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a b s t r a c t

Drilling is one of the most challenging and expensive processes in hydrocarbon extraction and
geothermal well development. Dysfunctions faced during drilling can increase the non-productive time
(NPT) greatly, resulting in inflating the drilling cost and also pose a safety concern. One of the main
problems faced during drilling that limits the life of drilling equipment and tools and decreases the
overall productivity of the system is drilling vibrations. These vibrations can be categorized into three
modes: axial, lateral, and torsional. Stick-slip vibrations are a type of torsional vibration in which the
bottom hole assembly (BHA) periodically stops to rotate followed by a spike in the bottom hole RPM. This
paper provides a comprehensive review of techniques used to control and mitigate torsional vibration
with an emphasis on stick-slip. A brief introduction to drillstring and friction modeling is presented
followed by a concise summary of passive control techniques to control stick-slip. Then the focus is
shifted to an up-to-date review of active control and machine learning for stick-slip control and miti-
gation. The paper ultimately highlights the importance of adapting novel control and mitigation concepts
to improve stick slip detection and improve the overall drilling process. A unique solution is insufficient
to control a complex process such as drilling, but integration of various techniques has been found
promising.

© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The demand for energy is rising with each passing day but there
is a decline in conventional gas and oil extraction. At present, the
recovery of oil and gas is from both conventional and unconven-
tional resources present at deep to ultra-deep depth in the onshore
and offshore environment [1,2]. In order to tap unconventional
resources, drilling techniques like managed pressure drilling
(MPD), directional drilling, and horizontal drilling are used. While
the rotary steerable system (RSS) is utilized to reach the desired
targets in unconventional reservoirs. During drilling operations,
vibration in the drilling string is caused because of the crushing and
chipping of the subsurface formation [3]. Vibrations and shock
(V&S) are unavoidable drilling dynamic phenomena that occur in
the condition such as: aggressive drilling bit used in low drill ability

rocks, long drilling strings utilized for offshore wells, vortex-
induced vibration caused by the slender offshore structure, insta-
bility of borehole during drilling in shale and coal formation and
increasing the trajectory of the borehole during directional drilling
[4]. The vibration and shocks have the tendency to damage drilling
tools like drill bits [5], drill collars, and drill pipes. Monitoring and
logging tools used during drilling are also susceptible to damage
due to vibrations [6]. Moreover, V&S severely impacts the well bore
integrity [7], increase non-productive time (NPT), and due to en-
ergy dissipation, lower the rate of penetration. It is reported that
about 25% of the NPT is caused by the V&S every year which re-
duces the overall drilling efficiency [3] and increases the drilling
cost by 10% [8]. There are three modes of vibration: axial, lateral
(also known as bending or transverse), and torsional which cause
bit bounce, whirling, and stick-slip respectively [9e11]. Axial vi-
brations take place when the drillstring moves along its axis of
rotation. When the drill string moves laterally along its rotation
axis, lateral vibrations occur. Torsional vibrations arise when the
drillstring rotates at a constant speed at the topwith the help of the
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top drive or rotary table, but irregular rotation speeds occur at the
bottom hole. This phenomenon is more common when drag bits
are used [12e15].

Bit bounce a severe outcome of axial vibration where the bit
goes off the bottom resulting in reduced bit life, reduces ROP, and
damages to the subsurface monitoring tools [13,16,17]. Lateral vi-
brations create a bending momentum of high frequency in the
bottom hole assembly (BHA) which leads to fatigue and wear in the
drilling equipment [18]. The lateral vibration is considered to have
more impact on the drill string because the bending waves do not
have the capacity to travel all the way to the surface through the
drill string. This is due to the fact that the wave speed of other
modes such as torsional and axial vibration has a higher speed than
the bending wave and dampens [17]. Therefore, it might be possible
that severe bedding happens at the bottom hole and remains un-
detected by the surface equipment which causes further damage to
the BHA. To avoid lateral vibration, it is important to find the nat-
ural frequency of this mode of vibration through models and
observe the real-time behavior of the BHA. Whirl vibration in the
drill string takes place when the center of gravity of the drill string
is not in the center of the borehole. This causes eccentric rotation of
the drill stringwhich develops centrifugal forces and bends the drill
collar therefore damaging subsurface drilling tools [19,20]. Whirls
are of two types: forward and backward. Forward whirl happens
when the deflected drill collar rotates in the same axis of the
borehole as spin rotation [21]. While in the backward whirl, the
rotation of the drill collar is in the opposite direction of the spin
rotation. It was reported by Jansen [22] and Vandiver et al. [23] that
whirl vibration is excitedwhen the heavier section of the drill collar
comes in contact with the wellbore. In such a situation, the collar
section will start to vibrate transversely while the rest of the drill
string almost remains motionless. This happens because the axial
load is not equally distributed in the sectionwhere the drill collar is
in compression and the drill pipe is in tension which leads to the
reduction of natural frequency in the drill collar and an increase in
the pipe section [24]. It was reported by Bailey et al. [25] that about
4 million feet of holes are drilled every year and around 40% of the
footage is badly affected by the whirl vibration.

In the rotary drilling process, the drillstring is rotated by a top
drive system or a rotary table at a constant speed. However, the
rotary speed at the lower end of the drillstring, that is at the bit,
fluctuates because of the oscillation that occurs due to low torsional
stiffness of the drilling pipes. The magnitude of oscillation depends
on three parameters: (1) the properties of the driving system at the
surface, (2) the friction that exists between the wellbore and drill
string, (3) bit/rock interaction [26]. Stick-slip is caused by the
torsional vibrations in the drillstring that arise when the dynamic
friction coefficient becomes much smaller than the static friction
coefficient [27]. Torsion vibration stick-slip shows low-frequency
fluctuation during drilling and usually is in the order of 2e10 s of
the oscillation period [28]. When stick-slip is fully developed, the
BHA periodically stops rotating in the stick phase, which causes a
torque build-up, this is followed by the slip phase where the built-
up energy is released. Fig. 1 shows a plot of the surface and the
bottom hole RPM from a field test where stick-slip can clearly be
observed. During severe stick-slip, the bottom hole RPM has been
shown to be as high as 10 to 15 times the surface RPM in the slip
phase [29e31] was the first to describe this phenomenon by
analyzing the data gathered from downhole equipment. The situ-
ation becomes much worse if the difference between dynamic and
static friction becomes large. In this case, BHA will tend to over-
rotate and create reverse torque. This cause the BHA/bit to rotate
in the opposite direction and such a scenario is damaging to the
PDC bit in particular [27]. Moreover, torsional stick-slip also de-
creases the rate of penetration, causes twist-off, is harmful to the

rotary table/top drive system, wears off the connection, and dam-
ages the drilling equipment due to the propagation of cracks caused
by fatigue when the frequency of torsional vibration goes above
50 Hz [26]. It was reported by Dufeyte and Henneuse [29] that
during 3500 h of drilling in four different fields, stick-slip occurred
almost 50% of the drilling time. Halsey et al. [32] stated that if the
drillstring rotates freely, the frequency of torsional resonance is
almost independent of the drilling parameters such as revolutions
per min (RPM) and weight on bit (WOB). However, under normal
drilling conditions, only the intensity of torsional resonance de-
pends on the subsurface conditions. In this study, pure stick-slip
vibrations (uncoupled from the other modes) have been consid-
ered, where the divergence from the normal torsional resonance
pattern indicated the start of the stick-slip motion in the drilling
string. It is important to note that in field conditions it is very rare
that vibrations like axial, lateral, and torsional happen indepen-
dently. Instead, the three modes are coupled together and exist in
conjunction with each other which makes the problem more
complex and difficult to investigate. The three coupled modes of
vibrations are axial-torsional, lateral-axial, and lateral-torsional
[33]. In these coupled vibrations modes, it is reported that
coupled axial and torsional mode is most damaging to the drill
string [34e36]. However, this paper will not be discussing the
coupledmodes of vibration, but it will give the overall review of the
models, passive and actives approaches that help to mitigate the
torsional vibration. In this paper a review of stick-slip control and
mitigation techniques is presented. A basic introduction to drilling
systemmodeling is provided in the next section followed by a brief
review of passive control techniques for stick-slip mitigation.
Thereafter, an extensive and in-depth review of active control
techniques and machine learning for stick-slip is presented. In
which a brief description of all the reviewed studies has been
presented individually and in chronological order.

2. Drilling system modeling

The process of drilling for hydrocarbon recovery and geothermal
applications involves creating a borehole on the earth's surface.
This is achieved using a rotational mechanical setup that consists of
drill pipes and a bottom hole assembly (BHA), which comprises of:
drill collars, stabilizers, and the drill bit. The drill pipes together
with the BHA is called the drillstring. A topdrive or a rotary table
system is used to rotate the drillstring. A pumping system is used to
pump drilling fluid through the hollow drillstring. The fluid is
removed from the drillstring through nozzles at the drill bit and
circulated back to the surface rising through the borehole. This

Fig. 1. Stick-slip oscillations [37].
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helps in removing the rock cuttings from the bottom and for
cooling and lubricating the bit. Fig. 2 shows a simplified schematic
of a drilling system/rig.

The drilling system, as described above, consists of several sub-
systems and is a complex system to model. When modeling the
drilling process two types of models are considered. The first one is
the drillstring model which accounts for the dynamics of the
drillstring and, the second is bit-rock-interaction model which
represents the friction forces between the drill bit and the rock
formation. Fig. 3 shows a block diagram of a basic drilling system
model which includes the drillstring model and the friction model.
Various modeling techniques have been used to model the dy-
namics of the drilling system, especially to study the drillstring
vibrational dynamics. This section provides a concise summary of
the various existing models. A detailed review of the different
modeling techniques can be found in Refs. [38,39].

2.1. Drillstring model

The two most widely used drillstring models are the lumped
parameter model and the distributed parameter model. The lum-
ped parameter modeling techniques involve representing the
drillstring as a mass-spring-damper system. In a lumped system
the dependent variables of interest are a function of time only,
making it possible to describe the system mathematically using
ordinary differential equations thus making the analysis simpler.
Lumped parameter models with one or multiple degrees-of-
freedom (DOF) have been developed [27,37,40e42]. Models with
higher DOF have higher accuracy.

Although the lumped parameter models can make the analysis
simpler, they do not account for the distributed nature of the sys-
tem. A distributed parameter model of the drillstring describes the
system more accurately especially when an oscillatory system

behavior is involved [43e47]. The dependent variables of interest
are a function of time and one or more spatial variables in a
distributed system. A beam subjected to torsional and/or axial
forces represents the drillstring and partial differential equations
are used to describe the system. This modeling approach is more
accurate but has a higher level of analysis and simulation
complexity.

Fig. 4 shows mass-spring-damper systemmodels of a drillstring
with different DOF. A 1-DOF model is shown in Fig. 4(a), the BHA is
represented by amass element with amoment of inertia ‘J’, ‘k’ is the
spring constant which represents the stiffness of the drillstring, ‘c’
is the damping constant of the drilling fluid, and the RPM at the
surface and the bottom are represented by us and ub respectively.
The schematic in Fig. 4(b) is for a 2-DOF model. In this case, there
are two inertial masses, one at the top, to represent the rotary

Fig. 2. Schematic of a drilling system/rig.

Fig. 3. Drilling system model.

Fig. 4. Drillstring model with: (a) 1DOF, (b) 2DOF and (c) multiple-DOF.
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system and the other at the bottom to represent the BHA. ‘J1’ and ‘J2’
are the moment of inertia of the rotary table or topdrive and BHA
respectively, ‘k’ is the stiffness of the drillstring, and ‘c’ is the
damping constant. Finally, in Fig. 4(c) a multi-DOF drillstring model
is depicted. In this model system multiple inertial masses can be
used to represent different sections of the drillstring. For example,
in Fig. 4(c) ‘n’ number of masses are used to represent multiple
sections of the drillpipe, onemass for the rotary table/top drive, one
for BHA and one for the bit, making it a ‘nþ3’-DOF drillstringmodel.
Different values of stiffness ‘k’ and damping constant ‘c’ can be
assigned. Models with higher DOF have higher accuracy but on the
other hand require more computation.

2.2. Friction model

When drilling, the drillstring makes frictional contact with the
borehole. The drill bit is connected with the drill pipe and comes in
contact with the rock formation while the drillpipes and BHA
experience multiple points of frictional contact throughout the
length of the borehole. Viscous friction is also encountered by the
drillstring due to the presence of drilling fluid in the wellbore. All
this friction experienced by the drillstring causes instability in the
drilling process therefore an appropriate friction model is essential
to gain an insight into the drilling dynamics. Common friction
models like the Coulomb friction, Stribeck friction, and Karnoop's
model are used to model friction encountered by the drillstring. A
comprehensive review of mechanical friction models can be found
in Ref. [48].

Fig. 5 shows the plot for the Coulomb and static friction model
where Tsb is maximum torque acting on the bit corresponding to
the static friction which clamps the bit. When the bit starts to
rotate, it experiences Coulomb friction and the corresponding tor-
que Tcb. Tfb is the friction torque on the bit and ub is the bit RPM. At
ub ¼ 0, i.e., when the bit is clamped, static equilibrium of the bit is
maintained by the adjustment of the friction torque to the drill-
string torque.

The Karnopp friction model is represented in Fig. 6. This model
accounts for the nonlinear exponential decay of the dry friction
torque (Tfb) with respect to bit RPM (ub) where the friction torque
leads to a decrease in torque on bit with increase in the RPM. Tsb is
the static torque, and Tcb is the Coulomb friction torque, and the dry
friction varies between these two values for ub > 0. A region of
small RPM is defined between ‘�du’ and ‘du’ around ub ¼ 0, in this
region the RPM is considered to be zero and outside this region the
friction is a function of the RPM.

3. Control/mitigation techniques

Stick-slip control techniques are classified into two categories:
passive and active. Passive control techniques deal with the phys-
ical manipulation of downhole tools. On the other hand, active
control involves making decisions/changing drilling parameters

(RPM, WOB etc.) in real-time. This section consists of a brief over-
view of passive control available in literature followed by a detailed
review of active control techniques presented by various
researchers.

3.1. Passive control methods

Many authors have come to the conclusion that by changing/
addition of the bottom-hole tools stick slip can be controlled. This
section gives a brief overview of the passive control presented by
different authors.

Fear et al. [49] discuss the damage on the PDC bit that was
caused by the torsional vibration and the absence of an anti-whirl
stabilization tool in the BHA. They also stated that the addition of
more stabilizers in the BHA can only delay the process of slip-stick
vibration but cannot eliminate it. To eradicate the slip-stick vibra-
tion, anti-whirl technology (if present) should be installed to the
BHA, if not then combine the PDC bit with the stabilized steerable
motor. It was further concluded that slip-stick vibration is corre-
lated with rotary speed and torque of the bit as this relationship
characterizes the bit balance. Therefore, it is important to under-
stand this correlation to minimize the damage to the PDC bit.

In another research, damage to tools and low performance in
drilling were studied by Janwadkar et al. [50] In this paper, buckling
load analysis, critical speed analysis, and torque and drag were
investigated. It was found that the buckling of BHA generates stick
slip which leads to bit damage. It was observed that when theWOB
of 21.11 kip was applied the sinusoidal buckling started which
reduced the ROP. To mitigate this issue modeling of drillstring was
done and a new BHA was designed in which the number of stabi-
lizers was increased and installed at proper position along the
length of BHA assembly. As a result, the buckling that started at
21.11 kip was shifted to 33.89 kip WOB and improved the ROP The
same conclusion on increasing the number of stabilizers and
putting them in correct position in order to reduce the stick slip
problem was given by J. R. Bailey [51] and M. F. Mahyari et al. [52].

Bit selection and stiffness are other important parameters that
can avoid stick slip and BHA whirl. In that respect Jaggi et al. [53]
analyzed the data obtained from the field and concluded that byFig. 5. Coulomb and static friction.

Fig. 6. Karnopp's model with a decaying friction term.
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using a bit with a proper depth of cut in a close loop rotary drilling
systemwill give better stability and load distribution on the cutters.
Furthermore, torsional energy accumulated in the bit was reduced
by increasing the stiffness of the downhole tools. Whereas the ef-
fect of rotary dynamic of BHA on the stick slip was discussed by J. D.
Jansen [22]. S. X. Wu [20], presented optimum zone idea (Fig. 7)
that can give better ROP and drilling operations.

Ortiz et al. [54] discussed how the bit whirl and lateral vibra-
tions affect the PDC bit usually in hard formations due to the
imbalance of forces. Based on the case study from the field and the
lab it was found that with the new bit design that incorporated
tracking cutting structure, impact arrestors, and a deep profile cone
helped to reduce the bit whirl effect on the drilling string. The new
design of the bit also reduced the cost of the project as compared to
the one which did not utilize the novel bit design because the
damage to the bit was reduced. While S. L. Chen et al. [55], focused
their efforts to study how lateral and whirl vibrations affect and
reduce the bit performance on a roller-cone bit. They concluded
that BHAwasmore affected by the stick slip frequency as compared
to the bit type or bit-rock interaction. There are recent studies that
are focused on tool failures due to stick-slip. For instance, Zhiqiang
Huang et al. [56], concluded that torsional impact drilling is more
efficient than non-impact drilling. To show this, mathematical a
model was developed, and a field experiment was conducted. In
both cases, a torsional oscillator was used. The fourth-fifth-order
Runge-Kutta method was applied to solve the mathematical
model and it was found that stick-slip vibration intensity on the
PDC bit in torsional impact drilling was less than non-impact
drilling with a value equal to 0. As a result, the service life of the
bit was increased. While in the field experiment torsional oscillator
was introduced in the test well and its results were compared with
the two wells. It was found that ROP was increased in the test well
as much as two times in comparison to the other two wells.
Moreover, it was observed that the condition of the bit was good
when it was pulled out of the hole. The same conclusion was made
by Tian et al. [57] where it is said that the use torsional oscillator
could improve the ROP. Whereas Tian et al. [58] develop a new
composite tool to generate regular torsional vibrationwhich helped
to reduce the variation range of the torque.

3.2. Active control

Drilling is a dynamic process, and monitoring and control of the
drilling parameters is essential to increase efficiency and prevent

severe drilling dysfunctions. Changing drilling parameters actively
have been proven to assist in suppression of drillstring vibrations
[59e62]. Controlling parameters like the WOB and RPM can keep
the drilling process in an optimal zone and maximize the ROP as
shown in Fig. 7 [20].

Active control strategies involve the use of real-time drilling
parameters as feedback to control the drilling process. These con-
trol systems can be open-loop or closed-loop (see Fig. 8). In an
open-loop system, the driller can change the surface drilling
parameter set points in response to changes in the dynamic drilling
parameters which can be acquired from monitoring tools like
MWD. On the other hand, in a closed-loop control a feedback loop
is incorporated which tracks the drilling parameters and changes
the set points for the controller. In literature, many active control
techniques to mitigate stick-slip vibrations have been presented
and this section provides a chronological review of these active
control techniques. A discussion on these control strategies is
provided later in this paper.

Halsey et al. (1988) [63] proposed an active control technique in
which torque feedback was used to control the rotary speed of the
drillstring in addition to the regular tachometer signal. Field tests
performed with this new control approach cured the stick-slip
motion of the bottom hole assembly.

In the 1990's Shell introduced the Soft Torque Rotary System
[28,37]. The system reduced the risk of BHA sticking by increasing
the system damping to an extent that the RPM does not drop to
levels below which sticking could occur. It used the drive motor's
current and voltage as feedback instead of using the motor torque,
thus eliminating the need for a torque meter.

Dufeyte and Henneuse [29] analyzed downhole and surface
drilling data and characterized the drillstring behavior. They also
demonstrated the possibility of suppressing and mitigating stick-
slip by adjusting drilling parameters like weight on bit, rotational
speed, and mud properties.

Nicholson [64], formulated an integrated approach involving
real-time monitoring and control of drilling parameters along with
drilling dynamic analysis and planning to prevent and/or eliminate
severe drilling dysfunctions like stick-slip, bit bouncing and BHA
lateral vibrations. The method was proven effective with field
examples.

Shuttleworth et al. [65], demonstrated the use of a downhole
vibration detection MWD tool (Vibration Stick-Slip MWD) to
minimize the destructive effects of downhole vibrations. The tool
comprised of a triaxial accelerometer that was capable of trans-
mitting downhole vibration data using regular MWD tools to the
surface that could assists drillers to make corrective adjustments to
the drilling parameters.

Serrarens et al. [66] used a two degree of freedom lumped
parameter model and applied the H∞ control design technique to
design a controller to suppress stick-slip. The controller was tested
on a scaled test setup and with numerical simulation.

Yigit and Christoforou [67,68], proposedmodels that account for
fully coupled torsional, axial, and lateral drillstring vibrations. They
further designed a linear quadratic regulator (LQR) controller [68]
based on linearized version of the coupled vibration models to
control stick-slip vibrations. Their simulation results also showed
that axial vibration has a positive effect towards suppressing stick-
slip as it reduces the severity of stick-slip.

Al-Hidabbi et al. [70], stated that linear controllers are not
effective in mitigating coupled vibrations and thus proposed a
controller design based on a coupled non-linear model and a dy-
namic inversion approach.

Abdulgalil and Siguerdidjane [41] also applied non-linear con-
trol theory to design a control scheme to eliminate stick-slip os-
cillations. They adopted the backstepping control design whichFig. 7. Optimal drilling zone [20].
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involves a step-by-step coordinate transformation and virtual
control design using a Lyapunov function, with the definition of a
tuning function, and attaining the true control expression at the last
step. This technique, unlike conventional feedback linearization,
can avoid cancelation of useful nonlinearities in the system and still
achieve the desired system stability and tracking. Simulations
performed using this control design showed a quick response time
of less than 3 s, and robustness to uncertainties of drillstring length
and damping.

Yigit and Christoforou [71], introduce a new model that was
built on their previous workwhich examined the coupling between
stick-slip vibrations and bit-bounce. Simulation results indicated
that rotary control alone may not be sufficient for smooth drilling
because of the changes in subsurface formations and operating
conditions. Therefore, the authors proposed active control of the
WOB in addition to the rotary control system to reduce the axial
vibrations.

Zamanian et al. [72] developed a two degree-of-freedom model
and an active damping system based on it. The model also
accounted for coupling between torsional and axial vibration
through a bit-rock interaction law. The authors stated that stick-slip
oscillations can be avoided by increasing the drilling mud damping,
increasing bit parameter used in the model and also by obtaining a
feedback function through appropriate selection of model with
certain parameters.

A sliding-mode control based on a lumped parameter discon-
tinuous torsional model with four degrees of freedom was pro-
posed by Navarro-Lopez and Cortes [42]. Simulation results showed
that the controller could achieve the desired reference angular
velocities despite the presence of dry friction and weight-on-bit
variations under stick-slip conditions. The analysis was further
extended and corrected in Navarro-Lopez and Lic�eaga-Castro [73].

Canudas-de-Wit et al. [74], proposed the use of weight-on-bit as
a control variable for their stick-slip control mechanism called D-
OSKIL (drilling oscillation killer). This approach does not require a
redesigning of the velocity control mechanism and the simulation
performed using this method eliminated the stick-slip problem.
Puebla and Alvarez-Ramirez [75] designed a two degree of freedom
model-based feedback-control approach using modeling error
compensation technique, and cascade and decentralized control
schemes.

Kyllingstad and NessjØen [76] introduced a new system called
SoftSpeed, for preventing and curing stick-slip oscillations. Soft-
Speed, which does not require drillstring torque or motor current
measurements, was launched by NOV as an alternative to other
systems like Shell SoftTorque. The system is basically a

proportional-integral (PI) speed controller which is tuned to
dampen the torsional vibrations at the detected stick-slip fre-
quency. Hardware-in-the-loop simulation test [77] and field testing
[78] was conducted to show the effectiveness of the control system.

In 2009, Navarro-Lopez proposed an alternate method to
analyze and control stick-slip oscillations [79]. A linear
proportional-integral (PI) controller was designed and the drill-
string was modeled with three degrees of freedom.

Karkoub et al. [80] discussed the use m-synthesis control design
technique to address the drillstring stick-slip control problem. This
technique is based on the H∞ control design and DeK iterations
optimization method. It accommodates system modeling imper-
fections in the control design process. In this study, two m-synthesis
controllers were designed, one without measurement delay and
another with measurement delay. Testing was carried out and the
controllers proved to be robust against the actuator uncertainties,
unmolded nonlinearities, high frequency dynamics, measurement
delay and noise. The authors used a three degree of freedommodel
and highlighted that fact that if the degrees of freedom are
increased for the dynamic system the control problemwill become
more challenging and might not result in good performance.

Omojuwa et al. [81,82] used a stepped shaft drillstring model to
analyze the response of the drillstring to torsional vibrations. A
torque rectification control system to control stick-slip was pre-
sented and simulations conducted showed the importance of WOB
parameter to reduce stick-slip. The authors concluded that the
stick-slip can be suppressed by decreasing the weight-on-bit con-
trol. On the other hand, a decreased weight-on-bit leads to lower
ROP, therefore maintaining a balance between stick-slip and ROP is
essential.

Rudat and Dashevskiy [83] introduced a stick-slip control
strategy in which stick-slip could be identified using simple drill-
string and bit-rock models. It consisted of continuous identification
and adjustment of the model parameters by using downhole MWD
data to determine the optimal drilling parameters.

Bayliss et al. [84] presented an online-identification-based
adaptive stick-slip control algorithm. Linear SISO (Single Input
Single Output) feedback architecture was used to design the
adaptive controllers, the gains of which are set recursively by pole
placement utilizing drilling parameters identified on-line by RLS
(Recursive Least Squares) algorithm. The algorithm requires bit
RPM and torque on bit measurements to be transmitted to the
surface.

Sagert et al. [46] used a distributed parameter wave PDE model
of the drillstring torsional dynamics to derive two control laws to
suppress unwanted torsional oscillations. The first control law uses
the flatness property of the system to design a non-linear PI
controller with distributed delays, and the second approach was to
design a backstepping controller for a linearized model around a
reference trajectory. Although the settling time of the backstepping
controller was at least five times faster than the flatness controller
and other similar controllers [74], it is not practical as it uses full-
state feedback, which is not easily available.

Bresch-Pietri and Krstic [47] used the wave PDE drillstring
model with unknown anti-damping dynamic boundary to propose
an adaptive output-feedback control scheme. The controller only
required the knowledge of top and bottom RPM and not the entire
system, but again, the authors mention the difficulty in acquiring
real-time bottom RPM, which in practice is extremely noisy and
noticeably delayed.

Bu and Dykstra [85] applied the indirect adaptive robust
controller (IARC) framework for rotational speed control of a dril-
ling rig. The designed controller accounted for system uncertainties
and nonlinear friction torque acting on the bit but required
downhole measurements, which the authors highlighted can be

Fig. 8. (a)Open-loop control, (b) closed-loop control.
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updated at a low frequency (using mud pulsing) or at a high fre-
quency but can be expensive to achieve. Simulations showed good
speed tracking performance and mitigation of stick-slip.

A linear matrix inequality (LMI) approach to design a
controller to control stick-slip was demonstrated by Harris et al.
[86]. A three degree of freedom model and a nonlinear bit-rock
interaction model were used to represent the system. The LMI
based controller was designed to minimize the output distur-
bance and control magnitude constraints were also implemented.
Parametric uncertainties were also introduced to make the
controller robust. The results indicated the design to be effective
in controlling stick-slip.

Vromen et al. [87] modeled a jack-up drilling rig using the finite
element method (FEM) with eighteen elements. Furthermore, an
observer-based controller design strategy for Lur' e-type systems
with discontinuities was employed to design locally stabilizing
controllers for mitigating stick-slip. The benefits of this approach
are that it uses a multi-modal drillstring model, accounts for sever
velocity weakening in the bit-rock interaction and only uses surface
measurements. Simulations in which the proposed control design
was applied to the FEM model showed the design to be effective,
whereas an existing industrial PI controller could not mitigate
stick-slip under similar conditions.

Vromen et al. [88] compared the frequency response of a four
degree of freedom lumped parameter model of the drillstring with
the FEMmodel proposed earlier in Ref. [87]. It was evident that the
first three resonance modes are dominant which made them use
the four degree of freedom model and design an output-feedback
controller based on the skewed-m DK iteration approach. The
controller was designed to have robustness when facing bit-rock
interaction uncertainties, had integrated performance specifica-
tions, and used only surface measurements. Simulations conducted
showed the controller to be successful in mitigating stick-slip. This
controller was later tested with an eighteen degree of freedom
drillstring model in Vromen et al. [89].

Liu [90] studies the stick-slip phenomenon using a four degree
of freedom lumped parameter model and proposed a sliding mode
controller to suppress the oscillations. This controller differed from
the one proposed by Navarro-L�opez and Cort�es [42] as it is robust to
parametric uncertainties and weight-on-bit variations.

Hong et al. [91], highlighted that many stick-slip control system
designs require real-time downhole measurements which are not
easily available. To address this, they put forward a control system
design consisting of a Kalman estimator to estimate downhole
states, and a linear quadratic regulator to control the vibrations. The
estimator and controller designwere based on a simple two degree
of freedom model. To validate the controller a high fidelity lumped
parameter model of the drill string was developed and numerical
simulations were performed. Simulation results demonstrated the
control scheme to be effective in controlling stick-slip.

Besselink et al. [92] stated that stick-slip is a result of interaction
between axial and torsional drillstring dynamics. They used a two
degree of freedom drillstring model to model coupled axial-
torsional stick-slip oscillations. As for the bit-rock interaction, a
model was devised that combined the cutting and frictional
boundary conditions. Using these dynamic models, they designed a
state-feedback controller and an observer-based output-feedback
controller to mitigate stick-slip. The observer-based output-feed-
back only used surface measurements.

Kabzi�nski [93] incorporated bit and rotary table friction torque,
uncertain stiffness and damping with a two degree of freedom
lumped parameter model to design a non-linear adaptive back-
stepping control with command control filtering. Stribeck curve
based frictionmodel was used for this study. The control aimwas to
eradicate torsional vibrations by smoothly following a reference bit

RPM but this strategy assumed that downhole state variables like
bit position and bit RPM are available. Numerous simulations were
performed in which no malfunction was observed.

Pehlivantürk et al. [94] developed a thirty-five degree of
freedom lumped mass drillstring experimental setup to check the
performance of a feedback controller designed using frequency-
domain loop shaping techniques. The controller was effective in
mitigating torsional vibrations in the experimental setup.

An infinite horizon dynamic programming-based control
approach was applied by Feng et al. [95] and the control problem of
suppressing drillstring stick-slip vibrations was transformed into
an optimization problem. They found that the BHA speed had a
negligible influence on the control input according to the optimi-
zation policy obtained. This resulted in a dimension reduction
which eliminated the dependence of the control input on BHA
speed thus increasing the computational efficiency of the system.
Simulations carried out indicated the proposed controller to be
effective in suppressing stick-slip.

An observer-based boundary controller based on a distributed
systemmodel was developed by Basturk [96]. The boundary control
design for a wave partial differential equation (PDE) was converted
to a linear time invariant (LTI) system stabilization problem using
Riemann variables. The presence of sensor and actuator delays, and
unknown disturbances were also considered.

Kamel et al. [97] developed an integrated approach to control
rotary steerable systems (RSS) and optimize drilling parameters to
regulate stick-slip and bit wear in directional wells. An adaptive
real-time optimal controller based on particle swarm optimization
(PSO) was presented. Simulations with different drilling scenarios
were performed and it was observed that the control design was
able to minimize the difference between angular velocities of the
rotary table and the bit which resulted in reduction of torsional
vibrations.

Vaziri et al. [97] carried out an experimental and numerical
investigation to suppress stick-slip using a sliding-mode controller.
For the experimental analysis a test rig was built that uses a PDC bit
to drill rock samples and for the numerical analysis a 2 degree of
freedom model was used. The controller design was based on the
sliding mode controller proposed by Navarro-Lopez and Cortes [42]
and Navarro-Lopez and Lic�eaga-Castro [73], but it was redesigned
for a two degree of freedom model including actuator delay. By
defining a robust Lyapunov function, the stability of the proposed
controller was proven in the presence of model parameter un-
certainties. The controller was successful in mitigating stick-slip in
both experimental and numerical simulation testing, however, a
limit cycle was detected around the desired set point because of the
delay and dead zone observed in the actuator. Furthermore, para-
metric analysis of this controller design was performed [99] and it
was found that the sliding mode control scheme effectively miti-
gates stick-slip in ideal systems with no actuator delays. The
controller becomes unstable in the presence of actuator delay when
the input is unconstrained. However, within a limited parameter
range and with constrained inputs the controller is stable and
effective.

An observer and reference governor-based control design was
proposed by Fu et al. [100]. A two degree-of-freedom lumped
parameter model and a non-linear torque-on-bit model were used
to design the control strategy in which the observer estimates the
downhole drilling parameter state vector and the non-linear fric-
tion torque. Further, based on the estimates, the reference governor
control changes the reference inputs for the PI controller. Simula-
tion results showed that this combination of the controller and
observer was effective against the stick-slip.

Zhang and Xv [101] proposed the use of fractional order PID
(FOPID) controller to suppress stick-slip. The concept of FOPID is
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based on fractional calculus and adds the integral and the differ-
ential orders to the integer order PID controller [102]. Better control
of dynamic systems can be achieved by using FOPID controllers as
compared to PID controllers. In this study, a four degree of freedom
torsional model was used, and simulations were performed using a
set of system parameters. The FOPID controller had a faster
response time and was more stable than the PID controller.

Cheng et al. [103] highlighted the importance of considering the
change in length of drillstring as an important dynamic parameter.
They presented a linear parameter varying (LPV) model with
multiple degrees of freedom to design a control technique based on
gain scheduling and H∞ technique. Simulations were done, and the
system suppressed the stick slip problem despite continuous vari-
ation in the drill string length. Performed well despite variations in
drillstring length and stick-slip was mitigated.

MacLean et al. [104] emphasized on the presence of actuator
delays and constraints which affect the ability of the controller to
reach the required response. To address the issue a two degree of
freedom drillstring model which included actuator delays and
actuation constraints was used to investigate a modified integral
resonant controller (MICR) with integral tracking to tackle stick-
slip. The scheme was tested under varying systems parameters,
actuator delays and actuation constrain and proved to be superior
to sliding mode controllers which require a complex design.

Derbal et al. [105] used a four degree of freedom model with
drill pipe and drill collar dynamics and designed a fractional-order
proportional-derivative (FOPD) controller and a fractional-order
proportional-integral (FOPI) controller. The performance of these
controllers was compared with the FOPID controller proposed by
Zhang and Xv [101] and with the regular PID controller. Robustness
of the four controllers was tested under varying weight-on-bit and
reference velocity conditions using MATLAB/SIMULINK simulations
and it was found that all the controllers were successful in sup-
pressing stick-slip vibrations. The FOPD controller had the highest
overshoot, most oscillations and the slowest response time andwas
severely affected by the changes in reference velocity. The FOPID
controller had the fastest response time but higher overshoot than
the FOPI and PID controllers. Among the PID and the FOPI con-
trollers, the FOPI had a faster response and improved stability but a
slightly higher overshoot.

A super-twisting sliding mode controller to cure stick-slip os-
cillations was proposed by Krama et al. [106]. When compared to a
sliding mode controller, the super-twisting sliding mode controller
has better tracking, faster convergence, improved robustness, and
chatter-free implementation. The authors used four degree of
freedommodel which included an induction motor with VFD and a
gearbox which to represent the actual drilling system. The pro-
posed controller was tested using numerical simulations andwith a
HIL test infrastructure.

To mitigate the problem of stick slip Riane et al. presented an
observer-based H∞ controller [107] and an observer-based LQG
controller [108]. The observer designed to estimate the downhole
states like bit speed and torque on bit, was cascaded with the
controller and a ten degree of freedom model was used in these
studies. Simulation results showed the observer-based H∞
controller had better efficiency in suppressing stick-slip under
unstructured perturbations and suppressed the oscillations in un-
der 5 s. On the other hand, the observer-based LQG controller
suppressed stick-slip within 3 s and had smoother response for
structured perturbations.

To achieve a better controller performance for a multi-DOF
drillstring system, Laib et al. [109] proposed a hybrid fuzzy PID
control structure in which an interval type-2 fuzzy logic controller
(IT2FC) is combined with a conventional PID controller. To model
the system, a four degree of freedom drillstring model with a non-

linear bit rock interaction model including friction torque and mud
damping was used. To select the optimal parameters for the
controller particle swarm optimization (PSO) algorithm was uti-
lized. For validating the controller, simulations, and experimental
testing with a hardware in loop (HIL) system were performed and
comparisons were made to other controllers like the sliding mode
controller and the PID controller. The proposed controller had a
comparatively faster response time but had small overshoots.

4. Machine learning for stick-slip vibration

Machine learning for drilling optimization has been around
since the 1970's when machines were programmed to perform
tasks based on learning examples [113]. However, the industry had
been restricted by readily available data, data acquisition technol-
ogies, storage and computational limitations. With advancements
in these technologies and a greater understanding of machine
learning models, the potential of data driven models have come to
the forefront in the last two decades. Machine learning has been
implemented in a variety of drilling related processes due to their
ease of application, versatility, and high accuracy. Some examples
include optimizing drilling parameters for improving rate of
penetration [114], prediction of pipe sticking inwell [115], lithology
estimation while drilling [116] and leveraging drilling report for
drilling dysfunction identification [117].

Harmful drilling vibrations have been an area of concern for
drilling since early days and has now provided to be a productive
domain for machine learning driven strategies for better drilling
performance [118]. While traditionally, vibrations were monitored
through indications at the surface (RPM and torque), advanced data
driven techniques have been developed that utilize both surface
and downhole measurements for predicting/characterizing down-
hole conditions. A summary of machine learning applications
involving drilling vibrations, particularly torsional vibrations, has
been summarized in Table 2. The majority of applications focus on
characterizing downhole vibrations based on being good or bad,
either lateral torsional, lateral, or axial in nature, and on the level of
severity. Timely detection of the onset of drilling vibrations along
with its intensity can help in improving drilling performance and
reduce costs incurred due to downhole tool damage. The following
sections summarize Table 2 and present an in-depth comparison of
machine learning techniques based on drilling vibrations.

4.1. Vibration data

For the development of a machine learning model for the pre-
diction/monitoring of downhole vibrations, representative data is
key. While such models can be trained on surface data alone
[113,117] but the availability of downhole data can help to add
robustness to the model's performance. Common surface features
include surface torque, RPM, rate of penetration, flow rate, and
hook load. Downhole features, when available, include downhole
RPM, torque, and accelerometer readings from downhole sensors
(x,y, and z axis). Generating synthetic datasets from dynamic
drillstring models is a proven technique that provides a variety of
dynamic responses that can be included in the model training
process with greater confidence [117].

Another important aspect to consider when analyzing vibration
data is the resolution of data captured. At the minimum, based on
the Nyquist theorem, the sampling frequency of a signal should be
twice its highest frequency component [119]. Additionally, drilling
vibrations can vary between 0.05 Hz (severe torsional) to 500 Hz
(high frequency torsional oscillations) so the choice of sampling
frequency comes down to the phenomenon being investigated.
High frequency measurements also demand better storage and
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Table 1
A summary of active control strategies to control stick-slip vibrations.

Year Authors Control technique Drillstring model Bit-rock friction model Testing

1988 Halsey et al. [63] Torque feedback Drillpipe section modeled as a
transmission line for torsional
waves.

NA Field

1995 Jansen and van den Steen
[37]

Shell soft torque rotary system 2 and 3 DOF lumped parameter
model

Coulomb friction law Experimental and field

1998 Serrarens et al. [66] H∞ control 2 DOF lumped parameter
model

Non-linear friction model Experimental

2001 Christoforou and Yigit [69] Linear quadratic regulator (LQR)
controller

1 DOF lumped parameter
model

Coulomb friction law Simulation

2003 Al-Hidabbi et al. [70] Non-linear inverse dynamic controller 1 DOF Lumped parameter
model

Non-linear friction model Simulation

2005 Abdulgalil and
Siguerdidjane [41]

Non-linear backstepping control 2 DOF lumped parameter
model

Non-linear friction model Simulation

2007 Navarro-L�opez and Cort�es
[42]

Sliding mode controller 4 DOF lumped parameter
model

Karnopp friction model Simulation

2008 Canudas-de-Wit et al. [74] D-OSKIL, weight-on-bit control 2 DOF lumped parameter
model

Stribeck friction Simulation

2008 Puebla and Alvarez-
Ramirez [75]

Modeling error compensation
technique

2 DOF lumped parameter
model

NA Simulation

2009 Kyllingstad and NessjØen
[76]

SoftSpeed, PI speed controller NA NA Experimental and field

2009 Navarro-L�opez [79] Linear proportional-integral (PI)
controller

3 DOF lumped parameter
model

Karnopp friction model Simulation

2010 Karkoub et al. [80] m-Synthesis controllers 3 DOF lumped parameter
model

Non-linear friction model Simulation

2011 Rudat and Dashevskiy [83] Model parameter identification using
downhole
MWD data to determine optimal
drilling parameters

1 DOF lumped parameter
model

Non-linear friction model Simulation and field

2012 Bayliss et al. [84] Adaptive controller design using pole
placement and on-line RLS based
parameter identification

2 DOF lumped parameter
model

Drag bit model [110] Simulation

2013 Sagert et al. [46] Backstepping and flatness approach Wave PDE, distributed
parameter model

Karnopp friction model Simulation

2014 Bresch-Pietri and Krstic
[47]

Adaptive output feedback control Wave PDE, distributed
parameter model

Karnopp friction model Simulation

2014 Bu and Dykstra [85] Indirect adaptive robust controller
(IARC)

2 DOF lumped parameter
model

Stribeck friction Simulation

2014 Harris et al. [86] Linear matrix inequality (LMI) approach 3 DOF lumped parameter
model

Karnopp friction model Simulation

2014 Vromen et al. [87] Observer-based output-feedback FEM model with 18 elements Bit-Rock interaction: Coulomb
friction law with Stribeck curve
(DrillstringeBorehole
interaction: Coulomb friction
law)

Simulation

2015 Vromen et al. [88] Skewed-m DK iteration approach 4 DOF lumped parameter
model

Bit-Rock interaction: Coulomb
friction law with Stribeck curve
(DrillstringeBorehole
interaction: Coulomb friction
law)

Simulation

2015 Liu [90] Sliding mode controller 4 DOF lumped parameter
model

Karnopp friction model Simulation

2016 Hong et al. [91] Kalman estimator, linear quadratic
regulator (LQR)

2 DOF lumped parameter
model

Non-linear friction model
(Borehole-drillstring friction
modeled as Columb friction)

Simulation

2016 Besselink et al. [92] State-feedback controller and output-
feedback controller

2 DOF lumped parameter
model (with coupled axial-
torsional dynamics)

Model accounting for frictional
contact and cutting processes
[111]

Simulation

2017 Kabzi�nski [93] Nonlinear adaptive backstepping
controller with command control
filtering

2 DOF lumped parameter
model

Stribeck friction Simulation

2017 Pehlivantürk et al. [94] Feedback controller designed using
frequency-domain loop shaping
techniques

35 DOF lumped parameter
model

NA Simulation and
experimental

2017 Feng et al. [95] Dynamic programming based control 2 DOF lumped parameter
model

Karnopp friction model Simulation

2017 Basturk [96] Observer-based boundary control Wave PDE, distributed
parameter model

Dry friction and viscous
damping

Simulation

2018 Kamel et al. [97] Adaptive real-time optimal controller
based on particle swarm optimization

2 DOF lumped parameter
model

Coulomb friction law Simulation

2018 Vaziri et al. [98] Sliding mode controller 2 DOF lumped parameter
model (with actuator delay)

Empirical torque on bit model
[112]

Simulation and
experimental

(continued on next page)
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transmission from downhole tools. The benefit of having high fre-
quency data is available for surface parameters. While the industry
standard for surface measurements is 1e10 Hz, high frequency
surface measurements of up to 100 Hz data have been obtained for
building robust machine learning models [120,121]. Even though
high frequency measurements have been made possible, the stor-
age and transmission of surface data remain close to 1 Hz [122]. As
the real-time transmission of downhole data to the surface remains
restricted by mud telemetry bandwidth constraints and the high
cost of wired drill pipe, downhole measurement tools are preferred
for collecting and storing data for post-drilling analysis. Up to
31,250 Hz of high frequency downhole measurements have been
recorded during drilling [123]. Some downhole sensors continu-
ously record high-frequency data while some work in small bursts
of high-frequency measurements to optimize downhole storage
capacity [101]. Since surface and downhole measurements can
often be sampled at different frequencies, a possible solution is to
convert time-based data into depth-based data [124].

4.2. Pre-processing of vibration data

A popular methodology for dealing with time series data is to
look at window-based sampling where each window represents
20 s to 1min of data [120,122]. Eachwindow is labeled based on the
vibration severity observed, when supervised learning is used.
Often, feature engineering is used in which statistical (mean, vari-
ance, kurtosis, skewness) and/or spectral features (frequency of
signal) are added to enhance the training dataset [125]. Such fea-
tures help to recognize patterns and inherent characteristic fre-
quencies in the signal. On the contrary, linear and non-linear
dimensionality reduction algorithms are immensely useful in
handling datasets with many variables. For example, one of the
most common linear data reduction techniques is PCA (Principal
component analysis) that projects variables onto its orthogonal
axes reducing overall noise in the data [113,117]. While being
extremely useful, using PCA diminishes interpretability of the final
model.

Fig. 9 highlights the different data quality challenges that need
to be addressed, especially when dealing with vibration data.
Handling outliers is often the initial step in data pre-processing as it
can impact scaling and model training. Smoothening and filtering
data is crucial when dealing with time series data as it helps
observe general trend in noisy data, increase signal to noise ratio,

and handle outliers [126,127]. However, losing out on outliers is not
always desirable. For example, in the case of drilling vibrations,
sudden spikes in downhole RPM can be seen as outliers but are
actually characteristic of torsional vibrations.

Finally, data imbalance is considered, as classification remains a
majority task for machine learning algorithms with vibration data.
Oftentimes, the label of interest, for example severe torsional vi-
brations, is present in imbalance when compared to general
torsional vibrations. Such an imbalance negatively impacts model
training and needs to be addressed. Some of the popular data
rebalancing techniques include data up-sampling, under-sampling,
negative sampling, or weighted sampling. These techniques include
increasing samples of minority class, reducing samples of majority
class or adding weights to classes in order to balance the dataset
[114,125]. Data augmentation is another techniquewhere randomly
stretching the dataset and adding noise has helped to increase the
speed and robustness of the training models [128].

4.3. Model-training and testing

Splitting the dataset into training, validation and test datasets is
useful for robust model training, effective hyperparameter testing
and final testing. However, data splits are not standardized. An 80%
training and 20% testing split is commonly observed in drilling
vibrations studies. Other data splits include 60% training and 40%
testing. A dedicated validation split is also included in some studies,
while some studies use k-fold cross validation [125].

Both traditional models (SVM, K means, Decision trees, Logistic
regression etc.) and deep learning models (RNN, CNN etc.) have
been used with great success for machine learning applications
with vibration data. While traditional models might perform
similar to deep learning models with limited data, since all models
have been trained on datasets that vary in size and quality, how-
ever, a direct comparison cannot be made between the choice of
models for this application. Whereas, some studies have compared
different models on the same dataset to provide insightful results
[114,124,127].

4.4. Machine learning results

Overall, the application of machine learning techniques in the
domain of drilling vibrations is successful. Studies have helped to
identify the type of downhole vibrations, classify the severity of

Table 1 (continued )

Year Authors Control technique Drillstring model Bit-rock friction model Testing

2019 Fu et al. [100] Observer and reference governor based
control

2 DOF lumped parameter
model

Karnopp friction model Simulation

2019 Zhang and Xv [101] Fractional order PID (FOPID) control 4 DOF lumped parameter
model

Non-linear friction model Simulation

2019 Vromen et al. [89] Skewed-m DK iteration approach FEM model with 18 elements Stribeck friction Simulation
2020 Cheng et al. [103] Gain scheduling and H∞ technique Multi-DOF lumped parameter

model and LPV model
Karnopp friction model Simulation

2021 MacLean et al. [104] Modified integral resonant controller
(MICR) with integral tracking

2 DOF lumped parameter
model (with actuator delays
and actuation constrains)

Karnopp friction model Simulation

2021 Derbal et al. [105] Fractional order PD (FOPD) and
fractional order PI (FOPI) control

4 DOF lumped parameter
model

Karnopp friction model Simulation

2021 Krama et al. [106] Super-twisting sliding mode controller 4 DOF lumped parameter
model

Karnopp friction model Simulation and
experimental

2022 Riane et al. [107] Observer-based H∞ control 10 DOF lumped parameter
model

NA Simulation

2022 Laib et al. [109] Interval type-2 fuzzy logic controller
(IT2FC) combined with a conventional
PID controller

4 DOF lumped parameter
model

Karnopp friction model Simulation and
experimental

2022 Riane et al. [108] Observer-based LQG control 10 DOF lumped parameter
model

NA Simulation
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torsional vibrations, find optimal drilling parameters/zones, and
classify lithology based on induced vibrations. Vibration severity
classifier models have shown good performance with accuracies
greater than 90%. However, only accuracy is not enough to validate
such models as both false positives and false negatives can have
detrimental impacts on drilling performance and life of downhole
tools. In such cases, precision and recall score is vital. Not all studies
have reported this metric. [125], through experimental analysis
proved that high frequency sampled data provides a richer dataset
and improves the model's accuracy and F1 score. Additionally, the
study also showed how adding statistical data improved model
results by 15%. Fixing data imbalance is another crucial step in
improving model performance and this can be observed where the
imbalance between minority and majority vibration classes was
fixed by up sampling the minority class.

5. Discussions

In the previous sections, a detailed review of stick-slip control
and mitigation techniques has been presented and it can be seen
that stick-slip oscillations of the drillstring has been and still is an
active area of research.

Although passive control techniques are a good first step
specially during the well planning stage, active control schemes are
more effective when tackling stick-slip as they enable to make
changes to the drilling parameters in response to the drilling dy-
namics [20,59,60]. Numerous active control strategies, as listed in
Table 1, have been proposed in the literature but most have not
made it beyond the laboratory/research stage. One of the biggest
limitations of these controller designs is the system modeling. The
drillstring models and the friction models used to represent the
drilling process are often simplified. Many system dynamics are
ignored to help reduce the computational load and not all factors
that impact the system are well understood. For example, the dy-
namics of the electric motors and the time delays in the system are
not considered in many cases. Most of the controllers listed in
Table 1 are based on lumped parameter models with four or lesser
degrees-of-freedom, as evident in Fig. 10. The lesser the degrees-of-
freedom of the model, the lesser the accuracy. Furthermore, the
lumped parameter models might have a satisfactory performance
when considering vertical well configuration but when it comes to
horizontal and directional wells their efficacymust be proven [129].
The model parameters and the system dynamics are different for
vertical and horizontal wells and in an experimental study it was
shown that the performance of a PID based RPM controller im-
proves when tuned for the specific well configuration [130]. Fric-
tion models are oversimplified in most cases as modeling the
contact friction throughout the length drillstring and the bit-rock
interaction accurately is extremely challenging. The dynamics
predicted by the simplified drillstring and friction models can be
vastly different from the actual real-world dynamics, therefore the
set-points calculated by the controllers may not be optimal. Also,
themodels must be updated in real-time to account for the changes
in the drilling conditions.

When it comes to testing the performance of the controllers,
they are mostly tested using computer simulations on a predefined
set of drilling conditions and therefore often have a limited band of
operation. This is the reason why most of the controllers might not
perform as expected when tested in the field under actual drilling
conditions. Another challenge is the absence of high-frequency
downhole state feedback variables like the bit RPM in most real-
world drilling systems. MWD tools used to transmit downhole
data to the surface operate on much lower data transmission fre-
quencies. Ref. [131] presents a review of existing downhole tools
and their data acquisition sampling frequencies. Additionally, theTa
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study also highlighted the need for surface and downhole data
sampled at higher frequencies(�10 Hz) for stick-slip vibration
detection.

Machine learning applications for drilling vibrations, especially
torsional vibrations, have been implemented widely with great
success. However, in studies using multiple traditional models on
similar datasets, a consistent outperforming model of choice is not
observed across all studies. While traditional tree-based, regression
models might work for some cases [114,125,127], some studies
utilize complex deep learning models like CNN and RNN for better
model performance [120,132]. This brings forward a much-needed
discussion of data quality. The datasets used in the different studies
vary significantly in terms of consistency of sensor measurements,

position of sensors (surface and/or downhole) and frequency of
data collection. The need for standardized data quality assessment
and pre-processing techniques is pivotal in moving forward to
implement a data driven solution for handling drilling vibrations in
real-time. Studies have also shown that having both surface and
downhole data is crucial for building a robust machine learning
algorithm. Such data-driven models can provide great insights to
drillers tomaximize drilling performance, to be used in conjunction
with ROP optimization algorithms or to find optimal drilling pa-
rameters. A real-time field deployment of this concept has not been
found in the literature for now.

The industry still mostly uses a stiff PI controller or the Shell
SoftTorque system which has been around since the 1980s and

Fig. 9. Data quality assessment workflow [125].

Fig. 10. Controllers designed using lumped parameter model with the corresponding DOF.
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1990s. The other two active control strategies that have made it
to the field are the NOV SoftSpeed and the Z-Torque. Although
these industrial controllers have been shown to control stick-
slip, they still have limitations. The stiff PI controller manages
to reduce the magnitude of the oscillations but cannot always
mitigate stick-slip. SoftTorque has a narrow band of operation
and is vulnerable to frequency mistuning. SoftSpeed is sensitive
to time delays in the feedback loops. Z-Torque, which is also
developed by Shell, performs better than the original SoftTorque
system and has a wider band of operation, but is still sensitive to
time delays. Comparative studies on the industrial stick-slip
controllers have been done by Kyllingstad [133] and Aarsnes
et al. [134].

6. Conclusions

This paper delivers a comprehensive and detailed review of
process control solutions and mitigation methods used to detect,
understand and eliminate/reduce drilling vibrations.

Our paper shows also clearly that increasing the DOF of the
model enables higher accuracy of the controller, currently 10 DOF
being considered as adequate.

Our findings show that the industry's interest has been shifted
from passive control solutions (only a few available) to active
control, where the drilling parameters are continuously updated to
maintain the optimum and efficient drilling process.

Still today the most used controller for stick slip situations
is based on the SoftTorque concept initially released in the
80 s. However, almost 40 controllers are listed in this study in
which most of them have been tested only in the lab and have
not been applied in the field due to various operational
limitations.

From this study, it can be concluded that a singular technique/
approach is not sufficient to control the torsional vibration in a
drillstring. Hence, an integrated approach that combines higher
accuracy numerical models (higher DOF), machine learning, and
experimental analysis is required to design a robust control tech-
nique to tackle torsional oscillation.
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Abbreviations

NPT Non-productive time
BHA Bottom hole assembly
MPD Managed pressure drilling
RSS Rotary steerable system
V&S Vibrations and shock
ROP Rate of penetration
RPM Rotations per minute
PDC Polycrystalline diamond compact
WOB Weight on bit
DOF Degrees-of-freedom
MWD Measure while drilling
LQR Linear quadratic regulator

RLS Recursive least squares
PDE Partial differential equations
LMI Linear matrix inequality
FEM Finite element method
LTI Linear time invariant
PID Partial integral derivative
FOPID Fractional order PID
LPV Linear parameter varying
MICR Modified integral resonant controller
VFD Variable frequency drive
HIL Hardware in loop
LQG Linear quadratic gaussian
IT2FC Interval type-2 fuzzy logic controller
PCA Principal component analysis
SVM Support vector machine
RNN Recurrent neural networks
CNN Convolutional neural networks
GMM Gaussian mixture modeling
CART Classification and regression tree
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