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Abstract: In the present paper, the primary resonance and feedback control of the fractional Duffing-
van der Pol oscillator with quintic nonlinear-restoring force is studied. The approximately analytical
solution and the amplitude-frequency equation are obtained using the multiple scale method. Based on
the Lyapunov theory, the stability conditions for the steady-state solution are obtained. The bifurcations
of primary resonance for system parameters are analyzed, and the influence of parameters on fractional-
order model is also studied. Numerical simulation shows that when the parameter values are fixed, the
curve bends to the right or left, resulting in jumping phenomena and multi-valued amplitudes. As
the excitation frequency changes, the typical hardening or softening characteristics of the oscillator
are observed. In addition, the comparisons of approximate analytical solution and numerical solution
are fulfilled, and the results certify the correctness and satisfactory precision of the approximately
analytical solution.
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1. Introduction

Fractional calculus is an ancient mathematical topic from the 17th century. Although Fractional
calculus is a mathematical subject with a history of more than 300 years, its application in physics and
engineering did not attract wide attention until recent decades. In the past twenty years, significant
progress has been made in fractional calculus and fractional order dynamical systems [1-4]. Previous
studies have shown that fractional calculus is a mathematical tool, which is applicable to anomalous
social and physical systems with non-local, frequency- and history-dependent properties, as well as
intermediate states such as soft materials that are neither ideal solids nor ideal fluid [5-7]. Moreover,
applications of fractional calculus have been reported in many areas such as signal processing, image
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processing, automatic control and robotics [8—11]. Research has even applied fractional derivatives
to specific fields of research: psychological and life sciences [12, 13]. In a word, virtually no area
of classical analysis has been left untouched by fractional calculus. These examples and many other
similar samples perfectly clarify the importance of consideration and analysis of dynamical systems
with fractional-order models.

For the reason that nonlinear vibration systems exist in a large number of engineering technology
and scientific practice, the research of nonlinear vibration systems has attracted the attention of many
engineering and technical personnel and researchers. As a combination of two typical nonlinear
systems, the nonlinear part of the Duffing-van der Pol system contains not only the nonlinear damping
term for maintaining self-excited vibration of the van der Pol system, but also the cubic nonlinear
restoring force term of the Duffing system, which has particularly rich dynamic characteristics. The
Duffing-van der Pol oscillator is also a typical system to simulate some physical phenomena, and its
simple nonlinear structure has led to an in-depth study of its dynamic behavior, which can be used
as a research model in many fields, such as engineering, electronics, biology and neurology [14—17].
Furthermore, the fractional Duffing-van der Pol oscillator is considered to be one of the most commonly
used equations in various system designs, including dynamics, biology, seismology, etc. [18, 19].
Therefore, it is of practical significance to further study the dynamic behavior of such systems.

Many scientists have done a lot of research on the nonlinear dynamic behavior of the Duffing-van
der Pol equation, including integer and fractional order cases [20-25]. Specially, in [22], a three-
dimensional autonomous Van der Pol-Duffing type oscillator is proposed. Using the Routh-Hurwitz
stability criterion and the linear stability analysis of equilibrium points, it was found that there is a Hopf
bifurcation in the three-dimensional autonomous Van der Pol-Duffing oscillator. In [23], the damping
characteristics of two Duffing-van der Pol oscillators with damping terms described by fractional
derivative and time delay are studied by the residue harmonic balance method. A Duffing-van der Pol
oscillator having fractional derivatives and time delays is investigated by the residue harmonic method
in [24]. The dynamical properties of fractional order Duffing-van der Pol oscillators are studied in [25],
and the amplitude-frequency response equation of the primary resonance is obtained by the harmonic
balance method.

According to current research results, many studies focus on only Duffing-van der Pol equations
with lower power terms under different excitations, while relatively few studies focus on the system
with high power nonlinear terms. The Duffing-van der Pol systems with high power nonlinear terms are
more worthy of study, because in the process of simplifying the actual model to the Duffing equation
or van der Pol equation, in order to reduce the error between the system and the actual process, the
nonlinear terms need to be approximately expressed as higher powers by power series to study the
richer dynamic characteristics of the system. In addition, for the reason that the nonlinear dynamic
behavior of the Duffing-van der Pol oscillator is very rich in bifurcation, chaos, primary resonance,
superharmonic or subharmonic resonance, stochastic resonance and other vibration characteristics,
the dynamic characteristics of the fractional Duffing-van der Pol oscillator are worthy of further
exploration and research. It should be noted here that the primary resonance of a fractional Duffing-
van der Pol oscillator can be studied by perturbation methods such as harmonic balance method or
averaging method. Although a multiple scale method has been commonly used in the study of integer-
order models, they are rarely involved in the study of fractional-order related problems. Therefore,
it is also very necessary to use the multiple scale method to study the resonance characteristics of
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fractional Duffing-van der Pol oscillators, for example, to understand how the system parameters affect
the periodic solutions resulted from resonance of the fractional Duffing-van der Pol oscillator.

The paper is organized as follows: In Section 2, the approximately analytical solution is obtained by
the multiple scale method. The amplitude frequency equation is obtained and the stability conditions
for the steady-state solution are given, while numerical simulations of the time history and phase
diagrams are also provided. In Section 3, the bifurcations of primary resonance are investigated and
the influence of parameters on fractional-order models is investigated. In Section 4, the comparisons of
the approximate analytical solution and numerical solution are fulfilled. Finally, concluding remarks
and implications in Section 5 close the paper.

2. Mathematical analysis

2.1. Primary resonance

The fractional Duffing-van der Pol oscillator with quintic nonlinear-restoring force is given by a
second-order non-autonomous differential equation as follows

¥ = u(l = xHDIx + ax + Ax° + x° = f cos wt, (2.1)

where x is the position coordinate and is a function of time ¢, Dfx is the g-order derivative of x with
respect to time, u is a positive fractional damping coefficient, wy is the natural frequency, @, 4 and
B are coefficients of nonlinear restoring forces, the external excitation have amplitude and frequency
parameters which are f and w, respectively. There are many definitions available for the fractional-
order derivative, and in this study, D?x with 0 < ¢ < 1 is the Caputo’s fractional derivative of x(r)
described by

Dix(t) = I“(l;—q) f x(7)(t — 7)7dr,
0

in which I'(z) is Gamma function satisfying I'(z + 1) = zI'(z). Under certain conditions, primary
resonance with limited amplitude occurs in the fractional Duffing-van der Pol oscillator (2.1) when

w = Wy < va or w ~ w,. That is, the primary resonance means the excitation frequency is close to
the natural one.

In order to find an approximate resonant solution of Eq (2.1), the multiple scale method will be used,
for which a small parameter ¢ is required. Let 7, = £"t,(n = 0, 1) be two independent time variables,
an approximate solution of Eq (2.1) with small amplitudes in three time scales can be represented by

X = X()(T(), Tl) + 8.X1(T0, Tl) + ... (22)

With such a small parameter &, in order to balance the effect of the nonlinearity, damping and
excitation, the following scaling is used

u—eu, A—el, p—oeB, f—ef. (2.3)
Then, Eq (2.1) becomes
% —eu(l — X)DIx + wix + edx’ + gBx° = &f cos wt. (2.4)
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The derivatives with respect to ¢ can be expressed in terms of the new scaled times 7, using chain rule
as follows:

d
E:DO+8D1+...’ (2.53)
2
7 Dj +2eDyD; + & D7 + -+, (2.5b)
D! =Dl +4qeDl'Dy + -+, (2.5¢)

: : q_ & _ 0 2 _ & —
IHWhIChDO— W,Dn— E’Dn_ arz andn—O,l.

For the primary resonance with w = wy := V@ or w ~ wy, a detuning parameter o describing the
nearness of w to wy is introduced by
w = wy + &0, (2.6)

then wt = woTy + oT,. Substituting (2.2), (2.5b) and (2.5¢) into (2.4) leads to the following equation

(D} +2eDyD + *D)(xo + &x1) — epll — (xo + £x1)*] - (D + geDI ™' D) (x0 + &x1)
+ wé(xo +ex)) + ellxg + exy)’ + gB(xo + ex))’

= Sf COS(Q)()TO + O'T])
Equating the coeflicients of the same power of &, a set of linear differential equations are obtained
0(£°) : Dixy + wyxo = 0, 2.7)

O(g") : D§x; + wyxi = —2DgD1xo + (1 — x3)Dixg — Axg — Bxg + f cos(woTo + o°Th), (2.8)

from which xy and x; can solved one-by-one, respectively. In this way, the resonant solution x is
dominated by x, and collected by &x;.

In order to obtain the primary resonance solutions, it is necessary to eliminate the secular term when
solving the Eqgs (2.7) and (2.8) one by one, so as to find the amplitude-frequency response equation,
from which the influence of various parameters on the resonance solution can be studied.

The general solution of Eq (2.7) is of the form,

xo = A(T))e ™o + A(T)e 070, (2.9)

where A(T,) and A(T}) are unknown functions, A(T) denotes the complex conjugate of A(7").
To solve Eq (2.8), for sufficient large ¢ > 1, the gth-order (0 < g < 1) derivative of e'¥ is
approximated with
Die™ ~_, Die'™ = (iQ)7e', (2.10)

according to the “Short Memory Principle” [13,26], where

_oDIx(r) = F(ll— " f x(7)(t — 7)4dr.

Substituting Eqgs (2.9) and (2.10) into Eq (2.8) and using

i(w0T0+(rT|) + e—i(w()T()+()'T1)

COS((U()TO + O'T]) = 3 >
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the right-hand of Eq (2.8) becomes

f

[—2iwoD1A + (1 — 2AA)A(iwy)? — 31A%A — 10BA3A? + Eeif’Tl]eiono +NST + cc,
where NS T stands for the terms that do not produce secular terms, cc denotes the complex conjugate
of the preceding terms.

In order that x; is periodic, the secular terms with el“oTo must be zero, namely

f 10'T1 _
2

— 2iweD1A + (1 — 2AA)A(iwy)? — 31A%A — 10BA3A” + = 0. (2.11)

To analyze the solution of Eq (2.11), it is convenient to express A(7) in the polar form as

a(Tl)eig(T])'

A(T)) = (2.12)

In addition, the Euler formula gives

s
9 = (&%) = 72 = cos qz +1isin %

Let ¢ < oT, — 6. By separating the real and imaginary parts of Eq (2.11), the differential equations
governing amplitude a(7T) and ¢(T) of A(T) are as follows respectively

2

Dia = u(1 - % g i sin % + 2%0 sin @, (2.13a)

31 5
aDyp = oa + u(l — —) a)o cos%r - 8w0a3 - 16f)oa5 + 25)0 cos . (2.13b)

We are interested in the steady solutions satisfying Dja = 0, D¢ = 0in (2.13a) and (2.13b), namely

,u(z_az) g-1 - qr f

) aw,  sin 5 = _2_600 sin ¢, (2.14a)
pR2-a> .y qr 32 58 f
oa+ Tawg cos =~ = S_a)oa3 — 160)0c15 = e Cos . (2.14b)

Because sin” p+cos? ¢ = 1, by eliminating ¢ from Eqs (2.14a) and (2.14b), the amplitude-frequency
response equation can be obtained as follows

[(4uQ2 — aPw sin ¢ ) + (160 wy + 4u(2 — a*)w! cos X 2 — 61d® — 5B8a*)*1a® = (8)>. (2.15)
The real solution a of Eq (2.15) determines the dominant part x, of the primary resonance response
amplitude. Similar results have been discussed in [21] for the case when ¢ = 1, but the calculation

error in the derivation process of this paper leads to inaccurate amplitude-frequency response equation.
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2.1.1. Feedback control

The fractional Duffing-van der Pol oscillator with negative acceleration feedback considered is as
follows
¥ —u(l = x)DIx + wix + Ax + Bx° = f cos wt — ux, (2.16)

in which —u is the feedback gain reflecting the magnitude of a feedback force. Similar to the previous
discussion, the method of multiple time scales is used to obtain a uniformly valid, asymptotic expansion
of the solution for Eq (2.16). Let T,, = £"t, (n = 0, 1) be two independent time variables, an approximate
solution of Eq (2.16) with small amplitudes in three time scales can be represented by

x = xo(To, T1) + &x1(To, T1) + -+ - . (2.17)

With such a small parameter &, in order to balance the effect of the nonlinearity, damping and
excitation, the following scaling is used

Uu—eu, A—ed, B—oegb, f—oef, u-—-ecu (2.18)
Then, Eq (2.16) becomes
¥ —eu(l — x)Dx + w%x +elx’ + g8x° = &f cos wt — sui. (2.19)
Substituting (2.17), (2.5b) and (2.5¢) into (2.19) leads to the following equation

(D} + 2eDyD + *D?)(xg + &x1) — epl 1 — (xo + £x1)*] - (DY + geDI ™ D) (xo + &x1)
+ wé(xo +ex)) + ellxo + exy) + gB(xo + ex))’
=¢efcos(woTy+oTy) — su(Dé +2eDyD; + SZD%)()CO + &x1).

Similar to the previous discussion, the following differential equations about amplitude and phase
can be obtained,

2
Dia = u(1 - %)gwg“ sin % + 2%0 sin @, (2.20a)
a*a ., qgr 34 5B f a
aDg = oa + u(l - 3)5“’3 cos =~ 8w0a3 - 16w0a5 + 20 CO5¢ + uwo . (2.20b)

The steady solutions satisfying Dja = 0, D¢ = 0 in (2.20a) and (2.20b), namely

2 —a? _
'L%awg ! sin% - —2%0 sin @, (2.21a)
2 —a? _ 31 5
oa+ %awg "cos % — S_a)oa3 - l6f)oa5 + uwog = —2%)0 COS . (2.21b)

By eliminating ¢ from Eqs (2.21a) and (2.21b), the amplitude-frequency response equation can be
obtained as follows

[(4u(2 - )t sin %)2 + (160w + 4u(2 — a)el cos %T —61d® - 5Ba* + Suw?1a® = (8f)% (2.22)
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It should be noted that a fractional dynamical system does not have an exact periodic solution,
see [27,28], and it may have one if the fractional derivative is defined over (—oo, f] [28]. When the
asymptotic behaviors of the fractional system are addressed, a fractional derivative over [0, ] with
large t equals approximately the corresponding one over (—oo, t], according to the “Short Memory
Principle” of fractional derivatives [26]. Thus, a periodic solution of a fractional system should be
understood as an asymptotic solution with transients before a finite time neglected. All the periodic
solutions mentioned in this paper are understood in this sense.

2.2. Stability of the steady resonant solutions

To determine the stability of the steady resonant solutions, suppose that (a, ¢) = (a*, ¢*) is a steady
solution of Egs (2.20a) and (2.20b), let

Aa=a-a, Np=¢p—¢" (2.23)

are perturbations which are assumed to be small compared to a* and ¢*. Substituting Eq (2.23)
into Eqs (2.20a) and (2.20b), using Eqs (2.21a) and (2.21b), then the linearized differential equations
governing Aa and Ay are

2 —3(a*)?

DiAa =222 sin LA + S cose A, (2.24a)
4 2% 20,

o 2- S(a*)z,u o1 gn _ 9da"  25B(a’)’ | U

Didg = [ + 1Ag— T _sing* Ag.  (2.24b)

4a* 0 2 8wy 8wy 2a* 2woa

Let M=o+ (“ i = uwl 'cos - ” A (a)> - 16w0 L (g P N=g 220 3(“ i = pwd 'cos —"——O(a*)2 26 (a )+
According to Eqs (2.21a) and (2.21b), the characterlstlc equatlon can be written as

—2 )l 1sin% -1 -aM _ 0o
al*N = (4“),uw0 sin &5 — '
By expanding the determinant, we can get
2+ (@) = 1uw? " sin %/1 +A=0, (2.25)

in which A = —[2 @) 2-@)’] (Hwd™ "sin & L) + MN.
Thus, the steady solutlon (a,p) = (a ¢*) 1s asymptotically stable if and only if the real parts of all
roots of the characteristic Eq (2.25) are negative.

2.3. Numerical simulation

In this section, time history diagrams are used to briefly illustrate the impact of feedback control on
the model. Figure 1 shows the time history of the system without controller. The various parameters
of the system in Figure 1 are wy = 1, ¢ = 0.9, u = 0.01, 2 = 0.04, 8 = 0.01 and f = 0.06. It can be
observed that the amplitude fluctuates significantly in the first 150s and the steady-state amplitude of
the system is about 0.28. The phase diagram shows a limit cycle, indicating that there is no chaos in
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the system. Different initial conditions were tested and it was found that the steady-state amplitude of
the system is not sensitive to the initial conditions.
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Figure 1. The time history and phase diagram of (2.1) without controller.

Figure 2 shows the time history of the system with feedback controller. The various parameters
of the system in Figure 2 are wy = 1, ¢ = 0.9, © = 0.01, 2 = 0.04, 8 = 0.01, f = 0.06 and
u = 0.1. From Figure 2, it can be seen that the steady-state amplitude of the system has decreased to
approximately 0.115, this indicates the effectiveness of the controller. The steady-state value appears
after 150s without control, while it appears before 50 seconds with control, which also reflects the

effect of adding control.
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Figure 2. The time history and phase diagram of (2.16) with feedback controller.
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3. Analysis of the resonant solutions

Rewritten Eqs (2.15) and (2.22) in terms of the original system parameters as follows

[(4u2 — a*)w] sin %)2 + (16(w — wo)wo + 4u(2 — @*)w! cos % — 61d® — 5B8a*)*1a® = (81)%, (3.1)

and

[(4u(2-a¥)w! sin %)Z +(16(w - wo)wo + 42— a)ewf. cos % — 64>~ 5Ba* +8uw?)a® = (8f)%. (3.2)

The effect of different parameters on the amplitude of the resonant solutions is investigated
numerically.  Here, the difference between the model with quintic nonlinear term and the model
without quintic power is given by the amplitude-frequency response curve, as shown in Figure 3.

251

051 '// \
s
L.~

I I I I
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25

Figure 3. Response curves with ¢ = 0.9, u = 0.01, wy = 1, f = 0.06.

It can be seen from the figure that the bending degree, resonance region and jump phenomena of
the model have obvious changes after considering the quintic nonlinear terms, indicating that it is very
important to consider the role of higher order terms for studying the nonlinear characteristics of the
model.

3.1. Parameter influence on the amplitudes of the resonant solutions

This section discusses the influence of parameters on the hardening/softening characteristics and
resonance peak value based on Eq (3.1). As shown in Figures 4-7, typical hardening/softening
characteristics can be observed also in the curves of the resonant amplitudes with respect to the changes
of A, B, g, 1 and f, respectively.

The influence of the nonlinear terms on the amplitude-frequency response curve can be identified
with the changes of A, 8. Typical softening characteristic can be observed in Figure 4 with 4 = —0.04
and 8 = —0.01, and the frequency response curve bends to low frequency. When 4 = 0.04 and 8 = 0.01,
hardening characteristic can be observed and the frequency response curve bends to high frequency.
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Figure 4. Response curves with ¢ = 0.9, u = 0.01, wy = 1, f = 0.06.

The effect of the fractional-order ¢ on the amplitude-frequency curves is shown in Figure 5. If the
fractional order ¢ is closer to 0, the fractional differential term degenerates to linear stiffness, while
if g is closer to 1, it degenerates to linear damping. It is further known that the smaller the order
q is, the larger the maximum amplitude is. The integer-order model is the lowest. Compared with
the integer order case when ¢ = 1, the bending degree, resonance peak and resonance region of the
amplitude-frequency curve of the fractional-order model change accordingly with the decrease of the
fractional-order q.

Figure 5. Effect of the fractional-order ¢ on the amplitude-frequency curves when wy = 1,
u=0.01,2=0.04,3=0.01, f = 0.06.

Figure 6 shows the effect of the damping coefficient £ on the amplitude-frequency curves. With the
increase of u, the nonlinear jump of the system weakens and the resonance amplitude of the system
decreases. In other words, as u increases, the unstable portions decrease.
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Figure 6. Effect of the damping coefficient u on the amplitude-frequency curves when wy= 1,
qg=09,1=0.04,5=0.01, f = 0.06.

The effect of the excitation amplitude f on the amplitude-frequency curves can be seen in Figure 7.
With the increase of the excitation amplitude f, the frequency response curve will generate a
multivalued region, the nonlinear jump of the system is more obvious and the resonance range and
resonance amplitude of the system increase.

————— /=0.02
251 | — — —7=0.04
.......... /=0.06

15

05 R

—

Figure 7. Effect of the excitation amplitude f on the amplitude-frequency curves when
wy=1,¢g=09,u=0.01,4=0.04,5=0.01.

Figures 5-7 present parameter effects on resonant amplitudes with respect to excitation frequency.
With fixed parameter values, all the figures exhibit typical characteristics of hardening spring. Let
us take a different view on the resonant solutions. Now, the excitation frequency is fixed, and then
with the change of a parameter, the amplitude of the primary resonant solution changes in different
ways. In Figures 810, the images reflect characteristics similar to hardening spring, where the peak
of amplitude is bent to the right as f varies, as A varies or as 8 varies, respectively.
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Figure 8. Resonant amplitude with respect to f for wy = 1, ¢ = 0.9, u = 0.01, 1 = 0.04,
B =0.01.
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Figure 9. Resonant amplitude for increasing non-linear parameter A and § when wy = 1,
qg=0.9,u=0.01.
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(a) (b)

Figure 10. Resonant amplitude with respect to A and 8 for wy = 1, ¢ = 0.9, u = 0.01,
f=0.04.

3.2. Parameter influence on the resonant solutions under feedback control

Through Eq (3.2), this section discusses the influence of parameters on the resonant solutions under
feedback control. Figure 11 considers the influence of the gain value of the feedback control on
the vibration state of the system. The red line in Figure 11 shows the primary resonance amplitude
frequency response curve of the system without feedback control. It can be seen from Figure 11 that
compared with the amplitude frequency curve of the primary resonance of the system without feedback
control, after adding the feedback control, the resonance curve of the system moves to the left, and the
resonance domain of the system changes. When the amplitude of the value of the gain of the control is
increased, the deviation of the amplitude frequency response curve becomes larger.

3
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Figure 11. Influence of the gain value of the feedback control on the vibration state for
wy=1,¢g=09,u=0.01,4=0.04, 5 =0.01, f = 0.06.
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Figure 12 shows the influence of the frequency parameters on the vibration state of the system. The
closer the external excitation frequency w is to the primary resonance frequency wy, the smaller the
offset of amplitude frequency curve is, and the smaller the change of resonance domain is. On the
contrary, the more the phase difference, the larger the offset of the amplitude frequency curve. The
peak amplitude of the primary resonance in Figure 12 does not change, but changes the position where
it appears.
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Figure 12. Resonant amplitude with respect to u for wy = 1, ¢ = 0.9, u = 0.01, 4 = 0.04,
B =0.01, f = 0.04.

4. Comparison between approximate analytical solution and numerical solution
According to Eq (3.1), the primary resonance amplitude-frequency response curve of the system can

be drawn. For comparison, this paper adopts the power series method introduced in references [3,29],
and its calculation formula is

DY [y(t)] = h7 )" COy(t ), 4.1)

J=0
where 7, = nh is the sample points, % is the sample step and C;]. is the fractional binomial coefficient
with the iterative relationship as

1+
Ci=1, C1=(- Tq)cj_l. (4.2)

According to Eqgs (4.1) and (4.2), the numerical scheme for Eq (2.4) can be expressed as

x(t,) = y(t)h = ) Chx(t, ), (4.32)

j=1
Y(t2) = {f cos(wt,) = ax(ty) = A1) = BX(1,) + pl1 = (81211} Z Ciy(typ),  (4.3b)

AIMS Mathematics Volume 8, Issue 10, 24929-24946.



24943

2t) = (D' = > €2t )). (4.3¢)
j=1

The numerical amplitude-frequency curve marked with circle in Figure 13, where the stepsize of
time is 4 = 0.005, and the total computation time is 100s with the first 25s neglected. It shows that the
resonant amplitude calculated from Eq (3.1) is in good agreement with the numerical results, especially
when the w ~ wy.
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Figure 13. Comparison between approximate analytical solution and numerical solution
when wy =1, g =0.85, £ =0.03, 1 = 0.03, 8 = 0.005, f = 0.02.

5. Conclusions

We study the primary resonance and feedback control of the fractional Duffing-van der Pol
oscillator with quintic nonlinear-restoring force. The approximate analytical solution and the
amplitude-frequency equation are obtained by the multiple scale method. The stability condition
for steady-state solution is obtained based on the Lyapunov theory. The influence of parameters on
system characteristics was studied using the amplitude frequency response equation and phase plane
technology, and bifurcation analysis was conducted to verify the stability of the system. It can also be
concluded that fractional orders and damping coefficients are very important in the fractional Duffing-
van der Pol oscillator. For example, larger fractional orders and larger damping coefficients can reduce
the effective amplitude of resonance and change the resonance frequency.
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