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ABSTRACT

During the drilling process, stick-slip vibration of the drill string is mainly caused by the nonlinear friction gen-
erated by the contact between the drill bit and the rock. To eliminate the fatigue wear of downhole drilling tools
caused by stick-slip vibrations, the Fractional-Order Proportional-Integral-Derivative (FOPID) controller is used
to suppress stick-slip vibrations in the drill string. Although the FOPID controller can effectively suppress the drill
string stick-slip vibration, its structure is flexible and parameter setting is complicated, so it needs to use the cor-
responding machine learning algorithm for parameter optimization. Based on the principle of torsional vibration,
a simplified model of multi-degree-of-freedom drill string is established and its block diagram is designed. The
continuous nonlinear friction generated by cutting rock is described by the LuGre friction model. The adaptive
learning strategy of genetic algorithm (GA), particle swarm optimization (PSO) and particle swarm optimization
improved (IPSO) by arithmetic optimization (AOA) is used to optimize and adjust the controller parameters, and
the drill string stick-slip vibration is suppressed to the greatest extent. The results show that: When slight drill
string stick-slip vibration occurs, the FOPID controller optimized by machine learning algorithm has a good effect
on suppressing drill string stick-slip vibration. However, the FOPID controller cannot get the drill string system
which has fallen into serious stick-slip vibration (stuck pipe) out of trouble, and the machine learning algorithm is
required to mark a large amount of data on adjacent Wells to train the model. Set a reasonable range of drilling
parameters (weight on bit/drive torque) in advance to avoid severe stick-slip vibration (stuck pipe) in the drill
string system.
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Nomenclature
Cpb Drill bit viscous damping [(N · m · s)/rad]
Crs Viscous damping coefficient of the turn table [(N · m · s)/rad]
Jzp, Jzg, JBH , Jzt Rotational inertias of the turn table, drill pipe, BHA, and drill bit, respectively [kg · m2]
KPg, KgB, KBt Torsional stiffness of the springs between the turn table and drill pipe, drill pipe and BHA, and BHA

and drill bit, respectively [(N · m)/rad]
Npg, NgB, NBt Torsional damping of the springs between the turn table and drill pipe, drill pipe and BHA, and BHA

and drill bit, respectively [(N · m · s)/rad]
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Rb Radius of the drill bit [m]
Tar Viscous damping torque at the top drive system [N · m]
Tab Viscous damping torque at the drill bit [N · m]
Tb Torque at the drill bit [N · m]
Tc Sliding friction torque (Coulomb friction torque) [N · m]
Tm Turn table driving torque [N · m]
Tr Coupling torque of the drilling column [N · m]
Ts Maximum static friction torque between the drill bit and the rock [N · m]
hzp, hzg, hBH , hzt Angular displacements of the turn table, drill pipe, BHA, and drill bit, respectively [rad]

h
:

zp, h
:

zg, h
:

BH , h
:

zt Angular velocities of the turn table, drill pipe, BHA, and drill bit, respectively [rad/s]

h
::

zp, h
::

zg, h
::

BH , h
::

zt Angular accelerations of the turn table, drill pipe, BHA, and drill bit, respectively [rad/s2]
r0 Rigidity coefficient of the bristles [N · m · s-1]
m Relative motion velocity of the contact surface [m/s]
vs Striebeck velocity [m · s-1]
Wb Weight on Bit (WOB) [kN]
r1 Damping coefficient of the drilling string [N · m · s-1]
r2 Stiffness coefficient of the drilling string [N · m · s-1]
lsb Static friction factor
lcb Coulomb friction factor of the bit
cb A positive number less than 1
z Average elastic deformation of the bristles [m]
uðtÞ Output of the fractional-order controller
eðtÞ Error signal of the system
D Fractional derivative operator
yðtÞ Output of the control system
a, b Weight coefficients, taking the values of 0.5 and 0.7, respectively
N Population size
n Dimension of the search space
xi;j Position of the first solution in the j-dimensional of the space
r2 Random number uniformly distributed in [0,1]
xi C Iter þ 1ð Þ i-th solution for the next iteration
xi;j C Iter þ 1ð Þ Position of i-dimensional solution in the j-dimensional of the space
e Limit value, a random proportion coefficient used to generate more diversified processes and explore

different regions of the search space
UBj, LBj Upper and lower bounds of the optimal value in the j-dimensional of the space to prevent the

solution from going out of bounds after updating the individual
l Control parameter used to adjust the exploration process
ci1, ci2 Learning factor of particle i
c1min, c2min Minimum value of the learning factor, which is set to 0.7
c1max, c2max Maximum value of the learning factor, which is set to 3
ti Ranking of the fitness of particle i
n0 Population size (total number of particles)
best Xj

� �
The j-th position in the current optimal solution

vidkþ1 The velocity of a particle during the (k+1)-th iteration in the iterative process of the standard Particle
Swarm Optimization (PSO) algorithm

x Inertia weight coefficient of particle motion
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c1, c2 Particle acceleration coefficient
pbestidk The optimal position of i-th particle in and before the k iteration
xidkþ1 The position of particle i in the search population during the (k+1)-th iteration
gbestidk The best position reached by all particles in the swarm up to the k-th iteration
vmin, vmax The minimum and maximum values of particle velocity

1 Introductions

Stick-slip vibration is an important factor that reduces drilling efficiency. Suppressing stick-slip
vibration can reduce accidents in the wellbore, shorten the construction period to some extent, and reduce
drilling costs [1,2]. The torsional energy produced by the stick-slip vibration accumulates in the
intermediate drill string, which makes the down-hole drill string more prone to fatigue damage [3,4].
Therefore, it is important to design a drive controller that can automatically control the bit on weight and
the top drive speed to eliminate the torsional energy stored in the drill string [5]. For the stick-slip
vibration drill string dynamic model, Depouhon et al. [6] simplified the downhole drilling system into a
two-degree-of-freedom drill string model using the torsional vibration principle and the spring-rotational
inertia model. Navarro-Lopez et al. [7] described the downhole dynamic system using a multi-degree-of-
freedom torsional model, and both proved that changes in drilling parameters would affect drill string
stick-slip vibration. Richard et al. [8] found that the nonlinear friction generated by the contact between
the drill bit and the rock was the main cause of stick-slip vibration. To suppress and eliminate the effects
of stick-slip vibration, Khulief [9] combined control engineering with drill string stick-slip vibration
research, using Laplace transform to process the drill string dynamic differential equations. Smit [10]
proposed to apply optimal control to the suppression research of drill string viscous stick-slip vibration.
Canudas-De-Wit et al. [11] and others verified that adjusting drilling parameters can suppress drill string
viscous stick-slip vibration. Tucker et al. [12] used PI (Proportional Integral) and PID (Proportion
Integration Differentiation) control to adjust drilling parameters to achieve the purpose of suppressing
drill string stick-slip vibration. Yousefi et al. [13] used a more complex FOPID controller to suppress
stick-slip vibration in the drill string. Karkoub et al. [14] and others optimized the PID controller
parameters using genetic algorithms based on the drill string torsional model. Navarro-López et al. [15]
used a sliding mode control strategy to design an intelligent controller to suppress drill string stick-slip
vibration, which can achieve optimal control effect. Tavakkoli-Moghaddam et al. [16] combined particle
swarm optimization with bacterial foraging algorithms to optimize FOPID controller parameters to
improve the robustness of the control system. These methods can help drilling engineer better control
drill string stick-slip vibration, improve drilling efficiency and safety.

Lyu et al. [17] established a general multidimensional drill string torsional dynamic equation based on
the mechanical characteristics of drilling tools such as turn tables, drill pipes, drill collars, and drill bits. Fu
et al. [18] proposed a control scheme combining state feedback and torque feed forward to suppress drill
string stick-slip vibration and achieved good suppression effect. Zhang et al. [19] proposed to use an
FOPID controller to adjust drilling parameters to suppress drill string stick-slip vibration based on a
multi-degree-of-freedom dynamic model.

In classical control theory, PI, PD, PID and other controllers can effectively solve linear problems, but
the control effect of classical controller is not as good as that of modern control theory FOPID controller
when facing nonlinear problems. PID controller is a special case of FOPID controller parameter rounding.
FOPID controller has a wider parameter adjustment range, and its flexible and complex structure makes
its parameter adjustment more complicated.
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With the development and improvement of machine learning algorithms, some algorithms are used to
adjust controller parameters. Gad et al. [20] used multi-objective genetic algorithm (MOGA) to optimize
FOPID controller parameters to improve vehicle ride stability. Mohaghegh et al. [21] applied the
parameter optimization method of multi-objective optimization to the study of drill string stick-slip
vibration. Muftah et al. [22] adopted particle swarm optimization algorithm to optimize fuzzy FOPID
controller and applied it to pneumatic cylinder system to improve the robustness of the system. Mohamed
et al. [23] used genetic algorithm (GA) and particle swarm optimization (PSO) algorithm to optimize PID
controller and applied it in the control system of shred DC motor to improve the performance of the
system. In the above research, the characteristics of multi-objective optimization of machine learning
algorithm and the advantages of overcoming the sensitivity of initial parameter values of simplex method
were utilized to optimize controller parameters [24,25]. In this paper, machine learning algorithms [26]
are used to optimize the controller parameters, improve the robustness of the control system, increase the
control accuracy, and suppress the drill string stick-slip vibration to the greatest extent.

2 Modeling of Viscous Stick-Slip Vibration Drilling Control Object

2.1 Dynamic Modeling of Drill String System
The simplified drill string torsional model in this paper consists of four parts: turn table, drill pipe,

bottom hole assembly (BHA), and drill bit. The model elements are interconnected by linear springs with
torsional stiffness and torsional damping [27]. Viscous damping torque is considered at the top drive
system and drill bit. Nonlinear friction torque generated by dry friction and rock cutting at the drill bit is
considered [28,29]. The simplified drill string system model is shown in Fig. 1.

Figure 1: Torsional vibration model of drill string
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The dynamic equation of the drill string system is shown in Eq. (1):

Jzph
::

zp þ Kpgðhzp � hzgÞ þ Npgðh
:

zp � h
:

zgÞ � Tm þ Tar ¼ 0

Jzgh
::

zg
� Kpgðhzp � hzgÞ þ KgBðhzg � hBH Þ � Npgðh

:

zg � h
:

BHÞ þ NgBðh
:

zg � h
:

BHÞ ¼ 0

JBH h
::

BH
� KgBðhzg � hBH Þ þ KBtðhBH � hztÞ � NgBðh

:

zg � h
:

BHÞ þ NBtðh
:

BH � h
:

ztÞ ¼ 0

Jzth
::

zt
� KBtðhBH � hztÞ � NBtðh

:

BH � h
:

ztÞ þ Tab þ Tb ¼ 0

8>>>>>><
>>>>>>:

(1)

Let Tar ¼Crsh
:

zp, Tab¼Cpb hzt
:

, Tm¼U , x1 ¼ hzp
:

, x2¼ hzp � hzg, x3¼ hzg
:

, x4 ¼ hzg � hBH , x5 ¼ h
:

BH ,

x6 ¼ hBH � hzt, and x7¼ h
:

zt be the system state variables, then Eq. (1) can be written as:

x1
: ¼ � Npg þ Crs

� �
x1

Jzp
� Kpgx2

Jzp
þ Npgx3

Jzp
þ U

Jzp
x2
: ¼ x1 � x3

x3
: ¼ Npg

Jzg
þ Kpgx2

Jzg
� Npg þ NgB

� �
x3

Jzg
� KgBx4

Jzg
þ NgBx5

Jzg
x4
: ¼ x3 � x5

x5
: ¼ Npgx3

JBH
þ KgBx4

JBH
� NBt þ NgB

� �
x5

JBH
� KBtx6

JBH
þ NBtx7

JBH
x6
: ¼ x5 � x7

x7
: ¼ NBtx5

Jzt
þ KBtx6

Jzt
� NBt þ Cpb

� �
x7

Jzt
� Tb
Jzt

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

(2)

A schematic diagram of a four-degree-of-freedom drilling column system based on the state equation is
designed (Eq. (2)), the structure as shown in Fig. 2.

2.2 Nonlinear Friction Model Modeling
Using the LuGre friction model to simulate the continuous nonlinear frictional force generated by

drilling rock with drill bit. The LuGre friction model is used to simulate the continuous nonlinear friction
generated by drill cutting rock. This model can not only accurately describe the phenomenon of increased
static friction force and friction memory, but also use Stribeck curve in the model to describe the
behavior that the friction force. The force subjected to the drill bit decreases with the increase of speed
after overcoming the maximum static friction force in the low speed zone when the drill string is
experiencing stick-slip vibration. It can also describe the dynamic and static properties such as friction

Figure 2: 4-DOF drill string system structure block diagram
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hysteresis, pre-slip displacement and variable static friction. Therefore, the LuGre friction model is chosen as
the research model. The definition of the LuGre friction model [30] is as follows:

Tr ¼ r0zþ r1
dz

dt
þ r2m (3)

dz

dt
¼ m� r0 mj j

gðmÞ z (4)

gðmÞ ¼ Tc þ ðTs � TcÞe� m=msj j (5)

Due to the uncertainty of the maximum static friction force, the model is divided into two states
determined by velocity: stick and slip. When Tr exceeds Ts, it reflects the change in the maximum static
friction force in the motion system. According to the definition of the LuGre friction model, the
expression of the nonlinear torque at the drill bit Tb is as follows:

Tb ¼
Tr if jh

:

pbj,DV ; jh
:

ztjTr � Ts
TssignðTrÞ if jh

:

ztj,DV ; jh
:

pbjTr . Ts

Tc þ ðTs � TcÞe� m=msj j2
h i

sgnðvÞ þ r2m if jh
:

ztj.DV

8>><
>>:

(6)

where,

Tc ¼ WbRblcb
Ts ¼ WbRblsb
v ¼ hBH � hzt
r1 ¼ NBt; r2 ¼ KBt

8>><
>>:

(7)

The structural diagram of the LuGre friction model is shown in Fig. 3:

3 Optimization of FOPID Controller Using Machine Learning Algorithms

3.1 Design of FOPID Controller
The use of FOPID controller can effectively suppress stick-slip vibration of the drilling string and

improve the robustness of the control system [31]. Compared with the traditional PID controller, the
FOPID controller has an additional integral order λ and derivative order μ. The integer-order PID control

Figure 3: LuGre friction model
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can be understood as a special case of FOPID control when the derivative and integral terms are rounded to
integers [32,33]. The output of the FOPID controller can be described as follows:

uðtÞ ¼ KpeðtÞ þ KID�keðtÞ þ KDDueðtÞ (8)

By using the relationship between input and output variables and applying Laplace transform, the
transfer function of the FOPID controller is obtained.

GðsÞ ¼ UðsÞ
EðsÞ ¼ Kp þ KI

sk
þ KDs

u (9)

To achieve the fitting calculation of the fractional derivative operator, the conventional Oustaloup filter
does not provide satisfactory fitting results at the endpoints of the fitting frequency band. Therefore, an
improved Oustaloup filter proposed in reference [34] is considered, which is described as follows:

sa � K
ds2 þ bxhs

dð1� aÞs2 þ bxhsþda

� � Yj¼N0

j¼�N

sþ x0
j

sþ xj
(10)

In Eq. (11):

xj
0 ¼ dxb

b

� � a�2j
2N0þ1

xj ¼ dxh

b

� � aþ2j
2N0þ1

K ¼ dxh

b

� �a Qj¼N0

j¼�N

xj

xj
0

8>>>>>>>>><
>>>>>>>>>:

(11)

where, N0 is the order of the filter, and the order of the transfer function of the filter is 2N0 þ 3, which is
generally given by b ¼ 10, d ¼ 9.

3.2 Optimization of FOPID Controller Using Genetic Algorithm (GA)
The parameter design methods of FOPID controller are mostly obtained through equation derivation or

extensive search. By using intelligent optimization algorithms [35,36] to optimize the controller parameters,
the control accuracy of the FOPID controller can be improved as Fig. 4 shows.

Genetic algorithm is used to encode the five parameters in the FOPID controller, and five chromosomes
are constructed: proportional, integral, derivative, integral order λ, and derivative order μ, each assigned to a
chromosome and encoded using a binary character set. The maximum number of evolution generations is set,

Figure 4: GA-FOPID controller
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and a certain number of individuals N are randomly generated. The randomly encoded initial string data of N
chromosomes are used as initial points for iteration until the number of individuals in the initial population
reaches a certain size, and then the iteration is stopped.

In this paper, the ITAE (integral of time multiplied by absolute value of error) criterion is selected to
represent the performance index:

J ¼ R T
0 t eðtÞj jdt (12)

The fitness function is defined as follows:

f ¼ 1

J
¼ 1R T

0 t eðtÞj jdt (13)

The classical method for calculating the adaptive operator was proposed by Srinvivas et al. [37].
However, since most of the excellent individuals in the initial population have very small changes, using
this adaptive method in the early stages of evolution can easily overlook the global optimal solution and
fall into a local optimal solution. Therefore, an improved adaptive calculation equation is used to
calculate the crossover operator Pc and Pv mutation operators [38]. The steps for designing the optimal
FOPID controller based on genetic algorithm are as follows in Fig. 5:

Step 1: Use empirical methods to determine the five parameters of the FOPID controller (KP, KI , KD, k,
l), and encode the parameters based on the calculated number of binary bits. The population is initialized by
setting the maximum number of evolution generations, randomly generating M individuals as the initial
population, and calculating and setting the size of the initial population, the search range of the encoding,
the number of mutated individuals, and the probabilities of crossover and mutation.

Figure 5: Genetic algorithm (GA) optimization of FOPID controller parameters process
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Step 2: Calculate the fitness value of the initialized particles, the average fitness value of the particles,
and the error of the current fitness value based on the selected fitness function.

Step 3: Use the evaluation function to calculate the corresponding fitness value of each individual and
calibrate and transform the fitness function.

Step 4: Select suitable parents from the population and perform adaptive crossover and mutation based
on the crossover and mutation probability formulas.

Step 5: Determine whether the termination condition is met based on the error accuracy and total number
of iterations. If the condition is met, proceed to Step 6. If not, return to Step 2.

Step 6: Decode the optimized values of the five subgroups of parameters and output the corresponding
fitness values.

3.3 Optimization of FOPID Controller Parameters Using Improved Particle Swarm Optimization (IPSO)
Algorithm

3.3.1 Optimization of FOPID Controller Parameters Using Particle Swarm Optimization (PSO) Algorithm
Use the PSO algorithm to optimize the five parameters of the FOPID controller, including the

proportional coefficient, integral coefficient KP, differential coefficient KI , integral order KD, and
differential order. Set the particle’s parameter space dimension to 5. Optimize the FOPID controller
parameters through the PSO algorithm to suppress stick-slip vibration of the drill string [39]. Consider
the dynamic and steady-state performance of the control system, and use the product of time and the
absolute value of the error integral as the optimization objective. The objective function is as follows:

J ¼ a �
Z

eðtÞj jtdt þ b �maxðyðtÞÞ (14)

The steps for particle swarm optimization of FOPID controller parameters are as follows in Fig. 6:

Figure 6: Particle swarm optimization (PSO) optimization of FOPID controller parameters process
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Step 1: Determine the objective function. First, it is necessary to determine the objective function to be
optimized, which is the performance index of the FOPID controller that needs to be optimized, such as
steady-state error, overshoot, response time, etc.

Step 2: Determine the parameter range. Determine the parameter range of the FOPID controller, that is,
the range of values for each parameter. This helps to limit the search space and improve search efficiency.

Step 3: Initialize the particle swarm. Initialize a certain number of particle swarms, each particle
representing a combination of FOPID controller parameters, and the initial position can be randomly
generated.

Step 4: Calculate the fitness function. Calculate the fitness function value of each particle based on the
objective function, which is the performance index of the FOPID controller.

Step 5: Update particle position. Based on the fitness function value of the particle and the historically
best position, update the position and velocity of each particle to move towards a better position.

Step 6: Determine the termination condition. Determine whether the termination condition has been
reached, such as reaching the maximum number of iterations or the objective function value reaching a
certain accuracy requirement.

3.3.2 Optimizing FOPID Controller Parameters Using IPSO Algorithm
To improve the global dispersion of particle swarm position updates, enhance the global optimization

ability of the algorithm, overcome premature convergence, and achieve global exploration and
optimization, the multiplication and division operator strategy of the Arithmetic Optimization Algorithm
[40] is used for global search to improve the particle swarm algorithm.

The Arithmetic Optimization Algorithm (AOA) initializes the population by generating random
numbers using Eq. (15).

X ¼

x1;1 � � � � � � x1;j x1;n�1 x1;n
x2;1 � � � � � � x2;j � � � x2;n
..
. ..

. ..
.

..

. ..
. ..

.

xN�1;1 � � � � � � xN�1;j � � � xN�1;n

xN ;1 � � � � � � xN ;j � � � xN ;n

2
666666664

3
777777775

(15)

The exploration phase operators of AOA are multiplication (M) and division (D), which have high
dispersion and are conducive to global exploration. The mathematical model of this phase is:

xi;jðC Iter þ 1Þ ¼ bestðxjÞ � ðMOP þ eÞ � ððUBj � LBjÞ � lþ LBjÞ; r2 < 0:5
bestðxjÞ �MOP � ððUBj � LBjÞ � lþ LBjÞ; otherwise

�
(16)

The Math Optimizer Probability (MOP) is a coefficient calculated using the following formula:

MOP C Iterð Þ ¼ 1� C Itre
1=a

M Itre
1=a

(17)

CMOA C Iterð Þ ¼ Minþ Max�Minð Þ � cosp � C Iter

2M Iter
(18)

The development phase operators of AOA are addition (A) and subtraction (S), which have significantly
lower dispersion and can easily approach the target. Therefore, strengthening the connection between S and
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A to support the development phase is conducive to faster convergence to the optimal solution. The
mathematical model of this phase is:

xi;jðC Iter þ 1Þ ¼ bestðxjÞ�MOP � ððUBj � LBjÞ � lþ LBjÞ; r3, 0:5
bestðxjÞþMOP � ððUBj � LBjÞ � l þ LBjÞ; otherwise

�
(19)

The specific steps to improve PSO are as follows in Fig. 7:

Step 1: Initialize the particle swarm parameters. Set the population size and maximum number of
iterations, range of the learning factor, range of the inertia weight, range of particle velocity, and set
boundary conditions.

Step 2: Calculate the fitness value based on Eq. (14).

Step 3: Calculate the particle inertia weight coefficient based on Eqs. (20) and (21).

wk
max ¼ wmax down þ wmax up � wmax down

� � � 1� k � 1ð Þ=kmaxð Þc (20)

wk
min ¼ wmin down þ wmin up � wmin down

� � � 1� k � 1ð Þ=kmaxð Þc (21)

Figure 7: Improved particle swarm optimization (IPSO) optimization of FOPID controller parameters
process
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In Eqs. (20) and (21), c is the gamma transformation coefficient, the classical range of c is [2,10], and
wk

max; wk
min are the maximum and minimum values of the inertia weight coefficient at the k_th iteration.

Step 4: Update the best position of the population and particle individuals. Calculate based on Eqs. (16)
and (18). If r1 < CMOA, perform exploration and update the position based on Eq. (16); if r1 ≥CMOA,
perform development and update the position based on Eq. (18).

Step 5: Calculate the learning factor based on Eqs. (22) and (23).

ci1 ¼ c1min þ c1max � c1minð Þ � 1� ti=n0ð Þ (22)

ci2 ¼ c2min þ c2max � c2minð Þ � ti=n0ð Þ (23)

Step 6: Update the particle velocity and position based on Eqs. (24) and (25).

vid
kþ1 ¼ w � vid þ c1 � r1 � pbestkid � xkid

� �þ c2 � r2 � gbestkid � xkid
� �

(24)

xkþ1
id ¼ xkid þ vkþ1

id (25)

Step 7: Particle velocity constraint. Calculate according to Eq. (26).

v kþ1
id ¼

vmin v kþ1
id , vmin

v kþ1
id vmin � v kþ1

id � vmax

vmax v kþ1
id . vmax

8><
>: (26)

Step 8: Maximum iteration reached or global. The optimal position meets the minimum limit. If reached,
exit. Otherwise, return to step 1 to continue iteration.

4 Simulation and Analysis

The main parameters [41] of the simulation experiment for the stick-slip vibration system are as
follows: Jzp = 920 kg ·m2, Jzg = 2775 kg ·m2, JBH = 740 kg ·m2, Jzt = 480 kg ·m2, Kpg = 679
(N · m)/rad, KgB = 1070 (N ·m)/rad, KBt = 915 (N ·m)/rad, Npg = 145 (N ·m)/rad, NgB = 195 (N ·m)/rad,
NBt = 180 (N ·m)/rad, Crs = (N ·m · s)/rad, Cpb = 50 (N ·m · s)/rad, Wb = 80.5 kN, lsb ¼ 0:8, cb ¼ 0:9,
lcb¼ 0; 5, Rb ¼ 0:15 m, Tc ¼ 6:5 kN · m, Ts¼ 9:6 kN · m, vs¼ 0:0279 m · s−1, r0¼ 286500 N · m · s−1,
r1¼ 180 N · s · m−1, r2 ¼ 915 N · s · m−1, given rotational speed v = 10 rad/s.

4.1 Simulation of Drill String System (without FOPID Control)
When the drill string stick-slip vibration occurs, the drill bit is in an alternating state of stickiness and

slippage, and the direction of friction subjected to the drill bit is constantly changing. The LuGre friction
model is used to simulate this phenomenon to ensure the accuracy of the simulation experiment.
Neglecting the small differences in the LuGre friction model parameters in the positive and negative
directions, taking the motor-driven torque Tm = 28 kN ·m and the Wb = 80.5 kN as an example, the
friction torque curve of the LuGre friction model and the Stribeck curve are shown in Figs. 8 and 9.

From Figs. 8 and 9, it can be seen that when the drill bit angular velocity is in the zero speed interval, the
frictional force gradually increases to its maximum. When the drill bit is in an alternating state of stick-slip,
the direction of the frictional force keeps switching.

After the drill string system model is established, the stick-slip vibration simulation experiment of the
drill string system is carried out, and the angular velocity and angular displacement of the four degrees of
freedom of the rotary table, drill pipe, BHA and drill bit are simulated respectively. When the system is
started, the angular velocity of the turn table is the largest, followed by that of the drill pipe, and that of
the drill bit is the smallest. The simulation results further verify the accuracy of the drill string model.
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From Fig. 10a, it can be seen that at the beginning of the simulation, the drill pipe and BHA start to rotate
with the top drive, and the drill bit starts to rotate and alternates between stick-slip states when it overcomes
the maximum static friction force of the rock contact. When the drill bit slips, its angular velocity reaches
2–3 times that of the turn table angular velocity. From Fig. 10b, it can be seen that when the drill bit
sticks, the angular displacement of each degree of freedom remains parallel to the time axis and does not
change. This system can simulate the stick-slip vibration of the drill string.

According to the study of the influence of single factor on the dynamic behavior of drill string stick-slip
vibration system, the methods to suppress drill string stick-slip vibration are obtained: (1) Increase the
rotational inertia of rotary disc and drill collar; (2) Reduce the moment of inertia between the drill pipe
and the controlled object; (3) Reduce the stiffness of drill collar; (4) Adjust weight on bit and speed. In
this paper, a top-drive controller that can adjust bit weight and rotary speed is used to suppress drill string
stick-slip vibration. It is necessary to verify whether the simulation model established by adjusting bit
weight and rotational speed can inhibit drill string sticky-slip vibration. The simulation results are shown
in Figs. 11 and 12.

Fig. 11 shows the changes in the drill bit angular velocity. Keeping the Wb unchanged at 90.5 kN, with
the motor-driven torque Tm set to 9.5, 10.7, and 11.5 kN · m within a certain range, the amplitude and
frequency of the drill bit angular velocity change with the change in the motor-driven torque when stick-
slip vibration occurs. Adjusting the motor-driven torque can suppress stick-slip vibration of the drill string.

Figure 9: Stribeck curve

Figure 8: Friction torque curve
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Figure 11: Variation curve of bit angular velocity under different torques

Figure 12: Variation curve of bit angular velocity under different WOB

Figure 10: Angular velocity and angular displacement curves of each degree of freedom of drill string system
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In Fig. 12, keep the drive torque Tm constant at 10.7 kN · m, the Wb is set to 81.4, 90.5, and 105.2 kN
within a certain range. As the Wb gradually decreases, the stick-slip vibration phenomenon also weakens.

Adjusting the drilling parameters within a certain range can suppress stick-slip vibration of the drill
string, but excessive Wb and motor-driven torque can also increase the frictional resistance of the drill
string. Therefore, using an FOPID controller to suppress stick-slip vibration of the drill string and ensure
that the parameters are within a reasonable control range.

4.2 Using Machine Learning Algorithms to Optimize the Parameters of the FOPID Controller
The rotary speed/weight on bit is taken as the input of the drill string system, and the bit angular speed is

taken as the output of the drill string system. The FOPID controller is used to control the rotary speed/weight
on bit single-factor, and the control effect of the FOPID controller is reflected by the change of the bit angular
speed. The FOPID controller can suppress stick-slip vibration of the drill string, but the complex structure of
the FOPID controller and the difficulty in adjusting its parameters often cannot achieve optimal performance.
In this study, three algorithms, namely Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and
Improved Particle Swarm Optimization (IPSO), were used to optimize the five parameters of the FOPID
controller to achieve maximum suppression of stick-slip vibration of the drill string. This study divided
stick-slip vibration into two categories: severe stick-slip vibration (stuck pipe) and general stick-slip
vibration (non-stuck pipe). When general stick-slip vibration occurs (non-stuck), set a constant Wb of
90.5 kN, The following are the simulation results at a Wb of 90.5.

When there is no stuck pipe, the results of optimizing the FOPID controller parameters using machine
learning algorithms are as follows in Table 1:

In Fig. 13, when there is no stuck pipe phenomenon, IPSO-FOPID and GA-FOPID have good
suppression effects on stick-slip vibration when it occurs. Among them, IPSO-FOPID control
optimization has a stronger effect than GA-FOPID and PSO-FOPID control, with the smallest fitness
value. It can be seen from Fig. 13d that IPSO algorithm tends to be stable after 87 iterations, and
corresponding Fig. 13e shows that 5 parameters vary widely before 87 iterations and do not change after
87 iterations, indicating that IPSO algorithm improved by AOA algorithm has better parameter searching
ability and is not easy to fall into local optimal solution. IPSO-FOID controller has strong control ability.

When severe stick-slip vibration (stuck pipe) occurs, set a constant Wb of 105.2 kN, The following are
the simulation results at a Wb of 105.2.

Table 1: Parameter optimization data for non-stuck pipe conditions

Parameters Kp Ki Kd λ μ Fitness value

IPSO 0.178 0.591 4.412 1.066 0.812 640.2

GA 0.008 0.095 0.010 0.913 0.074 838.7

PSO 0.005 0.123 0.011 0.813 0.076 1575.5
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Figure 13: Control effect of GA-FOPID, GA-PID for moderate stick slip of drill string
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The results of optimizing FOPID controller parameters using machine learning algorithms when a drill
bit gets stuck are as follows in Table 2:

In Fig. 14, when a drill bit gets stuck, the controller has a good suppression effect on non-stuck
situations. When the bit is stuck, the bit angular velocity and bit torque fluctuate greatly. It can be seen
from Figs. 14d and 14e that IPSO algorithm tends to be stable after about 60 iterations, and its fitness
value becomes very large, and parameters still have a large range of variation, indicating that IPSO
algorithm still has a strong optimization effect, but the controller itself has limited adjustment ability, and
cannot make the bit out of the stuck state.

Table 2: Condition parameter optimization data during stuck condition

Parameters Kp Ki Kd λ μ Fitness value

IPSO 0.012 0.097 0.011 0.774 0.057 25568.4

GA 0.004 0.136 0.019 0.922 0.021 27680.8

PSO 0.002 0.091 0.013 0.913 0.065 30502.2

Figure 14: (Continued)
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The optimization effect of each algorithm depends on the speed of the target search and the size of the
search scope. When the search scope is large, the optimization speed will be reduced, and the search scope is
too small, it is easy to fall into the local optimal solution. The advantage of using machine learning algorithm
to optimize the controller is that it has the parameter memory function, which can speed up the optimization
speed. Therefore, when using crowd optimization algorithm in machine learning algorithm, we should focus
on improving its search speed and range ability to improve the control effect of the controller.

5 Conclusion

To solve the problem of FOPID parameter tuning, the combination of machine learning algorithm and
FOPID control is used to maximize the adjustment effect of the controller. The optimization process avoids
the occurrence of local optimal solutions and has better convergence during the iteration process.

The PSO algorithm is improved by using the multiplication and division operator strategy in arithmetic
optimization algorithm to improve its control accuracy. The addition and subtraction strategies are used to
reduce the dispersion of solutions, which is conducive to the full development of the population in the
local range and strengthen the local optimization ability of the algorithm. The optimized PSO algorithm
has better optimization effect than the GA algorithm.

When stick-slip vibration occurs without getting stuck, GA-FOPID, IPSO-FOPID, and PSO-FOPID
controllers have a good suppression effect on stick-slip vibration. However, when severe stick-slip
vibration (stuck) occurs, the controller cannot eliminate the stick-slip phenomenon of the drill string or
release the stuck drill bit. At this time, it is necessary to adjust the main set rotary speed or WOB to
make the drill string system get rid of severe stick-slip or stuck state, so that the controller can continue
to play a role.

Figure 14: Control effect of GA-FOPID, GA-PID for serious stick slip of drill string
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Although the machine learning algorithm can make the FOPID controller have a better performance in
suppressing the drill string stick-slip vibration, the FOPID controller cannot get the drill string system out of
the stuck state, and the machine learning algorithm is required to mark a large amount of data on the adjacent
well to train the model.

The next step is to enhance the capabilities of the machine learning algorithm and the tuning capabilities
of the controller, and consider more features and constraints (such as drilling parameters, geological
conditions, etc.) to improve the ability of the machine learning model to predict drill string stcik-slip
vibration. The interference observer is designed to eliminate the down hole interference signal and
improve the regulation performance of the controller.
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