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Two-three degree of freedom model for Anti Stick-Slip Tool of drill-string
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ABSTRACT: The drill-string experiences strong vibrations due to its length and interactions with
the rock at the bit. The Anti Stick-Slip Tool (ASST), located at the end of the drill-string, effectively
prevents the stick-slip and torsional vibrations. A new model has been proposed to analyze the tool,
overcoming previous limitations. The model represents the system with two degrees of freedom in
its non-activated state and three degrees of freedom when activated based on kinematic constraints.
Simulations demonstrate the logical behavior of tools under external forces and torques. The model
accurately depicts the effect of weight on bit and weight on the hook on the activation of tool. The
proposed model enables researchers to study the nonlinear behavior of ASST resulting from switching

between equations in specific operational conditions.

Review History:

Received: Oct. 27, 2022
Revised: May, 18, 2023
Accepted: Jun. 15, 2023
Available Online: Jul. 19, 2023

Keywords:
Torsional Vibration
Drill-string
Anti Stick-Slip Tool

Internal Friction

1- Introduction

During drilling operations, the drill-string experiences
complex dynamic phenomena that result in undesirable
oscillations. These phenomena are caused by various factors,
such as the interaction forces between the drill bit and the
rock or the well, as well as the forces acting on the drill-
string. The vibrations can be categorized into torsional, axial,
and transverse vibrations [1]. Several dynamic phenomena,
including stick-slip [2] and bit bouncing [3], significantly
impact drilling quality and lead to strong vibrations of the
drill-string. Axial vibrations in drilling systems refer to
oscillations along the direction of the drilling pipes [4].
Lateral vibrations, on the other hand, result in well wall
expansion and can lead to damage to the drill-string and
down-hole tools. Torsional vibrations [5], as the third type of
vibrations in drilling systems, occur due to irregular rotation
of the drill bit caused by torsional forces on the drill-string.
One contributing factor to torsional vibration is the Stick-
Slip phenomenon between the drill bit and the rock. These
vibrations can pose challenges and impact drilling operations
negatively. Active methods for controlling drill-string
vibrations are costly due to equipment maintenance, data
measurement, and sensor quality limitations. Therefore, non-
active approaches, such as Anti Stick-Slip Tool of Tomax,
are preferred by most drilling engineers to mitigate the stick-
slip phenomenon. This tool reduces the length of drill-string
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to prevent stick-slip and ensure optimal performance. A new
model with three degrees of freedom during activation and
two degrees of freedom when deactivated has been proposed
to overcome previous limitations[6,7]. The enhanced model
provides more accurate information on the behavior of the
drill string when using the Anti Stick-Slip tool, facilitating
a better understanding of their performance in drilling
operations.

2- Modeling of Anti Stick-Slip Tool

The Anti Stick-Slip Tool can be shown as below, this tool
includes two active and non-active states. When the tool is in
the non-active state, it acts as a rigid body with two degrees
of freedom, and the axial and rotational displacements of the
upper and the lower parts of the tool are the same.

In this case, the dynamic equations according to Newton’s
second law can be obtained for the axial and rotational
displacement, and the equations are in the form of a matrix
as follows:

MG =F (1)

Where the matrix M and vectors ¢ and F can be defined as
follows:
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Fig. 1. Schematic structure of the Anti Stick-Slip Tool
along with its internal parts
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resistance of the tool, this tool will be activated and will
control the additional loads on the system by reducing the
length of the tool. If the tool is activated, this system will
have three degrees of freedom. In this case, the equations of
motion related to the upper and lower parts of the tool are
checked based on Newton’s second law, whose final matrix
state can be expressed as:

MG+Cg+Kg=F ()

Where the matrices M, C and K and vectors ¢ and F canbe
defined as follows:

I, +arM, -arM, M,
M= -arM, I, +oarM, -rM, |,
Mo M, +M,
a;;.Cb —-arC, 0
C=|—-arC, arnC,
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arK, -arkK, 0 @
K=|-arK, +arK, 0],
0 0 0
(F,-P-M, ) +1, ¢,
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When the system changes from the non-active state to the
active state, the system is forced to follow a relationship
between the internal forces based on the kinematic constraint
in the threads, which can be written as:

(T + Mra)Ad +raC,Ap+raK,Ap =
- _ ®)
I(£+£)+Mr[(—F“ +—E’ )—rP

I, 1 M

a b a b

Based on the stated relation (5), external, internal, stored and
activation torques can be defined to explain the activated and
nonactivated conditions for operations of ASST.

Table 1. Conditions for describing states of ASST

First Condition Second Condition State
Actived
7;to > 7:101‘
Non-actived
I, <T,
Actived
T _ T Text > act
sto T act

ext —

Non-actived
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Fig. 3. Frequency response function diagram of the instrument for a specific case

3- Result

According to the results shown in Figure 2, it can be seen
that the internal friction between two parts of ASST plays a
crucial role in the behavior of ASST during the activation state
and controls the start of activation. The phase portrait clearly
shows the influence of internal friction on the compression
and expansion state of ASST.

The dynamic behavior of the tool appears as a non-linear
system due to the switches between two different linear
equations of motion according to the inputs of the tool.
Therefore, the frequency response curve of the ASST for
a specified input is different from linear systems. Figure 3
shows that the amplitude of fluctuations for relative rotation
of the two parts of the tool decreases by increasing the
frequency ratio until it reaches about 0.07, and then the
amplitude of the oscillations increases until the frequency
ratio reaches 0.3. At this point, the frequency response curve
shows a local maximum, beyond which the amplitude of the
oscillations goes to zero. The range of constant and harmonic
components of the input forces and torques used to derive the

frequency response function is very important in determining
the frequency response curve.

4- Conclusion

The Anti Stick-Slip Tool is an instrument to prevent
destructive torsional vibrations during drilling operations.
During the operation of this tool, there are two states named
activated and non-activated. This research presents a model
that overcomes the limitations of previous models and makes
it possible to study the behavior of the drill-string in the
presence of ASST. The proposed model accurately simulates
the behavior of the tool through different states.
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Fig. 1. ) Schematic structure of the anti-stick-slip tool along with its internal parts b) General view of
the well, the drill-string and the location of the anti-stick-slip tool
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Table 1. Effective angle in different states of activation of the anti-stick tool
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Fig. 2. Algorithm for numerical solution of governing equations of anti-stick-slip tool
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Table 2. Numerical values considered for simulating the behavior of the anti-stick-slip tool [25]
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Fig. 3. Evolution of different parameters in the first case: a) internal, external, stored and activation torques
b) zoomed in view of torques c) rotational displacement and rotational speed
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Fig. 4. Evolution of different parameters in the second case: a) internal, external, stored and activation torques
b) rotational displacement c) rotational speed
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Fig. 5. Evolution of different parameters in the third and fourth cases: a) internal and external b) rotational
displacement and rotational speed
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Table 3. Numerical values considered for tool inputs in working condition
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Fig. 7. Evolution of different torques in working condition: a) internal, external, stored and activation torques b)
torque evolution at the vicinity of non-activated state
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Fig. 8. Dynamic behavior of the tool in working condition a) Axial speed b) Axial displacement ¢) Rotational
speed d) Rotational displacement
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Table 4. Numerical values considered for the inputs to analyze the non-linear behavior of the tool
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Fig. 9. Frequency response function diagram using the values of Table 4

53909 SB)liiS 5 95 ol cladlge (b Cov widlS )8 sl &
Oler i sladdlsn b (939)5 (il 4 i Sllug (S8 a8l o
Siga)le slaadlge (13 BLIIL Jg bl phuw (b (uilS 3
oyso o 4 S (o Cund S 25 Ao (il 8 5l Sllugs uilS 3
2 Soige)ls sloadlge 5 ol slaadlge 5l (86 Sblug o Jolss
ol L Js s 1y e gl ol sladdlge wilS )8 w6 ol Lisu
S Ale b (ouilS)8 Gl g odd jlle Sigele adlge SIS )5
Gl @b sbge ) (Sugdcsus Jl Glie Al Siige)ln adlge
Siigo s 5 ot slaailge Sy atels Cad | i 3 il 8

3l e

Yoo

L Jo b doldl /0¥ il )3 s (So05 b Buile aely Jo3
gy b oo i3l Bl by diely ¢ auslS b Cons it i3l
Bl o daldl /Y wilS 8 s B s lysd llugs dleld (63520
Mibie e diniey S b A () 3 S B sl g g
WS o Jeo o & Sl dials udlSh i it BB L g
Gl @b gl ol oad ad)S a3 5lsS 5 950 slasdg)
Capd 85 Al oo Sl 5 ol adlge 93 gl A JSS ) uilS)
Bl i ot (edlS 5 sl @l Jhoges (IS S5 5 o] aieb
S50 s ol gy Jlas] s odmlie ¥ IS )3 o wisSilan

£ 4 1 5 o 0l s > (g 5 025 s 13 Sz



&lo
[1] M.A. Trindade, Robust evaluation of stability regions
of oil-well drilling systems with uncertain bit-rock

nonlinear interaction, Journal of Sound and Vibration,
483 (2020) 115481.

[2] T.G. Ritto, M. Ghandchi-Tehrani, Active control of
stick-slip torsional vibrations in drill-strings, Journal of

Vibration and Control, 25(1) (2019) 194-202.
[3]J. Chen, H. Liao, Y. Zhang, H. Liang, C. Liu, D. Qi, A

torsional-axial vibration analysis of drill string endowed
with kinematic coupling and stochastic approach, Journal

of Petroleum Science and Engineering, 198 (2021)
108157.

[4]J. Tian, L. Wei, L. Yang, L. Dai, T. Zhang, H. Liu, Research
and experimental analysis of drill string dynamics
characteristics and stick-slip reduction mechanism,

Journal of Mechanical Science and Technology, 34
(2020) 977-986.

[5] T. Richard, C. Germay, E. Detournay, A simplified
model to explore the root cause of stick—slip vibrations
in drilling systems with drag bits, Journal of sound and

vibration, 305(3) (2007) 432-456.

[6] W. QIU, H. FU, P. LI, Analysis on Drill String Vibration
Signal of Stick Slip and Bit Bouncing, Advances in
Petroleum Exploration and Development (S1925-5438),
8(2) (2014) 1-5.

[7] M. Kapitaniak, V. Vaziri, J. Paez Chavez, M. Wiercigroch,
Numerical study of forward and backward whirling of
drill-string, Journal of Computational and Nonlinear
Dynamics, 12(6) (2017).

[8] U.J.F. Aarsnes, N. van de Wouw, Axial and torsional self-
excited vibrations of a distributed drill-string, Journal of

Sound and Vibration, 444 (2019) 127-151.
[9] Z. Weiping, D. Qinfeng, Effect of prebent deflection on

lateral vibration of stabilized drill collars, SPE Journal,
16(01) (2011) 200-216.

[10]L.P.de Moraes, M. A. Savi, Drill-string vibration analysis
considering an axial-torsional-lateral nonsmooth model,

Journal of Sound and Vibration, 438 (2019) 220-237.
[11] L.P. Volpi, D.M. Lobo, T.G. Ritto, A stochastic analysis

G5 A g (Gazes -0
odr om il gl & cwl Gl B3 - Sis 1o e
sl iy slasl > (e = (St oy | (U (o ©Lils)]
ol e (2B GlaygliiaS g gy b b lpl cnl 235 e e
A 4 odd dylg Hb il el Gl B 0w cS s a4 dle
lals)l g (o3 —(Shieaa 5l xS gl g St — 4t JiS)al 51
b g Joli 5l ul I 8 09300 ol 5l (36 @ e (o
s S 2o ) ol it s 3 45 wsl e JUb g byl
Dol 0Xgi S0P Curndg dw d Jld cls o Jo 15 o Jos Lo
2 Sl aud)y (Seelnd Jlb) adlllas (gl 355 o 51,8 025090 5 Jlab
cl J5 0§ 355 e Ko 4 58— S 5 3] 9
olis 4wy Jae b s oS cubld ol 4 bgyye  Sialind Yolo o8
OYolee (0,8 @8l b (lgs o g a3 o ibgy |y (L3 sla Jao Cand o
M6 (g i dalllan ISl 015 1)) Jto cpl 2 ogdle 3,8 alllne I,
Sse ) a5 djloe g 1) Sl (Sold Jldy ) die 5 015,10
5 Jd el o (oolpiidn Jdo il dgng Sl i iy
Sl )3 3 )15, 5 05 o313 4oy 93 5 Sl (i 4 Sl
O e Candg il ol ogdle S o (iludnd 1) il
4 gl 2l e byl B st 4 015 )] e 3 cilisee (glacdls
059 5 Dby el ogd ons ail)] Jae a5 amd o LS oel cowd
Sox &S Sloj Dl e walyd 1) 02l OB (555 1)) 5 4o )
O — (S 18 e L el I3l ol Cend )y
b (Rl lpl s Jlb Sl o)l OB (5 g 025
SinlS 5l sl Sk il o smd e bt gl ol 5 ogdle
MR G50 93 G )93 a5 395 00 o |y g Slliogs (138 )3
syl e dlaly 51 Slkanl b gl 0 o35 ey B
5299 LSLQ)L’ u,é)f).'a.n).) L» (J‘:M d)lf Mos ;i) 2 )‘).:‘ );)K
b e 1008518, 5l (Sl o8 8)5 )15 2b5)l 3y90 5l pise 93
pade ) (639)9 Su Slil 4 Il (ad 0 )18, W Ladb o i
s 93 & Capnd s Siglale jlus HlB) ;Sbles &8 005 o)

bl bl s

Yo1



836-850.
[21] M. Fu, P. Zhang, J. Li, Y. Wu, Observer and reference

governor based control strategy to suppress stick-slip
vibrations in oil well drill-string, Journal of Sound and

Vibration, 457 (2019) 37-50.
[22] AN. Sadeghi, K.B. Arikan, M.E. Ozbek, Modelling

and controlling of drill string stick slip vibrations in an
oil well drilling rig, Journal of Petroleum Science and

Engineering, 216 (2022) 110759.

[23] N. Reimers, Antistall tool reduces risk in drilling

difficult formations, Journal of Petroleum Technology,
64(01) (2012) 26-29.

[24] K.S. Selnes, C. Clemmensen, N. Reimers, Drilling
difficult formations efficiently with the use of an antistall

tool, in: IADC/SPE drilling conference, OnePetro, 2008.
[25] T. Vromen, E. Detournay, H. Nijmeijer, N. Van De

Wouw, Dynamics of drilling systems with an antistall
tool: Effect on rate of penetration and mechanical specific

energy, SPE Journal, 24(05) (2019) 1982-1996.
[26] R. Wildemans, A. Aribowo, E. Detournay, N. van de

Wouw, Modelling and dynamic analysis of an anti-
stall tool in a drilling system including spatial friction,

Nonlinear Dynamics, 98 (2019) 2631-2650.
[27] T. Cao, K. Yu, H. Zhu, X. Chen, Investigation of

the mitigation effect of an anti-stall tool on stick-
slip vibrations of drill strings, Energy Sources, Part
A: Recovery, Utilization, and Environmental Effects,
(2021) 1-20.

[28] M.K. Dehkordi, A.T. Osguei, I. Khamoushi, E.
Pavlovskaia, M. Wiercigroch, Internal mechanics of
anti stick—slip tool, International Journal of Mechanical

Sciences, 221 (2022) 107188.
[29] A.T. Osguei, I. Khamoushi, M.K. Dehkordi, E.
Pavlovskaia, M. Wiercigroch, Non-smooth dynamics of

Anti Stick—Slip Tool, Physica D: Nonlinear Phenomena,
443 (2023) 133525.

Yov

of the coupled lateral-torsional drill string vibration,

Nonlinear Dynamics, 103 (2021) 49-62.
[12] F.F. Real, A. Batou, T.G. Ritto, C. Desceliers, Stochastic

modeling for hysteretic bit—rock interaction of a drill
string under torsional vibrations, Journal of Vibration

and Control, 25(10) (2019) 1663-1672.
[13] D. Lobo, T. Ritto, D. Castello, A novel stochastic

process to model the variation of rock strength in bit-
rock interaction for the analysis of drill-string vibration,

Mechanical Systems and Signal Processing, 141 (2020)
106451.

[14] Y.-Q. Lin, Y.-H. Wang, Stick-slip vibration of drill
strings, (1991).

[15] K. Nandakumar, M. Wiercigroch, Stability analysis
of a state dependent delayed, coupled two DOF model

of drill-stringvibration, Journal of sound and vibration,
332(10) (2013) 2575-2592.

[16] E.M. Navarro-Lépez, D. Cortés, Avoiding harmful
oscillations in a drillstring through dynamical analysis,

Journal of sound and vibration, 307(1-2) (2007) 152-171.

[17] E.M. Navarro-Lopez, D. Cortés, Sliding-mode control
of a multi-DOF oilwell drillstring with stick-slip
oscillations, in: 2007 American control conference,

IEEE, 2007, pp. 3837-3842.
[18] S. Tashakori, G. Vossoughi, H. Zohoor, N. van de

Wouw, Prediction-based control for mitigation of axial—
torsional vibrations in a distributed drill-string system,

IEEE Transactions on Control Systems Technology,
30(1) (2021) 277-293.

[19] T. Yu, X. Li, H. Zhang, C. Duan, H. Zeng, W. Agila,
Nonlinear analysis of axial-torsional vibration of drill
string based on a 3 DOF model, Advances in Mechanical

Engineering, 14(6) (2022) 16878132221107778.

[20] D. Pavkovi¢, J. Deur, A. Lisac, A torque estimator-
based control strategy for oil-well drill-string torsional
vibrations active damping including an auto-tuning

algorithm, Control engineering practice, 19(8) (2011)



VOA B VEY dsxis VoY Jlo & 0)lad D0 093 «yusS ol Sl pusiio 4y 3

o3 gl | Ao opl 4 g
A. Taraghi Osguei, B. Mohammad Alizadeh, A. Dobakhti, Two-three degree of freedom mod-
el for Anti Stick-Slip Tool of drill-string, Amirkabir J. Mech Eng., 55(6) (2023) 737-758.

DOI: 10.22060/me;j.2023.21883.7535

YoA




