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Abstract

The stochastic analysis of the response of frictionally damped Duffing oscillator subjected to Poisson white noise (PWN) and its
stochastic bifurcation analysis are considered. The behaviour of the stochastic attractors is examined through the stationary solution
of the corresponding generalized Fokker-Planck-Kolmogorov (FPK) or Kolmogorov-Feller (KF) equation. A finite element (FE)
scheme has been used for the solution of the FPK equation, using C' continuity shape functions. Parametric studies are carried out
to gain insights into the effects of the Coulomb friction, and arrival rates of the underlying Poisson process of PWN. The results of
FE solution are shown to be in good agreement with the results of Monte Carlo simulation (MCS).
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1. Introduction

In the study of the dynamics of many engineering systems, the systems and the excitations are usually considered
to be continuous. However, in many cases of vibrating systems, discontinuities in the system equations arise due to
presence of dry friction, impact and backlash. Also, the excitations can be discontinuous having discrete non-Gaussian
characteristics. Excitations due to earthquakes and their aftershocks [1], traffic load [2], wave action on ship [3], wind
buffeting of airplane tail [4], can be modeled as a sum of discrete train of random pulses with random amplitudes
occurring at random times. The random pulses have been modeled as Poisson white noise (PWN) in the literature [5].
The response and bifurcation analyses of nonlinear systems subjected to PWN have been carried out in the literature
using equivalent linearization, cumulant neglect closure and other approximate methods.

However, the results from these methods are not very accurate for strong nonlinearities and/or low arrival rates of
the PWN. As in the case of white noise excitation, for the PWN excitation the joint probability density function (pdf)
of response of the nonlinear oscillators is governed by a corresponding Fokker-Planck-Kolmogorov (FPK) equation
[3, 6]. The solution of the FPK equation will give directly the joint pdf of the response from which the statistics
of the response can be obtained. However, closed form solution of the FPK equation is available only for a limited
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class of problems when the joint pdf can be expressed as a separable product of marginal pdfs. Approximate methods
like the path integral (PI) method [7], finite element (FE) method [8] have been developed and used to numerically
obtain the solution of the FPK equation subjected to white noise and colored noise excitations. The FPK equation
corresponding to the Duffing oscillator subjected to PWN excitation and its solution has been studied in the literature
by the perturbation [3, 6], finite difference [10], and exponential closure [11] methods. Muscolino et al.[12] have used
Monte Carlo simulations (MCS) for the stochastic analysis of a nonlinear system under PWN excitation.

The presence of friction modeled by the Coulomb (dry friction) model with constant or variable friction coefficients
in the dynamics of a linear or nonlinear system introduces yet another nonlinearity which is discontinuous. The
stochastic response analysis of nonlinear systems with friction subjected to PWN excitation is an important study
which has not been treated adequately in the literature. In the present work, a recently developed FE method [8], with
C! continuity shape functions is used for the solution of the FPK equation corresponding to the Duffing oscillator
with single well and double well potentials including Coulomb friction, subjected to PWN excitation. The effects of
the Poisson arrival rate and friction coefficient on the response are investigated. In this study the Coulomb friction
force is approximated using arc tangent function and the effect of the approximation representing the discontinuity
is verified by comparing the results obtained by the FE method with MCS results. The mean up-crossing rate of the
response is estimated using the Rice’s formula [13] and the joint pdf of response states is obtained by the FE method.
It is observed that the increase in the Coulomb damping coeflicient has the effect of reducing the probability of large
excursion leading to improved reliability of the system.

2. Problem Formulation

Consider the Duffing oscillator with Coulomb friction (Fig. 1) subjected to PWN excitation
X+ cX - aX +BX° + ug sgn(X) = yWp (1), e))

where ¢, @, 8,y and g (acceleration due to gravity) are constants, u is the coefficient of friction, and sgn is the signum
function. Wp(¢) is the PWN excitation. The number of over dots represents the order of differentiation with respect to
the time parameter ¢. The signum function during the stick condition leads to convergence difficulties as its derivative
involves the Dirac-delta function. The problem is circumvented in this work by using an approximate expression of
the form [14]

. 2 .
sgn(X) = - atan(0X), 0 >>1, 2)

where @ is a large number. ® = 10* seems to be an adequate approximation for the problem considered in this paper.
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Fig. 1. Schematic of Duffing oscillator with Coulomb friction.

The PWN process can be assumed to be of the form

N(t)

Walt) = ) Yed(t = 10), 3)
k=1
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where Y} is the amplitude of the k" pulse arriving randomly at time #; with assigned pdf Py(y), 8(-) is Dirac-delta
function and N() is a Poisson process. Y;s are identically distributed independent random variables which are also
independent of the time #.

Using the state space approach Eq. (1) can be expressed in the form of the following Ito stochastic differential
equations

dX; = X, dt,
dX; = (—cX, + aX; —,BX]3 — ug sgn(Xp)) dr + ydC(2), “4)
where dC(¢) is an increment of the compound Poisson process C(#) defined by
N()
C =) YUt -1, 5)
k=1

and U(¢) is the unit step function. The response (X, X3) € R2, is a Markov vector and the corresponding transitional
joint pdf p(X, 11Xy, tp) is governed by the following FPK equation [6]

op _ _, Op O=cXo+aX, —BX} — ug sgn(X)lp L YVAE1Pp YAEY&p  yAEN'8'p

o TTox 0X; 20 ox? 31 X3 4 ox;

where p = p(X, Xy, tp), the joint transition pdf of the state variables is used for notational convenience. The
stationary solution of the generalized FPK equation is obtained by letting dp(X, #Xo, 1)/t = 0.

(©)

3. Finite Element Method

The Galerkin weighted residual approach, leads to weak form of the generalized FPK Eq. (6) of the form

Mp +Kp =0, (7
where the elements of M and K are given by
Mrs = fwrwsdxldXZ (8)
Q
and
O[—cX, + aX, - BX} - X))
K, = f [—wrxza[%] s [—cXo + Xy - BX] — pgsgn(Xo)ly
o 0X, dX ©
YV AE[Y?1 01y, dlys] . VP AELY 181y, 871yl y*AELY*] 31y, ] 8°1¢s]
- + - Jaxidx;
20X, 0X; 310X, ax? 41 ox2 ox?

subjected to the initial condition p(0) = p, where p is a vector containing the values of the joint pdf at the nodal
points. {c//,-}?:] are nine shape functions corresponding to the nine nodes of the quadratic element shown in Fig. 2.
Since the generalized FPK equation is of fourth order, hence its weak form requires the interpolation functions to be
twice differentiable. The nine-noded quadratic element shown in Fig. 2 is chosen for the FE discretization. In terms
of normalized coordinates &, n, the shape functions are polynomials of degree of 4 and are of the form

1 1

Ui =@ -H07 —m. o=@ +H0P ),
1 1

U= —(E+O@+10),  Ya=—E -0 + ),

4 4
1 1

Us = SUA=H0r =m, Yo =5 +HUA -1, (10)
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Yr =5 =0 +m,  Ps=5E& -HU =),

Yo = (1 =& -1,
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Fig. 2. Nine-node quadratic element.

The phase space domain for the FE solution is discretized into a mesh of 200 x 200 elements. More details on the
numerical implementation and validation of the FE method is available in [8] and is not repeated here for the sake of
brevity.

The computed joint pdf p,, y,(Xi, X>), is used to estimate the expected up-crossings of the process, given by Rice’s
formula [13]

T oo
E[N*(@,T)] = f f Xpyx(@, x,t)dxdt. (11)
0o Jo

Here, N*(&, T') is the number of up-crossings of X() of the level & in duration T and E[-] is the expectation operator.
If X(¢) and X(¢) are jointly stationary in the weak sense Eq. (11) can be simplified to

E[N*(@, )] =Tv" (@) = wa Xpyx(@, x)dx . (12)
0

Here, v*(@) is the mean upcrossing intensity across level @.

In order to check the accuracy of the FE solution, the estimated pdf obtained from solving the FP equations are
compared with those obtained from MCS which are treated as the benchmark. The MCS is a direct numerical method
which requires the generation of a family of sample functions of the excitation consistent with its stochastic nature.
Corresponding sample functions of the response are simulated by numerical integration of the equation of motion
(Eq. (1)). The response statistics and their probability structure are estimated from the simulated sample functions.
In this work, the sample path of the PWN is obtained by generating a sequence of impulse magnitudes modeled as
Dirac-delta functions. The impulse inter-arrival times 6¢; = %v are assumed to be exponentially distributed with mean
% with v assumed to be a uniformly distributed random variable in the interval [0, 1].

4. Tllustrative Examples
4.1. Duffing Oscillator with Friction (Mono-Stable Oscillator)

The FE method described in section 3 is used to solve the FPK equation of the Duffing oscillator with friction and
subjected to PWN excitation. First the case of the mono-stable (uni-modal) Duffing oscillator is considered where the
parameter « has a negative value. The parameters in Eq. (1) are takenas ¢ = 0.1, = -1, =0.5,y =1 and 1 = 0.1.
Two values of frictional force are considered namely pg = 0.05 and 1, the former representing a very low amount of
friction. The undamped and unforced Duffing oscillator with negative « values implies positive linear stiffness and
has a single stable equilibrium point at the origin of the phase space leading to mono-stable behaviour. The intensity
of pulse amplitude Y is assumed to be a zero mean Gaussian random variable with E[Y?] = o2, E[Y]] = o7.

Cai and Lin [6] and Muscolino et al. [12] have investigated the response of Duffing oscillator without friction to
PWN excitation, the former using a perturbation method and the latter using MCS. Cai and Lin [6] have derived an
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Fig. 3. (a) Fig. 4. (b) Fig. 5. (¢)

Fig. 6. Stationary solution of Duffing oscillator with gg = 0 (a) Joint-pdf (b) contour plot (c) marginal pdf of response

©FP
2 ON 08
I
06
S0 ol
04
= |3
E 02
3 0
3 2 g0 12 3
Fig. 7. (a) Fig. 8. (b) Fig. 9. (¢)

Fig. 10. Stationary solution of Duffing oscillator with g = 0.05m/sec? (a) Joint-pdf (b) contour plot () marginal pdf of response
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Fig. 14. Stationary solution of Duffing oscillator with zg = Im/sec” (a) Joint-pdf (b) contour plot (¢) marginal pdf of response

approximate closed form expression for the stationary joint pdf using a second order perturbation analysis which is
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given by

2A4E[Y*)c?

p(X1,X2) = N{1 - [AX] + cX X2 + X — 6%(3&)(? +6AXTX5 +8cX, X5 +3X3)]}
0

3
h 8 (13)
C
exp[ - T(X§ - aX} +0.56X7)]
0
. . . S1xt
where N is a normalization constant, Iy = AE[Y?], A = —a +Bnpand 5 = .%?"_:
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Fig. 15. Stationary solution of Duffing oscillator with 4 = 0.1 (a) Joint-pdf (b) contour plot (¢) marginal pdf of displacement (d) marginal pdf of
velocity; Frictionally Damped (—__); Friction less (- - -- - - ), MCSio, 0,0).

Figures 3. 4 and 5 (a.b,c) show the joint pdf. contours of joint pdf and the marginal pdfs respectively for g = 0,0.05
and 1 obtained by the FE method. ug = 0 corresponds to the case of no friction. The closed form solution of Cai and
Lin [6] for ug = 0 is also shown in Fig. 6, showing the close agreement between the two results. From Figs.6-14
we can conclude that the FE method gives the joint pdf and marginal pdfs very accurately as the results match very
closely with MCS results even in the tail regions of very low probabilities. From Figs.6-14. it is clear that friction has
the effect of narrowing the joint pdf towards the stable equilibrium point and increasing the peak value namely at the
origin of the phase space. The joint pdf and the marginal pdfs even for the lower friction value show the tendency
of the joint pdf having a larger and sharper peak at the origin. Increased friction has also the effect of making the
response non-Gaussian with the peak at the origin becoming sharper (almost a cusp) for larger pg values. As the joint
pdf and the marginal pdfs reduce for larger values of the response with increasing friction it can also be concluded
that the probability of large excursion of the response reduces implying increased reliability.

The MCS results are obtained based on 2 x 107 sample realizations with the computational time an order of
magnitude greater (nearly 10 times) on the same platform compared to the time required for the FE method.
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Fig. 16. Stationary solution of Duffing oscillator with 1 = 1 (a) Joint-pdf (b) contour plot (c) marginal pdf of displacement (d) marginal pdf of
velocity; key as in Fig. 15.

4.2. Duffing Oscillator with Friction (Bi-Stable Oscillator)

Next, a double well Duffing oscillator is considered. For the unexcited and undamped case and for positive value
of a, the Duffing oscillator has three equilibrium points

o (5 of) o

The first and third are stable equilibrium points symmetrically placed on either side of the unstable equilibrium point
at the origin. The potential energy function has double wells corresponding to the stable equilibrium points.

For the parameter values ¢ = 0.4, = 8 =1, = 1 and ug = 0.05 the joint pdf, its contour plot and the marginal
pdfs obtained by the FE method and by MCS for three values of arrival rate A, (1 = 0.1,1 and 5) are shown in
Figs.15-17. For the FE method, the phase space domain X; — X, is discretized into 200 x 200 elements.

Increase in the arrival rate of the Poisson process changes the bimodal nature of the joint pdf into a unimodal char-
acteristic with the two peaks in the joint pdf trying to merge. This indicates a possible P-bifurcation for a critical value
of A. For low values of A, the response essentially stays in the neighborhood of either of the two stable equilibrium
points as the joint pdf has distinct peaks centered around these points (Fig. 15 ). As A increases the response has a
tendency to wander from one attractor to the other equilibrium point indicated by the near unimodal joint pdf around
the origin for 4 = 5. In the case of the bi-modal Duffing oscillator also the FE results agree closely with the MCS
results. The FE method takes an order of magnitude less time on the computer than the MCS method.

The stationary mean up crossing rates for the Duffing oscillator with double well potential for three different values
of arrival rate with and without friction under PWN excitation calculated using Eq.(12) are shown in Fig. 18. The
crossing rate is higher for the oscillator without friction. This is more evident for the lower arrival rate. In this example
only a very low value of ug = 0.05 is considered. For higher value of ug it is expected that the level crossing rates



Pankaj Kumar et al. / Procedia Engineering 144 (2016) 998 — 1006 1005

Xo <10 .10 X -5 x, 0 5
(a) ‘ (b) :

0.2

—~0.15

0.05

5 - 0 5 )
© o @ 2

Fig. 17. Stationary solution of Duffing oscillator with A = 5 (a) Joint-pdf (b) contour plot (¢) marginal pdf of displacement (d) marginal pdf of
velocity; key as in Fig. 15.

Fig. 18. Mean up-crossing intensity for Duffing oscillator for different arrival rate:key as in Fig. 15.

will be still lower. Lower mean crossing rates imply higher reliability in terms of first excursion failure and fatigue
damage based on rain- flow counting [15].

5. Conclusions

The FE [8] is used for the solution of the FPK equation of mono-stable and bi-stable Duffing oscillator with
Coulomb friction to PWN excitation. In the case of mono-stable Duffing oscillator increased coefficient of friction
narrows the joint pdf of the response towards the origin of the phase space and makes the response non-Gaussian.



1006 Pankaj Kumar et al. / Procedia Engineering 144 (2016) 998 — 1006

Thus the probability of large response is reduced with increase in reliability. In the case of the bi-modal Duffing
oscillator with increase in Poisson arrival rate the bimodal nature of the joint pdf tends to become unimodal indicative
of a P-bifurcation. In this case also with increase in friction the reliability of the system increases as shown by the
decreased values of the expected arrival rate.
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