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Abstract: In this paper a stability problem for double pendulum is discussed. A
damping device of passive type is used to stabilize small free oscillations of perturbed
system. The simplified approach is suggested to prove the asymptotic stability of
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1 Introduction

The double pendulum may be considered as a simplified model of the coupled rigid
bodies and finds wide use in engineering and technology. Both mathematical and physical
interest to this model arises from the phenomena of its motion. Although this motion is
described by rather simple ODE system, the pendulum exhibits the dynamical behavior
which may be complex and unpredictable [1,2]. In particular, the motion of the double
pendulum has the ability of beats and is strongly sensitive to the initial perturbations.
These perturbations may provoke an increased amplitude of the second limb oscillations
and, as a result, the switch from regular regime to chaotic one [3,4].

The problem of elimination or reduction of the undesired vibration in various technical
systems has a long history and great achievements [5], mostly during the last century. For
this purpose the damping devices are used, which may be divided into active and passive
dampers. The classical example of passive damper is a dynamic vibration absorber (DVA)
[6,7] or vibration neutralizer. It represents the mechanical appendage comprising inertia,
stiffness, and damping elements and is connected to a given structure, named herein the
primary [5] or original [8] system, with the aim to absorb the excessive vibratory energy.
A DVA may be used both in cases of free oscillations and vibrations caused by harmonic
excitations. For the case of a simple pendulum, DVA was used in papers [8,9].
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2 Description of the Model

Consider the double pendulum with distributed mass (Fig. 1) which has a fixed point O
and is in a gravitational field. Assume that the mass center of the first limb is located at
C1. At the point O located on the axis OC7 a second limb is pivotally attached. The
point Cs is mass center of the second link. The first limb (configuration A) is attached
with a dynamic absorber with stiffness k¥ and damping coefficient h. The absorber oscil-
lates along the axis Osx’, which is orthogonal to the line OO; and intersects it at the
point Os. Hinges at the points O, O are supposed frictionless.

Figure 1: Double pendulum with dynamic vibration absorber in first limb.

Let us write the Lagrange function for the described mechanical system. One can get
the kinetic energy K of the system in the form

K=K, +K,,

where K,, K, are the kinetic energies of the primary system (pendulum without absorber)
and vibration absorber, respectively, calculated by the formulas

1 . ) . ..
Ky, = §[J1<Pf + Jo@h + mal?@T 4 2mallaprpacos(pr — p2)],

1
K, = §ma[¢§(zg +u?) + 21, P11 4 42,

Here Ji, Jo are the moments of inertia of the first and second limbs of pendulum with
respect to poles O, O respectively, myi,mso, m, are the masses of the first and second
links, and absorber respectively, u is the extension of the spring, 1, @2 are the angles of
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deflection of the pendulum limbs about a vertical axis, [ is the length of the first limb,

l1, 12 are the distances from the suspension points of each of the links to its mass center,
lq is the distance OO;.

The potential energy can be written as

1
IT = —gcosp1 (maly + maly + mal) — malagcosps + magusing; + §ku2.
The equations of motion can be written in the form of Lagrange
(Jl + m212 + mali)gbl + mgllg(ﬁQCOS((pl — (,02) + mgllggbg(gbl — gbg)sin((pl — (‘02)-‘,-

+mglati + gsingr (mily + mal + mgly) + magucosp; = 0, (2.1)
J2¢2 + mgll2¢1COS(g01 — QDQ) — mgllggbl(gbl —+ ng)Sin(ng — QDQ) —+ mgglgsingag = 0,
MalaP1 + Mt + megsing; + ku = —ha.

Let us define the conditions of stability of motion of the system (2.1) when the
pendulum is in the lower position of equilibrium, i.e. solution

501:0,902:0,’UJ:0,¢1:O,CPQ:O,’CL:O. (22)
3 Stabilization Conditions
Firstly, we write the linear approximation of the system (2.1)
(Jl + m2l2 + mal?z)(:bl + m2”2¢2 + malau + g(mlll + mQZ + mala)(pl + Mmaegu = 0;

Jogo + mallagr + maglaps =0, (3.1)
MalaP1 + Mt + megp1 + ku = —h.

We introduce the dimensionless parameters by the formulas

~ Mg ~ mo 7 la 7 l g l? g
ma:_va*_;la:_vl:_le*_aT: _ta
my my Iy l l h
~ klh ~ ~
[l Sy N Ly (3.2)
mig mi L
The system (3.1) can be rewritten as
(J1 4 mal® + Ma2)F! + mallo@y + Mala” + (1 + Mgl + Maly)@1 + Mali = 0,
@Y + Walla@ + fala@a = 0, (3.3)

Mala@! + Mot + Ma@y + ki = —hit'.
For simplicity, we omit the symbol ~ in what follows.

To investigate the problem of the stability of motion (2.2) we will use the results from
[10] below.

Suppose that the motion equations of a mechanical system are described by the
following system of differential equations
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where square matrices A, C of order m + n, and F(t,q,q) of order m are symmetric,
square matrix B is skew-symmetric, ¢ = (q1,q5)7, i.e. vector q is divided into sub-
vectors q;, g, with orders m,n respectively. Denotation “T” means transposition, vector
N(t,q,q) represents a set of arbitrary nonlinear terms. Dependence on t is periodic or
quasi-periodic.

We assume that the system provides steady motion:

q=0, g=0. (3.5)

It is supposed that the matrix Fog = F(t,0,0) is positive definite for ¢ > 0. Denote
by d, dss the linear differential operators
d? d d?

d=A— +(B+Fy)—+C, dog = A

d
a2 + Bz — + Ca2,

dt dat? dt
and D(A), Dao(A) are the corresponding A-matrices:

D()\) = A)? + (B + Fo))\ + C, DQQ()\) = A22A2 + Bos A + Cos.

Let Ao be an eigenvalue of dsa, and 4 be the corresponding eigenvector. Introduce
the equality

D12()\O)720 =0. (36)

Theorem 3.1 Let us consider a mechanical system whose motion equations are dis-
cribed by (3.4) and suppose that none of the eigenvectors of operator dos satisfies con-
dition (3.6). Then adding to system an arbitrary dissipative force, which provides full
dissipation (by linear terms) on ¢, leads to the following results:

1) If all eigenvalues of matriz C' are positive, then equilibrium (3.5) becomes asymp-
totically stable. Stability is exponential and uniform.

II) If matriz C has some negative eigenvalues, then equilibrium (3.5) is unstable,
even if it was stabilized before by gyroscopic forces. Among particular solutions of the
system at least one has negative Liapunov characteristic number.

According to the above statements, matrices A and C' (B = 0) for the system (3.3)
take the following form

Jl + m212 + malg mgllg mala
A= mally Ja 0

Meglg 0 Mg

1+ m2l + mala 0 mg
0 m2l2 0
Mg, 0 k

C

To verify condition (3.6) one may investigate the compatibility of the following system
N (1 +mal® + mall) + 14 mal +mala]yi + Amallays =0,

)\ngllgfyl =+ ()\2J2 4+ mglg)’)/Q = 0, (37)
(M1, + 1)y = 0.
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The third equation of (3.7) implies that A = —1/l,. Then the condition of compati-
bility of the system (3.7) takes the form

51 = (mglg + m%lb)li — (JlmQZQ + m%l2l2 + mglJQ =+ J2>1a+

+J1Jo + mal®Jy — m3l%13 = 0. (3.8)

Choosing an arbitrary I, (I, < 1), excluding the value which transforms (3.8) into
true equality, we obtain an inconsistent system (3.7). Consequently, the conditions of
the theorem are satisfied and we have asymptotic stability of the studied solution.

For more clarity let us compare the results obtained with the standart procedure
based on the Routh-Hurwitz criterion [11].

Characteristic equation of system (3.3) is written in the form

ao\® + a1 N° 4+ ao At + asA® + au\? + asA +ag =0,
where the coefficients are given by the formulas
ag = ma[J1J2 + mQZQ(JQ — TTLQZg)], ap = h[m2l2(J2 — mglg> + J2(J1 + lima)],
ag = mal?k(Ja — mal3) + J1Jok + [mala(J1 + mal?) + Jo(1 + mal)ma+
+J2mala(kzla - ma), az = h[JQ + Jlmglg + mgl(JQ + m2”2> + mala(JQ + lam212>],
ay4 = k[mglg(Jl + m212) + Jg(l + mgl)] + (1 + mgl)mamglg — ngi-i-
+(Jok — mamala)lama + malakmal?, as = malah(1 + mal + maly),
ag = mQZQk(l + mgl) + mamQZQ(kla — ma).

The solution of the system will be asymptotically stable if and only if the following
conditions hold

ay Qo 0
a0>0,a3>0,a5>0,a6>0,A3: as az ap | >0,
as Qa4 as

ay; Qo 0 0 0
as a2 aip Qo 0
A5 =|as a4 agz az ay; | >0. (39)
0 ag a5 Qa4 as
0 0 0 ag as

It is not hard to see that ag, as, as, ag are positive.
As = h*m2As0 = h®m2(po — 2p1la + p2l2 + malamslsl?),
where
po = Jo[IPma(Jo — mal3) + J1J2)%,
p1 = (M1 + molJ3 + J3)[1Pma(Jo — mal3) + J1Jo],
p2 = Jo(1 +mal)[J3 (1 + mal) + 2m3I31%] + m5l215(mal® + J1).

Let us transform the expression for Agg to the following form

Aszg = po(ly — %)2 +mal51%(J1 Jy + mal?Jy — m2l212)% + mamilal?l2.
2
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So, it is obviously positive, because of pg > 0, Jo > mal3.

The determinant As can be represented as As = m3l2l3h*m262.

Obviously, the conditions of criterion Routh-Hurwitz for system (3.3) are always
satisfied, except for §; = 0.

Therefore, 01 # 0 is a necessary and sufficient condition for asymptotic stability of
motion of the system (2.1). That is, selecting a value of parameter [, that does not
satisfy (3.7), we can achieve the exponential stability of a double pendulum motion with
additionally introduced mass.

Consider the case where the vibration absorber is located in the second link of the
pendulum (Fig. 2).

Figure 2: Double pendulum with dynamic vibration absorber in second limb.

In this situation, the choice of dimensionless parameters should be replaced by m; to
mo and [; to . Then the matrices take the form

S+ +mgl? l+mglly, mgl

A= I+ mgll, Jo + malg Mala ,
mal mala me
mily + 1+ mgl 0 0
C = 0 14+mgly mg
0 Mg k

Obtain a system of conditions

N2 (J1 4 12 4+ mal?) +maly + 14+ mal]y + N2 (1 4+ mally)y2 = 0,
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N (L4 mall) v + [N (o 4+ mal?) + 1+ maly]ye = 0, (3.10)
)\2171 + ’YQ)\Qla + v = 0.

To check the consistency of the system express from the second equation (3.10)

3 A1+ mgla)m
A2J5 + A2mgl2 + 1+ mgly’

72 =

Upon substituting this expression into the third equation (3.10) we obtain

N1y (N2 T2 4 2 + 2mal, — A21,)
A2Jo + X2mgl2 + 14+ mgl,

=0,

whence A\? = —2(1 + mula)/(J2 — la)-
The condition of compatibility of the system of (3.10) can be represented in the form

8o = Bmg[(41% + 4J1 + 20)mg + 21+ 2maly] — 12[(612 + 21J2)m?2 — (I — 21Ty — 2mqly Jo+

+6.J1 + 61%)my — 1 —mily] + 1 [(212m2 + 2J1mg + 2mal?)Jo — 10mal? + 271+
+20%] — (mal +maly +1)J3 + (2J1 + 2mgl? + 21%)Jy — 41* = 0. (3.11)

Similarly to the first case by selecting [, that does not satisfy equality (3.11) asymp-
totic stability of the studied solutions can be obtained.

It is possible to verify that the conditions of asymptotic stability obtained by using
the Routh—Hurwitz criterion, are also satisfied for do # 0.

Remark 3.1 In the case when equality (3.7) or (3.11) holds, this fact does not
prevent the asymptotic stability of equilibrium. The linear approximation has a pair
of pure imaginary roots, and we get the critical case in Liapunov sense. To prove the
asymptotic stability, the Liapunov function may be constructed [8]. This function is
a sum of positively defined quadratic form and form of fourth order and has negative
derivative on time. Basically, this procedure is not difficult, but it leads to extremely
huge analytical expressions for coefficients of the function (and its derivative) and cannot
be given here.

Remark 3.2 The approach employed to prove the asymptotic stability of the motion
is relatively simple and much more easier than the use of determinants or innors tech-
nique. However, it does not provide the estimation of the damping rate for perturbed
oscillations of primary system. For this purpose our approach can be modified, or added
by some special evaluating procedure. Obviously, in exchange for this gain, it (approach)
will lose a part of simplicity.

We don’t discuss now the problem about choice of absorbers parameters with
the aim to optimize the decaying rate. For arbitrary set of the pendulum
parameters this problem leads to extrema problem for function of high order
and, probably, has no explicit finite solution. However, if the pendulum mass
distribution is given, numerical calculations may help. Our simulations witness,
that configuration B with small distance [, is a bet, and values k, h strongly
depend on primary system parameters. For example, with m; = ms = m,
li =1y = 1,y = Jo = ml?, m, = 2m/5, for configuration A one gets I, = 0.552,
k = 045,h = 0.463, and o0 = maz{Re\;} =~ —0.0140. For configuration B
corresponding values are l~a = 0.05,% = 0.486,% = 0.234, and 0 = maz{Re\;} =
~ —0.0943.
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4 Conclusion

In the paper we prove that attaching a DVA to double pendulum stabilizes its equilibrium
i.e. provides the exponential stability. Special simple procedure to verify the conditions
of stabilization is applied. Some aspects of the optimal absorber’s configuration are
discussed.
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