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1. Fuzzy controller design for constant bottomhole pressure drilling under

operational/physical constraints
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! Depleted reservoirs

2 Pore and fracture pressure gradients
3 Narrow Pressure Window

4 Kick

5> Wellbore Collapse

® Mud Loss

" Blowout

8 Bottom-hole Pressure (BHP)
® Mud Weight (MW)

10 True Vertical Depth (TVD)
11 Back Pressure Pump
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1 Managed Pressure Drilling (MPD)

2 Louisiana

3 International Association of Drilling Contractors (IADC)
4 Wellbore Integrity

5 Rotating Control Device (RCD)

6 Constant Bottom-hole Pressure (CBHP)

" Dual Gradient Drilling (DGD)

8 Pressurized Mud Cap Drilling (PMCD)
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! Proportional-Integral-Derivative (PID)

2 Model Predictive Control (MPC)

3 Nonlinear Model Predictive Control (NMPC)
4 Adaptive Control

5 Linear-Quadratic-Gaussian (LQG)

® Homogeneity Principle

7 Superposition Principle

& Time Slot
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L Equilibrium point

2 Ordinary differential equations
3 State

4 Output Regulation
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2 Nonlinear Inversion

3 Qutput Feedback Controller

4 Adaptive Compensator

5 Gain Scheduling Robust Controller
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" Low-Order Dynamic Model

8 Model Order Reduction (MOR)
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! Antecedent parts

Z Linear state feedback controller
3 Controller gains

4 Global design criteria

S Linear Matrix Inequality (LMI)
6 Actuator saturation

" Region of validity

8 Convex optimization

® Symmetric matrices



a5 Cuae 9908 olred a4 PDC b0l 5 it (3B caiS J oS 6,05 Sl 0 0,50, a5 oo e

Aoyl sl —0-)

Ol B 0550 Glla K iagy deader (lsie b sl bad jo aS all oo Jad Lz 5l St asbiplly (r
o lonil Sl 5 L Y 5 glodls ] delal o 5 ol o ol e 5 Blih (ggm0 4 anlllae
O el 0033 5 S5 §uiod aiey Olgie b o9z se Slacadguse p ads jolate 4 aliSie slagylej 5o
el 0l (o 5 gl el by, g Slaal (lueal (S ok 4 ol Juad 5o

L opgs Jad 5l lod puns iow MPD SiSS oz jlar 5 )i (cwiite Jgol w538 U505 (55955
5 Dleie pamye JiS Glagilil g ool polaislogs a ]y «ragh (6l Gle (o) Slgs
el o 4] g b ol Bl slajids 4 colz Lid o e il o (gluesly BB aya

@ bguns job i v (giload mlS 5 g)lul bl iaghy pll Sl Hlgie b po Juad
3 S oo o)Ll syl a8 0550 0aiiS J S (b (gl eal a8 5 S 4 Jolie g Lo, (soled
S 5S s Sl 5 (g5lw,lul o as SLLlad Sl aadss g lul DLl ise izmes Juad oyl
& lwdd gl (idu 0508 oo o] 4 Jhate jobo 4 g atils sage p | wl atils oS b solprias
G99y o b1y o G 9 00,8 sy g Jelow 1) g 5l edel sy (slaany ] ol 50
Slei oo duslie Caio yo Jlgate J S

g oo o Ll (solpiin (g, 5 bagslwands oled 5l Slos Cublo p g oSt @ s BT Jad o

el oo a81)] aeaddle pdize 4 alxd g wolll jlad S aels b Lo e Slolgain



SR

YY. VY
V7.90
V¥
\e.
Jol Jad £93 Juad py Jad

B olxio olows B () Jad o

=5 S5 bl Joad gy V) JSE



s

SRR,

AR



doddo —V-Y

ool & Ly sl 039 19,93 5 55 g S S )3 ohg ARl 5l &L Job ) 0lgen (5 )li e
S35 5> ezt ol wiil oo Dae (GYsb L oz Wiy, b (gulie &5 55 5 s gl Sell YL
Ol Blax g 3.8 Slles U wilosgs (oD )0 0 lsed YU 250 o dxiio g 00l oS 3 (5 la>
PS03 3B gu,ai 4 s o gk Oldes gl £950 5l Gley CldS L ases &I g s olals
Jedo a8l 38l 5e) 4 59, S 3B glax a4 jls g ead als el 0 &S g ey e @
@l by 095 (See Gl 5l Gl pamye U9y & )l ol e Glosl o g)LaS ol Ll
ok )l MPD iile (5 la> 5l (sya SlaSiSs g, ol 5109 00l g) 4 g) suel 0 bls 5 (sax

Dloasd 8 Bime 5 g O Corio 4 g ) Jols HLad

e S5l Baee a7 Cwl ol adgl Jous ) glass oy IS (MPD) ool cg o jLis L (g,la>
S |y ol ol )3 L33 slo hlg 5l (65380 S (Sl a5 S (oo ool ainy (gl Sl
ozl S5l se @203 (U5 ooy 0Ly 255 9 U5 039 e 9 e wiile) Sl J S slo b,
B30 S Gl as cunloo,S B pae g la> 51 das ..x.\_:~|)_9 S5 1y MPD (g la> 15 Gl odlpn
i Lo lagl S 505 asine 0,805, (ol Blaal 0g oo ealitusl olz yusl i ;0 (gl jLid Ll
MPD Lol Cas oo &le 2 bl ga Loglll Slgynls i Llbg s e Lbleio 5 oaloes
Gole> (0 bl oo ol Cdls Lo b v 4 ga55le OV aigy ¢ polas pae 3l (65 ol

Sy on plovl o 3 (128 Lad Jleel LIS ol

L Underbalanced Drilling (UBD)

\Y



ol b by slagyjlw 5 SO0 JLad o2y Jud 5l (5 lim 4 bgy e @S g Jilae 00 b
Dyare Al To0i &30 5 g lind BB 15 ()] e (IS glaaise 5l (50,5 ols Cews
TWge oy SYL jlde pizran 38l o sl (55l 51 (55 50 SiS5 a5 MPD (5,4l jf eolici
A5 0929 4 5l 5 00l (i (S slaanje pSeia Gl 4 e (Sis g 2b)o slagla o
Ao oo yiali8l ], ol jLis 5 580
ool 15 e o MalS 1, (g,li> lilae ool (glajl g e ol 0y s prie [LE5 by (5, li
) ola> cono Gl Gleny a5 wiS oo @18 s Loy g (golatdl o ol B I sl Laily
S ylid gllae jlade Jlasl Ulss 5 MPD (sla gy oone aslad oo 31945 0,509, (! 5l ooliusl &
Sl s 6)lid (sloomty o 2> BHP Lii> aoeiii 1o 5 085y (o S iy i o oxbans

Overburden Pressure

o
=
o 5
&) ‘acy,
(0 2,
(3
sty .
\
|
N
L T

Pressure —»

Drillable Pressure Window

Ls..a)s .\.:)L.a S5 o ‘_g)LiL.é u;l.a:ooj..\;u =Y JS...:

! Lost Circulation
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4 Non-Productive Time (NPT)
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2 Equivalent Circulating Density (ECD)
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4 Wellbore Collapse Pressure
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4 Choke Valve
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3 Offshore drilling

4 Riser

5 Pump and dump

¢ Seafloor pump

" Mud-lift pump
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2 Annulus barrier
3 Tracking

4 Set point

5 Observer

® Pipe extension
7 Kick rejection
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! Fuzzy sets theory

2 Linguistic terms

3 Fuzzy Inference System (FIS)
4 Fuzzifier

5 Fuzzy Inference Engine (FIE)
& Knowledge base
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! Lyapunov Method
2 Changing Coordination
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1 Control volume

2 Fluid Bulk Modulus

3 Viscosity

4 Shear stress

5 Velocity profile

® Gelling behavior

7 Bingham non-Newtonian rheological model
8 Conservation of mass and momentum
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! State space
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! Sub-models
2 Local Sector Nonlinearity (LSN)
3 Local approximation
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1 Membership Function (MF)
2 Product inference engine
3 Crisp data
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! Singleton fuzzifier
2 Weighted average defuzzifier
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! Quadratic Lyapunov

2 Feasibility

3 Ellipsoid

4 Positive definite matrix
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Abstract

This study deals with the constant bottom-hole pressure as one of the common techniques in
Managed pressure drilling (MPD), a complex nonlinear process that employs various control
strategies to regulate the bottom-hole pressure. To have an accurate operation, the nonlinear
controllers usually consider the exact model of the system, which leads to a complex
structure that sophisticates their practical implementation due to resulting high
computational load. In addition to low computational load, control methods must take into
account physical/operational constraints to be implemented in practice. Utilizing the T-S
fuzzy modeling approach as well as the idea of the parallel distributed compensation, this
study constructs a simple fuzzy controller based on the plant’s exact model and proposes the
stabilization criteria in the form of linear matrix inequalities. These criteria not only
guarantee the system stability but also satisfy the available physical/operational limitations
in the drilling process. We then introduce an optimization problem to obtain the controller
gains and find the largest space in which the proposed controller ensures both operational
restrictions and stability. The simulation results demonstrate that if the initial condition of
the drilling process begins within the margins of the pore and fracture gradients, the bottom-
hole pressure converges to the desired reference value while the pressure window is not
violated and the actuator is not saturated. Thanks to the unsaturated controller during the
drilling process and also due to the inherent capabilities of fuzzy logic, in the proposed
method, convergence occurs earlier than traditional methods while there is less steady state

error.

Keywords: Actuator saturation, Constant bottom-hole pressure, T-S fuzzy modeling,
Parallel distributed compensation, Physical/operational constraints.
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