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Abstract. The objective of this paper is to design new strategy using three
controllers for rotary drilling systems located in Algerian oil field. Torsional
vibration is one of the most challenges facing petroleum drilling technology, it
creates the stick- slip phenomenon that decreases Borehole quality, increases
drilling cost through additional operations, and reduces penetration rate. The
controllers are designed to minimize the vibrations so that maximize penetration
rate and decreases drilling operation costs through avoiding unnecessary oper-
ations such as side track. The simulations results were so promising; thus a 3D
prototype of rotary drilling systems has been realized in laboratory to validate
the proposed approaches. Moreover, a graphical interface has been created to
facilitate the use of this strategy by drilling field supervisors.
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1 Introduction

Petroleum industry has played a major role in the Algerian economy for the last few
years, wherein many researchers have focused on problematic of production costs
optimization regarding the increased need of this source of energy. Since drilling
system is one of the most expensive parts of petroleum production industry, therefore, a
deep study of new optimization control strategy is very important for efficient pro-
duction capacities increase. Rotary drilling system is designed by combining
mechanical and electrical subsystems for the purpose of drilling a well, the mechanical
part of the system can be simply seen as a beam rotating at constant speed and in its
limits drills with drill bit [1]. The stick-slip phenomenon appears under certain cir-
cumstances; sudden change of rock hardness stops the drill bit and creates the stick
phase, then the drill bit is released and starts again with speed higher than the drill
string surface speed and it creates slip phase [2]. Consequently, these two phases
generate torsional vibrations along the drill string. It has been noticed in the drilling
field that the torsional vibrations have many effects on drill string equipment, the
drilling system damage is subject to high couple created, and it also imposes very
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expensive extra operations to deal with the low quality of the borehole. Moreover, the
performance of drilling process is decreased in term of capacity due to postponing axial
advancement [3]. Many researchers have interested in decreasing the ‘Stick-slip’
phenomenon effects using different types of controllers ([4—7]). However, most of these
works are based on simplified mathematical model of the rotary drilling system and no
experimental validations have been realized [8]; we can find also that proportional
integral (PI) controller in used in [9], H infinity controller in ([10, 11]), and sliding
mode controller in [12]. On the other side, few researchers have taken the generalized
nonlinear model of the system in consideration to deal with this phenomenon,
wherefore; no control strategy is applied in rotary drilling system of oil field industry.
For these reasons, this paper takes the objective of designing strategy using PI, PID,
and Hinfinity controllers for the generalized nonlinear model of the rotary drilling
system. In order to experimentally validate this strategy, a prototype of rotary drilling
system has been designed in the laboratory.

2 Mathematical Model of Rotary Drilling System

The mathematical model proposed in this paper is the generalized model of n elements;
the special cases of this model converges to models used in [8], and in [11]. In this
study we consider that the drill-string behaves as a torsional pendulum, i.e. the drill
pipes are represented by torsional spring, the drill collar behaves as a rigid body and the
top drive rotates at constant speed (Fig. 1). The inertial masses J, and J;, locally
damped by d, and d,, are connected one to each other by a linear spring with torsional
stiffness k and torsional damping p [13]. The equations of motion can be represented as
follows

1,0, +d, ((9,, - 6b) +k(0, — 0,) + 1,0, = ur "
Jy0p — dy (91; - 9;,) - k(Hp — Hb) + b, = Tob(@b)
0p, 0y, ur, and Tob <0b> are the angular displacements of the top drive and of the

BHA respectively. The control signal uy is the drive torque coming from the top drive,
transmission box used to regulate the rotary angular velocity 0,. The frictional torque T
represents the torque on bit and the nonlinear frictional forces along the drill collars
[14]. The rotary drilling system is composed of N; string elements (i = 1--- N;). For
i=1

Jlél = T] - T2 - ,u@l with T1 = d1 (étd - 61) +K1(0td - 01) (2)
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Fori=2---N,—1
Jili =Ty = Tp 4 — pb; with T; = di<éi71 — 9,) +K;(0;-1 — 0;) (3)
For i = N;

In Oy =Ty, — (1 + )0y, with Ty, = dy, (é)NA_l - OM) T Ky (On—1 — On) ()
If we put 0, =x,0;=x;,i=2---N; — 1,9,,1 =u,0,4 — Oy, = xn,+1,and 0; — 0, =
XN, +j+1, J=1---Ngy—1 we can find the extended model of equations as follows:
Fori=1

(di +dr+ 1) dy K>

xlz—Jil 1+J—1x2+J XNg+1 — JlxNﬁZ‘f'J_IM (5)
Fori=2---N;—1
Xi = %xi—l - (dier;l +M)xﬁL di;,-lxwl + %XMH - KthlxN\+i+l (6)
For i = N,
o — % o (dw, +J 5 + ,ub)xM n IJ(_;v on, 7)
Fori=N;+1
Xi=u—x (8)
For i = Ny +2---2N; we have
Xi = Xi—N,—1 — Xi-n, )
If we put Ny = 4 we obtain the reduced system as below
X = — 7<d‘+;12+”>x +d2x2+—x5 x6+ tu, i =1
X = ‘Jl—jxi,l — 7(d"+djll+”)x, + d’J—t‘x,H + J—;x,+4 — ’Jflst, i=23
X4 = ?: 3 — 7(d4+z+”b)x4+ %Xg,i:4 (10)

)'ci:u—xl, i=5
Xi = Xi_n,—1 — Xi-N,, i =68
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3 Controllers Design for General Model

A state space model of the drill-string torsional behavior can be derived from (11) as

(11)

X = AX +Bu+Ed
Y =CX

Where X = (01 0, - ést )T is the state vector, ¥ = (01 éNs )T is the output
vector, (u = 91) is the top drive input velocity, (d = Tob) is the known/measured

input torque-on-bit. C and E are known matrices with appropriate dimensions [15].
E=(0 0 0 —1/J;, 0 0 0 0)" (12)
c=(1 00100 0 0

The error is added in order to achieve some desired robustness performance.

3.1 Conventional PI, PID Controllers

Conventional PI (or PID) control is an implementation of error-based feedback control;
its fundamental theory is very simple. Suppose that y,(¢) is the set of reference input,
and y(z) is the real output of the system. Then the error is e(¢) = y(¢) — y,(¢), and the
classical PID control input is defined as follows

ult) = ~an [ 02 = 3n(D)ds ) 3 0) — @ SO0~ 3 0) (13

Where ag,a;, and a, are the design parameters, they are called integral, proportional,
and derivative gains respectively [16]. PI controller Eq. (17) can be reduced into

) = a0 [ 0 = (= an(o(0) = 3,(1) (14)

fo

3.2 Improved Ziegler-Nichols Tuning

The classical tuning rules have been widely used in industrial systems, however, the
obtained control system lacks of robustness especially for system with fast dynamic
[17]. For this reason, an improved Ziegler-Nichols tuning process has been chosen, the
process is obtained by fitting the model

do

=l 15
1+sTe (13)

P(s)

The process steady state gain K is found from the steady state value of the step
response [16].
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3.3 H Infinity Controller

The mathematical model of the system given in Eq. (10) is written as

{ x(r) = Ax+ Bu
y(f) = Cx

A more general state space representation of the system is given as follows
x(r) = Ax(t) + Byow(1) + B.W ()
z(t) = C1x(t) + Dy o(2) (17)
y([) = sz(l) +D21(D(l)

Where the matrix form of Eq. (21) is given as

x(1) A B B x(1)
| =1¢C Dy O |wh|=P (18)
(1) C, Dy 0 u(r)

The solution of this H,, problem in Eq. (22) based on Riccati equations is implemented
and the following conditions are verified

A, B, is stabilisable and C;, A is detectable,

D1, and D, have full rank,

A —jwl, By, Cy, Dy, has full column rank for all wg hence,D;, is tall,
A — jwl, By, Cy,Dy; has full column rank for all wg hence, Dy, is wide.

The expended model is produced by accounting for the weighting functions
Wi, W,, and Wj;. To reach best control robustness, the outputs were chosen to be
transfer weight functions as:z; = Wy xe; 20 = W xu; 73 = Wi x y [18].

The cost function of mixed sensibility is given for

WS
Ty = |WaR|, S=(I+GK)"', R=K(I+GK)"', T=GK(I+GK)™" (19)
w5 T

Where S and T are called sensibility and complementary sensitivity functions
respectively. The transfer function from W to z; is the weighted sensitivity function
Wys, which characterizes the performance objective of good tracking; the transfer
function from W to z; is the complementary sensitivity function 7, whose minimization
ensures low control gains at high frequencies, and the transfer function from W to z3 is
K, which measures the control effort. It is also used to impose the constraints on the
control input [18].
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Fig. 1. Rotary drilling system: a) Image of real system, b) Detailed schematic diagram

4 Results and Discussion

4.1 Simulation Results

Parameters used in this study are summarized in Table 1.

Table 1. Parameters used in rotary drilling system mathematical model

Parameters | Definition Value
Dy bit diameter 0.2159 m
ky Boussaada’s simplified model coefficient 0.3
OD, outer diameter of the string pipe 0.127 m
IDg inner diameter of the string pipe 0.1086 m
Ly, length of one string pipe 9.14 m
Nyp number of string pipes 383

Y Young modulus of string pipes 200*1e9
Gyp Shear modulus of string pipes 79.3*1e9
Py, Poisson’s ratio of string pipes 0.3
RHOq, density of string pipes material 7850
ODbh, outer diameter of the BHA 0.1651 m
IDgpa inner diameter of the BHA 0.0714 m
Lbhap length of one BHA pipe 9.14 m
Nbhap number of BHA pipes 22

(continued)
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Table 1. (continued)

Parameters | Definition Value
Yohap Young modulus of BHA pipes 200*1e9
Gohap Shear modulus of BHA pipes 79.3*%1e9
Pohap Poisson’s ratio of BHA pipes 0.3
RHOpp,p | density of BHA pipes material 7850
Nes number of elements of the drill string 10
Nebha number of elements of the BHA 4

The parameters of the generalized model have been calculated using basic equa-
tions ([19], [20]) as follows
Number of elements

Ne = Neg + Nebha (20)
Length of one string element
Leg = Nyp % Ly /Ny (21)
Length of one BHA element
Lepha = Npnap * Lonap / Nebha (22)
Drilling depth
Depin = (Ngp * Lyp) + (Nphap * Lbhap) (23)
Moment of Inertia
For string elements
Jes = % RHOy, * Lo, * (OD} — IDY) /32 (24)
For BHA
Jevha = T % RHOpjap * Lopha * (0D}, — ID},) /32 (25)
T = (4 % Jes/ (%)) + Jebha (26)
Stiffness coefficients vector
Kes = Gy, % (0D}, — ID},.,) /(32 * Ley) (27)

Kebha - thap * T A (OD;J‘ha - IDgha)/(sz * Lebha) (28)
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Mass
M., = RHOy, * Log + m+ (OD? — ID?) /4 (29)
Mepha = RHOppap * Leppa * 70 % (OD3,,, — ID;,,) /4 (30)
Axial Spring constant
Ses = Yy x % (OD} — ID?) /(4 * L) (31)
Sevha = Yphap * % (0D}, — ID3,) /(4 % Lepha) (32)

Dynamic Viscosity coefficient
ETA.; = (Ses # Jos /(Mo * Koy))'/? (33)
ETA pha = (Sebha * Jepna/ (Mepna * Kebha))1/2 (34)
Damping coefficients vector
des = 30 * Loy * Dy, * OD? x ETA,/ (D;,;, — OD?) (35)
depha = 30 % Lepq * Dy % OD3, % ETAgpia/ (D3 — ODyy,) (36)
Torque on bit

Tob =(2+ky )/ (K43, ) + ((1/(((% +03) 1/2))) +((pr00)/((,)+ (0@))))

— ((s)/01 = 1)
Simulation results of the designed controller are show in Fig. 2

Open-Loop/ Closed loop Responses to Zero Initial Condition
T e e e e P op)

Open loop Responses
—— Pl controller f
—— PID controller

|
H infinity controller_|i

Drill bit Velocity (rpm)

1
150 200 250 300 350 400
Time (s)

Fig. 2. Open loop, closed loop responses for PI, PID, and Hinfinity controllers — linearized
model
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4.2 Experimental Results of the Drilling System Prototype

A graphical user interface has been developed (Fig. 3) and implemented with DSpace
interface so that it can facilitate the controllers manipulations of prototype system.

Wi - b v
SOMATEE  Save Drilling Costs by Reducing Torsional Vibration m
A BACETTI . A BENALI . A BOUGHELOUM - M DOGHMANE
Ot Sameter o e 4 poe - [] 1 contions it » . w
b LT ) |l e oo .
Longi of e 00 oo LA L T Y L
Young medvin of 44 ppes. ™ o oo .
R R ) LIBE ]
ey e of 08 s LL) 0 i !
" oww (1)
Ol Bavwier o 00 ol - LA o 0ne 0 e e
T St o1 04 ot 00 [ Longh o7 000 o8 cote soment
Lot of ane 08 ooler " - oty oy
Viwng setin of 08 oow LR L] [
hew mwdios of 8 ioler LR ]
ey e of 4 ool o
Denaty of 08 ool meterw ™e oem
—ty———___ — I
O | T == ()
Nntar of smraets of 00 ol .

Fig. 3. Graphical user interface for the developed control strategy

The dimensions of rotary drilling shown in Fig. 4. A have been reduced by keeping
the proportionality between them (Fig. 4.B).

Fig. 4. Rotary drilling system; a) Image of realized prototype, b) Detailed schematic diagram
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The torque on bit of the prototype has been given in Fig. 5; it is stabilized at 8§ T
after 160 s.

Torque on bit response

- o > ~

Torque on Bit

Time (s)

Fig. 5. Torque on bit response of the nonlinear model of the system

The open loop responses for five elements model are shown in Fig. 6 where it is
noticed that this responses are stabilized after 160 s also, the torsional vibrations have
affected the velocity responses in the interval [0 160 s]. It is also noticed that element 3
has the highest velocity response value (Fig. 6), where it has the most remarkable
vibration effect, it can be interpreted as the most risky point of drill string damage.

Open-Loop Velocities
T

g

s
B

)

)|

o e R i T R Bt i e Rl D ] Set Point

— Top Drive

Angular Velocity (RPM)

Element 1
— Element 2
Element 3
| | | | | | | | Drill Bit
0 20 40 60 80 100 120 140 160 180 200

Time (s)

Fig. 6. Five elements responses of the nonlinear model of the system

In order to generalize the designed algorithm, many input references have been
used (Figs. 7, 8, and 9); these signals can represent any type of input signals in oil field
drilling system. As it is shown in Figs. 7, 8, and 9 the controller have tracked different
types of input signals, where it is noticed that PI and PID controllers give the same
tracking performances. However, Hinfinity controller offered a better tracking perfor-
mance with better minimization of torsional vibration and time response, it can be
considered as the best solution in the status of stuck or slip phases, however it can
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reduce the axial advancement, thus a switch between PI (unfavorably derivative term)
and Hinfinity controllers will increase the efficiency of control tasks; PI controller in
normal situation without any vibrations, as soon as there is stuck of drill bit automatic
switch to Hinfinity controller is done, when the drill bit speed return near to the drill
string surface speed an automatic switch back to PI controller is done and so on.

-~ Open loop Responses
PI controller

~— PID controller
— H infinity controller

Drill Bit Velocity (rpm)

Fig. 7. Response of the nonlinear system with second type of top drive velocity input

Open-Loop/ Closed loop Responses to Zero Initial Condition

Open loop Responses
Pl controller

—— PID controller

H infinity controller

O R

| ;
| : | |
| : | ;
260f— === == - - - - - R qlr--mamema-- e Rttt s L Rt
| | | |
| : : .
j i i
. | |
|
|

Drill Bit Velocity (rpm)

Time (s)

Fig. 8. Result of nonlinear system with third type of top drive velocity input

Open-Loop/ Closed loop Responses to Zero Initial Condition

u :
Open loop Responses [+
— Pl controller :
—— PID controller :
—— H infinity controller |}

T :

Drill Bit Velocity (rpm)

Time (s)

Fig. 9. Result of the nonlinear system with fourth type of top drive velocity input
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5 Conclusion

This study dealt with the design of control strategy for the purpose of controlling
torsional vibrations in rotary drilling system, the strategy is based on PI, PID, and
Hinfinity controllers’ responses; it combines these controllers to have desired maxi-
mum system performance with minimum drill string vibrations. The promising simu-
lation results guided us to design, experimentally, a prototype of rotary drilling system,
it gave the opportunity to validate the proposed algorithms, thus propose the implement
of the developed strategy to an operating Algerian drilling system so that extra drilling
cost can be avoided.
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