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(57) Abrege/Abstract:
A method and system of reducing or avoiding at least axial or torsional oscillations Iin a drillstring (24) with a bit (26) attached to its
lower end and controlled by a hoisting (8) and rotation (6) mechanism attached to its top end, where the controllable variables are
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(57) Abrege(suite)/Abstract(continued):

vertical and rotational speeds and the response variables are axial tension force and torque, referred to the top of the drillstring (24),
whereln the method includes the steps of. 1) choosing at least one string oscillation mode to be controlled; iI) monitoring the
controllable variable and response variable relevant for said oscillation mode; i) determining the oscillation period of saild mode; Iv)
estimating from the relevant response variable the dynamic bit speed of sald mode; v) determining a speed pulse capable of
generating an osclillation with an amplitude substantially equal to the amplitude of said estimated bit speed; and vi) starting an open-
loop controlled speed variation by adding said speed pulse to the operator set speed command when the amplitude of said bit

speed estimate exceeds a certain threshold level and the anti-phase of said bit speed estimate matches the phase of the pulse
generated oscillation.
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(57) Abstract: A method and system of reducing or avoiding at least axial
or torsional oscillations mn a drillstring (24) with a bit (26) attached to its

t10n.

lower end and controlled by a hoisting (8) and rotation (6) mechanism at-
tached to 1ts top end, where the controllable variables are vertical and rota-
tional speeds and the response variables are axial tension force and torque,
referred to the top of the drillstring (24), wherein the method includes the
steps of: 1) choosing at least one string oscillation mode to be controlled; 11)
monitoring the controllable variable and response variable relevant for said
oscillation mode; 111) determining the oscillation period of said mode; 1v) es-
timating from the relevant response variable the dynamic bit speed of said
mode; v) determining a speed pulse capable of generating an oscillation with
an amplitude substantially equal to the amplitude of said estimated bit
speed; and vi) starting an open-loop controlled speed variation by adding
sald speed pulse to the operator set speed command when the amplitude of
said bit speed estimate exceeds a certain threshold level and the anti-phase
of said bit speed estimate matches the phase of the pulse generated oscilla-
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METHOD FOR REDUCING DRILLSTRING OSCILLATIONS

Field of the invention

The present invention relates to a method of removing or substantially reducing stick-
slip oscillations in a drillstring, to a method of drilling a borehole, to drilling
mechanisms for use in drilling a borehole, and to an electronic controller for use with a

drilling mechanism.

Background to the invention

Drilling an oil and/or gas well involves creation of a borehole of considerable length,
often up to several kilometers vertically and/or horizontally by the time production
begins. A drillstring comprises a drill bit at its lower end and lengths of drill pipe that
are screwed together. The whole drillstring is turned by a drilling mechanism at the
surface, which in turn rotates the bit to extend the borehole. The rotational part of the
drilling mechanism is typically a topdrive consisting of one or two motors with a
reduction gear rotating the top drillstring with sufficient torque and speed. A machine
for axial control of the drilling mechanism is typically a winch (commonly called
drawworks) controlling a travelling block, which is connected to and controls the

vertical motion of the topdrive.

The drillstring is an extremely slender structure relative to the length of the borehole,
and during drilling the drillstring is twisted several turns due to the total torque
needed to rotate the drillstring and the bit. The torque may typically be in the order of
10-50 kNm. The drillstring also displays a complicated dynamic behavior comprising
axial, lateral and torsional vibrations. Simultaneous measurements of drilling rotation
at the surface and at the bit have revealed that the drillstring often behaves as a
torsional pendulum, i.e. the top of the drillstring rotates with a constant angular
velocity, whereas the drill bit performs a rotation with varying angular velocity
comprising a constant part and a superimposed torsional vibration. In extreme cases,
the torsional part becomes so large that the bit periodically comes to a complete
standstill, during which the drillstring is torqued-up until the bit suddenly rotates again

and speeds up to an angular velocity far exceeding the topdrive speed. This
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phenomenon is known as stick-slip, or more precisely, torsional stick-slip.
Measurements and simulations have also revealed that the drillstring can sometimes
exhibit axial stick-slip motion, especially when the drillstring is hoisted or lowered at a
moderate speed. This motion is characterized by large axial speed variations at the
lower end of the drillstring and can be observed at the surface as substantial
oscillations of the top tension, commonly called the hook load. The observed stick-slip
oscillation period is most often close to the period of the lowest natural resonance

mode.

Torsional stick-slip has been studied for more than two decades and it is recognized as
a major source of problems, such as excessive bit wear, premature tool failures and
poor drilling rate. One reason for this is the high peak speeds occurring during in the
slip phase. The high rotation speeds in turn lead to secondary effects like extreme

axial and lateral accelerations and forces.

A large number of papers and articles have addressed the stick-slip problem. Many
papers focus on detecting stick-slip motion and on controlling the oscillations by
operational means, such as adding friction reducers to the mud, changing the rotation
speed or the weight on bit. Even though these remedies sometimes help, they are

either insufficient or they represent a high extra costs.

A few papers also recommend applying smart control of the topdrive to dampen and
prevent stick-slip oscillations. In IADC/SPE 18049 it was demonstrated that torque
feed-back from a dedicated drillstring torque sensor could effectively cure stick-slip
oscillations by adjusting the speed in response to the measured torque variations. In
Jansen. J. D et al. “"Active Damping of Self-Excited Torsional Vibrations in Oil Well
Drillstrings”, 1995, Journal of Sound and Vibrations, 179(4), 647-668, it was
suggested that the drawback of this approach is the need for a new and direct
measurement of the drillstring torque, which is not already available. US 5 117 926
disclosed that measurement as another type of feedback, based on the motor current
(torque) and the speed. This system has been commercially available for many years
under the trade mark SOFT TORQUE®. The main disadvantage of this system is that it
is @ cascade control system using a torque feedback in series with the stiff speed
controller. This increases the risk of instabilities at frequencies higher than the stick-
slip frequency, especially if there is a significant (50 ms or more) time delay in the

measurements of speed and torque.

The patent application PCT/GB2008/051144 discloses a method for damping stick-slip

oscillations, the maximum damping taking place at or near a first or fundamental (i.e.
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lowest frequency) stick-slip oscillation mode. In developing the present method a
further problem to be addressed when the drillstring is extremely long (greater than
about 5km) and the fundamental stick-slip period exceeds about 5 or 6s has been
identified. Even though the method according to this document is able to cure the
fundamental stick-slip oscillation mode in such drillstrings, as soon as these
oscillations are dampened, the second natural mode tends to become unstable and
grow in amplitude until full stick-slip is developed at the higher frequency. In certain
simulations it has been found that this second mode has a natural frequency which is
approximately three times higher than the fundamental stick-slip frequency. The
higher order stick-slip oscillations are characterized by short period and large
amplitude cyclic variations of the drive torque. Simulations show that the bit rotation
speed also in this case varies between zero and peak speeds exceeding twice the

mean speed.

A more recent patent application PCT/GB2009/051618 discloses some improvements
of the preceding application, such as inertia compensation term in combination with a
slight detuning of the topdrive speed controller. These improvements broaden the
absorption band width and enable the topdrive to effectively dampen also the second
torsional mode, thus preventing second mode stick-slip to occur. Another
improvement is a method for real-time estimation of the rotational bit speed, based on

the dynamic drive torque variations.

Field experience and also extensive testing with an advanced simulation model have
shown that all of the current systems for damping stick-slip oscillations sometimes fail
to solve the stick-slip problem, and especially in very long drillstrings, say> 5000m.
All active systems mentioned above have in common that they modify the speed of
topdrive in response to a varying torque load. The resulting damping is sometimes but
not always sufficiently strong to remove stick-slip oscillations. The systems have also
proved to be very sensitive to noise and delay of the control signals i.e. speed and
torque so that even a small time delay in order of 50ms can cause instability to occur

at higher frequencies.

The purpose of the invention is to overcome or reduce at least one of the

disadvantages of the prior art.

The purpose is achieved according to the invention by the features as disclosed in the

description below and in the following patent claims.

Brief description of figures related to the general part
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Below, the text of the general part of the description refers to the following drawings,

where:

Fig. 1 shows a graph where a harmonic oscillation is cancelled by a one period
sine pulse where the abscissa represents normalized time and the
ordinate represents normalized rotation speed;

Fig. 2 shows a graph where a harmonic oscillation is cancelled by a half period
trapezoidal pulse where the abscissa represents normalized time and the
ordinate represents normalized rotation speed;

Fig. 3 shows a graph where the speed is increased and a harmonic oscillation is
cancelled by a half period linear ramp, where the abscissa represents
normalized time and the ordinate represents normalized rotation speed;

Fig. 4 shows a graph where the speed is increased linearly without generating
oscillations, where the abscissa represents normalized time and the
ordinate represents normalized rotation speed; and

Fig. 5 shows graphs of calculated torque and compliance response function in a

3200 m long drillstring where the abscissa represents oscillation
frequency in cycle per seconds and the ordinate of the upper subplot
represent normalized top torque to input bit torque ratio, and the ordinate
of the lower subplot represents dynamic torsional compliance in radians

per KNm.

Summary of the invention

The present invention is based on the insight gained both through field experience and
through experience with an advanced simulation model. This model is able to describe
simultaneous axial and torsional motion of the drillstring and includes sub-models for
the draw works and the topdrive. The experience from both sources shows that even
the most advanced stick-slip mitigation tools are not able of curing stick-slip in
extremely long drillstrings in deviated wells. However, simulations showed that
difficult stick-slip can be removed if the topdrive speed is given a step-like change at
right size and timing. A further investigation revealed that a number of different
transient speed variations could remove the stick-slip motion. This approach is
fundamentally different in several ways from the systems described above:

- First, the transient speed variation is controlled in an open-loop manner, meaning

that the rotation speed follows a predetermined curve that is not adjusted in response
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to the instant torque load.

- Second, the current method represents a relatively short duration that is in the order
of one stick-slip period while the preceding methods represent continuous adjustment
of the rotation speed of “infinite” duration.

- Finally, the method is not limited to torsional stick-slip oscillations but applied also to

axial stick-slip oscillations.

According to the present invention there is provided method of reducing or avoiding at
least axial or torsional oscillations in a drillstring with a bit attached to its lower end
and controlled by a hoisting and rotation mechanism attached to its top end, where
the controllable variables are vertical and rotational speeds and the response variables
are axial tension force and torque, referred to the top of the drillstring, wherein the
method includes the steps of:

1) choosing at least one string oscillation mode to be controlled;

i) monitoring the controllable variable and response variable relevant for said
oscillation mode;

iii) determining the oscillation period of said mode;

iv) estimating from the relevant response variable the dynamic bit speed of said
mode;

v) determining a speed pulse capable of generating an oscillation with an amplitude
substantially equal to the amplitude of said estimated bit speed; and

Vi) starting an open-loop controlled speed variation by adding said speed pulse to the
operator set speed command when the amplitude of said bit speed estimate exceeds a
certain threshold level and the anti-phase of said bit speed estimate matches the

phase of the pulse generated oscillation.

It is to be noted that the present invention is effective in removing the stick-slip
oscillations but may not always be effective in preventing stick-slip to re-appear. In
some cases, especially at small to moderate speeds, the system may be unstable
because the friction (torque) drops slightly with speed. This means negative
differential damping that can cause a small variation to grow exponentially until full
stick-slip is developed. Therefore the current method should preferably be used in
combination with a feed-back based damping system, thus acting as an add-on to
existing stick-slip mitigation methods. However, since the task for the feed-back
system is to prevent rather than remove stick-slip oscillations, the softness or mobility
of the speed control can be much reduced. The benefit of that is higher tolerance to

signal delay and reduced risk of high frequency instabilities.
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To simplify the analysis it is assumed that the drillstring may be treated as a simple
harmonic oscillator. It means that the analysis is limited to one natural mode only.
Subsequently the validity of this assumption is discussed and the method is
generalized to more modes. The analysis below is restricted to the torsional
oscillation, but the same formalism applies equally well to the axial drillstring motion.

The equation of motion for a torsional pendulum is

420
dt

where € is the dynamic angular displacement of the lumped inertia, &4 is the

topdrive motion, J is the pendulum inertia, S is the angular spring rate. The natural

frequency of the oscillator is given by a)=\/S/J . By introducing the non-dimensional

(normalized) time variable Tt =t the equation of motion can be simplified to

d*x
dr’

-x=y 2)

Here x denotes the angular motion, either the angular displacement &, angular speed

d&@/dt or angular acceleration d%0/dt* and y is the corresponding variable for the

topdrive. The general homogeneous solution (y=0)is X, = a-cos(at —¢@) where the

amplitude and the phase angle ¢ are arbitrary integration constants. This solution

represents an undampened harmonic oscillation.

The differential equation can formally be twice integrated to give a formal general

particular solution as an integral equation

4 \

- (1 (1 d d
X—XO-I-IO\XO +j0(y—x) r/ T (3)

where Xgand X represents start values for X and its time derivative. This formula is

also suited for direct numerical integration to find a solution from any predefined

pulsey .

A trivial but physically relevant particular solution is the constant: X=Yy=Xy. This

represents a smooth, steady state rotation without oscillations. For convenience, the
constant component of the particular solution is omitted in the analysis below.
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It can be seen that there exist an infinite number of non-trivial functions ythat may

cancel an initial oscillation X, . An important sub-class of such functions are windowed

functions that are zero outside a finite time interval and formally written as

y=f(r)-(H()-H(r-1,)) 3)

Here £ is a general pulse function and H is the so-called Heaviside step function,

defined as zero for negative arguments, 2 for zero and unity for positive arguments.

The last factor represents a window that is unity for 0<r<”£yand zero outside the

window. Without loss of generality we have here assumed that the window starts at
zero time. It is easily verified that a phase shifted and sign flipped pulse

y, (1) =(=D" y(z + k) (4)

is also a solution pulse if k is an integer. This formula may be used to construct a new

solutions consisting of a weighted sum of the primary and shifted pulses:

Ko pax
y= ) agy(7) (5)
k=0

Here ay are amplitudes, normalized so that their sum equals unity. It is easily verified
from the general homogeneous solution that dxy,(7)/d7 =x,(r—7/2). This may be

used for generating new but differently shaped solution pulses by:

d
Y =y ) (©0)
y" =y =Sz =~y + ) (7)

The super scripts are here defined as a combination of integration/differentiation and

phase shifting.

As a non-exclusive example the following primary pulse is discussed:

y= SH;(T) (H(r)-H(r -27)) (8)

First assume that there is no oscillation before the start of the pulse, meaning

that Xy = X9 =0. It can be seen that the particular solution with this pulse can be

written as
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. 7COS(7) —sm(7) (

y H(r) - H(z -27))+ cos(r)H (z - 27) (9)
27T

It is easily verified that this solution reduces to cos(7) when 7> 27 . Because the
system is linear the example pulse is able to cancel or nullify a pre-pulse oscillation

X, =C0S(7 + ) =—C0s(7)that has the same amplitude but of opposite phase to the

generated oscillation. The various functions are plotted in figure 1 to illustrate the
cancellation process.

The bipolar sinusoidal pulse is just one of infinite number of possible cancellation
functions. Another example is the unipolar and trapeze shaped function shown as the
dashed-dotted curve in fig. 2. In this case the solutions are found numerically,
although analytic solutions exist also for this pulse choice. Both pulses generate an
oscillation of unit amplitude and zero phase. Zero phase is a consequence of the fact

that the generated oscillation has a peak at multiples of 27 and can be represented

by a pure cosine term without phase shift. An arbitrary pulse can have a different
amplitude and a non-zero phase. A non-singular pulse, which is here defined as a
pulse generating oscillation of finite amplitude, can be normalized to give a unit
oscillation amplitude. It is also convenient to define a pulse phase as the phase of its
generated oscillation, referred to start of the pulse. In the two examples above the
pulse phases are zero, meaning that the generated oscillation has a peak one period
after start of the pulse.

The two first examples also have in common that they do not change the mean speed.
It is possible to construct generalized pulses that also changes mean speed. It can be
argued that these are not a pulse in normal sense but a kind of smoothed step
functions. Nevertheless, as long as their time derivative vanishes outside the window,
they are termed speed changing pulses, for convenience. An example of such a speed
changing pulse is shown in fig. 3. Here the speed is increased linearly over half an
oscillation period. This speed change can be regarded as a square acceleration pulse
(not visualized in the figure) creating a speed change of 12 while creating an
oscillation of unit amplitude. Note that this time the generated oscillation has is peak

at the normalized time 7=3x/2. The pulse phase is therefore, per definition, 37/2 or

— /2. The optimal timing of this pulse relative to the bit speed is therefore different
for this pulse that for the two preceding ones.

In general, the phase of a (non-singular) pulse can be determined explicitly as the
argument (phase) of the following complex Fourier amplitude

T, 427

xye‘i”dr (10)

1
T

C =

0
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Here the lower integration limit represents the upper end of the pulse window.

The 4™ example, shown in fig. 4, is a singular pulse creating no oscillations but a unit
speed change. In this case zero initial oscillation is chosen, illustrating the fact that
the speed can be changed without creating any oscillations. The imposed speed is
simply the integral of a rectangular acceleration pulse giving a unit speed change
during a time interval of one oscillation period. Because the initial oscillation is zero
the dash curve matches and is hidden under the solid curve.

These examples are only a few of an infinite number of possible non-singular and
singular pulses. A singular pulse can be regarded as a linear combination of two or
more non-singular pulses such that the vector sum of all amplitudes is zero. A special
class of singular pulses is constructed from an arbitrary pulse by splitting it into the
sum of half its original pulse and the other half delayed by half oscillation period. That
IS,

1 1

77=§y(r)+§y(r—ﬂ) (11)

is a singular pulse for any original pulse y. This can be deduced from the shift rule (4)
which implies that the generated oscillation from the second term equals that of the
first term with a sign shift.

The theory above describes a way to generate a controlled harmonic oscillation able to
cancel a known unwanted oscillation. However, it remains to determine the amplitude
and phase of this unwanted oscillation, because the rotational speed at the bottom of
the string is not directly observable. From the basic differential equation of motion (1)
it is clear that the right hand term represents the twist torque of the harmonic
oscillator. Before the pulse is started, this term is represented by the time integral of
the speed. Expressed in normalized variables, the torque equals the integral of the
speed x5, or simply x.(t-n/2). Hence it is possible to determine the amplitude and
phase of the non-observable speed from the oscillator spring torque.

The studied harmonic oscillator is a simple mathematical approximation for a
drillstring. As pointed out by Kyllingstad and Nessjgen in the SPE paper "Hardware-In-
the-Loop Simulations Used as a Cost Efficient Tool for Developing an Advanced Stick-
Slip Prevention System” (SPE 128223, Feb. 2010) a drillstring is more accurately
described as a continuum or as a wave guide possessing a series of natural modes.
This paper presents formulas valid for a relatively simple drill strings consisting of one
uniform drill pipe section and a lumped bottom hole assembly inertia. Here, it is taken
a step further and a brief outline of a method that applies also for a more complex
string geometries is given.

Assume that the drill string consists of m uniform sections and that the oscillation
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state of the string is described of 2m complex wave amplitudes, representing one
downwards and one upwards propagating (mono frequency) wave for each section.
Continuity requirements of speed and torque across the boundaries result in 2m-2
internal boundary conditions and 2 end conditions that together form a Z2mxZ2m matrix
equation. Details of deriving the matrix equation can be found in a paper by Halsey et
al: ™ Drillstring Torsional Vibrations: Comparison between Theory and Experiment on a
Full-Scale Research Drilling Rig”, ( SPE15564, 1989 ). This matrix equation can
formally written as

7-Q=T (12)

Here the system matrix Z is a complex, frequency dependent impedance matrix,

€) contains all the complex rotational speed amplitudes and the right hand side is a
vector representing external torque input. The formal solution of the matrix equation
IS just

Q=7"1T (13)

A useful response function is the top torque divided by the input torque at the lower
end. This non-dimensional torque transfer function can be expressed as

(€ — Q2
HT :é’l (T21 2) (14)

m

where (7 is the so-called characteristic impedance of the upper drill string section and

the two terms inside the parenthesis are rotation speed amplitudes of respective
upwards and downwards propagating waves. If a small but finite damping is included,
it be either in the top drive or along the string, the above response function will be a
function with sharp peaks representing natural resonance frequencies of the system. If
damping is neglected, the system matrix becomes singular (with zero determinant) at
the natural frequencies.

Another useful response function is the dynamic compliance defined as the ratio of
total twist angle to the top torque. It can be mathematically written as

_ Qope ™ — Qe
1wgy - (€21 —£2)

C (15)

Here i=+/—1 is the imaginary unit, @is the angular frequency, k =c/w is the wave

number, ¢ being the wave propagation speed and 1 is the total string length. The two
speed amplitudes in the numerator are respective downwards and upwards
propagating wave amplitudes. As an example, the magnitude of the torque transfer

function and the real and imaginary parts of the dynamic compliance of a 3200 long
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string is plotted versus frequency in fig. 5. The chosen frequency span of 1.6 Hz
covers 4 peaks representing string resonance frequencies. In contrast to the peaky
torque transfer function, the compliance shown in the lower subplot is a slowly

changing function of frequency. It is approximately equal to the static (low frequency)

compliance times a dynamic factor sin(k)/kl accounting for a finite wave length to

string length ratio. The imaginary part of C, shown as a dotted line, is far much lower

than the real part.

When the dynamic compliance is determined, the bit speed can be calculated from top
torque. One possible way to do this is to multiply the Fourier transform of the torque
by the mobility function 1C and apply the inverse Fourier transform to the product. A
more practical method, which requires less computer power, is described by
Kyllingstad and Nessjoen in the referred paper. Their method picks one dominating
frequency only, typically the stick-slip frequency, and applies numerical integration
and a band-pass filtering of the torque signal to achieve a bit speed estimate. The

method uses the static drill string compliance, corrected for the dynamic
factorsin(kl)/kl .

A third method to find the dynamic bit speed is described by the algorithm below. It

assumes that the angular oscillation period t,, =27 /® and the complex compliance C

at this frequency, are known quantities found as explained above.

a) Calculate the complex torque amplitude by the Fourier integral

t
T _ 2 j T(t")e'?t~) gy’ (16a)
to t—t

b) Estimate the corresponding complex bit speed amplitude by

L g

Q, =—-iaCT (16b)

e

This function determines the amplitude |Q)},| and the phase arg(f)b)of the

estimated bit speed.

¢) Estimate the bit speed as the sum of measure top drive speed and the real part

of this complex amplitude

Qbe — Qd + Re(ﬁb) (16¢C)

The steps above must be calculated for every time step, and the Fourier integral can

be realized in a computer as the difference between an accumulated integral (running



10

15

20

25

30

35

CA 02861950 2014-07-18

WO 2013/112056 PCT/NO2013/050014
12

from time zero) minus a time lagged value of the same integral, delayed by one
oscillation period. The accuracy of the bit speed estimate can be improved, especially
during the initial twist-up of the string, if a linear trend line representing a slowly
varying mean torque is subtracted from the total torque before integration.
Furthermore, it is possible to smooth the instantaneous estimates of amplitude and
phase by applying a low pass filter utilizing also the preceding measurements. To

avoid delay of the phase estimate the elapsed time must be used, for instance by

using the following 1% order recursive filter: oy ; = (O'S,i_l +a)AtX1—b)+ Ogi—1+boj.
Here oy ;jrepresents the smoothed phase estimate, the subscript ; represent last

sample no, At denotes the time increment and b is a positive smoothing parameter,

normally much smaller than unity. Another way to smooth the bit estimate is to
increase the backwards integral interval, from one oscillation period to two or more

periods.

The use of one complex Fourier integral in step a) is for convenience and for
minimizing number of equations. It can be substituted by two real sine and cosine

Fourier integrals.

The above algorithm for estimating bit speed is new and offer significant advantages
over the estimation method described by the referred paper by Kyllingstad and
Nessjgen. First, it is more responsive because it finds the amplitude directly from a
time limited Fourier integral and avoids slow higher order band-pass filters. Second,
the method suppresses the higher harmonic components more effectively. Finally, it
uses a theoretical string compliance that is more accurate, especially for complex

strings having many sections.

It is shown that a drillstring differs from a harmonic oscillator because of the
substantial string length/wave length ratio. Another difference is the friction between
the string and the wellbore and the bit torque. Both the well bore friction and the bit
torque are highly non-linear processes that actually represent the driving mechanisms
for stick-slip oscillations. During the sticking phase the lower drillstring end is more or
less fixed, meaning that the rotation speed is zero and independent of torque. In
contrast, the bit torque and well bore friction are nearly constant and therefore
represents a dynamically free lower end during the slip phase. Theory predicts and
observations have confirmed that the lowest stick-slip period is slightly longer than the
lowest natural mode for a completely free lower end. Consequently, the period
increases when the mean speed decreases and the duration of sticking phase

increases. For purely periodic stick-slip oscillations the bit speed and the top torque
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may be characterized by Fourier series of harmonic frequencies, that are frequencies
being integer multiples of the inverse stick-slip period. These frequencies should not
be confused with the natural frequencies which, per definition, are the natural
frequencies of a fixed-free drillstring with no or a low linear friction. A higher mean
speed tends to shorten the slip phase and reduces the relative magnitude of the
higher harmonics. For speeds above a certain critical rotation speed the sticking phase
ceases and the oscillations transform into free damped oscillations of the lowest
natural modes. This critical speed tends to increase with growing drillstring length and
increased friction, and it can reach levels beyond reach even for moderate string

lengths.

To test if the above method derived for a simple harmonic oscillator is applicable for
cancelling torsional stick-slip oscillation in a drillstring, an advanced mathematical
model is used for simulating the drillstring as realistically as possible. For details of the
model, see the referred paper by Kyllingstad and Nessjgen. Simulation results, which
are discussed in more details in the section below, justify that method described for a

simple harmonic oscillator also applies for long drillstrings.

One of the simulation results below also show that the method is not limited to
cancelling just one oscillation mode at a time, but can be used for simultaneous
cancelling of both 1%t and 2" torsional mode oscillations. Simulation results, not
included here, show that the method also applies to cancel axial stick-slip oscillation in
a string. The method is equally suitable for use on land and offshore based drill rigs,

where a drill motor is either electrically or hydraulically driven.

The method may further include determining the period of said mode theoretically
from the drill string geometry by solving the system of boundary condition equations
for a series of possible oscillation frequencies a and finding the peak in the

corresponding response spectrum.

The method may further include determining an estimate of said bit speed by the
following steps:

a) finding the dynamic string compliance by applying formula (15) for the determined
mode frequency;

b) finding the dynamic response variation by subtracting the mean value or a more
general trend line from the raw response signal;

c) finding a complex amplitude of said dynamic response by calculation a Fourier
integral over an integer number of periods back in time;

d) determining the complex amplitude of said dynamic bit speed by multiplying said
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complex response amplitude by the calculated dynamic compliance and by the product
of the imaginary unit and the angular frequency of said mode; and
e) finding the real speed, amplitude and phase of said complex bit speed amplitude as

respective the real part, the magnitude and the argument of said complex amplitude.

The method according to the present invention will overcome the weaknesses of
current stick-slip damping systems and another kind of smart control of the topdrive.
The method makes it possible to remove or substantially reduce stick-slip oscillations
over a wider range of conditions. In contrast to the previous systems, which all
represent a continuous closed-loop control of the topdrive speed in response to the
instantaneous torque load, the proposed method uses an open-loop controlled speed
variation that shall remove or substantially reduce unwanted oscillations during a

short period.

Brief description of the figures related to the special part

Below, an example of a preferred method is explained under reference to the enclosed

drawings, where:

Fig. 6 shows a schematic drawing of a drill rig and a drillstring that is controlled

according to the invention;

Fig. 7 shows a graph from a simulation of cancelling torsional stick-slip in a
3200 m long drillstring where the abscissa represents simulation time in
seconds and the ordinate of the upper subplot represent simulation speed,

and the ordinate of the lower subplot represents the torque;

Fig. 8 shows a graph from simulation of canceling torsional stick-slip in a 7500
m long drillstring where the abscissa represents simulation time in
seconds and the ordinate of the upper subplot represent simulation speed,

and the ordinate of the lower subplot represents the torque; and

Fig. 9 shows a graph from simulation of cancelling torsional stick-slip and
second mode oscillations in a 7500 m long drillstring where the abscissa
represents simulation time in seconds and the ordinate of the upper
subplot represent simulation speed, and the ordinate of the lower subplot

represents the torque.

Detailed description of the invention
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On the drawings the reference numeral 1 denotes a drill rig from where a borehole 2 is
drilled into the ground 4. The drill rig 1 includes a rotation mechanism 6 in the form of
a top drive that is movable in the vertical direction by use of a hoisting mechanism 8

in the form of draw works.

The top drive 6 includes an electric motor 10, a gear 12 and an output shaft 14. The
motor 10 is connected to a drive 16 that includes power circuits 18 that are controlled
by a speed controller 20. The set speed and speed controller parameters are governed
by a Programmable Logic Controller (PLC) 22 that may also be included in the drive
16.

A drillstring 24 is connected to the output shaft 14 of the top drive 6 and has a drill bit
26. In this particular embodiment the drillstring 24 consists of heavy weight drillpipe
28 at its lower party and normal drillpipe 30 for the rest of the drillstring 24. The bit
26 is working at the bottom of the borehole 2 that has an upper vertical portion 32, a
curved so called build-up portion 34 and a deviated portion 36. It should be noted that

fig. 1 is not drawn to scale.

Simulations using the simulation program mentioned in the general part of the
description, have shown that the methods for cancelling oscillations in a harmonic
oscillator also apply for cancelling stick-slip in drillstrings 24. The chosen test case is a
3200 m long drillstring 24 placed in a highly deviated borehole 2. The well bore
trajectory can be described by three sections. The first one is vertical from top to 300
m, the second is a curved one (so-called build-up section) from 300 to 1500 m and
the third one is a straight, 75 deg inclined section reaching to the end of the drillstring
24,

The simulations have been carried out with a standard speed controller 20 for the top
drive 6. To improve the response for rapid changes in the set speed an acceleration
feed-forward term is added to the PI terms. In the linear mode, when capacity limits

are avoided, the topdrive 6 torque can thus be expressed by

d€ e
dt

Ty =P (Qqer ~Q) + 1| Qe ~Qq)dt + 1

Here Q. is the set speed, Qg is the topdrive 6 rotation speed, P is the proportionality
gain, I is the integral gain and J; is the estimated mechanical inertia of the topdrive
6, referred to the output shaft 14. The dynamic part of Q4 represents the scaled

version of general topdrive 6 speed y used in the theory above. In the simulation

string torque 7, is taken directly for the model (as if there is a dedicated torque meter

(17)
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at the top of the string. (If direct measurements are not available, the string torque

can be derived from the motor based top drive torque by correcting for gear losses

and inertia: T, =714 —J 4 -dQ4 /dt where n is the gear transmission efficiency.)

The simulation results are shown in fig. 7. The upper subplot shows the simulated
values of top drive 6 speed Qg, bit 26 speed O, and also the estimated bit speed Q.
versus time t. The lower subplot shows drive torque 7, from motors 10 and top
drillstring 24 torque T, for the same period of 50 s. The difference between the two
torque curves comes from inertia and gear losses. The estimated bit speed Q. is found
as the sum of top drive speed and the dynamic speed found from the top string torque
using the new estimation algorithm described in the general part above. An extra logic
keeps the speed zero during initial twist-up, until the top torque reaches its first
maximum. These simulations are worked out with the drillstring 24 consisting of (from
lower end up) a bit 26, 200 m of 5 inch heavy weight (thick walled) drill pipes 28 and
3000 m of ordinary 5 inch drill pipes 30. The linear method, described in the general
part, applied for this particular string predicts a dynamic compliance 2.14 rad/kNm at
the lowest resonance of period of 5.16 s. In comparison, the simulated stick-slip
period at a mean rotation speed of 60 rpm is about 5.36 s. This difference is
consistent with fact that the sticking phase duration is about 1.5 s, or 27 % of the full
stick-slip period. The optimal amplitude of the chosen bipolar sinusoidal pulse (having
a period of 5.16 s) is be 17.2 rpm. This amplitude is lower but in the same order as
the than the estimated bit speed amplitude divided by n: 69.8 rpm/n = 22.2 rpm.
The optimal start time for the pulse is 22.42 s, which is 0.17 s beyond the last
minimum of the estimated bit speed. This time lag represents 12 degrees phase delay
relatively to the prediction from the simple harmonic theory. Despite of these
relatively modest mismatches the simulation results justify that the method derived
for a simple harmonic oscillator apply also for a drillstring being a far more complex
dynamic system. The fairly good match between simulated bit rotation speed Q4 and
the torque based estimate Q.. also is a validation of the new estimation method. The
fact that the estimated speed sometimes swing below zero speed is not unexpected,
bearing in mind that the stick- slip oscillations are not purely periodic and have
substantial sticking time intervals. Backwards rotation is not supported by the
simulations so a visualization of the estimated bit speed should include a clipping filter
that removes the negative speeds.

For practical purposes the optimal timing and amplitude of the cancellation pulse is
calculated by the PLC 22 that is programmed to undertake such calculations based on
measurements as explained above. Signal values for building a correct pulse in the
power circuits for the motor 10 is transmitted to the speed controller 28.

In another example, shown in fig. 8, the cancellation pulse is started before the bit
has started to rotate and the torque has reached its first maximum. With proper
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timing of this pulse, the stick-slip motion is hindered before it has started. In this case
a negative single sided pulse (of a half period duration) is used because this pulse
almost entirely remove the over swing of the bit speed. In contrast to the previous
example there is no oscillation of torque that can give a reasonable estimate of the bit
speed, which is therefore omitted in the plot. However, if one knows the mean torque
and the oscillation period before start of rotation, one can use the crossing of this
mean torque as a triggering event for the pulse. Fig. 8 also shows an example of
changing the speed in a controlled way leaving no residual oscillations after the
adjustment. In this particular case the speed is reduced from 60 to 40 rpm through a
linear ramp of the speed. We see that this speed change, which takes place over one
period (5.16 s) is successful in that it creates no new oscillations. A closer
examination of the simulation results shows that there is a small residual oscillation of
about 0.8 rpm amplitude and this tend to grow slightly towards end of simulation. This
illustrates that smooth rotation at low speed is unstable and that an active damping
system is needed to prevent full stick-slip oscillation to develop.

The examples above are strong justifications that the theory for cancelling oscillations
in @ simple oscillator applies fairly well for a drillstring 24, at least when the drillstring
24 is not extremely long. Simulations with a 7500 m long drillstring 24 show that that
the cancelling pulse method applies also for extremely long drillstrings 24, which
represents the most difficult cases for avoiding stick slip. Reference is made to fig. 9
showing the simulation results when applying a cancellation pulse to a 7500 long
drillstring 24 in a highly deviated at 80 degrees inclination from 1500m to well bottom.
The theoretical torsional pendulum period of this string is 10. 56 s, again slightly lower
than the observed stick-slip period of 10.8 s. The dynamic compliance at this
frequency is 4.94 rad/kNm. This value is used for calculating the bit rotation speed
Qhe. The amplitude of this estimate vary slightly with time and is about 63 rpm at 50.5
s when the anti-phase is zero. These values are in fairly good agreement with the
optimal pulse amplitude and time of respective 22.9 rpm (= 71.9 rpom/n) and 51.1 s.
Simulation results, not included here, substituting the optimal values by the
amplitude and phase from the bit speed estimate show that especially the time
mismatch of 0.5 s (17 degree) is large enough to make the pulse method fail to
cancel the stick-slip, except for a very short while. This strong requirement for almost
perfect amplitude and timing of the canceling pulse is disappointing but not totally
unexpected. The low rotation speed of 60 rpm is far below the natural stability limit of
this long string. Additional simulations (not shown here) with the same long string but
with a higher speeds and/or with an active damping system included show that the
pulse cancelation method does work and with a larger error tolerance of non-perfect

amplitude and timing of the cancellation pulse.
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A comment to the last simulation results in figure 9. It is clear that there are some
residual oscillations left after the stick-slip is removed. These oscillations are identified
2"Y mode vibrations because the period is very close to the theoretical 2™ mode period
of 3.52 s. However, in this case there is sufficient damping to make these oscillations

s  fade away. Simulations have shown that these vibrations be canceled simultaneously
by adding a pulse component of optimal amplitude and phase to the first pulse

designed to cancel the lowest oscillation mode only.

The method for cancelling torsional stick-slip oscillations may be summarized by the

following algorithm.

10 i. Determine the oscillation period and the corresponding angular frequency,
either theoretically from a description of the drillstring 24 geometry, or
empirically from the observed variations of torque or rotation speed.

ii.  Continuously measure the speed and torque in the top of the drillstring 24. The
latter can either be measured directly, from a dedicated torque sensor (not

15 shown) between the top drive 6 and the drillstring 24, or indirectly from the
motor 10 drive torque corrected for gear loss and inertia effects.

iii.  Estimate the bit speed amplitude and phase from the measured torque by one
of the algorithms given in the general description.

iv.  Select a cancellation pulse form and scale it so that its generated oscillation

20 amplitude matches the estimated bit speed amplitude.

v. If the bit speed amplitude exceeds a certain level, for instance 50 percent of
the mean speed, then arm the trigger and wait for an optimal time to start the
cancellation pulse.

vi.  Start the scaled cancellation amplitude as an addition to the constant set speed

25 when the phase of estimated bit speed amplitude matches or exceeds the anti-

phase of the pulse generated oscillation by a certain phase shift.

A simpler algorithm can be used when the purpose is to change the speed

permanently without creating a new oscillation.

i. Select a singular speed changing acceleration pulse being a linear combination
30 of non-singular pulses such that their vector sum of generated oscillation is
Zero.

ii.  Start the pulse whenever a speed change is desired.
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AMENDED CLAIMS
received by the International Bureau on 27 May 2013 (27.05.2013)

1. A method of reducing or avoiding at least axial or torsional oscillations in a

drillstring (24) with a bit (26) attached to its lower end and controlled by a
hoisting (8) and rotation (6) mechanism attached to its top end, where the
controllable variables are vertical and rotational speeds and the response vari-
ables are axial tension force and torque, referred to the top of the drillstring
(24), characterized in thatthe method includes the steps
of:

i) choosing at least one string oscillation mode to be controlled;

i) monitoring the controllabie variable and response variable relevant for said
oscillation mode;

i) determining the oscillation period of said mode;

Iv) estimating from the relevant response variable the dynamic bit speed of
said mode;

v) determining a speed pulse, defined as a time limited variation of the surface
speed, capable of generating an oscillation with an amplitude substantially
equal to the amplitude of said estimated bit speed; and

vi) starting an open-loop controlled speed variation by adding said speed pulse
to the operator set speed command when the amplitude of said bit speed esti-
mate exceeds a certain threshold level and the anti-phase of said bit speed es-

timate matches the phase of the pulse generated oscitlation.

2. A method according to claim 1, wherein the period of said mode is determined

theoretically from the drill string geometry by solving the system of boundary
condition equations for a series of possible oscillation frequencies and finding

the peak in the corresponding response spectrum.

3. A method according to claim 1, wherein the estimate of said bit speed is de-

termined by the following steps:

a) finding the dynamic string compliance by applying the formula (16) for the
determined mode frequency;

b) finding a complex amplitude of said response variable by calculation of a
Fourier integral of said variable over an integer number of periods back in time; .
c) determining the complex amplitude of said dynamic bit speed by multiplying
said complex response amplitude by the calculated dynamic compliance and by
the product of the negative value of the imaginary unit and the angular fre-

quency of said mode; and

AMENDED SHEET (ARTICLE 19)
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d) finding the amplitude and the phase of said dynamic bit speed as respective
the magnitude and the argument of said complex amplitude, and
e) finding the estimate of said bit speed as the sum of the real part of said

complex bit speed amplitude and the measured controllable variable.

4. A system for reducing or avoiding at least axial or torsional oscillations in a
drillstring (24), characterized in thatthe system compris-
es:

a drive (16) operable to:
i) choose at least one string oscillation mode to be controlled;
ii) monitor a controllable variable and a response variable relevant for
said oscillation mode, wherein the controllable variables are vertical and
rotational speeds and wherein the response variables are axial tension
force and torque;
iii) determine the oscillation period of said mode;
iv) estimate from the relevant response variable the dynamic bit speed of
said mode;
v) determine a speed pulse, defined as a time limited variation of the
surface speed, capable of generating an oscillation with an amplitude
substantially equal to the amplitude of said estimated bit speed; and
vi) start an open-loop controlled speed variation by adding said speed
pulse to the operator set speed command when the amplitude of said bit
speed estimate exceeds a certain threshold level and the anti-phase of
said bit speed estimate matches the phase of the pulse generated oscilla-
tion.

5. A system according to claim 4, further comprising:

a rotation mechanism (6) coupled between the drive (16) and the drillstring
(24), the rotation mechanism (6) Operable to rotate the drillstring (24) within a

borehole (2) in response to a signal from the drive (16).

6. A system according to claim 5, wherein the rotation mechanism (6) is a top

drive

/. A system according to claim 4, wherein the drive (16) comprises a program-
mable controller (22) that controls a set speed and a speed controller parame-

ter.

AMENDED SHEET (ARTICLE 19)
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