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The stochastic P-bifurcation behavior of bi-stability in a Duffing oscillator with
fractional damping under multiplicative noise excitation is investigated. Firstly,
in order to consider the influence of Duffing term, the non-linear stiffness can be
equivalent to a linear stiffness which is a function of the system amplitude, and
then, using the principle of minimal mean square error, the fractional derivative
term can be equivalent to a linear combination of damping and restoring forc-
es, thus, the original system is simplified to an equivalent integer order Duffing
system. Secondly, the system amplitude s stationary probability density function is
obtained by stochastic averaging, and then according to the singularity theory, the
critical parametric conditions for the system amplitudes stochastic P-bifurcation
are found. Finally, the types of the system's stationary probability density func-
tion curves of amplitude are qualitatively analyzed by choosing the corresponding
parameters in each area divided by the transition set curves. The consistency be-
tween the analytical results and the numerical results obtained from Monte-Carlo
simulation verifies the theoretical analysis, and the method used in this paper can
directly guide the design of the fractional order controller to adjust the behaviors
of the system.

Key words: stochastic P-bifurcation, fractional damping, transition set,
multiplicative noise excitation, Monte-Carlo simulation

Introduction

Fractional calculus is a generalization of integer-order calculus, which has a history
of more than 300 years. Integer-order derivative can not express the memory characteristics of
the viscoelastic substances, while the definition of fractional derivative contains convolution,
which can express a memory effect and can show a cumulative effect over time. Therefore, the
fractional derivative is a more suitable mathematical tool to describing memory characteristics
[1-3] and has become a powerful mathematical tool for the study in the research fields such as
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thermal science, anomalous diffusion, non-Newtonian fluid mechanics, viscoelastic mechanics,
and soft matter physics.

Comparing with the integer-order calculus, the fractional derivative can describe var-
ious reaction processes more accurately [4-7], thus it is necessary and significant to study the
mechanical characteristics and the fractional order parametric influences on systems.

Recently, many scholars have studied the dynamic behavior of non-linear multi-stable
systems under different noise excitations and achieved fruitful results. Liu ez al. [8] studied
the response of a strongly non-linear vibro-impact system with Coulomb friction ex-cited by
real noise, and analyzed the P-bifurcation by a qualitative change of the friction amplitude and
the restitution coefficient on the stationary probability distribution. He and Ain [9] elucidated
the basic properties of fractal calculus and revealed the relationship between the fractal calcu-
lus and traditional calculus using the two-scale transform. Some researchers [10-12] studied
the van der Pol-Duffing oscillators under Levy noise, colored noise, combined harmonic, and
random noise, respectively. The stochastic P-bifurcation behaviors of the noise oscillators are
discussed by analyzing changes in the system’s stationary probability density function (PDF),
and the analytical results of the bimodal stationary PDF are obtained, showing that the system
parameters and noise intensity can each induce stochastic P-bifurcation of the systems. Chen
and Zu [13] studied the response of a Duffing system with fractional damping under the com-
bined white noise and harmonic excitations, and showed that variation of the fractional deriva-
tive’s order can arouse the system’s stochastic P-bifurcation. Li et al. [14] studied the bi-stable
stochastic P-bifurcation behavior of a van der Pol-Duffing system with the fractional derivative
under additive and multiplicative colored noise excitations and found that changes in the linear
damping coefficient, the fractional derivative’s order and the noise intensity can each lead to
stochastic P-bifurcation in the system. Liu et al. [15] investigated a Duffing oscillator system
with fractional damping under combined harmonic and Poisson white noise parametric exci-
tation, and then the asymptotic Lyapunov stability with probability one of the original system
was analyzed based on the largest Lyapunov exponent. Li ez al. [16] studied the stochastic P-bi-
furcation problem for an axially moving bistable viscoelastic beam with fractional derivatives
of high order non-linear terms under colored noise excitation and obtained the stationary PDF
of the system amplitude by the stochastic averaging method and the singularity theory. Chen
et al. [17] proposed a stochastic averaging technique which can be used to study the randomly
ex-cited strongly non-linear system with delayed feedback fractional order proportional deriv-
ative controller, and obtained the stationary PDF of the system.

Due to complexity of the fractional derivative, the parametric vibration characteristics
of the fractional system can only be analyzed qualitatively, while the critical conditions of the
parametric influences can not be obtained. In practice, the critical conditions of the parametric
influences play a vital role for the analysis and design of the fractional order systems. Addition-
ally, the stochastic P-bifurcation for the bistable Duffing system with the fractional damping has
not been reported in the open literature. In this paper, taking a Duffing system with a fractional
damping ex-cited by multiplicative Gaussian white noise excitation as the example, non-linear
vibration of this kind of fractional order systems are studied through the fractional derivative.
The transition set curves and critical parametric conditions for the system’s stochastic P-bifur-
cation are obtained by the singularity method. The types of the system’s stationary PDF curves
in each area of the parametric plane are analyzed. We also compare the numerical results from
Monte-Carlo simulation with analytical solutions obtained by stochastic averaging. The com-
parison shows that the numerical results are in good agreement with the analytical solutions,
verifying our theoretical analysis.
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Derivation of the equivalent system

The initial condition of the Riemann-Liouville derivative has no physical meaning,
while the initial condition of the system described by the Caputo derivative has not only clear
physical meaning but also forms the same initial condition with the integer-order differential
equation. Therefore, in this paper we adopt the Caputo fractional derivative:

1 © X" (u
st (1)
p)y (t-u)
where m — 1 <p <m, m € N, t € [a, b], x"(¢) is the m-order derivative of x(f) and I'(m) — the
Gamma function.
For a given physical system, the initial moment of oscillators is # = 0 and the Caputo
derivative is usually expressed:

D'Ix(0)]= T

1 j- x" (1)

DO G

)

where m — 1 <p<m, m € N.
In this paper, we study the bistable Duffing system with the fractional damping ex-cit-
ed by multiplicative Gaussian white noise excitation:

¥(t) + cx(t) + wx(t) + K, D?[x(t)]+ax’ (t) = x(t)E(t) 3)

where w is the system’s natural frequency, $D?[x(¢)] - the p (0 < p < 1) order Caputo derivative
of x(#), which is defined by eq. (2), and &(¢) — the Gaussian white noise excitation:

E[5()], E[S(s(t—1)]=2Dd(7) )

where D is the intensity of Gaussian white noises &(¢) and d(z) — the Dirac function.
The fractional derivative has the contributions of damping and restoring forces [18],
hence, we introduce the equivalent system:

F(t) +ci(0) + wx(0) + K [C(p)3(0) + K(p)x(0)]+ ax’ (£) = x(1)&(2) )

where C(p) and K(p) are the coefficients of the equivalent damping and restoring forces of the
fractional derivative {D?[x(f)], respectively.

Applying the equivalent methods mentioned in the references [15, 19, 20], we get the
ultimate forms of C(p) and K(p):

C(p)=w""sin (%}, K(p)=w" cos(%) (6)

Therefore, the equivalent Duffing oscillator associated with system eq. (5) can be
written:

X(@)+yx(t)+ ng(t) +ax’(t) = x(t)E(r) (7)
where

y=c+Kw"' sin[%j

i ()
wy =w +Kw’ cos(p?j
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Stationary PDF of the system amplitude

Linearizing the cubic stiffness terms and taking the undetermined damping and stiff-
ness coefficients as functions of the system amplitude, the vibrational structure of the equiva-
lent system can be written [21]:

X(t) + y (1) + wpx(t) + e[ C(a) (1) + K (a)x()] = x(1)&(2) )

To determine the coefficients C(a) and K(a) in eq. (9), the error between system
eq. (7) and system in eq. (9) is defined:

e=ax’(t)—-a[C(a)x(t)+ K(a)x(t)] (10)
Assuming that the system eq. (9) has the solution:
x(t) = a(t)cos p(t)
(1) = w + (1)

where w2 =w? + KywPcos(pm/2), using the generalized harmonic balance technique and making
the error eq. (10) minimized in the mean square sense, the undetermined coefficients C(a) and
K(a) can be obtained [21]:

an

2n

Cla)=- j [ax* () — aK (a)x(t)]sin pdep = 0
. (12)
K(a)= _ j [ax’ (1) — aC(a)x(t)]cos pdp = 32
am 4
Substituting eq. (12) into eq. (9) gives the equivalent system:
¥(t) + Q2 x(t) + yx(t) = x(1)E() (13)

where

Q=w +0¢%a2

Assuming that system eq. (13) has the solution of the periodic form, we introduce the
transformation [22]:

X =x(t) = a(t)cos D(¢)
Y =x(t) = —a(t)w, sinD(r) (14)
D) =Qr+0(t)

where Q is the natural frequency of the aforementioned equivalent system eq. (13), a(¢) and 6(¢)
are the amplitude and phase processes of the system’s response, respectively, and they are both
random processes.
Substituting eq. (14) into eq. (13), we obtain:
da
o F(a,0)+ G, (a,0)5(1)
dé (15)
5 (a,0) + Gy (a,0)5(1)

in which
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F (a,0) =—yasin’ ®
F, (a,0)=—-ysin®cos®
G, __asin®cos® (16)

Equation (15) can be treated as the Stratonovich stochastic differential equation, and
by adding the relevant Wong-Zakai correction term, we transform it into the corresponding Ito
stochastic differential equation:

da =[F,(a,0) + F,(a,0)]dt +N2D G, (a,0)dB(t)
40 =[F, (a,0)+ F,,(a,0)]dt +~2DG,, (a,0)dB(?)

where B(?) is the normalized Wiener process:

%6 +pLig,
Oa 00

oG oG
F,(a,0)=D 85121 G,+D 6’021

(17)

E2(a>0) =D
(18)

GZI

By stochastic averaging [23] of eq. (17) over @, we obtain the following averaged Ito

equation:
da =m,(a)dt + o,,(a)dB(t)
d@ =m,(a)dt +o,,(a)dB(t) (19)
where
m(@=-5r+20
a2
40° (20)
m,(a)=0
3D

oy (G)ZE

Equations (19) and (20) show that da is the not depend on 6, the averaged Ito equation
of a(?) is independent of #(¢) and that the random process a(?) is a 1-D diffusion process. Thus,
the correspondingly Fokker-Planck-Kolmogorov (FPK) equation of a(#) can be written:

olpan] o 10,
—— = m@p@]+ S —lol@p)] 1)

0-121 (a)=

The boundary conditions:

pla)=c, ce(-wo,+0) as a=0 ’
p(a)—>0, p/da—>0 as a—oo (22)
Based on the boundary conditions given in eq. (22), the amplitude’s stationary PDF

can be obtained:
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0

_C t2m,(u)
O exp“ o7 @ d”} 2

where C is the normalized constant that satisfies:

el 1 N 2m, (u) B
C‘M {aﬁ(@e p“ o) d”Dd“} -

Substituting eq. (20) into eq. (23), we get the explicit expression of stationary PDF of
the system amplitude a:

4000 N A
pla)=—p a”eXp(—ﬁj (25)

where

A, =2K W 'sin(pr) + 4cK w” cos[%}+4cw2 +4K w! sin(%J—D

Az =3 |:K1W ]sin(—nj+c}a2 (26)

Q*=w’+Kw cos| — |+ —d?
2 )" 4

Stochastic P-bifurcation of the system amplitude

Stochastic P-bifurcation means that the changes in number of the stationary PDF
curve’s peaks. To obtain the critical parametric conditions for stochastic P-bifurcation, we an-
alyze the influences of parameters on the system’s stochastic P-bifurcation by using the singu-
larity theory in this section.

For the sake of convenience, p(a) is expressed:

p(a)=4CR(a, D, c,K,,w, p,a)exp[Q(a, D, c,K,, w, p,a)] 27
in which
2 2K sin( pr)+4cK,w” cos( pr/2)+den? +4K wP sin( pr/2)-D
R(a,D,c,Kl,w,p,a):Ea b
30{1{,w"1 sin(i‘nj+c}a2 28)
O(a,D,c,K,,w,p,0r) =— D
Q=w' +Kw’ cos(%)+a%a2

Based on the singularity theory [24], the stationary PDF of the system amplitude
needs to satisfy:
2
p(a) _ 0, 0 p(za) —0 (29)
Oa Oa
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Substituting eq. (27) into eq. (29), we obtain [15]:

H={R'+RQ'=0, R"+2R'Q'+RQ"+RQ" =0} (30)

where H is the condition for the changes in number of the PDF curve’s peaks.

The influence of p and D on the system

In this part, the influences of p and D on
the system are investigated. Without loss of gen-
erality, we choose the parameters ¢ = 0.2, o = 1,
K, =0.2, and w = 1 as the example for illustra-
tion. According to egs. (28) and (30), we obtain
the transition set for the system’s stochastic P-bi-
furcation with the unfolding parameters p and D
shown in fig. 1.

We analyze the characteristics of station-
ary PDF p(a) for a point (p, D) in each of the
three sub-areas of fig. 1, and then compare the
analytical solutions with the numerical results

0.5 |

F

3 Monostable area

2 Bistable area

1 Monostable area

0

0 0.2 0.4 0.6 0.8 1
p

igure 1. Transition set curves (taking p and D

as the unfolding parameters)

obtained by Monte-Carlo simulation from original system (3) using the numerical method for
fractional derivative [19]. The corresponding results are shown in fig. 2.

It can be seen from fig. 1 that when the parameter (p, D) is taken as p = 0.1, D = 0.3
in Area 1, fig. 2(a), the PDF p(a) appears in the form of Dirac function, and the steady-state

*  Monte-Carlo simulation * Monte-Carlo simulation
16r Analytical solution 16 — Analytical solution
P@) 4t P 41
12} 121
o p=0.1,D0=03 L C——— p=05D=145
08 08}
061 06
04f 04}
0.2f 0.2}
0 0
0 0.5 1 15 2 2.5 3 0 1
(@) a (b)
* Monte-Carlo simulation
041 — Analytical solution
pla) o,
0351
03 p=02,0=15
0.25F
Figure 2. The PDF of p(a) (taking p and D 0.2
as the unfolding parameters); 015
(a) parameter (p, D) in area 1 of fig. 1, '
(b) parameter (p, D) in area 2 of fig. 1, 0.1
and (c) parameter (p, D) in area 3 of fig. 1 0.05
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response amplitude of the system is constant at 0, similar to the stable equilibrium in the deter-
ministic system at this time. The randomness of the system is suppressed. When the parameter
(p, D) is taken as p = 0.5, D = 1.45 in Area 2, fig. 2(b), the PDF p(a) has a stable limit cycle, and
the probability is not zero near the origin, showing that equilibrium coexists with the limit cycle
in the system at the moment. When the parameter (p, D) is taken as p = 0.2, D = 1.5 in Area 3,
fig. 2(c), the PDF p(a) has an obvious peak far away from the origin and the system only has a
stable limit cycle, the system behavior appears large vibration with a high probability.

Apparently, the stationary PDF p(a) in any two adjacent areas in fig. 1 are very qual-
itatively different. Regardless of the exact values of the unfolding parameters, if they cross
any line in fig. 1, the system will demonstrate stochastic P-bifurcation behavior. Therefore, the
transition set curves are just the critical parametric conditions of the system’s stochastic P-bi-
furcation. The analytic results shown in fig. 2 are well consistent with those numerical results
obtained by Monte-Carlo simulation from the original system (3), further verifying the theoret-
ical analysis and showing that it is feasible to use the methods presented in this paper to analyze
the stochastic P-bifurcation behaviors of the fractional order non-linear systems.

Compared with the integral-order controllers, the fractional-order controllers have the
better dynamic performances and robustness [17]. In the past several years, various fraction-
al-order controllers have been developed [25-27]. In the analysis, we obtained the arecas where
the stochastic P-bifurcation occurs in system (3), which can make the system switch between
monostable and bistable states by selecting the corresponding unfolding parameters. This could
provide theoretical guidance for the analysis and design of the fractional order controllers.

Conclusion

We studied the stochastic P-bifurcation of a bistable Duffing system with the fraction-
al derivative element ex-cited by the multiplicative Gaussian white noise excitation in this pa-
per. According to the principle of minimal mean square error and the equivalent linear method,
we can transform the original system into an integer-order system with an equivalent stiffness
whose coefficient is a function of the system amplitude, and we obtained the system amplitude’s
stationary PDF using the stochastic averaging method. In addition, the critical parametric con-
ditions for the system’s stochastic P-bifurcation are obtained by using the singularity theory.
According to this, we can maintain the system response at the small amplitude near the equi-
librium or the monostability by selecting the corresponding unfolding parameters, which can
provide the theoretical guidance for system design and avoid the damage and instability caused
by the system’s non-linear jump phenomenon or large amplitude vibration. The consistency
between the numerical results obtained from Monte-Carlo simulation and the analytical results
can also verify the theoretical analysis. It shows that the fractional order, p, and noise intensity,
D, can each cause the system’s stochastic P-bifurcation, and number of peaks of the system’s
stationary PDF curves can change from two to one by selecting the corresponding unfolding
parameters.
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