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ABSTRACT

Friction-induced limit cycling deteriorates system perfo
mance in a wide variety of mechanical systems. In this pajper,
study the way in which essential friction characteristiftsa the
occurrence and nature of friction-induced limit cyclingfliexi-
ble rotor systems. This study is performed on the level ohbot
numerical and experimental bifurcation analyses. Heggigx-
perimental drill-string set-up is used. The synthesis ethnu-
merical and experimental results confirms that frictiodeiced
limit cycling is due to a subtle balance between a velocitpkve
ening characteristic of the friction (Stribeck effect) aiver ve-
locities and viscous friction at higher velocities. Moreagvit
is shown how these essential friction characteristics iie s
physical conditions such as temperature and normal fonciei
frictional contact in the experimental set-up.

INTRODUCTION
Friction-induced limit cycling often limits the performea

and can also endanger the safety of operation of a wide range o

mechanical systems. In this paper, we focus on frictioned
limit cycling in mechanical systems with friction and fledib
ties. In this context, one can think of drilling rigs, prirgepick
and place machines, industrial and domestic robots, siegte-
guake models, accurate mirror positioning systems onlisasel
and many more. In these systems, the combination of frietieh
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flexibility can give rise to limit cycling. This paper aims -
vealing the dependency of limit cycling on the friction cheter-
istics through both numerical and experimental studiesrder
to perform experimental validation of the results, an expen-
tal drill-string system is built in which both flexibility ahfric-
tion are present. This experimental setup will support thdys
of friction-induced limit-cycling in general mechanicalstems
with friction and flexibilities and the study of friction-ttuced
limit-cycling in drill-string systems in particular. Theagticular
interest for drill-string systems is motivated by the prese of
unwanted vibration in oil-drilling rigs.

Namely, for the exploration and production of oil and gas
deep wells are drilled with a rotary drilling system. A rotar
drilling system creates a borehole by means of a rock-guttin
tool, called a bit. The torque driving the bit is generatethat
surface by a motor with a mechanical transmission box. \&a th
transmission, the motor drives the rotary table: a large tfiat
acts as a kinetic energy storage unit. The medium to trahspo
the energy from the surface to the bit is a drill-string, nhain
consisting of drill pipes. The lowest part of the drill-sii is
the Bottom-Hole-Assembly consisting of drill collars artet
bit. The drill-string undergoes various types of vibrasastur-
ing drilling: torsional (rotational) vibrations caused lyerac-
tion between the bit and well, bending (lateral) vibratioassed
by pipe eccentricity, axial (longitudinal) vibrations diesebounc-
ing of the bit and hydraulic vibrations in the circulationstsm,
stemming from pump pulsations. Drill-string vibrationg am
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Figure 1. EXPERIMENTAL DRILL-STRING SET-UP.

important cause for premature failure of drill-string campnts
and drilling inefficiency. In this paper, torsional drilirgg vi-
brations are investigated. Drill rigs should generally rape at
constant down-hole velocities (realized by a constantuerat
the rotary table); therefore, the focus of this investigratis on
the steady-state behavior of drill-string systems.

Extensive research on the subject of torsional vibrati@ss h
already been conducted [1-6]. According to some of those re-
sults, the cause for torsional vibrations is the stick-ghpe-
nomenon due to the friction force between the bit and the well
[3; 5; 6]. Moreover, according to some other results, theseau
of the torsional vibrations is velocity weakening in thecfion
force (Stribeck effect) present due to the contact betwben t
bit and the borehole [2; 4]. Friction-induced limit cycling a
performance limiting factor in many other types of mechahic
systems. Survey papers on friction-induced limit cycliag be
found in [7-10], in which specific friction characteristase cou-
pled to the existence of such limit cycling. Moreover, in;[12]
causes for friction-induced limit cycling, such as the I8tdk ef-
fect and fluctuating normal forces, are discussed. However,
limited amount of experimental work on friction-inducedhlt
cycling in non-controlled systems is available [13].

In order to gain improved understanding of the causes for
torsional vibrations, an experimental drill-string st built,
see figure 1. This experimental set-up consists of two dtsus,
nected by a string. The upper disc is driven by a motor and at
the lower disc a brake is implemented to exert a friction dorc
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on the disc. In this paper, we investigate along severakesut
how the occurrence and nature of the friction-induced vibns
depend on specific friction characteristics. Firstly, atergive
numerical bifurcation analysis is performed for changing-f
tion characteristics. Secondly, such bifurcation analysialso
performed on an experimental level to confirm the validity of
the model-based results. Moreover, physical conditionsh sis
temperature and normal forces applied to the brake, aregeldan
in the experiments to illuminate the influence of such charge
the friction and on the vibrations induced by the frictionheT
numerical and experimental results jointly constituteesacland
coherent view on the way in which friction-induced limit ¢égs
arise and change under changing frictional conditions. evor
over, a specific contribution of this work is on how and when
non-smooth bifurcations induce vibrations in such a systath

in simulations and experiments.

In the next section, the experimental set-up is introduced
Subsequently, the model of the set-up and the estimatessfor i
parameters are discussed. Next, the dependency of therfrict
induced limit cycling on specific friction characteristissstud-
ied on a model level by means of an extensive numerical afurc
tion analysis. The model-based results are compared taiexpe
mental results and the dependency of the occurrence obiaisi
vibrations on certain physical frictional conditions igéstigated
on an experimental level. Finally, a discussion of the oiedire-
sults and concluding remarks are presented.

THE EXPERIMENTAL SET-UP

The experimental drill-string set-up is shown in figure Ir (fo
a schematic representation of the set-up see figure 4). Tupse
consists of a power amplifier, a DC-motor, two rotationalp@p
and lower) discs, a low-stiffness string and an additiomakée
applied to the lower disc. The input voltage from the compute
is fed into the DC-motor via the power amplifier. The DC-motor
is connected to the upper steel disc via the gear box, see figur
The upper disc and the lower disc are connected through a lo
stiffness steel string. Both discs can rotate around thepective

I
Low stiffness string

Figure 2. THE UPPER PART OF THE EXPERIMENTAL DRILL-STRING
SET-UP.
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Figure 3. THE LOWER PART OF THE SET-UP.
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Figure 4. SCHEMATIC REPRESENTATION OF THE DRILL-STRING
SET-UP.

geometric centers and the related angular positions arsuresh
using incremental encoders (see figure 2 for the encodeeat th
upper disc).

A brake and a small oil-box with felt stripes are fixed to the
upper bearing housing of the lower part of the set-up, seeefigu

By 6y, and 6, we denote the angular displacements of the
upper and lower disc, respectively. Moreowey,= 8, andwy =
6, represent the angular velocities of the upper and lower, disc
respectively. Furthermorey = 6, — 6, is the relative angular
displacement of the lower disc with respect to the upper. disc
the sequel, we will use a state vecxatefined byx = [a w, c'x]T.
The equations of motion of the system are given by:

JuGdy — Koot + Try(wy) = kmu,

3(6+68) + T (00 + &) + ke = O, @)

whereJ, andJ; are the moments of inertia of the upper and lower
discs about their respective centers of mé&gss the torsional
spring stiffness an#y, is the motor constant. The input voltage
for the motor is denoted hy. It should be noted that the friction
torque at the upper distry(wy) is due to friction in the bear-
ings of the upper disc and due to the electro-magnetic effiect
the DC-motor and the friction torque at the lower digg(wy)
comprises the friction in the bearings of the lower disc drel t
friction induced by the brake-mechanism. Both frictiongioes
are modeled using set-valued force laws:

Teu(ou)sgnwy) for wy, # 0,
[~Tsw, Tsu)  for wy =0,

Toi(or)sgn(wy)  for oy #0,
Tr(@) € { (—Ta(0"), Ta(0")] for c 0,

Tru(wy) € {
2)

where the velocity dependency of the friction at the uppsc i
expressed through,(wy), with

Teu(wy) = Tsu+bu|oay|, 3)

3. With the brake, a range of normal forces can be applied by and the velocity dependency of the friction at the lower disc

loosening or tightening the screw on the brake, see figure 3(a

expressed throughy (wy), consisting of a Stribeck model with

The contact between the brake and the brake disc produces &yjscous friction:

friction force exerted on the brake disc. This friction fercan
induce torsional vibrations in the set-up. The brake cdnte:
terial is bronze. The steel brake disc is connected to therow
brass disc via a very stiff shaft. The oil-box with the felifses

is constructed in order to add oil (ondina oil 68) to the brdise

in a reproducible way. Note, moreover, that the disc are fixed
lateral direction; consequently, no-whirl type motion cacur.

MODEL OF THE SET-UP

In this section, we introduce a dynamic model of the exper-
imental drill-string set-up which is used throughout thepga
The system is depicted schematically in figure 4.

Tar(0) = Tog + (To — Tep)e 1@/ gy, (4)

Equation (3) expresses the fact that we model the frictidhet
upper disc as a combination of static friction and viscoiss fr
tion. Herein,Tg, represents the maximum value of the friction
torque for zero angular velocities aibg is the viscous friction
coefficient. In (4),T; andTg represent the Coulomb friction and
static friction levels, respectivelyy is the Stribeck velocitydg

the Stribeck shape parameter dmdhe viscous friction coeffi-
cient. The choice for a static, as opposed to a more involve
dynamic friction model, is motivated by, firstly, the factthn
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Parameter Estimated value

Ju [kg m2/rad] 0.4765

Km [Nm/V] 4.3228

Tsu [Nm] 0.37975

by [Nms/rad] 2.4245

ke [Nm/rad] 0.0775

J [kg m2/rad] 0.0414

Tql [Nm] 0.2781

Tl [Nm] 0.0473

W [rad/s] 1.4302

[ [-] 2.0575

by [Nms/rad] 0.0105

Table 1. PARAMETER ESTIMATES.
E. e \/
3. e
= o = ;’gﬂ
wy [rad/s] w [rad/s]

(a) Friction model at the upper disc.  (b) Friction model at the lower disc.

Figure 5. ESTIMATED FRICTION MODELS.

experiments hysteretic effects and pre-sliding appearateg-
ligible and, secondly, the fact that a simple model is beradfic
from an analysis point of view. The validation results dssed
in this paper will support the validity of this approach.

The parameters of the model are estimated using a nonlin-
ear least-squares technique. Hereto, persistently egditiput
voltage signals are taken as inputs for the experimentaéisys
and the angular positions of both discs are measured. Next, t
response of the model to such inputs is simulated and an aptim
set of parameter estimates is calculated based on matdieng t
measurements and simulations in a least-squares sensaofeor
detailed information on the identification procedure arelvli-
dation results we refer to [14; 15]. Here, we summarize thelte
of this extensive identification procedure in Table 1. Inthe
mainder of this paper this parameter set will be referredtiha
‘'nominal’ set of parameters. In particular the frictionusition
at the lower disc is varied, with respect to this nominalatitun,
in order to investigate its influence on the friction-indddienit-
cycling. Figure 5 shows the identified friction models, whic
indicates a pronounced Stribeck effect in the friction atltwer
disc. It should be noted that here a normal force of 20.5 N4s ap
plied to the brake. In figure 5, we can recognize differertion
regimes as depicted schematically in figure 6, see also [16].

»
'
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Figure 6. DIFFERENT REGIMES IN THE FRICTION FORCE.

STEADY-STATE ANALYSIS OF THE DYNAMICS

In this section, we study the steady-state behavior of the
drill-string system for constant values of the input voéiaig= uc
on a model level. Such steady-state behavior is of particoda
terest in drill-string systems since these types of sysammgen-
erally driven by a constant torque while aiming at a constant
locity at the lower part of the set-up. Such constant-véjomn-
dition reflects equilibria of (1). These equilibria involigolated
equilibria (in whichw, = oy # 0) and equilibrium sets (in which
wy = oy = 0). In such an equilibrium set the deformation of the
drill-string a can attain values in a set due to the set-valued natur
of the friction force laws. For analytical expressions foede
equilibria and both local and global (Lyapunov-based) itgb
analyses of the equilibria, see [15; 17]. Firstly, the lgatron
diagram with the constant input voltage as a bifurcatiompe-
ter is presented for the nominal friction model at the lowiscd
as introduced in figure 5(b). Secondly, the dependency of th
steady-state behavior on the friction characteristichatdwer
disc is investigated.

Bifurcation Diagram (Nominal Case)

Here we analyze the steady-state behavior (equilibria an
limit cycles) of the estimated model, with parameters asan T
ble 1. More specifically, a bifurcation diagram with as a bi-
furcation parameter is constructed. In this bifurcatiomgdam,
branches of equilibria and branches of limit cycles is depgic
Using a path following technique in combination with a sliogt
method [18; 19], these limit cycles are computed numesicall
Herein, the so-called switch model [20] is used to propedsid
with the discontinuities in the dynamics, related to thevsdtied
nature of the friction models.

The results of an extensive bifurcation analysis are show
in a bifurcation diagram in figure 7, witly, as a bifurcation pa-
rameter. In those figures, the maximal and minimal values, of
are plotted when a limit cycle is found. Floquet multiplierer-
responding to these limit cycles, are computed numericaily
used to determine the local stability properties of thasdt i¢y-
cles. With respect to the obtained results, the followingagks
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(b) Bifurcation diagram for small input voltages.

Figure 7. BIFURCATION DIAGRAM OF SYSTEM (1) WITH PARAME-
TERS AS IN TABLE 1.

can be made.

For u; < ug, an equilibrium set exists, indicated by branch
e1, which condenses to an equilibrium point at ponand pro-
gresses as an equilibrium branghof isolated equilibria. Point
B (uc = uny) represents a subcritical Hopf bifurcation point. For
Uc > Upp an unstable equilibrium bran@j exists and from point
B an unstable periodic brangh consisting of limit cycles with-
out stick-slip arises, see figure 7(b). The unstable pegiodinch
p1 is connected to a locally stable periodic bramghat the point
D, which represents a fold bifurcation point. Since the p#do
branchp, consists of limit cycles which represent torsional vi-
brations with stick-slip, poinD represents a discontinuous fold
bifurcation. Periodic branclp, consists only of locally stable
limit-cycles with stick-slip, due to the non-smooth nomlarities
in the friction torque at the lower disc. For some higher tants
input voltageu, (pointE in figure 7(a)) the locally stable periodic
branchp, disappears through another discontinuous fold bifur-
cation. At this fold bifurcation point, the stable periodianch
p2 merges with an unstable periodic brarmeh The unstable pe-
riodic branchps is connected to the equilibrium branchesand

e4 in the subcritical Hopf bifurcation poir (Uz = Upp).

In [15; 17], on the basis of a theoretical stability analysis
concluded that the presence of velocity weakening in tiogidn
at the lower disc induces the Hopf bifurcation pdilieading to
limit cycling. More specifically, a local stability conditn for the
isolated equilibriaé;, e3 andes) can be formulated by:

ch|

- >d, (5)
dm W) =Weq

whereweq is the value oty in equilibrium andd is given by

2J3u(by+ Aby)
\/ (I2ke + (bu+ Aby)23)2 — 43,3%ke (by + Aby)2
* 2Ju(by + Aby) :

(6)

Note that for the friction model in figure 5(b), this conditits
not satisfied for branchs, so for equilibrium values of the an-
gular velocity of the lower disc in the sé2.06102.830 rad/s.
Clearly, the second Hopf bifurcation poiGtoccurs whemeq is
approximately at the minimum daf; (wy) (for wy > 0), i.e. when
the viscous friction start to dominate over velocity wedkgn
effects in the friction.

So, the range (in terms of) for which limit cycling occurs
is limited by the presence of viscous damping at higher argul
velocities. Moreover, there exists a range of input volsafge
which both stable equilibria and stable limit cycles exi$his
co-existence can be explained by the fact that the viscat®fr
is only dominant in a neighborhood (in state-space) of the-eq
libria and outside this neighborhood the Stribeck effeches
into play once more giving rise to limit cycling. On this limi
cycle a steady-state balance between the ’'stabilizingcefbf
viscous friction (at higher velocities) and the 'destatily’ ef-
fect of the Stribeck effect (at lower velocities) is attaineThe
magnitude of the range of angular velocities is determined b
balance between the level of this velocity weakening effect
viscous damping. The fact that such subtle balance between v
locity weakening and viscous friction is a crucial factortive
qualitative steady-state behavior will be confirmed in tlestn
section, in which the dependency of this behavior on thése fr
tion characteristics is studied.

Changes in the Friction Characteristics

The previous section shows that the friction charactessti
largely determine whether or not limit cycling occurs. Nave
discuss the influence of these characteristics of the dricét
the lower disc on the steady-state behavior of the system. |
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doing so, we use the friction model in figure 5(b) and the re- 06

estimated friction

sulting bifurcation diagram, see figure 7, as a referencasit —— higher velocity weakening

—— lower velocity weakening

tion (i.e. the nominal case). The study of the stability of th
equilibria in [15; 17] shows that these stability propestare
closely connected to two specific friction characteristiastly,
the Stribeck-effect and, secondly, the presence of vist@ti®n

at higher velocities. Therefore, in this section we exgiidin-
vestigate the influence of these two friction charactessin the

Tei (o) [Nm]

steady-state behavior (bifurcation diagram). In orderstiate RS- Te—
the influence of these two friction characteristics, we firginge . @ [rad/s]
the friction model such that the level of the velocity weaken (&) Friction torques for various levels of the
. . . . . velocity weakening effect.
ing changes while the viscous damping level remains the same
Next, the friction model will be changed such that the viscou 18 ‘ ‘ ‘
i i i r timated fricti
dar_nplng level changes, while the level of velocity weakgmizt W= e oreakening () |
mains unchanged. — lower velocity weakening ()

Changes in the Velocity Weakening Characteristic
In order to analyze the influence of various levels of the sigjo
weakening inTy () on the steady-state behavior of the drill-
string system (1), we consider two friction situations ttifier
from the nominal case, see figure 8(a). In all cases, bothatie s
friction level Tg) and the viscous damping coefficidntcoincide.
The adapted friction models are such that the minimum of the
friction curve (forey > 0) occurs at the same angular velocity for
all friction models. Consequently, Hopf bifurcation paiif8, B’, ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ }
B” andC, C’, C") appear at approximately the same input volt- R T 1V EE R
agesun; andun, respectively, for all friction models, see figure
8(b). However, in one friction situation the velocity weakey
effect is stronger (dark-grey line in figure 8(a)) and in theend Figure 8. FRICTION TORQUES FOR VARIOUS LEVELS OF VELOC-
friction situation the velocity weakening effect is weakblack ITY WEAKENING AND RELATED BIFURCATION DIAGRAMS.
line in figure 8(a)) than in the nominal friction model (lightey

line in figure 8(a)). The related bifurcation diagrams arevai Changes in the Viscous Friction In order to discuss

in figure 8(b). the influence of various viscous friction levelsTq (wy) on the
When we compare these bifurcation diagrams the following steady-state behavior of the drill-string system (1), wesider

wy [rad/s]

(b) Bifurcation diagrams.

conclusions can be drawn. Firstly, equilibrium brancegse] two friction situations in comparison with the nominal fran
ande/ are identical for all friction situations. Secondly, if the- torque, see 9(a). In all friction situations, the statictidn level
locity weakening effect is lower (black line in figure 8(athen Ts is the same and the friction torques differ only for high angu
torsional vibrations disappear for lower constant inputages lar velocitieswy . For small velocities (approximately up to veloc-
(compare discontinuous fold bifurcation poiftsandE” in fig- ities where the friction curve reaches a minimum (fpr> 0)) the
ure 8(b)). In other words, if the velocity weakening in thietion friction models coincide. As a consequence, the Hopf biurc
torque at the lower disc is lower, then torsional vibratioas ap- tion points coincide. In one friction situation, the visedtiction
pear for smaller range of input voltages This is due to the fact level is higher (dark-grey line in figure 9(a)) and, in the et
that the region of coexistence of stable equilibria andlstkfnit friction situation, the viscous friction level is lower @k line in
cycles decreases in such a case. Finally, from figure 8(b), we the same figure) than in the nominal friction torque (lightyg
can conclude that a lower velocity weakening level causgsio line). The related bifurcation diagrams are shown in figui®.9
amplitudes of the torsional vibrations in the drill-stringstem. When we compare the obtained bifurcation diagrams, the fol
Indeed, such an effect causes the friction force to be hifdes lowing conclusions can be drawn. Firstly, equilibrium kohes
figure 8(a)), the dissipation of the energy due to such @icts e1, € ande] are identical for all friction situations. Secondly, if
higher, which in turn leads to a lower amplitude of the tansilo the viscous friction level is lower, then the fold bifuraatipoint
vibrations. E” appears for higher constant input voltages; i.e. in suchscas
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(a) Friction torques for various viscous fric-
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Figure 9. FRICTION TORQUES FOR VARIOUS VISCOUS FRICTION
LEVELS AND RELATED BIFURCATION DIAGRAMS.

torsional vibrations can appear for a larger range of inflit v
agesu. (compare discontinuous fold bifurcation poirE$ and
E” in figure 9(b)). In other words, for a lower viscous damping
level torsional vibrations can appear in a larger range pfiin
voltages, due to the fact that the region of coexistenceatfiest
equilibria and stable limit cycles increases. In figure 9¢® ob-
serve that a lower viscous friction level causes higher @og#s
of the torsional vibrations in the system. Namely, when tise v
cous friction level is lower, then the friction torque is@lswer
(see figure 9(a)); hence, the dissipated energy is lower lzad t
amplitude of torsional vibrations is higher.

When comparing figures 8(b) and 9(b) we can conclude that
a change in level of velocity weakening and a change in the vis
cous friction level can have a qualitatively similar effect the
friction-induced limit cycling. Therefore, we can conctuthat
a balance between the velocity weakening effect and thewssc
friction levels determines the range (in termsigfin which limit
cycling occurs. This effect will be illustrated in experinig in
the next section. It should be noted that besides the levels o

7

the velocity weakening effect and the viscous damping diso t
velocity at which the friction attains its minimum is impantt.
Namely, if this velocity increases the second fold bifuimat
(point E in figure 7(a)) and the second Hopf bifurcation point
(pointC in figure 7(a)) will shift to higher input voltages in the
bifurcation diagram.

EXPERIMENTS

In this section, the steady-state behavior (for constgmitin
voltages) of the experimental drill-string system is stadand
compared to the model-based results. Firstly, the bifionati-
agram of estimated (nominal) case is compared to an experime
tally constructed bifurcation diagram. Secondly, in aggléo
the previous section, the dependency of the steady-sthtyioe
on the friction characteristics is studied experimentally

Bifurcation Diagram (Nominal Case)

In order to check the validity of the obtained model of the
drill-string set-up when ondina oil 68 is used as a lubrmafluid
and a 26N normal force is applied at the brake, experimental
results are compared with the model-based results. Asdgirea
mentioned earlier, the predictive quality of the estimatestel
in steady-state is of great interest. Therefore, when ataohs
voltage is applied at the input of the set-up, each experitasts
long enough to guarantee that all transient effects hawapdis
peared and the last part of the measurement signals arelegcor

The same type of bifurcation diagram, as shown in figure 7
is constructed experimentally. In order to construct such e
perimental bifurcation diagram, a range of constant ingmit- v
ages are applied to the set-up. When no torsional vibrations a
observed (the system is in equilibrium), the mean value ef th
recorded angular velocity is computed and the obtainedatata
plotted using the symbolX”. When torsional vibrations are ob-
served at the lower disc, the mean value of local maxima an
the mean value of local minima of the vibrations are computed
Then, these experimentally obtained data are plotted ubieg
symbol "0”. Such experimental results, together with the bifur-
cation diagram obtained by a numerical analysis of the es&th
model, are shown in figure 10. These results illustrate tlee pr
dictive quality of the obtained model.

Both in the numerical and the experimental bifurcation di-
agram we notice qualitatively different behavior of theteys
when the constant input voltage is changed. Firstly, foy l@w
input voltages the system exhibits an equilibrium set (e sys-
tem is in the sticking phase). Secondly, if the input voltege-
creased, the system enters the region where only torsidiralv
tions (i.e. stable limit cycles) appear. Thirdly, if the inoltage
is even higher, then the input voltage is in the region where t
sional vibrations (stable limit cycles) and a constant dague-
locity at the lower disc (stable equilibrium points) cosbin the
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Figure 10. COMPARISON OF THE SIMULATED AND EXPERIMENTAL
BIFURCATION DIAGRAM.

I I
15 2

set-up. Finally, if the input voltage is high enough ¢ 3.8V),
the system enters the region where no torsional vibratiams c
appear in the system in steady-state.

In order to show that the experimental behavior indeed

matches well with the model behavior, a comparison between

the experimentally and numerically obtained time-sersegro-
vided in figure 11. In this figure, the experimental anguldoge
ity (solid black line) and the angular velocity obtainedngsthe
estimated model (dashed grey line) in steady-state arersfoow
different constant input voltages. Namely, the signalsenéd

in figures 11(a), 11(b) and 11(c) represent stick-slip Hayitling
(torsional vibrations) and figure 11(d) represents an éayiim
point. Clearly, the combination of figure 11(c) and figured)1(
confirms that in the experiments a region exists for whicthbot
stable equilibria and stable limit cycles exist. From thenpar-
ison between simulation and experimental results, it carobe
cluded that with the suggested model the steady-state loehav
of the set-up is modeled accurately. Small deviations fremnip
odicity of the experimental stick-slip motions are due tdighé
position-dependency in the friction at the lower disc.

Changes in the Friction Characteristics

We have already analyzed how various changes in the fric-

tion characteristics can influence torsional vibrationsdrill-
string systems on a model level. Here, we investigate theiway
which various friction conditions influence torsional \ations
in the experimental set-up.

Changes in the Applied Normal Force In order to
analyze how changes in the normal force, which is applieddo t
brake, influence the steady-state behavior of the set-uppply
a 18N and a 12N normal force to the brake. Next, the param-
eters of the model of the obtained friction torques are exttioh

— experiment
14 - - - simulation 14]
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Figure 11. EXPERIMENTAL AND SIMULATED ANGULAR VELOCITY
AT THE LOWER DISC FOR VARIOUS CONSTANT INPUT VOLTAGES
AND VARIOUS INITIAL CONDITIONS.

Tri (o) [Nm]
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wy [rad/s]

Figure 12. ESTIMATED FRICTION MODELS FOR THE FRICTION AT
THE LOWER DISC FOR VARIOUS NORMAL FORCE LEVELS APPLIED
AT THE BRAKE.

using the same identification procedure used to identifytire-
inal model. The obtained models are validated and numerice
and experimental bifurcation diagrams are constructedbddin
normal force levels. The estimated friction mod&}s(wy ) are
shown in figure 12. The related bifurcation diagrams are show
in figure 13. Again, the experimental and model-based result
correspond well.

When a lower normal force is applied to the brake, the static
friction level is lower, the sticking region decreases drallower
disc starts to rotate for lower input voltages. Furthermdoe
lower normal force levels, the separation process between t
contacting surfaces (brake disc and the brake blocks) hatg-t
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Figure 13. DEPENDENCY OF THE BIFURCATION DIAGRAM ON THE
NORMAL FORCE LEVEL.

fore, the full fluid lubrication regime occur for lower veldes,

see figure 6). As mentioned before, the position of the sec-
ond Hopf bifurcation point is determined approximately beg t
point where the friction curvés () reaches its minimum (for

wy > 0). This, in fact, corresponds to the point where the fultflui
lubrication appears (see figure 6). Consequently, for laveer

mal force levels, the Hopf bifurcation poin® andC” in figure

13 appear for lower input voltages and the region increases,
which a constant velocity at the lower disc (a stable equilin)

can appear.

Figure 12 indicates that the main result of lowering the nor-
mal force is a lower level of velocity weakening. As a conse-
quence, the region of coexistence of stable equilibria damioles
limit cycles decreases, see figure 13.

Temperature Changes  The experimental results corre-
sponding to the nominal case are obtained when the temperatu
in the laboratory, where the set-up is placed, is betweéiC 25

—— estimated: T
— estimated: T<T

Tri(a) [Nm]

15

5 10

w [rad/s]
(a) Estimated friction model at the lower
disc for various temperatures.

16

T T T
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— simulations: T<Tref
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(b) Bifurcation diagrams.

Figure 14. DEPENDENCY OF THE FRICTION CHARACTERISTICS
AND THE BIFURCATION DIAGRAM ON TEMPERATURE CHANGES:
T € [17°C, 22°C] and Tet € [25°C, 30°C].

lower velocities. We have concluded that the position ofsthe
ond Hopf bifurcation point is determined approximately bg t
angular velocitywy for which the friction forceTs (wy) reaches
its minimum (forawy > 0), which corresponds to the point where
full fluid lubrication appears (see figure 6). Consequeritig,
Hopf bifurcation pointC’, in figure 14(b), appears for lower in-

and 30C. The same results are collected when the temperature put voltages than it does in the set-up when the temperature |

in the laboratory is between 1€ and 22C, for the same nor-
mal force applied at the brake (BIN). The parameters of the
obtained friction torque are estimated, the obtained misdell-
idated and both the numerical and experimental bifurcadian
grams are constructed. The estimated friction torque dbtier
part of the set-up is shown in figure 14(a). The related bé#tion
diagrams are shown in figure 14(b) and the experimentalteesul
are once more predicted accurately by the model.

When the temperature is lower, the viscosity of the oil be-

comes higher. With such oil, the separation between the con-

tacting surfaces (brake disc and the brake blocks in therexpe
imental set-up) and the full fluid lubrication process ocfar

the laboratory is higher.

Due to the fact that the viscous friction increases for lower
temperatures the region of coexistence of stable equailitand
stable limit cycles decreases. Moreover, previously we ltaw-
cluded that a higher viscous friction level causes the dagref
the amplitude of torsional vibrations and that the rangeadf-v
ages in which torsional vibrations can appear is smallenfare
figure 9 with figure 14).

CONCLUSIONS
In this paper, we investigate the way in which the occur-
rence and nature of friction-induced limit cycling in flebébme-
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chanical systems (e.g. a drill-string system) depends sengisl
friction characteristics. This study is performed on theeleof
both model-based and experimental bifurcation analysde T
striking similarity of the model-based and experimentalutts
confirms the quality of the model. The main conclusion, which
is based on these combined results, is that a subtle inyeopla
velocity weakening characteristics at low velocities arstous
friction at higher velocities determines the occurrenad rzature
of the friction-induced limit cycling and the range of parters
for which these limit cycles sustain. Moreover, results oithb
levels confirm that discontinuous bifurcations play a cilicble

in the creation and destruction of these limit cycles.

The way in which such friction characteristics are influehce
by physical conditions such as temperature and normal$arne
the frictional contact is studied experimentally. An imiaort ob-
servation is that the normal force in the frictional contiadiu-
ences the friction force in a rather complex way and can iaduc
a higher level of velocity weakening (for higher normal fesg,
which in turn can give rise to limit cycles of higher ampliasd
for a larger range of the constant input voltage.

It should be noted that the configuration of the experimen-
tal set-up (two masses, coupled by a flexibility, of which e
subject to friction and the other is driven by an actuator) lsa
recognized in many other mechanical systems, in whichidrict
deteriorates the system performance by the induction afwib
tions. In this context, one can think of printers, pick andgel
machines, industrial and domestic robots, simple eartkegu
models, accurate mirror positioning systems on sate|liteing
systems and many more. Finally, the insight gained by thi&kwo
can very well be used to steer research on controller design f
such systems aiming at the avoidance of friction-inducerdt li
cycling.

ACKNOWLEDGMENT
Research partially supported by European project
SICONOS (ST -2001-37172)

References
[1] R. A. Cunningham. Analysis of downhole measurements
of drill string forces and motionsASME Journal of Engi-
neering for Industry90:208-216, 1968.
[2] J. F. Brett. Genesis of torsional drillstring vibraterSPE
Drilling Engineering 7(3):168-174, 1992.

[3] J.D. Jansen and L. van den Steen. Active damping of self-

excited torsional vibrations in oil well drillstringslournal

of Sound and Vibrationl79(4):647—668, 1995.

E. Kreuzer and O. Kust. Analyse selbsterregter
drehschwingugnen in torsionasen. ZAMM - Journal

of Applied Mathematics and Mechanics / Zeitschrift fuer
Angewandte Mathematik und Mechanit6(10):547-557,
1996a.

[5] R.I. Leine, D. H.van Campen, and W. J. G. Keultjes. Stick-

(4]

10

slip whirl interaction in drillstring dynamicsASME Jour-

nal of Vibrations and Acoustic424:209-220, 2002.

L. Van den Steen. Suppressing Stick-Slip-Induced Drill-

string Oscillations: a Hyper Stability ApproachPhD the-

sis, University of Twente, 1997.

[7] C. A. Brockley, R. Cameron, and A. F. Potter. Friction-
induced vibrationsASME Journal of Lubrication Technol-
ogy, 89:101-108, 1967.

[8] C. A. Brockley and P. L. Ko. Quasi-harmonic friction-
induced vibrationsASME Journal of Lubrication Technol-
ogy, 92:550-556, 1970.

[9] R. A. Ibrahim. Friction-induced vibration, chatter,szal,
and chaos: Mechanics of contact and frictiédqmplied Me-
chanical Reviews: ASMB7(7):209-226, 1994a.

[10] R. A. Ibrahim. Friction-induced vibration, chattequeal,
and chaos: Dynamics and modelingpplied Mechanical
Reviews: ASMEA7(7):227-253, 1994b.

[11] K. Popp and P. Stelter. Stick-slip vibrations and chaos

Philosophical Transactions of the Royal Society of London

332:89-105, 1990.

K. Popp, M. Rudolph, M. Kiger, and M. Lindner. Mecha-

nisms to generate and to avoid friction induced vibrations.

VDI-Berichte 1736, VDI-Verlag Dsseldorf 200Rages 1—

15, 2002.

[13] A. I. Krauter. Generation of squeal/chatter in water-

lubricated elastomeric bearingdSME Journal of Lubri-

cation Technology103:406-413, 1981.

N. Mihajlovi¢, A. A. Van Veggel, N. Van de Wouw, and

H. Nijmeijer. Friction-induced torsional vibrations in ar-

perimental drill-string system. IRroceedings of the 23rd

IASTED International conference on Modelling, Identifica-

tion, and Control pages 228-233, 2004.

N. Mihajlovic. Torsional and Lateral Vibrations in Flex-

ible Rotor Systems with FrictionPhD thesis, Eindhoven

University of Technology, The Netherlands, 2005.

B. Armstrong-Hlouvry, P. Dupont, and C. Canudas de

Wit. A survey of models, analysis tools, and compensatior

methods for the control of machines with frictioruto-

maticg 30(7):1083-1138, 1994.

N. Mihajlovic, N. Van de Wouw, M.P.M. Hendriks, and

H. Nijmeijer. Friction-induced limit cycling in an exper-

imental drill-string set-up for various friction situatis.

Nonlinear Dynamics2005. Submitted.

U. M. Ascher, R. M. M. Mattheij, and D. R. RusselNu-

merical Solution of Boundary Value Problems for Ordinary

Differential Equations SIAM, Philadelphia, 1995.

[19] T. S. Parker and L. O. ChuaPractical Numerical Algo-
rithms for Chaotic System&pringer-Verlag, 1989.

[20] R. . Leine and H. NijmeijerDynamics and Bifurcations of
Non-smooth Mechanical Systen®pringer, Berlin, 2004.

(6]

[12]

[14]

[15]

[16]

[17]

[18]

Copyright (© 2005 by ASME



	Welcome Menu
	Main Table of Contents
	Track-2 Table of Contents
	About DETC2005
	Author Index
	------------------------------------
	Search
	Print Article

