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Abstract

The delayed feedback control is applied to suppress the vibration of vertical displacement in a two-degree-of-freedom
nonlinear system with external excitation. Effects of both positive and negative feedback control are observed when the
primary resonance and 1:1 internal resonance occur in the system simultaneously. The method of multiple scales is
employed to obtain analytical solutions of the system under consideration. With the time delay varying for a fixed gain, it is
seen that the vibration can be suppressed at some values of the delay. These values form a called ““vibration suppression
region”, where one can easily observe the “maximum vibration suppression point”. At this point, the vertical vibration
could be suppressed about 65% for the positive feedback and 86% for the negative one by comparing with the nonlinear
vibration absorber without delayed feedback control. However, the vibration suppression is invalid at some values of the
delay. Effects of the gain on the vibration suppression are also investigated. The dynamical behaviors became complex
with the gain increasing at some values of the delay, but the vibration can be suppressed more efficiently at other values. It
implies that one can always choose a suitable delay and gain to achieve a vibration suppression. All analytical predictions
of this paper are in good agreement with the numerical simulation.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The theory and technique of vibration suppression are extensively studied for many years. There are three
fundamentally different primary methods of vibration suppression, i.e. damp shock absorber, nonlinear
vibration absorber and delayed feedback control vibration absorber.

The damp shock absorber is a classical technique. It is well known that the theory and experiment about the
technique of damp shock absorber are sufficiently studied in the past years. The technique of damp shock
absorber is widely used in the fields of aerospace engineering, automobile industry, instrumental apparatus,
weapons, architecture industry and engineering machine. In numerous damp shock absorbers, dynamic
vibration absorber is the focus of attention. It is often used to remove undesirable oscillations from the
primary system. For example, mass—spring—dashpot dynamical vibration absorber is installed in a helicopter
cockpit [1].

*Corresponding author. Tel.: + 8621 65985364; fax: + 8621 55041398.
E-mail address: xujian@mail.tongji.edu.cn (J. Xu).

0022-460X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsv.2007.07.041


www.elsevier.com/locate/jsvi
dx.doi.org/10.1016/j.jsv.2007.07.041
mailto:xujian@mail.tongji.edu.cn

Y.-Y. Zhao, J. Xu | Journal of Sound and Vibration 308 (2007) 212-230 213

Recently, nonlinear vibration absorber is designed based on nonlinear dynamics. The effectiveness of the
nonlinear vibration absorber was first outlined by Roberson [2]. Arnold [3] concluded that a softening spring
would increase the vibration suppression bandwidth, while the hardening spring would do contrarily. Lee and
Shaw [4] investigated the dynamics of a pair of identical centrifugal pendulum vibration absorbers. They
indicated that the absorbers could reduce torsional vibrations in rotating machines for effects of nonlinear
behavior of the absorbers. From a physical point of view, nonlinearity of the spring could increase the
suppression bandwidth of the absorbers for some cases. The saturation phenomenon was first discovered by
Nayfeh et al. [5] for motions of ships. The saturation phenomenon, that is, the response amplitude of the
primary system, linearly increases with the amplitude of excitation. However, once the amplitude of the
excitation passes a critical value, the response amplitude of the primary system is saturated at a specific value
and all the additional energy from the excitation is channeled to the secondary system. For the passive
vibration absorber system, it is too complex to design, and the ratio of internal resonance is difficult to control
exactly. Thus, many authors considered active vibration control, such as analog electric-circuit controller [6],
digital signal [7], piezoelectric patches [§8] and Terfenol-D [9], to suppress vibrations.

The technique of delayed feedback control vibration absorber is a new technique of vibration suppression.
In fact, time delay in control system is derived from measurements of system states, by physical properties of
the equipment used for control and transport delay, by performing on-line computation, filtering and
processing data and by calculating and executing the control forces as required. Therefore, the studies of
control system with time delay have been developed in various research fields, such as mechanics [10],
mechanical engineering [11-13], combustion dynamics [14], aecrospace engineering [15], communication [16]
and medicine [17,18]. The delayed feedback control has been frequently applied in controlling chaos,
improving stability of periodic solutions and stabilizing unstable equilibria since the pioneering work was
given by Pyragas [19]. Our previous research [20] also showed that the delay may be used as a simple but
efficient “‘switch” to control motions of a system: either from order motion to chaos or from chaotic motion to
order for different applications. Delayed position feedback control to dynamical structures was first presented
by Olgac and Holm-Hansen [21] by introducing a delayed resonator. The technique offers a number of
attractive advantages in eliminating tonal vibrations of the primary system, such as real time tunability, wide
range of frequency, perfect tonal suppression and simplicity of the control. Then, many results were obtained
for linear systems [22-25].

It should be noted that the present absorber with delayed resonator is only considered for the case that the
system is linear. It follows from the above review that the delayed position feedback control and nonlinear
vibration absorber have their advantages, respectively. Motivated by these advantages, we will here design a
device together with delayed feedback control and nonlinear vibration absorber and investigate effects of the
device on vibration suppression in a two-degree-of-freedom system. To the best knowledge of the authors, the
delayed feedback control is not applied for the system with nonlinear vibration absorber.

The present paper is organized as follows. The formulation of the problem is shown in Section 2. In Sections
3 and 4, the perturbation analysis and the stability of the equilibrium solutions are given. The analytical
solutions and numerical simulations for the positive and negative delayed feedback control are presented in
Sections 5 and 6, respectively. Concluding remarks are presented in Section 7.

2. Formulation of the problem

A two-degree-of-freedom model of a nonlinear vibration absorber is described in Ariaratnam [26],
Malhotra and Srinamachchivaya [27] and Zhang and Li [28]. In this paper, a position feedback with time delay
is introduced into the above model to control the vibrations of the vertical displacement in the dynamical
system, as shown in Fig. 1.

The system consists of a grid body of mass m and the relevant moment inertia /, and is supported by two
identically placed spring—dashpot systems. The dashpot systems are assumed to be linear with viscous
damping coefficient 8, and the springs are assumed to be nonlinear with force—displacement (f—J) relationship
given as f = kd + ¢0°. Assuming the support is given a periodic excitation (F(f) = A cos w), and let d denote
the distance from the vertical axis of symmetry to the point of attachment of either of spring—dashpot units, ¢,
and ¢, denote the relative vertical displacement and pitching angle. A time delayed position feedback
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Fig. 1. A model describing the nonlinear vibration absorber with delayed feedback.

g (ql(t—v:)—ql(l)) is introduced to the nonlinear dynamical system. Then the governing equations of
motions describing the vertical displacement ¢; and the pitching angle ¢, can be expressed as

mi, + 2Bqy + 2kqy + 2e(q} + 3dq,@3) + 91(q,. — q1) + mEF =0, (1)

I, 4 2d* B, + 2d%kq, + 2¢d*(d* 3 + 3¢3¢,) = 0, ()

where ¢, = ¢,(t — 7). It should be noted that the delayed feedback disappears in Eqs. (1) and (2) when 1 =0
and Egs. (1) and (2) are identical to those in Refs. [26-28]. Thus, it is easy to observe effects of the delayed
feedback when 7£0.

3. Perturbation analysis

Firstly, a set of dimensionless (or normalized) variables are defined as

f 2 @ o 282 _2dpe o 2k, 2d%Q°
=50 l_d’ 2 = (>, 'ul_mw’ Uy = To [~ 2T T2
2 b’ p _2die? p _ bed'@® f_AQZ
T Tme? 2T et P w? 2T I o d
gldQZ * Q
&g = =, T =—T1.
maw w

It follows from Ref. [28], both damping f and nonlinear stiffness ¢ are weak or very small, which implies ¢ can
be considered as a perturbation parameter with 0 <e < 1. Dropping the asterisk for convenience, one can
write Egs. (1) and (2) as

¥1 4+ ox) = &(f cos Qt — ¥ — oqx] — 0x1X3 — gX1c + gx1), (3)

%+ 32 = e(— X0 — 1x3 — frxixa), (4)

where Q is a dimensionless frequency, and x, = x;(¢ — 7).

It is assumed that d equals the radius p of gyration for the relevant moment inertia I, that is,
I = mp? = md*. 1t yields that o; = f8; and o = f.

The method of multiple scales [29] is employed to seek second-order approximate solutions of Egs. (3) and
(4) in the following form:

x1(t, &) = x10(To, T1) + ex11(To, T1) + .. ., ®)

xo(t,8) = x20(T0, T1) + ex21(To, T1) + ..., (6)
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x1:(t, &) = x10¢(T0, T1) + ex11:(To, T1) + .. ., (7

where Ty = ¢ is the fast time scale and T = &t is a slow time scale envelope of the response. The derivatives
with respect to time are expressed in term of the new scales as
d

— =D D 8
T o +eDi+ ..., ®)

2

d
g7 = Do+ 2eDoDi + ., ©)

where Dy = 0/0Ty, k=0, 1.
Substituting Eqs. (5)-(9) into Eqgs. (3) and (4) and equating coefficients of like powers of ¢ yields
Order £

Dixio + wixi =0, (10)
D? 2x20 =0 11
0X20 + @3x20 = 0. (11)
Order &':
Dix11 + wixiy =f cos QT — 2DgDyx19 — ft; DoxX19 — %1X75 — 02X10X39 — gX10¢ + gX10, (12)
D}xa1 + 03x21 = —2DgD1X20 — 1, Dox20 — P1X39 — Paxipx20. (13)

The solutions of Egs. (10) and (11) can be expressed as
xi0 = A(Te” " + ce, (14)

x20 = Ax(T1)e ™" + cc, (15)

where A; and A4, are arbitrary functions at this level of approximation, i = +/—1, and cc denotes complex
conjugate. The external excitation and the delayed feedback are expressed in complex forms given by

1 .
J cos QTy = fei®To 4 cc (16)
and

X10e = A1(T1)e T 4 cc. (17)

Expand A, in a Taylor series [30] under the assumption that the product of time delay and the small
parameter ¢ is small compared to unity:

Air = A\(T) — e1) = A|(T)) — exd|(T)) + 2724 + ... . (18)
Substituting Eqgs. (14)—(18) into Eqgs. (12) and (13) yields
1 . . . _ .
Dixii + olxy = 3 19T — i 2A] 4 pu AT — oy (473 T0 4 347 4,11 T0)

— o (AlAgei(w1+2w2)T0 + A]A%Ci(_wH—Z(UZ)TO + 2A]A2/-12€iwlTO>

— g4, 707D 4 g g6l To e, (19)
Dixar + 3xa; = — in(2A5 + p42)e 270 — B (436320 4 343 4,612 T0)
o ﬂ2 (AzA%ei(wﬁ_zml)TO + IZIZA%Ci(_wZ+2(’)I)TO + 2A1A2Aleiw2To) + cc, (20)

where () =0()/0T, = d()/0(¢r). In the following part, a case of the primary resonance and 1:1 internal
resonance is considered. The nearness of the external resonance is represented by a detuning parameter g,
defined by

Q = w; + ¢0q. 21
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To describe the nearness of the internal resonance, a detuning parameter o, is introduced and defined by

W] = Wy — £03. (22)
Substituting Eqgs. (21) and (22) into Egs. (19)—(20) and setting the coefficients of the secular terms to zero
yielding the solvability conditions given by

1. B} o i} _
3 £ — i QA) + A1) — 3o ATA; — oa(A1 43T 42414, 45) — gA1 €T 4 g4, =0, (23)

—i@2(245 + iy A2) — 3B A3A — By(ArATe 2T 124, 4,4;) = 0. (24)

Introducing polar notation A41(7) = 1a(T1)e"™) and A>(T)) = 1a>(T1)e> ™ into Egs. (23)-(24) and
setting the coefficients of the real and imaginary parts to zero yields the algebraic equations given by

171 .. 1 1 . 1 .
ap = o [Ef sin ¢, O +§0<2611a§ sin(2¢,) +594 Sm(wlf):|: (25)
RN L,
a) = 60—2 - 5602#202 - §ﬁ2a1a2 sin(2¢,) |, (26)
, 11 3,01 L, 1
¢la1 = 0)71 Ef cos ¢ + w014 _go‘lal - Zdzalaz —gazalaz cos(2¢),)
1 1
—>gaj cos(wit) + = gap |, (27
2 2
/ / 1 3 3 1 2 1 2
(P} + dr)a = o wy(01 — 02)ar — gﬁla'z = Zﬁzalaz - gﬁzalaz cos(2¢,) |, (28)

where ¢1 :GlTl —01, ¢2 = 01 —02 —02T1.

4. Equilibrium solutions and their stability

It is well known that the approximate solutions of Egs. (3)—(4) correspond to the equilibrium solutions of
Eqgs. (25)-(28) by setting ) = dy = ¢ = ¢, = 0, which implies that one has to solve four transcendental
equations. However, it is difficult even by numerical methods. To avoid such difficulty, we transform
Eqgs. (25)—(28) into the form of the Cartesian coordinates given by

A 3 1
Pl = —1< —soiup; — o101q, + =g, (P} + 47) + 024,03 + ¢3)
w1 2 8 4

1 . 1
+§g[5m(601‘5)[71 + cos(w7)q; — 41] + g [2P1pzqz + ‘I1(Q§ _Pg)] }» (29)

1 (1. 1 3 ]
q) = {—f—§w1u1q1 + wio1p; — Soup (p] + 47) — 5 %p1(P3 + 63)

) |2 8 4
1. 1
+galsinton0, —cosrps -+ ] = g 2aunsgs + 0103 - ) . (30)
/ 1 1 3 2 2 1 2 2
Py = o 5 @240 — wy(01 — 02)q, +§51Q2(P2 +q3) + 13242(171 +4q7)

+%ﬁ2 202010, + 42(q7 — pY)] } 31)
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(1 3 1
9 = o {— 5 219> + wa(o1 — a2)p, — gﬂlpz(P% +q43) — Zﬁzpz(l’% +4q7)

—éﬁz 24:p141 + P> (0} — 4})] } (32)

where p; = a; cos ¢, q; = a; sin ¢y, p, = a> cos(¢; + ¢,) and g, = az sin(P; + ¢,).
To determine the stability of the equilibrium solutions, Egs. (29)—(32) are perturbed by a small perturbation.
The perturbation equations are shown as follows:

{Ap/la Aqlla Ap/za AqIZ}T = [J]{Apl s Aql 5 ApZa AQ2}T’ (33)

where T denotes transpose of the matrix, [J] is the Jacobian matrix. Equation of the eigenvalues corresponding
to a fixed equilibrium solution may be expressed as

I 40103 + 0003 4 0354 04 =0, (34)

where A denotes eigenvalues of matrix [J], d;, §,, 03 and 4 are coefficients of the equation.
Routh—Hurwitz criterion is used to establish the stability of the equilibrium solutions. Accordingly, the
necessary and sufficient condition for the stable system is

01>0, 010y — 93>0, 83(019; — 83) — 0194>0, 34>0. (35)
The condition for the occurrence static bifurcation may occur:
04 =0. (36)
The necessary and sufficient condition when Hopf bifurcation occurs in the system is
8103>0, 35(5102 — 3) — 0194 = 0. (37)

The equilibrium is stable if and only if the real parts of all eigenvalues are negative and unstable if positive,
corresponding to the steady-state solutions in Eqs. (3) and (4). If a real eigenvalue changes sign, a
saddle—node-type bifurcation occurs in the system, resulting in jump phenomena. If there exists a pair of
complex conjugate eigenvalues and their real part changes sign, a Hopf bifurcation appears, resulting in a
quasi-periodic motion in the original system.

For delayed feedback control system, it is generally grouped positive (e¢g>0) and negative (eg <0) feedback
control according to the sign of the gain in the delayed feedback. In the following sections, the performance of
the positive and negative feedback control technique with time delay is evaluated both in theoretical analysis
and numerical simulation respectively. The variable parameters are taken for ¢t and ¢g and other parameters
are fixed as w; =1.0, wy, = 1.0, gy =0.30, e, =0.90, ¢f; =0.30, ¢f, =0.90, eu; =0.10, eu, = 0.10,
eo; = 0.10, ea, = 0, ¢f = 0.30.

5. Performance of the control strategy for positive delayed feedback control

Setting p} = ¢}, = p) =¢> =0 in Egs. (29)-(32) and using a; = \/p? +¢? i = 1,2, one may obtain the
equilibrium solutions for eg>0, as shown in Fig. 2, where H., are denoted as the Hopf bifurcation points,
SN(.) the saddle-node bifurcation points, PF., the pitchfork bifurcation points and HD., the boundary
points to distinguish those unstable foci and other unstable equilibriums. The solid line represents stable
solutions, dot with black represents unstable foci and dot with blank represents other unstable solutions.

Fig. 2a shows the amplitude—delay response curves when eg = 0.10. The amplitude increases as et increases
at the beginning. Then, the amplitude decreases as &t increases. Furthermore, we observed that the
amplitude—delay response curve is always stable at time delay space. It is inconspicuous for a tunable range of
&t to suppress the vibration of vertical displacement. With eg increasing to 0.13, the solution undergoes a Hopf
bifurcation at H; and H,, as shown in Fig. 2b. It implies that the periodic solution disappears and the
complicated motions may occur in the system when et is located between H; and H,. When ¢g is increased
further to 0.144 and 0.145, the saddle—node bifurcation occurs at SN; and SN, yielding two stable solutions
and one unstable solution coexist between SN; and SN,. The solution may jump from one steady state to
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another one, which depends on the initial conditions, as shown in Fig. 2¢ and d. A tunable range of &t to
suppress the vibration is obtained when time delay is located between SN; and SN,.

As depicted in Fig. 2e and f when &g = 0.155 and 0.159, the increase of the gain yields that the unstable
branch bifurcating from SN; or SN, collides with the upper stable branch such that the point at SN; becomes
the pitchfork bifurcation one (denoted as PF,), and a new saddle-node bifurcation point at SN3 is obtained.
In addition, two Hopf bifurcations H; and H4 occurred between PF; and SN, (see Fig. 2f). There may be four
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Fig. 2. Amplitude—delay response curves of vertical displacement with different gains for positive delayed feedback control.
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Fig. 2. (Continued)

solutions between PF| and SN,, two stable solutions and two unstable ones. It follows from Fig. 2¢ and f that
two possible region of vibration suppression may be obtained. One is located at the region between PF; and
H;, the other is between H, and SN».

The amplitude—delay response curves become complicated in Fig. 2(g), where ¢g = 0.18. In fact, the point
Hj; incorporates with PF; such that the points disappear and the points SN; and SNy occur again
when the gain is increased gradually. Then, the upper unstable branch bifurcating from SN; or SN
collides with the stable branch from SN, yielding two new saddle-node bifurcation points, denoted as SNy
and SNs. Noting that in Fig. 2(g), there are five solutions between H; and SN, three stable solutions
and two unstable ones. The system has complicated dynamical behaviors between Hs and SNy. It can be seen
that there are several regions of vibration suppression in er, i.e. the region between H; and SN, the
region between SN4 and SN, and the region between SNs and SN,. It can be seen that the region where ¢t is
located in the interval [SNy4, SNs] is the best choice, corresponding to the best performance of vibration
suppression.

When the gain is changed from 0.18 to 0.25, the unstable branches bifurcating from SNg disappear and yield
the points SN that collide with SNg on the one hand, and the unstable branch from SN, shrinks such that
SNy collides with SN; on the other hand. As a result, the amplitude—delay response curves become relative
simple. Correspondingly, only one region of vibration suppression may be obtained between Hz and SNy, as
shown in Fig. 2(h). A more large value of the gain yields that the topological structure of the response curve is
changed (see Fig. 2i). It should be noted that the response shown in Fig. 2i is different from those in Fig. 2¢



220 Y.-Y. Zhao, J. Xu | Journal of Sound and Vibration 308 (2007) 212-230

and d, where the curve from the saddle—node bifurcation is in the lower location. It implies that the attracting
area corresponding to every solution is changed with the gain increasing. Thus, a tunable range of &t to
suppress the vibration can be found much easily, as shown in Fig. 2(j).

It follows from Fig. 2 that the amplitude—delay response curves is periodic in the time delay, which suggests
that it is enough to analyze the amplitude—delay response curves in one period. Fig. 2 shows also that a large
value of the gain can provide more choices for ¢t to suppress the vibration. But it can lead to the system losing
its stability such that the motion becomes complicated. Therefore, the gain should be modified very carefully
in applications.

One has seen that the coexisted solutions, a tunable range of &t to suppress the vibration and complex
motions may occur in the system with the gain and delay varying by the analytical method mentioned above.
Now, we employ the numerical method to verify these analytical predictions based on Eqgs. (3)—(4). The initial
conditions are taken as x;(0) = x,(0) = 1074, X1(0) = x2(0) = 1074, x1(0) = x2(t) = 0, X1(¢) = x,(¢) = 0 for
t € [—et,0) in all numerical simulation except those specially given cases. The parameters are the same as those
in Fig. 2.

First, the analytical results are compared with the numerical ones quantitatively. Fig. 3 shows the
comparison of the results between numerical simulations and analytical solutions for amplitude—delay
response curves when eg = 0.10, corresponding to Fig. 2a, where the solid line represents the analytical
solution and the dot with asterisk symbol the numerical result. It follows from Fig. 3 that the analytical
solution is in agreement with that from the numerical simulation, which suggests that the analysis is valid.

From the above analysis, multiple solutions have been predicted with the gain and delay varying, as shown
in Fig. 2(c)—(i). We take ¢g = 0.145 and 0.18, corresponding to Fig. 2(d) and (g) respectively, to verify such
analytical prediction. The numerical simulation is shown in Figs. 4 and 5. Fig. 4 shows that there are two
stable solutions for two different initial conditions given by x(0) = x»(0) = x;(0) = x>(0) = 10~*and x,(0) =
x2(0) = x1(0) = x2(0) = 107" when &t =3.40. In Fig. 5, three different initial conditions given by
x1(0) = x2(0) = x1(0) = %2(0) = 107, x1(0) = x2(0) = %1(0) = %2(0) = 107 and  x1(0) = x2(0) = X(0) =
X»(0) = 107! vyields three coexisted stable solutions at et = 3.0. It follows from Figs. 4 and 5 that the
analytical prediction is in agreement with the numerical simulation completely.

It has been predicted there is a tunable range of et to suppress the vibration for different values of the gain.
Now, we choose a case, i.e. ¢g = 0.25, as shown in Fig. 2(h) to verify such prediction quantitatively. Fig. 6
shows the time history of the solutions corresponding to &t = 0, ¢t = 3.0 and &t = 4.0. It is seen that the
amplitude of the vertical displacement is suppressed from 1.30 to about 0.45. The oscillations of the vertical
displacement are maximally suppressed amounting to about 65% for positive delayed feedback control. It
should be indicated that the analytical solutions agree with numerical integration well until e¢g = 0.25 by
combining Fig. 6 with Fig. 2.

35

30

20

&a,

0.0 * ! * ! * ! * !

Fig. 3. Comparison between numerical simulation and analytical solution for amplitude—delay response curves when ¢g = 0.10.
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Fig. 6. Time history showing the vibration suppression when &g = 0.25 for (a) ¢t = 0, (b) ¢t = 3.0 and (c) et = 4.0.
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Fig. 8. Quasi-periodic motion for ¢gg = 1.0 and &t = 2.0: (a) phase plane and (b) Poincaré section.

Finally, we observe what possible complex motions may occur by numerical method when the delay is
located between H; and H,. Figs. 7 and 8 show the phase plane and the Poincaré section for et = 1.5,
&g = 0.18 and et = 2.0, &g = 1.0 (see Fig. 2g and j). The diagram in the Poincaré section is obtained by

I ={(xi(0), xi(0), x2(1), X2(0)x1(t—1) =0,

It follows from Figs. 7 and 8 that those complex motions predicted in the analysis are all quasi-periodic since
the closed curve occurs in the Poincaré section.

We have completed the numerical examination for the analytical prediction. The results show the analytical
prediction is valid both quantitatively and qualitatively. This will be helpful to explain the evolution of the
dynamical behavior more clearly when the delayed feedback control is adopted in the system under
consideration. For example, it follows from Fig. 2d that the motion of the vertical displacement is a periodic
motion as et<0.75 (denoted as H;). The solution undergoes a Hopf bifurcation at et = 0.75 and a quasi-
periodic motion occurs in the system until &t = 2.40(denoted as H,). The motion returns to the periodic one
for et = 2.40. With the delay is increased to ¢t = 3.40 (denoted as SN,), the periodic motion may jump to
another stable periodic motion with a small amplitude depending on the energy level of initial condition. The
multiple solutions occur in the system until et = 4.20 (denoted as SN,). Then the motion returns to periodic
one again. Such evolution is repeated periodically when the delay is increased further.

1>0}.

6. Performance of the control strategy for negative delayed feedback control

Now we consider the case of the negative feedback control with the time delay, i.e. eg<0. The
amplitude—delay response curve is shown in Fig. 9 by calculating Eqs. (29)-(32), where H.\ are denoted as the
Hopf bifurcation points, SN, the saddle-node bifurcation points. The solid line represents stable solutions,
dot with black represents unstable foci and dot with blank represents other unstable solutions.

Fig. 9a shows the amplitude—delay response curves when eg = —0.10. The amplitude decreases as &t
increases at the beginning. Subsequently, the amplitude increases when ¢t is increased. It is obvious
to see that the vibration of vertical displacement is suppressed for almost all values of the time delay. With &g
increasing to —0.15, the solution undergoes a Hopf bifurcation at H; and H, as is shown in Fig. 2b. It
indicates the complicated motions may occur when et is located between H; and H,. With &g is
increased further, the saddle-node bifurcation occurs at SN; and SN, (see Fig. 2¢). A stable and an unstable
solution coexist for those values of er between SN; and SN,. Correspondingly, the maximum suppressed
amplitude is improved by increasing the ¢g. However, the tunable range of &t for vibrations suppression
shrinks.
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Fig. 9. Amplitude—delay response curves of vertical displacement with different gains for negative delayed feedback control.

We notice that the topological structure of the amplitude—delay response curves is the same from Fig. 9c to
f. The vibration of the vertical displacement could be suppressed to a great extent and complex motions may
occur simultaneously in the system under consideration by tuning the gain and the time delay.

The above analysis clearly shows that a better performance of vibration suppression is attained for the
negative delayed feedback. Although a small value of the gain can provide large range of ¢t to suppress the
vibration, the benefit of the suppression is not in evidence. For a large value of the gain, the effect of
suppressing vibration is very clear but the tunable range of the time delay becomes narrow. In addition, a large
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value of the gain may lead to the complicated motions occurring in the system for some values of the time
delay between H; and H,.

Now we perform a series of numerical results derived from Egs. (3) and (4), to confirm various predictions
mentioned above. The initial conditions are taken as x;(0) = x»(0) = 107, x1(0) = x»(0) = 107*, x,(¢) =
X2(f) = 0, x1(t) = x2(¢) = 0 for ¢ € [—e1,0). The parameters are the same as those in Fig. 9.

First, the comparison of the results between numerical simulation and analytical solutions is shown in
Fig. 10 when ¢g = —0.10, where the solid line represents the analytical solution and the dot with asterisk
symbol the numerical result. It can be seen that the numerical simulation agrees with the analytical solutions
well corresponding to Fig. 9a, which suggests that the analytical predictions are valid.

It has been predicted from the above analytical solutions that the effect of suppressing vibration is very clear
for a large value of the gain. We chose two cases corresponding to Fig. 9d and f (see Fig. 11) to verify the
prediction quantitatively. It is obviously to see that the amplitude of the vertical displacement is maximally
suppressed about 55% when eg = —0.30 and about 86% when eg = —0.10. The analytical solutions agree with
the numerical simulations well by comparing Fig. 11 with Fig. 9.

We have predicted from the above analytical solutions that complex motions may occur when delay is
located between H; and H,. Correspondingly, we observe that chaotic motions occur in some values of time

35
3.0
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2.0
g
1.5 )'
W<
1.0 [
0.5
00 1 1 1 1
0 2 4 6 8 10
et
Fig. 10. Comparison between numerical simulation and analytical solution for amplitude—delay response curves when eg = —0.10.
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Fig. 11. Time history showing the vibration suppression (a) ¢g = —0.30, et = 2.5 and (b) eg = —1.0, ¢t = 3.0.
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Fig. 13. Chaotic motion for ¢g = —1.0 and et = 5.0: (a) phase plane and (b) Poincaré section.
delay by numerical method. Figs. 12 and 13 show the phase plane and Poincaré section for g = —0.60,
et = 4.0 and ¢g = —1.0, e = 5.0 (see Fig. 9¢ and f). In the following cases, the diagram in the Poincaré section

is obtained by

I ={(xi(), xi1(0), x2(0), X2()|x1(r—7)=0,1>0}.

It follows from Figs. 12 and 13 that those complex motions predicted in the above prediction are chaotic
motions as Poincaré section has the appearance of a strange attracter.

Finally, the evolution of the dynamical behavior under consideration may be illustrated by numerical
method. For the case of ¢g = —0.30, the Poincaré section for different values of 7 is shown in Fig. 14. The
motion of the vertical displacement is periodic when ¢t <3.5 (denoted as H; in Fig. 9d) as shown in Fig. 14a.
The solution undergoes a bifurcation at ¢t = 3.5 and a quasi-periodic motion occurs. It can be confirmed by
Fig. 14b. When the delay is increased, the system enters the chaotic motions and a strange attractor occurs in
the Poincaré section as shown in Fig. 14c. When ¢t is increased further, the quasi-periodic motion occurs again
in the system until &1 = 6.0 (denoted as H, in Fig. 9d). Correspondingly, a closed curve occurs in the Poincaré
section (see Fig. 14d). For the much larger values of 7, the periodic motion occurs in the system again as shown
in Fig. 14e. Such evolution is also found by Xu and Yu [31].
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Fig. 14. Poincaré section for egg = —0.30: (a) et = 2.0, (b) et = 4.2, (c) T = 4.5, (d) et = 5.0 and (e) et = 6.5.

Based on the analysis of Fig. 14, it is easy to see that the motion of the system undergoes the process of
periodic—quasi-periodic—chaotic—quasi-periodic—periodic motions. The process just displays the routes to
chaos, that is from quasi-periodic motions to chaotic ones. It follows that time delay plays an important role
in the dynamic system under consideration. For a fixed gain, time delay may be used as a control parameter. It
may not only be used to suppress the vibration to be controlled but also may control complex dynamical
behaviors, such as quasi-periodic motions and chaotic motions.
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Fig. 15. Bifurcation curves for Hopf and saddle-node.

It is clear that the negative delayed feedback control can provide more range of ¢t than the positive one to
suppress the vibration of the system under consideration. Moreover, the vibration of vertical displacement
could be maximally suppressed about 86% for the former and 65% for the latter by comparing with the
nonlinear vibration absorber without delayed feedback control. However, the negative delayed feedback
control may lead to chaotic motions at some values of ¢t, while the positive one may only result in quasi-
periodic motions.

In order to analyze the effect of both gain and time delay on dynamical behavior for negative delayed
feedback control, the bifurcation curves for Hopf and saddle-node are shown in Fig. 15.

Fig. 15 shows that the bifurcation curves divide the plane into five regions. The dynamical behaviors of the
system are shown as follows in different divisions.

The system has a stable equilibrium solution in region I, III and V. The motion of the system is periodic in
these regions. A stable and an unstable equilibrium solution coexist in region II. Correspondingly, jump
phenomena may occur in this region. In region IV, the equilibrium solution of the system is unstable focus.
Quasi-periodic or chaos motion may occur in this region.

7. Conclusion

We propose a delayed feedback control in a two-degree-of-freedom nonlinear system with external
excitation. The position feedback control with time delay has been studied for the primary resonance and 1:1
internal resonance of a nonlinear vibration absorber simultaneously. We develop the governing equations and
obtain the approximate solutions of the delayed differential equations by the method of multiple scales.
Analytical solutions are used to analyze and understand the mechanism that makes the vibration absorber
work. Moreover, the analytical predictions are in good agreement with numerical simulation both
quantitatively and qualitatively. The focus is the effect of the gain and the delay on the performance of the
vibration suppression since they are often used as control parameters for vibration suppression. Two control
strategies for positive and negative delayed feedback have been investigated respectively.

For the case of positive delayed feedback control, a tunable range of &t is obtained to suppress the vibration
of the system under consideration. The vibration of vertical displacement is maximally suppressed about 65%
by comparing with the nonlinear vibration absorber without delayed feedback control. Yet, at some values of
time delay that the vibration suppression is invalid, complex motions may occur in the system. For the case
of negative delayed feedback control, a tunable range of ¢t is also obtained to suppress the vibration of
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the system. Moreover, the vibration of vertical displacement is maximally suppressed about 86% by
comparing with the nonlinear vibration absorber without delayed feedback control. But the chaotic motions
may occur at some values of time delay.

We have noticed that, for positive and negative delayed feedback control strategies, the maximum vibration
suppression point is improved for a large value of the gain. But it may lead to the system losing stability such
that the motion becomes complicated. Therefore, the gain should be modified very carefully in applications.
We remark that for a fixed gain, time delay plays an important role in the dynamical system. It may be used as
a control parameter not only to suppress the vibration but also to generate complex motions in the dynamical
system, such as quasi-periodic motions and chaotic motions.
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