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First Passage of Stochastically
Dynamical System with Fractional
Derivative and Power-Form Restoring
Force Under Gaussian Excitation

First passage problem in a dynamical system with power-form restoring
force and fractional derivative is studied in this paper. At first, the original
system is transformed into an diffusion differential equation by way of
generalized Van der Pol transformation and stochastic averaging method.
After that , according to the definition of first passage, BK equation and

GP equation are constructed and solved. The numerical results tell us that
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the reliability probabilities are decreased monotonously with respect to
time. Higher order of fractional derivative can lead to higher reliability of
the system. Boundary value of safe domain can affect the reliability
probability greatly. The larger it is, the higher probability value is.
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1. INTRODUCTION

There are a lot of stochastic vibrations in our real life,
for example, the tail of aircraft will be strongly vibrated
in the air turbulence; the cable of large-scale bridge is
vibrated in the strong wind, or high building will vibrate
during the earthquake. Generally, we can describe such
kind of vibration as stochastic dynamical systems with
excitations in mathematics, the air turbulence here or
strong wind, earthquake are called random excitations.
Since there are stochastic vibrations, the question is,
whether the structures can keep safe and stable is that
possible to break down during the vibration, how much
probability the structures can survive from vibration. If
we want to answer these questions, it is needed to study
the reliability of stochastic dynamical systems, that is
exactly why we want to do this work.

Usually, a stochastic dynamical system is composed
of three features, damping, restoring force and random
excitation. In the past, most of damping term were
modeled as integer-order derivative[1-2], because
traditional derivatives have much more good properties
and are easy to be dealt with. However, Bagleg[3] and
Makris[4] have proved the damping term must be
modeled by fractional derivative if the structure is built
by some vescoelasity material. Therefore, different from
the traditional work, fractional derivative will appear in
our systems.

On the other hand, restoring force, in the field of
mechanical engineering, is a nonlinear function, as we
all know the best nonlinear function is polynomial
function, in many research papers, the restoring force is
expressed by polynomial functions. For example, in the
famous Duffing system, the restoring force is a three-
order polynomial function[5]. However, a purely
nonlinear function is more reasonable to describe the
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restoring force, that is why we want to consider the
power-form restoring force in our system. As for
random excitations, they are all denoted by stochastic
processes and satisfy some properties in mathematics.
The most popular excitation in mechanical engineering
is white noise, bounded noise or color noise [6]. In our
paper, we want to take Gaussian white noise into
account, the other excitations will appear in the future
work.

As a powerful mathematical tool, the fractional
derivative has been successfully used in environmental
engineering, viscoelasticity material, biomedical science
and in vibrated dynamical systems to describe the
damping or restoring force[7]. However, the application
of fractional derivative in stochastic dynamical system
occurred very late, only very few references can be
found [8-10].

Therefore, In this paper, we are going to combine
the fractional derivative damping, power-form restoring
force and Gaussian excitation together, to study first the
passage problem in a stochastically dynamical system.

2. MATHEMATICAL MODEL

The motion of equation may be expressed in the form

X+ gf(x,)'c)D“x(t) + g(x)

1
=&, (5, )W, (1),  k=12,-m M

Where W, (¢) are Gaussian white-noise with zero means
and correlation functions £ [Wk (t)Wl(t)} =2D,0(7) ,

D, is the correlation function, D”x(¢) is Caputo-type

fractional derivative governing the damping forces, and
defined by

Dx(t)=—2 jj‘(t_f)dr, O<a<l (2)

:F(l—a)o ¢

g(x) is a power-form restoring force function and
denoted by
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where £ is a non-negative real number.

g(x)=c}sen(x)]s

The objective of this paper is to apply stochastic
averaging method to explore the problem of first-
passage for the system (1). In doing this, the joint
response process (x,x) is needed to be transformed to a

pair of slowly varying processes (a,8) . To that end, a

generalized Van der Pol transformation is introduced as
follows:

x(1)=a(t)sin[w(a)t+6(1)] 4)
)'c(t)=a(t)w(a)cos[w(a)t+¢9(t)] %)

Allowing ¢(¢) =[w(a)t+6(r)] , differentiating Eq.(4)

with respect to time and making it equal to Eq. (5), then
we get

asing

0=- (6)
acos@
and
¥(r)= [%+acos¢dv2—ia)]d —aw’(a)sing (7)

Now consider the nonlinear part of the restoring force in
Eq. (1) described by a power-form function. According
to the transform in (4), and expanding it into the Fourier
series, then we may have

(a 4 —Cﬂ|: zbzn 1(B)sin(2n — 1)(0:| (®)

n=1

where the coefficients are equal to the followings:

bl(ﬁ):%F(zzﬁ)/r(¥) ©
byn-1(B) =
oy (BD(B-3) (- 2n-3)

(10)
(B3)(prs)—(grann )
n=273,...

then one expression for frequency of the unforced and
un-damping system can be derived from this
approximation, which is

w? (a) = czb1 (Ba”"!
Consequently, a new system in term of a(¢) and ¢()
can be casted as

w(a)( 1 N (ﬁ—l)cos;ojd
cos @ 2

=—cf (asingp,aw(a)cosp) Dx(t) (11)

1

+&2h, (asin,awcos )W, (t)
Apparently, Eq. (11) can be rewriten as follows:
a=c¢F(a,p)+e"G, (a,0)W, (t) k=1,2,---m (12)
where
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cosgo[f(a singo, awcos ¢))D“ (t)]

Fap)=- e 13
w(a)| 1+ 5 cos’ @

G, (:0) = cos ph, (a si;i),awcosw) (14)
w(a)| 1+ 5 Cos 9

Substituting (6) into (11), a differential equation that
described the phase process is derived

0 =¢F, (a.0)+&"Gy (a.0)W, (1) (15)

where
sing| f(asingp,awcos@)D“x(t
F,(a,9)= L 51 LAL0]
aw(a)[1+ 5 coszgo}
sinph, (asin @, awcos
G, (a.p) =~ lasinp.ancosg) )

aw(a)[l+ﬁ2_1cos2 (p}

According to the stochastic averaging theorem[6], the
slowly varying process a(¢) converges weakly to an Ito

differential equation as & — 0. That is
da:m(a)dt+0'(a)dB(t) (18)
where

m(a)=<.sFl +D,

oGy, G, +DkLaG—“‘G2L> (19)
a op ,

o’ (a)=(2D,;G, G, ), (20)

T
In which (-) = lim lirnl o dt
U TooT-o T 0
As for the fractional derivative with Caputo
definition, combined with formula (4), It will be very
useful to introduce the following integrals so as to
approximate the Caputo fractional derivative term, they
are respectively

‘.
Ismwrdr—wa{r(l a)cos@—cosm+ o((wt)™@ :|(21)
2 (wn)*

o

j.coszwdr:w“’{l“(l a)sm%+imv)vt+o((wt) )}(22)

On the basis of integrals (21) and (22), an approximated
function for Caputo-type fractional derivate is obtained.

D“x(t) =aw" (sin(pcos%a+ cosq)sinn—aj
(23)

aw coswt—sinwt+0((wt)a
F(l—a) (wt)a

It is evident that the fractional derivative can be
approximated by the periodic functions in terms of
amplitude and frequency. Substituting formula (23) into
(13) and (16), then the drift function and diffusion
function will be completedly calculated.
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3. RELIABILITY FUNCTION AND MEAN TIME

Based on the differential rule of Ito equation, we can
obtain the Markov equation for the total energy function
H(¢) of the free-vibrated dynamc system (1), which is

governed by
dH =m(H )dt+o(H)dB(r) (24)
shift and diffusion coefficients can be calculated by
1 :
m(H):{m(a)g(a)+502(a)g(a)} (25)
a=V~'(H)
o’ (H)= [0'2 (a)g’ (a)l:Vil(H) (26)
cZ
where the potential function V' (a) = a’".
p+1

As a matter of fact, the first passage aims to
determine the probability that system response reaches
the boundary of a randomly excited dynamical system
reaches the boundary of a bounded domain of state
space within its lifetime. Being one branch of reliability
in mathematics, it can exactly describe the response
feature and fatigue life of certain structures such as
offshore platform, civil construction etc., otherwise the
system or the structure will be destroyed once the
system crosses beyond the boundary of safe domain.
Therefore, conditional reliability function should be :

R(t|H,)=p{H(s)eD,se(0,t)|H(0)=H,eD} (27)

where D is the safe domain of energy function.
Especially, this reliability function satisfies the
following Backward Kolmogorov (BK) equation with
conditions

2
g—I::m(HO);;I_IZ+%UZ(HO)§7§ (28)
R(0|H,)=1, if HyeD (29)
R(t|H,)=0 if Hy=0D (30)
R(t|H,)<1if Hy=0 (31

On the other hand, averaged first passage time is
another important index to measure the system
reliability. We can define the statistical moments of
norder as y, (H,)=E(T"), and the moments satisfy
the following Generalized Pontryagin (GP) equation
with conditions:

1 d’u,

dﬂrﬁr +
m(HO)WOI-i-EO'z(HO)W:—(n'FI)ﬂM (32)
Lo (Hy) = finite, if Hy=0 (33)
,ukn(Ho):Ov if H,=0D (34)

Obviously, it is also a second order differential
equation. Now our objective is not to solve a stochastic
dynamical system to get reliability information but to
solve these two differential equations (28) and (32) .

4. NUMERICAL RESULTS

The last part will display some reliability results,
including the results derived from analytical methods
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and Monte-Carlo simulation. Consider the following
exmple, in which the dynamical system (1) is rewritten
as:

i+ekD x(t)+Esgn(x)x|” =New () (35)

Figure 1 shows that reliability function is a
decreasing function with respect to time. Alpha is the
order of fractional derivative, so we can see, more larger
alpha values can lead to small higher probability of the
system reliability, where we take parameters as follows:

e=1,K=0.05=35,D,=0.05c,=1,0D=1.0.

In this figure, the solid lines are derived from
analytical method, but solid squares or triangles are
deried from Monte-carlo simulation. They are all in
good agreement with each other.
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Figure 1. Reliability functions with respect to time, in which

oD =1.0.

If we increase gradually the boundary value of safe
domain, for example 0D =2.0, then the influence
caused by fractional order is more obvious, see Figure
2. Similarly, the results in Figure 2 obtained from
analytical method by solving BK eqution and Monte-
Carlo simulation from the original system (1) are also in
good agreement.
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Figure 2. Reliability functions with respect to time, in which

oD =2.0.

With the same parameters, we also examined the
mean first passage time by solving GP equation and
Monte-Carlo simulating the original system. Figure 3
shows the relationship among mean first-passage time,
fractoinal order of alpha and initial value of energy. If
we choose some certain special value of alpha, two-
dimension Figure 4 can be more clearly seen the
relationship between mean first passage time and initial
energy. You can see the results are all consistent with
each other. In addition, the higher fractional order, the
longer of mean first passage time.
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Figure 3. Mean first passage time in three dimension.
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Figure 4. Mean first passage time with respect to initial
energy in safe domain.

5. CONCLUSION

To sum up, in this paper, we investigated the first
passage problem in a fractional derivative system.
Stochastic averaging method has been employed to
obtain BK equation and GP equation. The numerical
results based on BK equation and GP equation tell us
the information about system reliablity, including the
effect on reliability by the value of boundary value of
safe domain. The comparison between analytical results
and Monte-Carlo simulation proved the efficiency and
correction of approaches we used in this paper.
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MPBH ITPOJIA3 CTOXACTHYKOT
TUHAMHAYKOI CHCTEMA CA
®PAKIIMOHUM M3BOJOM U CTEINEHOM
CHJIOM EJIACTHYHOCTH MO/ TAYCOBOM
MMOBYJIOM

Wei Li, Hatama Tpumosuh, Anexcangap
IIBeTkoBHh

VY oBoMm pany ce pasmatpa [IpoGiem mpBor mpoinasa y
OMHAMHYKOM  CHCTEMY  Ca  CTEIEHOM  CHJIOM
eacCTHYHOCTH # (paKIHOHMM U3BOIOM. Hajmpe je
OpUTHHAIIHU CHCTeM TpaHchopmucan y audy3noHy
mudepeHnMjaHy jeAHAUYMHY TOMONY TeHepalicaHe
Ban gpmep [IlomoBe TpaHcdopmanuje u  Meroje
CTOXaCTHYKOT TIpoceka. HakoH Tora 3axBaspyjyhu
nepuauIju npBor mpona3a BK jemHaumna u 11
jemHauMHa Cy TIOCTaB/beHe W pemieHe. Hymepuuku
pe3ynTaTH HaM TOBOpE [a IOY3JaHOCT BepoBaTHOle
MOHOTOHO ONaJa ca BPEMEHOM. BuHIIM penoBH
¢bpakumoHOr wM3BOAa MOry naa gnoBeny 1o Behe
MOY3JaHOCTH CHUCTEMa . [ paHUYHE BPETHOCTH CUTYPHE
00JIacTH MOTY J1a yTHYY Ha MOY3IaHOCT CHCTEMA.
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