is hook load density,+ "
is coefficient of mud viscous friction, and 7 & 7 O &is the

submereged weight.

& 7 O— "& p — (3.13)
& 7 T®X & 7 +20OD 7 21 7 +D
& 7 1 7 +0 (3.14
n- Fg
Fg W Kf-v
Hook Load

l |
I
Wy x*

Figure 3.4: Free Body Diagram of the Hook Load

Using the above equatisrf3.13) and 8.14), we can derive the weight on the bit
force as follonequationg3.15)and(3.16).

& 7 1 7 +0 n
7 7 1 +3 (3.15
7 7 T’ + 0 (3.16)

In the simulation tasks, the weight on bit force can be derived as fwesanthe
equation(3.15), through the fastline force a&, -z —@. Butin practi¢it can

be measured through déiaé tension force using by a loadcélirough presented
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equation 8.16). Here"% isthe eficiency of the systa, which based on th&PI RP9B
standardif T @, itis% 1@ x.dn the real plant;7 " is calculated based on the

measured force on the deadl&e, using the loadell as,
7 7 & i X & & & & Jp - (3.17)

Now, we canextractthe equation of vertical motion, using all the apglioads on the

traveling block as,

I 2 & 7 1& 7 +@

3 -0 L -0 +93 7 7 -z

& — - )P (3.189)

"- " is the equivalent point mass of dslring plusBHA, and considered ahe
equation,- i —) , and( -Z , SO we can rewriten summary as the
equation(3.19).

-0 7 7 ( +60 (3.19

In the real plant, the vertical velocit®, is smply computed using by the encoder as

below equatia (3.20), where"3" is the rotational velocity of the gearbox output

drum, and"[ " is the rotational velocity of the motor.
O - -5 J (3.20

3.3.Model of Drilling and Cutting

The cutting action is created by simultaneetfectsof the weight on bit, which is
applied on the bit through dripesandof the taqueon bitwhichis transmitted from
topdrive through drl pipes[19]. Out of many types of bits, the mosidespread
employedtype in drilling industry isdragbit. A dragbit typically consists of several
blunt cutters. So the modeling of drilling process needs to; blunt cutter and drag bit
modelirg.
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3.3.1. Blunt Cutter Modeling

The weight on bit force is disparted to surface and normal cutting and friction forces

on each blunt cuttgd 9], asillustrated in the figure 3.5.

Figure 3.5: Fre®ody Diagram of a Blunt Cutter
& & & & & & (3.2
& p VRO & (3.22

The surface and normal forces are dependent toatheh as above equati¢B.22),
wherer Ttis theintrinsic specificenergyor rock stiffnesswith units of pascal
which describeghe anount of energy required to cut a unit volume of rock with a
completelysharp bits  Ttis theratio of the vertical to the horizontal fosdeetween
rock andbit contact surfaces, with typical values of0.8."! " is the cosssectional

area of the cut,radt  Ttis rateindependent friction coefficient (steel to rockhe
drilling strength is defined a§ 3 —, and drilling specific energy a$, % — .

Based on the above equatith22) they dependent to eaother as below equation
(3.23).

$3 p tUVR 1 B% (3.23

3.3.2. Drag Bit Modeling

The weight and torque forces on the bit is dispartatdcutting and friction forces
[19], as illustrated in the figure 3.6, where the ¢ans'2 " is the bit radiusand"A"
is depth of cut.

4 4 4 7 7 7 (3.24)

4 -2 XRA 7T 2 WXRA (3.25
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Figure 3.6: Free Body Diagram of a Drag Bit

The cutting and frictiorweight on bitandtorqueon bit forces are dueved by the
above equations3(25), and 8.26), where"r" is spatial orientation and distribution of
the chamfers/wedtats for a flatbottom bitwhere"T Ais number of blades, aritl ‘T

is wearflat of width of blade Depth of cut and can be achieved as described in the

next section 3.4. The dilling strengh is defined as$ 3 — and drilling specific

energy as$ % —— . Based on the above equation, they dependent to eachother as
below equatiorf3.27) The drilling systpgnés pefficier
$3 p r{t R 3B % (3.27)

3.4.Drill String and Bottom Hole Assmbly Modeling

This modelrepresentghe motion of thedrill string and thebottom hole assembly
(BHA) while taking into account the bibck interadbn model which comprises of
frictional and cutting processeé%d is the verticalpositionand"n" is therotational
positionof the bit, and' A" depth of cut at tim&0® is calculated af55, 89}

AODT KA O (3.28
@20 @0 O A O (3.29
nd nd0 O — (3.30
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Figure 3.7: Model of Drill String and BHA

To simplify, it is consideredyoth of vertical andotationalspeedshange slowlyIn
other words, we cadlaimO @, and> n are approximately constantiing each
period ofsampling time and thereforé& can approximately define as below edoat
(3.31). Just we should pay attention to the singularity & 1t

AO 1T AOOD 500 — (3.3)

2 AO —2 — (3.32

AO

3.5.Equation of Motion whil e Drilling

In order toextractthe equation of motion while ling, it is needed to extract the
drillstring vertical and rotational motions equations. During the drilling operation, the
variables weight on bit and torque on bit, as calculated in théopesection 3.3.2,

are achieved as below two equations [19, 55, and 89]. During the other operations,
they equal to zero, because there are no afpthtinteractionlt is worth mentioning

that, during the drilling, the weight on bit term should beitkah such a way not
exceed a determined valas will describe in section 5.@nd the torque on bit term
should be eliminated as a disturbance from the rotational mdsiased on the
presented equation of the vertical and rotational motions, our glduliy-actuated

system with nodinear coupled dynamics.
7 CRUR (3.33

4 A2 R-—- (3.39
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3.5.1. Vertical Motion Equ ation

As described in the pveous section, the egtian of vertical motion has beeaterived
as below equation (3.35where"@ is vertical position of the bit, "n" is rotational
positionof thebit, "z " is appliedtorqueby the drawworksande$ " is the external
disturbance effecting on the veglanotion.

i —) X+ W 7 CR UB —z  $ (3.39

3.5.2. Rotational Motion Equation

The equation of rotational motion, which descsitie rotational dynamical behavior
of the drill strhg and drill bit is gnerally as below equation (3)3&vhere"n" is
rotational positions of thedrill string and drill bit, ") " is moment ofinertia of
drillstring and BHA,"#" is torsionaldamping and"+" is torsional stiffnesof the
structure,"4 " is appliedtorqueon thebit by the topdrive"4" is applied torqueon
the bit from theinteraction ofrock,and '$ " is the external disturbance effecting on
the rotational motionThe modeling of rotational motion, especially ttugsional

behavor of the drillstring, will be continued and described in detail in the fuBL®e2
YN #n +n 4 A2 RO S (3.39

3.6.Rate of Penetration Modeling and Optimization

The modeling of the rate of penetration (RORpkes it possible to apply formal
optimization methods to the problemabfoosinghe best weight on bit and rotational

speed to ageve the minimum drilling cos{$, sections.7.7]. Human drillers and auto

drillers use weight on bit, torque and differential pressure toimze the rate of
penetratonThe r ate of p e mire équadon icomgists of eeighe sub s m
functionswhich act and have significaatfecton therate of penetratioperformance

[5]. Based on the presented definitions in the [5], the rate of penetration is considered
as the multiplication of eight subfunctioas kelow equation (3.37 These eight
subfunctions are defined as the table 3.1. The definition of the constant parameters of
the subfunctions and their symbols and units,gaven in the table in appendix

2/ 0 FEIEIEXEDIEIEIEINE (3.39
35



Table3.1: The Sb-functions Forming the Rate of Penetration

Subfunction Description Equation
/E Formation Strength /£ As®
yis Depth and Compaction £ AS
Y Pore Pressure £ As® o8 9
Y Differential Pressure £ As® °
. I . . VAV () 717 S
A Drill -Bit Diameter and Weight on Bit A& 77 . 77T S
£ Rotary Speed £ 20-720-
yi Drill -Bit Tooth Wear £ A °
yi3 Bit Hydraulic Jet Impact Force £ &T&

3.7.Weight on Bit Modeling and Optimization

Using the drag bit modeling, the weight ahfbrce can belerivedas presented in the
equation (3.33) This force dispart to the cutting andrition forces. Drilling
optimization helps$o optimize controllable variablekiring drilling operation such as
weight on bit and bit rotati@ speed foachieving thenaximum drilling ratd32]. As
mentioned in the reference [38)e optimization of wight on bit optimizethe drilling
operation as a whol8ased on the above mentioned ROP model, the optimized WOB
is obtained by the following equati@¢®.38) where"( " is constant that depend on bit
type The definition of theotherparametersand heir symbols and urst are given in

the table in appendi&.

717 $

(3.39)

3.8.Torque on Bit Modeling

Using the drag bit modeling, therque on bit force can be derived as presented in
equation(3.34) This forcedispart to the cutting and friction forces. We will eliminate

the torque on bit as a disturbance from the rotational motion system.

3.9.Dirill string Vibrations

Whenthe driller bitruns into trouble, the drillstring starts to vibrate. Three directions
the drillstring movesvhile vibrating,are generallpamedmodes of vibrationsyhich
are[52]:
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A Axial: the vibration is longudinal mosementalong the driktring causes to

revealvarying tension and occasionally compression tension.

A Lateral: the ibration is sideto-side novementthat resultdlexing or bending
of componentsgauses to reveal strestiere one side of the pipe will be in a

different tensional state than the other.

A Torsional: the vibration is resistance to rotatibmovement leads tawisting

along the drillstringas torque is applie@ tovercome resistance.

So that ishow the drill string reacts if it runs into any of the nine different kinds of

trouble we call Mration mechanisms:

1- Stick Slip: These kind of vibrations arabnormal rotation of thetring. The
vibration mode is torsional, as the bit stops rotating momentarily at regular intervals,
leadingthe string to periodically torque up and then spin fre2 & 15 times the
average surfacepeed andthis causeso severe damage to the bit éattom hole

assembly

2- Bit Bounce: the axial vibration of the string that typically happens with three cone
bits in hard rock formations. Bit bounce damagesdtil bit cutting structure bearings
and seals, and results in flexing of the string causing even more damage from axial and

lateral shocks.

3- Bit Whirl: it occurs when the bit has cut itself a hole larger than its own diameter,
allowing it to wanderaround in the wellbore instead of simply rotating around its
natural centre. Excessive side cutting creates an over gauge hole that in turn increases

the tendency for the bit armbttom hole assembtyp continue whirling.

4- BHA Whirl: the eccentric rotain of thebottom hole assembBround a point other

than its geometric centre in a complex motion, generating lateral displacements shocks
and increased friction against the wellbore, occurring as forward or backward whirl.

|l t s t he me c hutegthe snain causedobtions hwle assemivgnd down

hole tool failure.

5- Lateral Shocks: describes what happens when the vibration mechanisms of bit

bounce,bottom hole assembhyhirl, or modal coupling, become so extreme. They
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cause a release of energyilt up in the string through sudden large lateral shock
impacts. Unlikebottom hole assembliyhirl where the motiosettles to a steady state,

in this case the lateral shocks occur randomly.

6- Torsional Resonance: is specificathe stringtorsional resonance, and causes a
juddering vibration of the string. It typically occurs in very hard rocknationsbeing

drilled with a PDC bit. Parametric resonance is our name for these severe lateral
vibrations generated by axial vibrations caused byritezaction of the bit with the

formation which results in fluctuations of weight on bit.

7- Bit Chatter: is the high frequency lateral and torsional vibration of the bhi@ttmwm
hole assembly caused by slightly eccentric bit rotation when thesecutter
interference with the bottom hole cutting pattern. The cutters ride up on to the rig

between previously cut groves and then drop back into the groove.

8- Modal Coupling: describes vibration occurring in all three modes; axial, torsional
and lateal simultaneously. It creates axial and torsional oscillations and high lateral
shocks along théottom hole assemhlyThe most extreme of vibration, it usually

results from failing to control one of the other vibration mechanisms.

The mode and frequency each mechanisns shown in the below table 3[2Q]. In

this study the focuswill be on axial and torsional brations and their interaction.

Table 3.2 Mode and Frequency of Vibration Mechanism:

Mechanism Mode Frequency (Hz)
Bit Bounce Axial 1-10
Bit Whirl Lateral/Torsional 3-50
BHA Whirl Lateral/Torsional 5-20
Stick-Slip Torsional 0.001-5
Lateral Shocks Lateral/Torsional -
TorsionalResonanc: Torsional 5071 250
Bit Chatter Torsional 5071 250
Modal Coupling Lateral/Axial/Torsional 1-50

3.9.1. Stick-Slip Vibrations

Torsional stickslip vibrationis characterized by phases in whicle tiit comes to a
complete stopand phases in which the bit rotates with sevémaés the desired
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rotationalspeedA simulation result of a dfistring, with a desiretbtational speedf

100 evolutions per minute that suffers from stslip oscillations is shown in the
figure 3.8[20Q]. The stickslip vibration or irregular drill string rotation, occuas the

bit stops rotating momentarily at regular intervéésdingthe string to periodically
torqgue up and then spin free at 2 to 15 times the avetafprespeedandthis causes

S0 severe damage to the bit dmttom hole assemhlPilwell drillstrings sometimes
vibrate severely and can twist off in hard rock drilling. Actually, low bit speed and
high weight on bitcause sticlslip. A mathematical wdel which describes the
drillstring tarsional behavior igxtractedn this sectionThe torsional behavior of the
drillstring is modeledby a simple torsional pendulum and thierock interaction is

described by a drfriction model.

Figure 38: Rotatonal Speed of a Drilting with SSO [20]

3.9.2. Torsional Modeling of the Dirill string

Based on the definition of themped parameter models in the reference book [10],
order toextractthe torsional model of the drill string,ig regarded as a maspring
damper system that can bepresentedby ordinary differential equati@ The drill
pipes aralescribeds a linear spring of torsional stiffnéss' and a torsional damping
"#" which are connected to the inertlgs', and") ", correspading to tte inertia of

the tomlrive and to the inertia of the pipeline plus the inertia of the bottom hole
assembly (BHA), respectively [36]. As the gipes length can be hundieadf meters,

the drill string length should be dividedito p equalsections, which mans there are

"1 of torsional stiffnesses and dampingsj afso inertia of each sectiéh ". At the

top drive surfacea dry friction torque plus a viscous damping torque are also
considered. The drilling mud representetdy a viscous friction ate bit. The below

39



figure 3.9illustrdes the described dsliring torsionalmodel. In this model, the

drillstring has beenivided to"1 " sections so there will bg T ¢" states.

T
< : <
anczfS T"‘ L‘A* £1.)
/ ; I r
KE 'SC
] i
KB iwC
i’ ;-n+1
KE ‘5C

Figure 3.9 Drill -string Torsional Model

Firstly the belowequatons (3.® - 3.42) are definedwhere"O ","O """ O ","O "

are theinner and outer radius of drill pipes and BHA respectivély, is the shear

modulus of the drill pipe;M' density of the drill pipes and BHA, " and". " are

the length ad number of the pipes, aiil " is themoment of inertia of topdrive;

*x -0 0 *x -0 0 # o= (3.39
) ) —mIFa Q (3.40

) —m> 2 Q E pRBA p (3.41)

) mFQ —mXFQa Q] (3.42)

Then, we will haved  p eequations of motion are as follow dynamic equations
(3.43) where'n " isthe rotational displacement of ttepdrive "n " is the rotational
displacement of theE " section,"n " is the rotational displacement tife BHA,
"4 " is the drive torque coming from the top drive motor at the surfated ",

4 5 A ,and"4 5 " represent the dry friction torque plus the viscous
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damping torque associated with", ") ", and") ", whichwill be descriled in the
next section 3.9.38y taking the state vector as belwector (3.44)the state space

model, can be written as (3.46)The matrices! " , and

% are derived as follownatrices (3,47), andhé matrices#, $, and&, can be
derived based on the needed outputs.

v

)N #On N +0Nn N 4 4 )
N

v )y N #0n ¢n n +0n ¢ 4

" y@d #on ¢ n +0n ¢ n 4

iy E (343
|’v) 18| #ON ¢n n - +30n ¢ n 4

U'r E

w ) I #ON n +0n n 4 5

8 n AN A N N N E N N E n 0 (3.49

8 ¢ 0 o o o o E @ @ E 9@ O (3.45

8 18 "0 %

9 #8 $0 & (3.46
LT p - #7:)) 1? o 2 O o0 o O nmg
oW o, oo 338 3.3 .38 3 3.
ll+? #7:)) C%D c%ﬂ) +i? p F[ 3 8 8 8 8 i
Lo y ) ) <2 <¥n D Mm% 3 3 o
11 § 3 o) o) T p T #3 0 8 8 |:|
2 3 2 a4 m 3p Smomoom T O
(NS 8 8 8 8 8 8 8 8 8 T P n
u T o) o) o) o) o) o) T +;r) #7) +7) #7) U:

mpfH) mMm OI2I3I232220II™n
% m 4N m 4% m 47 m Om 4% m 47 (3.47)

We start by dividing the drill string lengtb ¢ sections, which means there areof
torsional stiffness and damping, and write the state space model and the dynamic
equations of motion. By definin@ N 1N 0N N asthe state vector we will

have;
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)n  #2n N +0n N 4 (3.50
) ) -m> Q2 Q] (3.51)
) mM>XQ -3 Q2 Q] (3.52

In some studie$) " is considered as the sum of thement of inertia of the topdrive,
andtwo third of the drillpipes, ang as the sum of the ineraf the BHA,andone
third of the drill pipes [101], as below;

) ) -wmI3>r 2 23 (3.53
) mFQ -m3rQa Q (3.59

3.9.3. Modeling of Stick-Slip Vibrations

As mentioned, the torsional behavior of the drillstring is modeled by a simple torsional
pendulum and thdit-rock interaction is modeled by a dry friction ohel as the
equationq3.49 and(3.50. In these equations4 5 ", and"4 5 " are defined as
follow equationg3.55) and (3.56)

45 A 4 VEOCI (3.59

~

45 A 4 5 (3.5

Where"A" and"A " are the damping viscous coefficients associated witkottréve

and the bit, respectively4 " is theCoulombfriction torque associated with ". The

expression fof4 " is variation of theStribeckfriction together with thelry friction
model [91]. The dry friction modein other wordsthe multtvalued characteristic of

"4 " when)d 11, is approximated by a combination of the & model proposed
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in [59, 92], and the dry friction modi&d approximated biar n o p p greposed d e |

in [93]. Therefore we can write

4 5 s $ms 4P 30BDARAOA
i

4 ) 4 DE@T S s $ O s 4 P 30CEREE£DAT OEA[BHY)
4 VEQI o s $ P 31 EDAOA

4 5 #0205 ) +2n N AD (3.59

4 2 O g (3.59)

4 2 O g 5 (3.60)

ts t ot ot A EE (3.61)

4 2 O g (3.62

Where"t 5 " is the dry friction coefficient at the bivhich is a function of
rotational speed”t " , "t " are the static andCoulomb friction coefficients
associated with the inertia " with Tt t p , "r "is a positive constant,

"4 " is the static friction torque associated wijh", and"2 " is the bit radius;7 "

is the weight on bjt'4 5 " is the applied external torque that must overcome the
stati friction torqué'4 " to make the bit move, algl  mtespecifies a small enough
neighbourhood ob 1. This friction modelis illustrated in figure 3.10The dry
friction torque”4 " for 5 Tvaries betweefi4 " and"4 " (equations3.59 and
3.62. Friction torque defined in the equatiqi3s57)and(3.58), lead to a decreasing
torque on bit with increasing bibtational speedor low speed which acts as a
negative damping [91].

Stick-Slip Transient
Tsp a
ch &.—
—el|—2D,,

_i' Tep

L"sb

W

Figure 3.D: Friction Modelat the Bottom Side ddrillstring [5]
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CHAPTER 4

MODES OF OPERATION

The theory of operatioaf onshore drilling which describéww this systs should

work is presented iff4]. Some of the useful issues which have been addressed and
give us a good perspective arendamentalef onshoredrilling, hoistingequipment
rotating equipment anddrilling fluids. The operation modes of the drilling rig are

categorized to four modes;

4.1.Tripping

Trippingis the procedureof removingthedrillstring out of the wellbore and then
runningit back in.There are two types of trippingpwardmaneuveyand ewnward
maneuver

4.2.Drilling

Drilling is a cuttingprocedurehat uses &it to dig awell of circular crosssection in
the ground Thedrill bit is usually a rotary cuttindevice which rotatesat rates from
hundreds to thousands afundsper minute.

4.3.Reaming

Theprocesof enlarging the hole is calledaming It is similar to downward
maneuverjust the topdrive and the bit continue to rotating without having any rock
bit interaction.

4.4.Back-Reaming

It is similar to the reaming, just in the upward directibmat means, the bit is hoisting,

and at the same time it rotat@ghout having any rockit interaction.
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CHAPTER 5

DRILLING RIG CONTROLLING

The controlling processnust beperformed forall modes of operation, arfdr each
operating mode, an appropriate controller must be designed. During each of operating
modes; tripping, drilling, reaming and backreaming, position asdesdontrol must
be handledby the controllerThe contrd block diagramand the plant systemodel
aresummaized asshown in the below figuse5.1, and 5.2The controlling of the
vertical and rotational speeds during the operation modes, will be described in the

sections 5.3 till 5.7 of this chapter.

Rotational
Speed
Reference Value
/

Vertical

Speed/Position
Reference Value

SN

- Reaming
- Backreaming

< .
K¢ Circulation

Plant System V ‘
Figure5.1 ProposedControl Block Diagram

Vertical Motion

w

1
1
1
1
1
i Weight on Bit
1
1
1

Cutting
Process

u Rotational Motion

Figure 5.2 Plant SystenModel
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5.1.Design of Controllers

In order to control thevertical speedof the hookand the rotationaspeedof the
drillstring, during the operating modes, five control strategies are desigred an
implemented; Cascade PID (CPID), Active Disturbance Rejection Controller
(ADRC), Loop Shaping Controller (LSC), Feedback Error Learning (FEL), and
Sliding Mode Controller (SMC). The CPID, ADRC and SMC controllers have been
applied in many works and preged in the literaturgl9, 20, 42, and®5]. The design

of the LSC and FEL contr@ts and apply on the model, is one of the novetti¢kis
work. The design procedudd all five types ofthe controllers are described in detail

in this section

5.1.1. CascadedPID Controller

The cascade PID controller (CPID) is mainly exerted to achieve fast rejection of
disturbance before it propagates to the other parts opldrd [95]. Figure 5.3
illustratesthe simplest architecture of a cascade control, which invok@gier and
outer control loops. The first PlBbntrollerin the outer loop is the primary controller
that regulates the controlled varialplertical or rotationabpeed by setting the set
point of the inner loop. The second PID controifethe inneloop rejects disturbance
which is a kind ofvertical or rotational acceleratiofgcally before itpervadego the
whole systemTo operatea cascade control system properly, the inner loop must
respond much faster than the outer loop.

Dy JD1 D, J/ D,
y @ref PID FID
Controller Controlier
H

Plant
'
|

5
|

Cascaded PID Controller Cascaded PID Controller

(a) (b)

Figure 5.3 Structure of Cascade PID Controller for a) Vertical MatimnRotational
Motion
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5.1.2. Active Disturbance Rejection Controller

The architecture of our Active Disturbance Réjen Controller (ADRC)s illustrated

in below figure 5.4for vertical and rotational motions respectivdlyconsists of two

main components: the PD controller and the ESO (Extended State ObsEineer).
major ability of this observelis to estimate thénternal and externaleffects like
coupled dynamics, nonlinearities and the disturbances to the desired linear behavior
andeliminatethem.The designed ESO witkjectall the uncertain forces effecting on

the system. In other words, this controller sancessfully track the reference signal
while rejecting all the uncertainties and disturban@é® design proceduref this

contolleris described in detafbr vertical and rotational motions respectively
D‘ Dl

N 9@ u* % plant v 9@ H* G, Plant P

i

ESO ESO

1/b

ADRC Controller ADRC Controller

(a) (b)
Figure 5.4 Structure of ADRC Controller for a) Vertical Motion) Rotational

Motion

5.1.2.1 Vertical Motion

Using the equatn of vertical motion (equatioB.35, the dynamics of the observer
can be derived as 1o, where"O " denotes the control input of tidant and"A "

represents the control input gain.

-0 7 7 -z +0 % (5.1)
a OA - (5.2)
@ A7 7 +8 $ O @ AO (5.3)

The effect of all uncertain forces (the external disturbances and the model parametric
uncertainties) on the vertical motion system is considered as an augment&d state

which is called extended stat&éhis new extendedstate which is also named as
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generalized disturbance [98] describesa lumped term in the regarding differential
equation and unknown disturbancesluding both the internal andthe external
disturbances. The main purpose of an ESO is the estimatirextémeled stateind

feed it to the system as a cancellation signal, so that to force the system to act like a
double integrator plant [97]. The stetpace representation of the system dynamics
could be obtained as follow, whetE" is the time derivative of thextended state,
which is treated as unknown disturbance. It is assumed near toTherequations

(5.5 and(5.6), can be written in matrix form as the equat{bry).

@ E ™ (5.4)
%) np9 A~ T
p T @ e A E (5.5)
. %)
U P T (5.6)

g 'g "0 %E
U #g (5.7)

It is worth mentioninghatthe"! " and matrices aréendependent from detailed

plant knowledge. Withsuch aproperty, finding the observer gains without exact
system parameters but just bandwidth, makes ESO less sensitive to the deviations of
the plant parameters. Now thbserveiis constructed as folloy®6],

@ '@ "0 , U #2 I, #@ " O ,#2 (5.8

Since the observability of the system is equal to Zpliserver can estimattge values
of the parameters,
g O O 1) (5.9)

The observer gain vector could bgtractedas fdlow equation(5.10. These gains
could be selected to make the characteristic polynomial of the observer

i O 1 O 1 by placing its poles at' 5 ". Employing the
parameterization strategy presented 96|, the observer gains could lheund as
follow equation5.11), where's " is the observer bandwidtimcreasingt concludes
more accurate estimation, howewbe estimationbecomes more sensitive to the
sensor noise.

: Mo (5.10)
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[ () [ S (5.11)

As it is seenthe observers characterized by a second order polynomialt \fas
obtained by ahn™ order polynomial O or in another meaning, the derivative

of the"n™

extended state would be near to zero, the observer dynamiestical
motion would be as beloequation (5.15)The effect of obserr order on the system

behaviomwill be evaluatedn detail,in the section 9.2.3 of the results chapter.

2 © .9 @, & E ™ (5.12)

@ %] A T
1] g ~ T . A .

5 5 g 6 5 '@ "0 %E (5.13)
(] T T E
%

U p E m € #0 (5.14)
@

@ ! ,#@ " O ,#D (5.15)

The observer gain vector could be expressed diewoequation (5.16),where

| ! £ = A o andthe observer first outp@ Q isthe estimated vertical speed.

—_
l

SR 5 P ) i S B gy E lpb :Tb (5.16)

5.1.2.2Rotational Motion

Based on a same strategy presented for vertical motion, and using thereqbiatio
rotational motion (eq. 3.36the dynamics of the observer can be derived as follow;

)N #N +n 4 4 $ (5.17)
@ n 5 A - (5.18)

The effect of all uncertain forces (the externatudisances and the model parametric

uncertainties) on the rotational motion system is considered as a nel¥state

@ A 4 #3@ $ O @ AO (5.19)
@ E m (5.20)
@ np 9 A ~ T,
p L e 0 E (5.21)
@
U p 1 g (5.22)
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@ 'g "0 , U #2 I, #@ "0 ,#2 (5.23)
, () d (5.24)
Same to the vertical motion, the observer dynamics in rotational motion 'y"an
order polynomial, would be as below. The effect of observer order on the system
behavior, will be evaluated in thast part.The observer first outp@ 5, is the
estimated rotional speed.

2 @ .9 @, & E m (5.25)
%] %) A T
1] a ~ T . X
5 5 ’; 6O s '@ "0 %E (5.26)
(] T T E
@
U p E n & #2 (5.27)
@
@ ! ,#@ "0 ,+#D (5.28)
i i i . . i
e P ?d o> B ey B 0 o (5.29)

5.1.3. Loop-Shaping Controller

The Loop-Shapingcontroller (LSC) design method, also known as the frequency
responséased controller design method, conceptually consists of two steps: convert
all design specifications to loop gain constraints, and find a controller to meet the
constraints The general structarofthis type of controllers shown in the figure 5,5

for vertical and rotational motions respectivélite design proceducd thiscontoller

is described in detafbr vertical and rotational motions respectively

D | D ‘
Vrer J/ " v Wrof l u [0}
@e F O © O
L -
LOOP SHAPING Controller LOOP SHAPING Controller

Figure 5.5 Structure of Loogshaping Controller for a) Vertical Motioh)
Rotational Motion
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5.1.3.1.Vertical Motion

Using the equatn of vertical motion (equatioB.39), firstly the transfer function of

the plant is derived, then the transfer function of the controller can be achieved by the
procedure, as presented in the refere®6ék Here, the effect of all uncertain forces
(the external disturbances and the mode&ipatric uncertainties) on the system is

considered in termA .

-0 +0 7 7 -z % A O (5.30)
' —_— — p p (5.31)
' >—8——09 (5.32)

5 grmm@RAA — ) cd (5.33)

Equation (5.32) represents the controller tranffection. In the quatiors (5.33),
"5 "is the operoop bandwidth, as presented in the refere@¢ [Taking i C
andl  p, the controller willhave 3 zeros and 4 poles. Thed® diagrams of the
openloop system'( 8 ) are illustrated in the figure 5.&. It is derived from the
diagrams, the gain margin is rougHly- x A "and the phase margin
roughlyO - g v. JThis point shows a good stability in the clogedp system. The

stepresponse of the closédop system-%) will be as follow figure 5.6%.

Bode Diagram Step Response

Figure 5.6 a) Bode Diagranof the OperA_oop System b) Step Responseldd t

ClosedLoop Systenfor Vertical MotionLoop-Shaping Controller
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5.1.3.2.Rotational Motion

Similarly, using the equatioof rotational motion (equatio®.36), the procedure is
completed for rotational dynamics. Here, the effect of all uncertain forces (thneadxte
disturbances and the model parametric uncertainties) on the system is considered in

term"A .
Y A EQS 4 4 $ A O (5.34)
' —_— ' P P (5.35)
' >—8——20 (5.36)
5 p T mMAOAA — b p 1 (5.37)

Equation (5.36) represents the cohlémotransfer function. In thegmation (5.37),
"5 "is the opedoop bandwidth, as presented in the refere®€ [Taking i p
andl  p, the controller will have 3 zeros and 4 poles. The Bode diayafnthe
openloop system'( 8 ) are illustrated in the figure 5.&. It is derived from the
diagrams, the gain margin is rougHly- p ¢ mMA&nd the phase margin

roughlyO - g d1 This point shows a good stability in the clodedp system. The

stepresponse of the closddop system-%) will be as follow figure 5.’b.

() (b)

Figure 5.7 a) Bode Diagranof the OperLoop System b) Step Responseiwd
ClosedLoop Systenfor Rotational Motion Loogshaping Controller
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