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Abstract The friction-induced vibration with stick-slip behavior is caused by the contact of
the shaft-bearing system. A LuGre friction model is thus applied in the investigation of friction-
induced vibration of the marine propeller shaft. The model parameters contain Coulomb friction,
stiction force, Stribeck velocity and viscous coefficient are obtained through fitting curves of
friction with experimental data in published papers. The dynamical response of a marine pro-
pulsion system is measured with an experiment and calculated with the Stribeck model to verify
the adaptation of the LuGre friction model in the friction-induced vibration. To capture the na-
ture of the LuGre friction model, the velocity-dependent function, friction coefficient, pre-sliding
displacement, hysteresis, break-away force and dynamical response are numerically calcu-
lated. The impact factors include relative velocity, tangential force, and rotational speed are
discussed with specific comparison. Therefore a suitable model focusing on the friction-induced
vibration is proposed for the marine propeller shaft.

1. Introduction

The marine propeller shaft is supported by lubricated bearings and transfers the thrust gen-
erated by the propeller to drive the movement of the ship [1]. The fluid pressure provided by the
oil film separates the shaft-bearing system to minimize the friction arising from direct contact
between these two components [2]. While the lubrication state may change to “boundary lubri-
cation” and even be destroyed with the variation of film thickness due to low rotational speed.
The friction-induced vibration (FIV) will be produced between the contact surface [3]. It causes
the interaction of the shaft-bearing system to become more complex because of the shaft mis-
alignment caused by heavy loads [4]. The operation condition becomes more serious as
enlarged nonlinearity, which may lead to partial fatigue and even overall failures of the trans-
mission system [5]. Therefore, the investigation on friction-induced vibration of the marine pro-
peller shaft has been gradually noticed.

Moreover, the pulsatility of the main engine, the non-uniformity of propeller flow fields and the
irregularity of hull deformation [6] will produce external loadings on the shaft. The bearing suf-
fers from unstable lubrication status, edge effect of loadings and even dry friction [7]. The oper-
ating conditions of the marine propeller shaft is harsher under low speed, heavy load and start-
stop process, which cause the FIV to be more frequent as direct contact of rough surface [8]. It
may lead to increased vibration, chattering and noise of the shaft, as well as the rapid wear,
heating and even burning of the bearing [9]. The operational reliability of the ship transmission
system will be seriously endangered. Thus, it is crucial to find out the basic mechanism to re-
duce the FIV efficiently.

In order to reveal the coupling mechanism of friction-induced vibration, the investigation of
the dynamical response of the stick-slip model [10] is widely applied. The FIV is characterized
by discontinuous motion with the slider alternately sticks then slides over the contact surface
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[11]. It indicates that the FIV is induced as the dynamic friction
is smaller than the static friction, resulting in randomly alternate
“stick” and “slip” phenomena [12]. The Runge-Kutta method,
modal superposition method [13], modal amplitude stability
analysis method [14] and time integration methods were ap-
plied for the numerical calculation. Meanwhile, the finite ele-
ment analysis [15] became famous in this field with the im-
provement and maturity of computational capability. And re-
lated experiments were also conducted to investigate the fric-
tion coefficient [16] and stick-slip behavior [17]. It can be con-
cluded that the discontinuity, non-linearity and velocity depend-
ence of the friction coefficients affects the dynamic behavior of
the FIV seriously.

Therefore, scholars have carried out extensive research on
friction-induced vibrations, including the application of the
LuGre model. Wu et al. [18] effectively identify parameters for
a LuGre friction model that reflected lateral vibrations caused
by velocity based on experimental measures. Muvengei et al.
[19] proposed the LuGre friction to model the stick-slip friction
at the revolute clearance joints of a multi-body system. Simoni
et al. [20] extend the LuGre model for friction-induced vibration
to include the effects of dwell time and verify the model with
experiments. Zhou et al. [21] presented a modeling method
and algorithm for a point contact non-smooth multibody sys-
tem based on the 2D LuGre friction model. Saha et al. [22]
investigated different models of a single-degree-of-freedom
system exhibiting friction-induced vibration by modifying the
LuGre model. These researches are of great importance in
providing a relevant theoretical basis of the LuGre model for
the subsequent selection of the FIV [23].

Although the models of quasi-static slip, steady-slip stability,
frictionally-damped and energy dissipation have been consid-
ered to describe the friction [24]. These investigations involve
complex method implementation, high computational costs and
strong assumptions of the solution form. Meanwhile, there may
be unexpected deviations in solving the process of numerical
calculation due to the assumptions of structural stiffness,
damping coefficient and other mechanical properties. Consid-
ering the intrinsic properties of stick-slip behavior [25] and ve-
locity-dependent characteristics [26], that should be reasonably
involved in the theoretical model. Therefore, the most suitable
model should be flexible enough to evaluate the FIV with the
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consideration of the above impact factors.

To address these issues, a LuGre model is proposed to in-
vestigate the friction-induced vibration of the marine propeller
shaft. The theoretical expression of the model is proposed and
a detailed explanation of model parameters is given. The fea-
sibility of the model is validated through a comparison of vibra-
tion results between experimental data and the Stribeck model.
The features of the model include velocity-dependent function,
friction coefficient, pre-sliding displacement, hysteresis, break-
away force and dynamical response of the model are analyzed.
The influence of relative velocity, tangential force, and rota-
tional speed are discussed in detail. Finally, a suitable model
for the friction-induced vibration of the marine propeller shatft is
proposed.

2. Methodology

Fig. 1 shows the schematic of the marine shaft-bearing sys-
tem and the reaction force between the contact surfaces. Here,
the point o is the origin of the coordinate system xoy and
the point o' represents the cross-sectional center of the shaft.
The F, and F, are the gravity and supporting force, the @
is the rotational speed of the shaft. The friction force F, of the
shaft-bearing contact surface can be equivalent to a torque
M, onthe shaft.

Considering the torsional vibration of the shaft, the motion
equation of friction-induced vibration can be expressed as:

jO+cO+kO=M, (1)

where j,c, and k&, are the moment of inertia, torsional
damping and stifiness, respectively. The §, 6 and 6 are
the torsional acceleration, velocity and displacement.
According to the theoretical formula, the torque M, is ob-
tained by the multiplication of force and operating distance.

=r-F, (2)
where r is the radius of the shaft and F, is the friction

force.
The friction force is proportional to the normal contact force

Fig. 1. Schematic of the marine shaft-bearing system and the reaction force between contact surfaces [27].
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with a dynamic friction coefficient, which can be expressed as:
F,=u()-F, ©)

where u(v) represents the dynamical friction coefficient with
a relative velocity of v. The contact force F, can be ap-
proximately given with statics calculation of shaft gravitation.
The LuGre friction model [28] is based on the average de-
formation of bristles, which can be applied to represent the
lining material of the bearing. The expression of the model is:

F=0z+0z+0V

z'=v—0'(,ﬂz 4)

0,8()=F, +(F,—F)e""”

where, F is the friction force generated by the motion of the
lining material of the bearing, z is the average deformation of
bristles with z is its derivative with respect to time, v repre-
sents the relative velocity of the contact surface, o,, o, and
o, are the stiffness coefficient, damping coefficient and vis-
cous coefficient of the bristles, respectively. The velocity-
dependent function g(v) can reproduce both Coulomb friction
and the Stribeck effect with F. refers to the Coulomb friction,
F, is the level of stiction force and v, represents the Stribeck
velocity.

It can be noticed that the behavior of the LuGre friction model
depends on the above-mentioned six parameters: o,, o,
o,, F., F. and v,. The relationship of friction and velocity
with steady-state motion can be expressed as:

F,(v) = F.sgn(v) +(F, = F)e """ sgn(v) + o, . (5)

Here, the dynamical response of the friction will lead to vari-
ous behavior with a relative velocity that is not constant.

The Dahl’'s model only accounts for the Coulomb friction F,
can be obtained with an assumption of o,=0,=0 and
g(v)=F. /o, . The first formular of Eq. (4) can be rewritten as:

dd—lj = O'Ov[l - gsgn(v)J . (6)

¢

In order to consider the Stribeck effect, the time variable ¢ of
the above equation is integrated and then expressed as the
displacement variable s . The first-order question can be
transformed and replaced by the second-order form:

d’F

2
A)

+ 25@62—]: +@'F = @’F,sgn(v) 7)
S

where, & is the damping coefficient, the Stribeck effect will be
imitated by the change of the motion direction in the velocity

sgn(v) .

The average deformation z can be finite to capture the in-
tuitive properties of the LuGre model, and the time derivative of
V(t)=2z*(t)/ 2 evaluated along the solution of Eq. (1) can be
expressed as:

v _ o d2
e vz[g(v) sgn(v)sgn(z)] . (8)

It can be expected that the friction will dissipate energy as
the dynamical system is dissipative in cyclic motions and thus
that the storage function exists. It is dissipative with respect to
the function V' (¢) as:

jﬂ Z(tw(t)dt =V () -V (0) . 9)

In order to investigate the insight into the dynamical re-
sponse of the model in the stiction regime, the moment of iner-
tia of the shaft is defined as ; and the torsional angle is given
as @, the equation of motion can be expressed as:

.d*e
/ dr’

=—F=—(0,z+0z+0,v). (10)

Linearizing the second formula of Eq. (4) around z= 0 and
v =0, an equation of d@/dt=dz/dt can be obtained. The
Eq. (10) can be given as:

2

J

0 do
" +(61+62)E+6°9:0' (11)

3. Model parameters

It indicates the friction in Eq. (4) is closely related to the val-
ues of the impact factors includes F., F,, v, and o,, which
can be determined through experiments. A data fitting is con-
ducted on the basis of relative experimental data in Ref. [16].
Four friction materials contain nitrile rubber (NBR), NBR/
UHMWPE composites (NU), ultrahigh molecular weight poly-
ethylene (UHMWPE) and polymer resin (PR) are considered
with a working temperature of 60 degree centigrade. During the
fitting process, the nonlinear least squares method is applied
on the basis of the Levenberg-Marquardt algorithm with Bis-
quare robust. The maximal and minimal change in variables for
finite-difference gradients are defined as 0.1 and 1.0e-8, re-
spectively. The function tolerance is defined as 1.0e-6 and the
maximal iteration is 400 times.

The results in Fig. 2 shows the friction fitting curves with ex-
perimental data and respective residual. It can be noticed that
the residual of each case is small enough to ensure the reliabil-
ity of the fitting. Therefore, the parameter values of the LuGre
model includes F,, F,, v, and o, can be obtained, listed
in Table 1. Meanwhile, it also proves the LuGre model is suit-
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Fig. 2. The friction of the experimental data and the fitting curves: (a) NBR;
(b) NU; (c) UHMWPE; (d) PR.

able for estimating friction.

4. Validation

With the LuGre model is testified to be applicable in friction
estimation. In order to verify the adaptation in the dynamical
response of the marine propeller shaft, vibrations are meas-
ured on the experimental platform, shown in Fig. 3. The struc-
ture, parameters and more details about the platform can be
seen in previous Refs. [29, 30]. The torque of the main engine
and the rotational speed of the shaft are defined as 184.8 N-m
and 100 rpm. The stiffness coefficient and damping coefficient
are definedas ¢, =1.0e5N/m and 0,=0.02N-s/m.

The torsional vibration signals of the shaft are achieved by
utilizing a laser torsional vibration transducer. A multichannel
signal analyzer, which includes servo amplifiers, signal acquisi-
tion card and signal output device is arranged to obtain the
vibration information. The signal acquisition obtains data from

Table 1. The values of parameters in the LuGre friction model.

Cases
Values
NBR NU UHMWPE PR
F. 0.0610 0.0263 0.0569 0.0496
F, 0.1799 0.1326 0.0593 0.1609
v, 0.3316 0.3276 0.5974 0.3775
o, 0.0203 0.0083 0.0007 0.0128

| .
~1 Intermediate
shaft

Intermediate

Triaxial
cceleromets

a5
S -

7]\l
Torsional detection
Water lubrication instrument
tem -
systes -

Propeller Signal acquisition

Acceptor ) Bearing
1A Stern bearing / =
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Fig. 3. The diagram of the shaft experimental platform and the schematic of
sensor arrangement.

3870



Journal of Mechanical Science and Technology 37 (8) 2023

DOI 10.1007/s12206-023-0703-3

the strain gauge, converter, emitter and acceptor. Moreover,
the model parameters of NBR in Table 1 is selected as the
lining material of the contact surface.

Fig. 4 shows the comparison of shaft velocity between ex-
perimental data and the numerical model. It can be noticed that
the results of the proposed LuGre model make a good agree-
ment with experimental data and the Stribeck model. The
curves of partial enlargement show nonlinearity at peaks and
troughs, which is the stick domain. And the smoother section
represents the slip domain during each motion cycle. The stick
behavior of the LuGre model is found to be similar with the
experiments, especially with that of the Stribeck model.

While a small deviation can still be noticed between these
numerical models and experimental data. It may be caused by

noise that has not been considered in the numerical calculation.

And also, the model parameters assumed in the numerical
model. Moreover, the operation status, acquisition method and
structural characteristics will lead to a deviation. However, this
high confidence level can demonstrate that the LuGre model is
applicable in the dynamical estimation.

5. Numerical analysis

With the parameters of the LuGre model is defined through
fitting curves of the experimental data, listed in Table 1. And
the model is proved to be suitable for the numerical analysis of
friction-induced vibration, shown in Fig. 4. On this basis, the
investigation focusing on the internal mechanism of the LuGre

1.50

Experimental data
Stribeck model of Ref [35]
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2 ‘ .
g
>0.00
ks)
kel
2075}
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Fig. 4. Comparison of shaft velocity between experimental data and nu-
merical model.

model is analyzed. The velocity-dependent function, friction
coefficient, pre-sliding displacement, hysteresis, break-away
force and stick-slip behavior are numerically calculated. Mean-
while, the impact factors of model parameters, relative velocity
and rotational speed are discussed in detail.

5.1 Velocity-dependent function

Reminding the friction-induced vibration generally occurred
at lower relative velocity The friction coefficient decreases with
increasing velocity, as shown in Fig. 2. The influence of model
parameters on initial friction coefficient and function g(v) are
investigated with the above-mentioned four lining materials.
The model parameters in Table 1 are selected and the range
of relative velocity from -0.5 to 0.5 m/s is considered.

The results in Fig. 5 are the initial friction coefficient and ve-
locity-dependent function g(v) of the above-mentioned four
lining materials of the contact surface. It is interesting to notice
that the initial friction coefficient experiences a rapid increase
and then slowly decrease with growing velocity. The results
make good agreement with the behavior of typical friction force
versus speed in previous Ref. [31].

Similarly, the motion of the velocity-dependent function
g(v) of the four cases has the same tendency. Specifically,
the case of NBR has the largest amplitude of function g(v),
the reason may be its largest model parameter of viscous coef-
ficient o, . Meanwhile, the case of NBR and NU suffer the fast-
est drop of function g(v) as the Stribeck velocity v, contrib-

0.30
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-
]

Friction coefficient
o
o
o

-0.15
0.3 i ‘
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(a) Friction of steady state
03 x102
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. s |
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0.00
Velocity (m/s)
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Fig. 5. Initial riction coefficient and velocity-dependent function g(v) of fric-
tion with steady state.
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Fig. 6. The transient behaviour of LuGre friction model: (a) friction coeffi-
cient; (b) velocity of deformation z.

utes to the decay rate from maximal value to a stable state.
The Coulomb friction F, and stiction force F, are found to be
relevant to the overall amplitude of velocity-dependent function
g(v) as the case of UHMWPE changes the slightest among
these cases. Consequently, the FIV with larger o,, v,, F,

and smaller F, can be considered more potential for friction
damage.

5.2 Friction coefficient

The effect of rotational speed on the dynamic friction coeffi-
cient is analyzed. For simplification, the velocity is defined as
0.1, 0.2 and 0.3 m/s for possible discussion. The model pa-
rameters of the NBR in Table 1 are selected to represent the
initial friction coefficient in the numerical calculation. It should
be stressed that the rotational speed changes with other pa-
rameters remain initial values.

The results in Fig. 6(a) show that the friction coefficient rang-
es from an initial stationary state to a progressive steady state.
As predicted, the friction coefficient is larger with lower velocity,
and it also experiences a longer time to reach its steady state.
As the relative velocity contains the speed of the lining material
of the bearing. The variation dz/dt is analyzed and displayed
in Fig. 6(b). It can be noticed that the lining material gradually
decays from the corresponding velocity to the steady state,
respectively. And the variation of the lowest velocity (0.1 m/s) is
noticed to be the slowest, which is the same as the results in

Fig. 6(a).
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(c) Tangential force with a = 0.9

Fig. 7. Pre-sliding displacement with applied tangential force: (a) a = 0.1;
(b)a=0.5; (c)a=009.

5.3 Pre-sliding displacement

There are usually heavily deformed in the contact region as
the shaft and bearing are brought together. The interaction of
the surfaces is strong enough that an applied tangential force
tending to separate the shaft and bearing will produce dis-
placement in the solid themselves rather than slip in original
interfaces. The tangential force is less than the static friction
and it will lead to a certain equilibrium displacement. With the
increase of the displacement, the tangential force increases
slowly and tends asymptotically to static friction [32]. Assuming
an external force with various velocities is:

F, =0aF, -sin(ax) . (12)

A conversion coefficient « regarding the static friction F,
is defined as 0.1, 0.5 and 0.9. The external force is slowly in-
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creased and applied to slide two contact surfaces. The rota-
tional frequency @ is defined as 100, 200 and 300 rpm.

The Fig. 7 shows the pre-sliding displacement of the contact
surface with various tangential forces. The friction force is no-
ticed to be a function of closed loops about displacement,
which agrees well with published works in Ref. [32]. And the
width of the closed curve is more compressed than that of the
lower rotational frequency. That means there is a tendency for
the contact surface to be separated within a very short dis-
placement. And it is more pronounced to translate into static
friction at the contact.

In particular, the pre-sliding displacement is much more sen-
sitive to the rotational frequency. The variation of pre-sliding
displacement with the rotational frequency of 100 rpm is found
to be much more obvious, over a range of tangential force.
Meanwhile, it indicates an enlargement of pre-sliding dis-
placement with increasing tangential force. The maximal pre-
sliding displacement in Fig. 7(a) is about 0.075 mm with the
tangential force coefficient o = 0.1, while it changes to about
0.3 mm with & = 0.9, shown in Fig. 7(c).

5.4 Hysteresis

The theoretical basis in Eq. (5) indicates that friction varies
with velocity. It is found that a multi-valued friction coefficient
appeared as a loop about the average (steady state) friction-
velocity relation with increasing frequency of oscillation. And a
characteristic time delay between changing velocity and friction
with the steady state can describe this phenomenon [33].
Therefore, a characteristic time delay is modeled as:

v, = v-(sin(27et / 60) +1.5) . (13)

In order to investigate the relationship of friction and velocity,
the rotational frequency @ is defined as 100, 200 and 300
rpm with relative velocity v ranges from 0.1 to 0.3 m/s.

The results in Fig. 8 show the hysteresis between the friction
force and the velocity. The hysteresis curves can be noticed to
be more width with increasing relative velocity, which has been
explained through experimental results in Ref. [33]. It can be
found that the hysteresis ranges from 0.05 to 0.25 m/s with the
velocity is 0.1 m/s, while it changes from about 0.15 to 0.75 m/s
with a velocity of 0.3 m/s. For the variety of friction coefficient,
the hysteresis ranges from 0.12 to 0.17 with the velocity is 0.1
m/s, while it varies from about 0.04 to 0.16 with a velocity of 0.3
m/s.

Meanwhile, the width of the hysteresis curves is enlarged
with increasing rotational frequency. The width with 300 rpm is
slightly larger than that of the 100 rpm. It indicates a slight hys-
teresis of rotational frequency on the friction force.

5.5 Break-away force

The static friction force is the tangential force required to ini-
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Fig. 8. Hysteresis in friction with various velocity: (a) v =0.1 m/s; (b) v=0.2
m/s; (c)v=0.3 m/s.

tiate the sliding of the shaft on the contact surface. Assuming
there is a force with different rates of increase, the friction force
as the shaft starts to slide is the break-away force. Thus, the
break-away force can be equated to the friction coefficient of
the contact surface.

The results in Fig. 9 show the break-away force of the sys-
tem permitted the translation of the peak displacement of the
stick-slip cycle into the corresponding maximum tangential
force. It can be found that the break-away force decreases
gradually with increasing force rate, the stick-slip motion disap-
pears and the pure sliding starts until at approximately 100 N/s
of the force rate. The results suggest that the friction coefficient
varies between different asymptotes, over a range of rotational
speeds. And the higher friction coefficient can be induced with
a lower force rate, and vice versa. Meanwhile, the static friction
eventually translates into a stable value of friction coefficient
with a high force rate. And the time to stabilization is shorter for
the case with higher rotational frequency.
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The dwell-time is the interval during which the contact surface
remains static without relative movement in the stick domain.
The interval with lower rotational frequency can be noticed to be
smaller, especially for the case with 0.1 m/s. The static friction
with lower rotational frequency is more likely to transform to slip
motion. Moreover, the stick motion can be noticed with discon-
tinuous breaks in the curves of break-away force.

5.6 Dynamical response

The theoretical basis suggests that the stick-slip motion is
caused by the friction force at rest being greater than the fric-
tion force during rotation. With the applied force reaching the
break-away force, which is approximately o,g(0), the shaft
starts to rotate with pure slip and the friction decreases rapidly
as the Stribeck effect. In order to investigate the dynamical
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Fig. 10. Dynamical response of the friction: (a) friction force; (b) velocity; (c)
Poincaré diagram; (d) power spectral density.

response of the friction, the stiffness and damping coefficient is
definedas k=2N/m and £=0.5.

The Fig. 10 are the dynamical response of force, velocity,
Poincaré diagram and power spectral density of the friction.
The friction force in Fig. 10(a) can be noticed to be variable as
the interaction of the shaft-bearing contact surface. The friction
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curve shows slight nonlinearity at peaks and troughs, which is
the stick motion of each motion cycle. And the smoother part
represents the slip motion. The movement pattern and varia-
tion trend of velocity in Fig. 10(b) are found to be much similar
to that of the friction. The highly irregular behavior of the friction
force can be noticed to be around the region where the velocity
is close to zero. The vibration of velocity with 100 rpm is dis-
played to be much large than that of 300 rpm.

Meanwhile, the dynamical response trends to be stable from
the Poincaré diagram in Fig. 10(c). The shape of the Poincaré
diagram is not regular circular and trends to be elliptical, which
is caused by the interaction of friction and velocity. The fre-
quency of the power spectral density in Fig. 10(d) is about
1.67 Hz, 3.33 Hz and 5.00 Hz, respectively. The results are
observed to agree much well for these three kinds of rotational
speed.

6. Conclusions

In this research, the LuGre friction model is applied to ana-
lyze the friction-induced vibration of the marine propeller shaft.
The applicability of the model is validated through the compari-
son with experimental data and the Stribeck model. The veloc-
ity-dependent function, friction coefficient, pre-sliding displace-
ment, hysteresis, break-away force and dynamical response
are numerically calculated. The impact factors include relative
velocity, tangential force and rotational frequency are dis-
cussed in details. Three further contributions can be given:

First, the LuGre model with larger viscous coefficient o, ,
Stribeck velocity v, , stiction force F. and smaller Coulomb
friction F, has greater potential for friction damage. A possible
range of the parameters is essential to reduce abrasive wear.

Second, the dynamic response of the LuGre model is closely
dependent on the relative velocity, especially for the stick-slip
motion with lower rotational speed.

Finally, both the pre-sliding displacement and break-away
force during friction will be enlarged with increasing tangential
force of the contact surface.

In summary, the proposed model is feasible and suitable to
be applied in the FIV of the marine propeller shaft. In future
work, a more complex model for the FIV will be considered.
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