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Introduction

Since vertical drilling to access oil and gas reservoirs
is associated with wvarious limitations, directional
drilling has been employed and developed as a useful
method in oil and gas industry. One of the challenges
encountered during directional drilling, especially
when the drilling length is increased, is to guide the
drill bit in a direction that can track the planned path
with the least error. Currently, the conventional method
used for directional drilling involves application of
downhole motors that are guided by the human agent
(directional driller). The increase in error becomes
especially important when the layer under drilling
is thin. If the drilling accuracy is low, it can lead to
the entrance of well into the adjacent (gas and water)
layers and subsequent problems. In most of the
cases, there is a need for smart automated system to
achieve this goal. Also, intelligentization of different
processes in the oil and gas industry, generally
known as “smart well, reservoir and field”, has been
extensively developed in recent years. Based on the
definition of intelligentization, directional drilling
can be seriously taken into account in “smart well”,
because there are both “monitoring” and “controlling”
procedure in this process. Smart directional drilling
can be used especially for complex three-dimensional
paths and where a high accuracy is needed. Based
on these considerations, rotary steerable system
(RSS) technology has been developed by major oil

Accepted: January/15/2022

companies. Given that intelligentization of directional
drilling systems (especially in the case of RSS
technology) are at the beginning of their development
pathway, improving of borehole evolution modeling
and utilization of more precise control methods to
track the planned path is important.

Intelligentization of directional drilling system has
been performed based on tool-independent and tool-
dependent models. A tool-independent model is
entirely based on kinematic (geometric) relationships
and models the system regardless of the type, shape,
and applied forces on the actuator; i.e. drilling tool.
Among these researches, the most complete borehole
evolution model has been developed by Perneder
and Detournay [1]. This model, which has been used
as the base model in the present study, models the
directional drilling system as a time-delay nonlinear
system. Although several studies have been conducted
to control the directional drilling system (especially
since 2000), most of them have utilized simplified
tool-independent models. Other researches in this
area based on analytical models of borehole evolution
have been mainly initiated by Downton's studies.
Major studies on directional drilling control have
been performed based on the Perneder-Detournay’s
model. For instance, in this model has been used to
formulate the directional drilling system in the state-
space formulation, as a robust tracking problem [2].
The aim of this study is to present a new formulation of
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directional drilling system (nonlinear delayed system
described by Perneder-Detournay) that is compatible
with LMI-based controller. Through this study, in all
steps, the stability of the system is mathematically
proved. For this purpose, first the nonlinear delayed
system is considered as a linear system. In second
step, using mathematical transformations based on
the physics of problem, the system nonlinear terms is
formulated as an uncertainty, then the linear system
with uncertainty is achieved. By using state feedback
controller, the Lyapunov function for delayed system
is converted to LMI and then solving the LMI using
the Mosek solver results in the gains of controller.
Third, by proving stability for the step reference input,
the tracking problem is also solved. Simulation results
of all these steps are presented. The performance
(specially settling time and overshoot) of the controlled
system is improved using this controller.

New Formulation of Directional Drilling Model
This section presents the modeling of directional
drilling system based on the Perneder-Detournay’s
model, which is the most complete modeling available
for the borehole evolution system. Perneder has
derived this model using a three-component model,
consisting of BHA modeling, rock/bit interaction
law, and a geometrical (kinematics) relationship [1].
Combining the three components leads to the single
differential equation for the variations of the drill bit
inclination angle:

X ILO = M, ((0),~0)+ F,.(0-6) +
n

2 FEM. —FM, —M nIl
> SR ZEIEL (0), ~ (0 )
i1 il
2 — —
_KZE(M_M _K_F;y_y.(g_gl)ﬁos(g)l
n = X Xiu n
(2)
nll
EM —-FM, -M nlIl
X g M, o EM, =M 3)
n il

Considering ® (borehole inclination angle) as one of
the system states, the mean inclination in the first and
second parts of BHA ((®) ,(©),) can be regarded as
two other states, which can be obtained based on the
system geometry [5]. Based on the equations presented
for the three states of borehole evolution system, the
system state-space form can be formulated as below
[2].

X (€)= Ay (&) + Ax () + A,x (&) + BT + BT+ BW

)
Ay=[ab c;d 0000 0]
A,=[e 00,/ 00;g 00]
A,=[h 00;000;i 00] (2)

In this system, the control input is the amount of lateral
force exerted by the RSS (I') and the control parameter
is related to all three states of the system, especially
the inclination of the borehole. Also, the simulation of
the system response indicate that the open loop system
is unstable.

The system presented in Equation 2 has three states
such that the second and third states are functions of the
first one. Therefore, in order to select optimum states
and reduce the system order, we differentiate the first
state of Equation 2. After some algebraic calculation,
by selecting the following states for the system, we
will have the new formulation of directional drilling
system:

YVi=XY, =X, )

g2 [o [ oo oy,
v bd ally, bf +cg e yz(t—l)
2
0 0 t-2.6 0
i ) + - |+Bu;B =[0;1] “4)
ci h yz(t—2.6) b w
Controller Design
Similar to non-delayed systems, the stability of
delayed systems can be analyzed based on two
general logics, including frequency domain and time
domain methods. An effective method for analyzing

the stability or performance of delayed systems is the
Lyapunov direct method [3].

¥ (1)=Ax (t)+Zi;ij (c=h, (t))+Bu )

y(t)=Cx (1)
For a simple delayed system based on Equation
5, selection of Lyapunov function represented by
Equation 6 will lead to LMI condition according to the
following expressions [3]:

()= P2 2 () (s ©

For controlling system based on introduced Lyapunov
function, three steps are presented:

1. Designing controller for linear directional drilling
system without uncertainty: the directional drilling
system has two nonlinear terms due to the weight of
BHA. The order of these two terms related to the system
terms is 107°. This difference can be also predicted
from system modeling, as the effect of weight is very
week, compared to other applied forces. One approach
to solve this problem is to eliminate these nonlinear
terms. In fact, a model reduction takes place here and a
simplified system is controlled. The controller of linear
delayed systems is mainly in the form of the feedback
of system states.

u(t)=kox (t)+kx (t —h)+k,x (t —h,) (7)
2. Designing a robust controller for the directional
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drilling system: there are several approaches to solve the
problem when nonlinear terms are present in the system.
One approach is to use the robust control approach
and consider all nonlinear terms as disturbances in
the system. Another approach is to use the theory of
nonlinear systems and employ controllers such as
feedback linearization, sliding mode, etc. In this paper,
based on the formulation of nonlinear terms that covers
system states, the concepts of robust control are used,
and nonlinear terms of the system are introduced and
analyzed as uncertainties in the system. The controller
design of this step is explained in the paper.

3. Design of tracking problem: all the solutions presented
so far for different cases only solve the problem of
regulation, in which the reference input is always
considered to be zero. Although this solution justifies
some directional drilling patterns such as “hold” (slope
retention), the problem of tracking for the system should
be solved as other patterns exist in directional drilling,
such as “Continuous Build”. For solving tracking
problem, the method presented is used [4]:

u(t)=kox (t)+kx (t—h)+k,x (t—h,)+k,r(t)
@)

Results and Discussion

In this section, the results of system simulation for the
three steps of controlling system have been presented
and discussed. In all steps, using yalmip in the Matlab
environment, the LMI derived in the previous section
is solved by the Mosek solver and the controller gains
are obtained. In all stages of solving this problem, the
most important constraint is the amount of control effort
(the force exerted by the RSS) that is associated with
operational limitation (the operating range of the RSS
force is between 0 to 20000 N, which is approximately
equivalent to 0<I'<0.013). Therefore, for the problem
to be realistic and operational, all provided answers
must fall within this operational range.

For example, the results of tracking problem is
presented. As mentioned, in directional drilling, it is
very important to track the path that is interpreted as
the inclination angle tracking here. In the previous
section, it was proven that the system can track the
step reference input. In the Figure 1, the simulation
results of tracking the following reference path by the
nominal system (ITn= 0.279) with initial condition of x
=0.01 have been demonstrated.

x, =0;x <4,
x,=0.035 4<x <11,
x,=0.017511<x <20 )

As can be seen in the above figure, the nonlinear
system has been able to track the path with a high
accuracy. The control effort has also been lower than
the allowed value in all locations, and the system is
indeed controlled in an actual manner.
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Fig. 1 Tracking of reference trajectory (first state)

Conclusions

In this study, the system has been controlled by a de-
layed state feedback controller. First, the linear system
(with eliminating the weight effect of BHA) was con-
trolled. Then, with adopting a robust approach based
on the physics of the problem, the nonlinear terms of
the system were introduced into the system as uncer-
tainty, and the system was obtained in a linear form
with uncertainty. Finally, due to tracking nature of di-
rectional drilling, the tracking problem is solved. The
simulation results of tracking is better than previous
studies. In the previous article presented by authors,
the effect of BHA weight was ignored, leading to a
linear delayed model. In contrast, the present article
analyses the system as a model, which means a non-
linear delayed model involving disturbance terms. Af-
terwards, a robust control approach was used to con-
trol the disturbance.
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