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Abstract

In this paper the suppression of wind-induced vibrations of a seesaw-type oscillator
by means of a dynamic absorber is considered. With suppression the shift of the
critical flow velocity to higher values as well as the reduction of vibration amplitudes
is meant. The equations of motion are derived using Lagrange’s formalism. From
a linear analysis the optimal absorber tuning is obtained. That is, the optimal
frequency and damping combination such that the highest critical flow velocity is
obtained. A strong increase of the critical flow velocity is obtained when the absorber
has a frequency close to the oscillator’s frequency. From the nonlinear analysis the
suppression in terms of a reduction of amplitude is shown. For a specific case, a
comparison between the original and the suppressed vibration behaviour is shown.

1 Introduction

In this paper the suppression of wind-induced vibrations of a one-degree-of-freedom seesaw-
type oscillator, by means of a dynamic absorber, is considered. A schematic sketch of the
seesaw oscillator with an absorber is given in Figure 1. It consists of a rigid bar, holding
a cylinder at the right end. On the other end a counter weight is fixed, balancing the
cylinder with respect to a hinge axis. Two springs provide for a restoring moment. It is
assumed that the cylinder has a uniform cross-section along its axis. Inside of the cylinder,
a dynamic absorber is placed. The absorber consists of a mass, a spring and a damper.

*Supervised by Dr. ir. T. I. Haaker.
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The motion of the absorber mass is directed perpendicular to the oscillator’s rigid bar.

If the cylinder has a non-circular cross-section and is exposed to a steady wind flow,
self-excited so called galloping oscillation may arise [1]. Several authors have studied
galloping for one-degree-of-freedom structures. Notably, Parkinson & Smith [2] modelled
and analyzed plunge galloping for a square prism. Van der Burgh, Haaker, van Oudheusden
and Lumbantobing analyzed and modelled rotational galloping of seesaw-type oscillators
13,4,5,7,8,9, 13]. These authors applied a quasi-steady theory [1] to model the aeroelastic
forces acting on the cylinder. For low to moderate wind velocities, these forces may be
assumed small. Then a mathematical analysis of the equations of motion can be based on
an asymptotic method [14, 15]. Typically, one finds a critical flow velocity above which
the equilibrium position becomes unstable and stable galloping oscillations occur. The
amplitude of these oscillations grows if the flow velocity is increased. For higher flow
velocities, aeroelastic stiffness forces may arise that are of the same order of magnitude as
the structural stiffness force [6, 7, 8]. The resulting aeroelastic behaviour is of a potentially
catastrophic nature, as a nonlinear divergence phenomenon may occur [6].

The addition of the dynamic absorber is an important means for suppressing the wind-
induced vibrations. With suppression the shift of the critical flow velocity to higher values
as well as the reduction of vibration amplitudes is meant. Tondl [16, 17] investigated the
effect of a dynamic absorber on vibration quenching of pendulum type systems. He applied
the harmonic balance method to analyze the quenching effect. In [10, 11, 12|, Matsuhisa,
et al. investigated the efectiveness of dynamic absorbers for ropeway gondolas, chairlifts,
ropeway carrier, ships and cable suspension bridges.

Here the effectiveness of a dynamic absorber for suppression of wind-induced vibrations
for a seesaw-type oscillator is considered.

This paper is organized as follows. In section 2, the equation of motion for the seesaw
oscillator with dynamic absorber is derived using Lagrange’s formalism. In section 3, the
analysis of the model equation is presented. In section 3.1, a linear analysis based on the
harmonic balance method is given. The optimal tuning for the absorber is derived, such
that the critical velocity is shifted to the highest possible value. In section 3.2, a nonlinear
analysis based on the two-time-scales method [15, 18] is given. In particular the reduction
of vibration amplitudes is considered. For a specific example, a comparison between the
original and the suppressed vibration behaviour is given. This paper is ended with some
conclusions in section 4.

2 Derivation of the model equation

To derive the equation of motion the Lagrange’s formalism [19] is used. The kinetic and
potential energies are given by the following expressions

1 . o] 1 .
Ek = §a¢2 + mRa:¢ + émxz + §mx2¢2, (21)

E, = % (mpz + k1x2) + mgzx cos(v), (2.2)
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Figure 1: Schematic sketch of the structure of the seesaw oscillator with absorber.

where the "dot” denotes the differentiation with respect to time ¢, b and x denote the
angle of rotation of the seesaw structure around the hinge axis and the deflection of the
absorber mass from its equilibrium position, respectively. Furthermore, a,m, x,k; and g
are the moment of inertia of the seesaw structure including the absorber with respect to
the hinge axis, mass of absorber, restoring force coefficient due to the springs attached
to the seesaw bar, restoring force coefficient due to the spring of the absorber mass and
acceleration of gravity, respectively. Here, R = Ry + [y, where R; is the distance from the
cylinder’s center to the hinge axis and [y is the distance from the equilibrium position of

the small mass to the center of the cylinder, respectively.
From (2.1, 2.2) one gets the Lagrangian as follows

L = E,—E,
= %asz + ij:QL + %ma‘:Q + %mx%ﬂ
1
~3 (mf + klxz) — mgx cos(1)).
Then one finds that
d oL OL . ; ;
diol a0 " ah + mRE + Kk + ma*y + 2maiv)
— mga sin(1),
d oL 0L . ; 2
prir i mi + mRy + kix — may

+ mg cos(1)).
So one gets an unperturbed and undamped system as follows
a) + mRi + ki + ma*Y + 2mai — mgx sin(y) = 0,
mi + mRi) + kyx — may)® + mgcos(y) =0

(2.5)

(2.6)
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Assuming that b, and by, are damping coefficients of the main system and the dynamic ab-
sorber, respectively, and assuming that a quasi-steady aeroelastic force F' = % pdlU?Cy(ar)
is exerted on the cylinder, then one gets

ath) + mRi + kb + by + ma + 2maiv
1
—mgxsin(y) = §ple1U2C'N(oz), (2.9)
mi + mRY + kyx + boi — map? + mg cos(p) = 0, (2.10)

where p,d,[,U and Cy are air density, characteristic diameter of the cylinder cross sec-
tion, length of the cylinder, wind velocity and aerodynamic coefficient curve, respectively.
Furthermore, the dynamic angle of attack « is approximated by ¢ — %.

Using the approximation for sin(y) and cos(y) up to quadratic terms and transforming

T — w— %f then one gets

.. . . 2m?2 .
ag) + mRw + a1y + byap + mwp — 7; gww
1
. 2mPg - 1 9
+2mwi) — ? Wy — mgwyp = iplelU Cy(a), (2.11)
1
. n . 19 m2g ) 1 2
mw + mRyY + kyw + by — mwyp® + k—zb — §mgw =0, (2.12)
1
2 m2 2
where ayp = a + kgg and a; = k + 7~

Introducing Q2 = o, , B =" and Q = g—f then after transforming time 7 — Q¢ one gets

. R 2m2 ..
w+m—w+w+ w+— 2 — 29
091 aoky
Lam ¢—%”g¢— Wb = —— pdI R U2Cy () (2.13)
Oww apky 0Q2 CLOQ%p ' N '
2 a2 MG e 9 o
W+ R+ Q*w + Q1w w4+ k1¢ QQ%w 0 (2.14)

where a = 1) — %w and the "dot” now denotes differentiation with respect to 7. One
can assume that the wind force is small as the air density, p, is O(1073). Introducing a
small parameter ¢ = ﬁ pdlR? and a reduced velocity u = QURl and assuming > = O(e)
and 2—; = O(e), then one gets

U+ = e (=M + dow) — Agid — Brgp — 2\ wiir)

W+ R + Q%w + forb = wip? — Ash? + A%, (2.16)
where o = 1) — v b1 = aé?h’ P2 = le €A = b, €y = 2;:;;7, €3 = TZ—?, €Ny = ﬁ,

— mg — _9_
)\5_k17)\6_2Q
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Assuming the cylinder cross section to be symmetric, then one can approximate the aerody-
namic coefficient curve up to the cubic term as follows C'y(a) = cia + c3a?, see [20]. After
substituting the aerodynamic coefficient curve into equation (2.15) and defining U = —‘361—1“
then one gets

2
;5 + = € <—)\31‘0 — /(1 — L{)QL + %u% _ Alw%
1

tes (Ww?’ + 2y
i3
+3¢y)° +ﬁuw )) (2.17)
W+ R+ QMw+ B = wip? — Asth® + A, (2.18)

Introducing a final scaling to equations (2.17 - 2.18) through @ = % and ¢ = £¢ then
after neglecting the "bar” one gets

. . 2 .
VvV+yY = e (—7737!0 — Al =Up + %U2¢ — muw’y

Frpwi — 27]1wu'1¢ + matbt) + nywip
oo (0 4 200 g

3 )3 2.19
+30° + 3 uw )) (2.19)

WA+ Qw A+ fotb = =50 + et + e, (2.20)
where 71 = d®Xy, 2 = dXg, m3 = RAg, ny = dAy, 15 = %%7 Ne = %Aﬁa nr = Id%—Qz and
C3 = C}‘g. Note that &4 = 1 corresponds with the critical flow velocity for the seesaw

oscillator without absorber.

3 Analysis of the equation

In this section the equations (2.19 - 2.20) are analyzed. Firstly, the harmonic balance
method is applied for the linear analysis and then the two time scales method is applied
for the nonlinear analysis.

3.1 Linear analysis

In this section a linear analysis for equations (2.19 - 2.20) around the equilibrium position
is presented. One gets the following linearized equations from (2.19 - 2.20)

2
o+ <1—%U2>w+eﬁl(l—u)@b+engw20, (3.21)
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W+ Y + Q*w + Botb = 0. (3.22)

To apply the harmonic balance method one sets v = cos(Qr) and w = Acos(Qr) +
Bsin(€Q7) and substituting into equations (3.21 - 3.22) then one finds

(1—02) — @ —esQPA = 0, (3.23)
Al =U)+nQB = 0, (3.24)
(Q*—P)A+ (OB = O, (3.25)
—0QA+(Q* - Q*)B = 0. (3.26)

Note that in this analysis no assumptions have to be made with respect to the size of e.
. 2 2_02 3

From equatlonS (325 - 326) one ﬁnds A = % and B = %

After substituting B into equation (3.24) one gets

Bonz !
61 ((Q2 — Q%) 4 3302)

After substituting A and U into equation (3.23) then one gets

NG Bans! ?
(“ B (1 @ -y +6%Q2)> ) "
(@ — 9+ B0) — ens'(Q* — Q%) = 0. (3.28)

Without a dynamical absorber the critical wind velocity for the onset of galloping is U = 1.
From (3.27) one finds that after applying the dynamical absorber the critical value of the
velocity is shifted to a higher value. A numerical result is presented in Figure 2 showing
the minimum values for the wind velocity ¢ in dependence on the tuning coefficient )
for different values of the coefficient 35 of the absorber damping. (The function U(Q) is
arranged by solving equation (3.28) for €2 then substituting the obtained 2 into equation
(3.27)). For the calculation the dynamic absorber is located in the center of the cylinder,
i.,e. lp = 0. The values of some parameters are chosen from wind tunnel measurements
on an actual seesaw oscillator in [4]. Figure 2(a) shows the critical wind velocity, U,
depending on tuning () for different values of the absorber damping coefficient (G5 with
ns = 0.33,8; = 1.285, ¢ = 1.33 x 1073 and ¢; = —3. For smaller values of 35, U(Q)
consists of two branches reaching its optimal value near ) = 1. The lower branch (for
@ < 1) corresponds to higher frequencies €2, the lower branch (for @ > 1) to the lower
frequencies €. Figure 2(b) shows the projection of Figure 2(a) on the (33, U)-plane. One
finds that U reaches its optimal value at U = 8.375, near G, = 0.028 and tuning ) = 1.021,
with resulting oscillation frequency 2 = 1.029. Figure 3(a) shows the oscillation frequency
of the obtained periodic solution as a function of tuning @) for Fy = 0.028. From this
figure, one can see that there are some values of Q having three corresponding values of
Q2. This means that three periodic solutions may exist for some (82,Q) combinations,

U = 1+ (3.27)
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Figure 2: Critical wind velocity U in dependence on @) for different values of damping
coefficient (3.

each corresponding with a distinct critical flow velocity. Now considering the stability of
the trivial solution, one obtains a diagram as given in Figure 3(b). The trivial solution
is stable for 0 < U < U; and for Us < U < U5 and is unstable for U; < U < U, and for
U > Us. So, after a first instability at U = U, re-stabilization occurs for U = Us. The
final instability occurs for Y = Usz. For example, for the optimal damping, i.e. G = 0.028
at (Q = 1.022 one gets three periodic solutions with frequencies €2; = 1.005, €25 = 1.018
and €23 = 1.06, respectively. For each frequency, one obtains the critical flow velocities
Uy = 4.048, Uy = 5.953 and Uz = 8.507, respectively. The diagram of the stability of the
trivial solution is that of Figure 3(b).

3.2 Nonlinear analysis

In this section the equations (2.19 - 2.20) are considered again. In the analysis the nonlinear
terms in the second equation are neglected because the strong linear coupling term is the
most important. Note that the coefficients of the nonlinear terms contain % < 1. From
equations (2.19 - 2.20) one gets

.. . 2 .o
v+Y = ¢ <—7731I1 — (1 —=U)p + %U2¢ — mwy

+772w¢ — 2771ww¢ + n2w¢ + Nyw
4 (ﬁ v 2282y

(6
+3u0)? + 5u¢3>> (3.29)

W+ 1)+ Q*w+ v = 0. (3.30)

The two time scales method is applied by introducing new time variables ¢ = 7 and n = et
[21] and assuming ¢ = ¥(§,n) and w = w(&, n) then one gets
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Figure 3: (a): Quadratic frequency of periodic solution as a function of tuning () for
Bs = 0.028. (b): Stability diagram of the trivial solution depending on the wind velocity
for the optimal absorber tuning, i.e. (82,Q) = (0.028,1.022).

dy(Em) _ 0v(En) + an(im)

dr o€ on

ePEn) _ %) P (&m) 29%%(¢,m)
drz2 T 9€2 +2 OE0n +e on?

dw(&mn) _ 8w(£ n) + eaw(ﬁm)

dr on
dQZgn) _ 2w ( n 268 w(& n) 4 29 w(f .
Expanding w(fﬂl) bo(¢, n)+€w1(§ 77) -, and w(,n) = wo(§, n) +ewi(§,n) + - and

substituting these into equations (3.29 - 3.30) then one gets:

e A system for O(1) as follows

¢055 + ¢0 = 07 (331)
Wo,, + Yo, + Q%wo + Bawo,

I
@]
@
(V]
[\

~—

e A system for O(e) as follows

Ve +P1 = =210, — N3wo,, — Pi(1 —U)tbo, +
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— Mwitho,e + Towotbog. — 2110, Wolb,
+ nawo, Yo, + Natbowo

_ (B, 3511/{
+C3 < 1+ Pitbog

B+ uzpog)

Wi + Y1, + Qw1+ Powy, = —2 (wog,7 + ¢05n)

- 5211)0,7-

From equation (3.31) one gets a general solution as follows

bo(§,m) = Aln) cos(§ +¢(n)).

After substituting the solution into equation (3.32) then the equation becomes

wo,, + PFawo, + Q%wo = A(n) cos(€ + ¢(n)).

The general solution of equation (3.36) is

wo(&,m) = ci(n)e™ + ca(n)e™ + fi(n) cos(€ + d(n))
+ f2(n) sin(€ + &(n)),

with
T2 = % <—52 + \/622 —4Q2>7
hn) = G

A
f2n) = 5

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

where r; and ry are either real negative or complex with negative real part, c¢1(n), ca(n)
and ¢(n) can be determined from initial conditions.
From equations (3.35) and (3.37) one gets

Yo, = —A(n)sin(€ + o(n)),
iy, = = sin(e o+ o) — Aln) cos(s + 60) “5,
Yo = —A(n)cos(€+ 9(n)),
Wo, = T (U)ffmg + 7’202(77)67"2§ — Ji(n) sin(¢ + ¢(n))
+ f2(n) cos(§ + ¢(n)),
wy, = "¢ desn) 37(777) + et de d7§m + cos(§ + ¢o(n ))dj;f]n)
4 sin(€ + o(n)) L2

dn
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4 (= ) singe + 060) + o) os(e + o)) L2

n
Wo,, = rici(n)e™t + rica(n)e™ — fi(n) cos(& + ¢(n))
— fa(n) sin(§ + é(n)),
R LB L

w = Tre — + 7€
O¢, 1 dn 2 dn

d f>(n)
dn

N (fl(n) cos(€ + ¢(n) + f2(n) sin(§ + 6(n)) ) Cdn

+ cos(§ + ¢(n))

After substituting these into the equations of order O(¢), one gets

Ve +1 = q1(&,m), (3.38)
Wi, + Q%wy + Bowi, + 1. = g2(§,m), (3.39)

where

a(&n) = ao+ &101(77) T asca(n)e 28
+mAn) (er(n)em™ + caln)e™™) cos(€ + o(n))
+ (1 — 12) A() (c1 ()€™ + ea(n)e™®) cos(€ + 6 (n))
+ 2m1.A(n) (rrea ()€€ + raca ()€
+(r1 + 72)er () ea (el
—np (rie1(n)en + raca(n)e™) ) sin (€ + 6(n))
+ (ager(n)e"™® + asea(n)e™ ) cos (2 (€ + 6 (1))
(0501 (n)e” né 4 agco(n)e™ ) sin (2 (€ + o(n)))
+ arcos(§ + @(n)) + assin(€ + ¢(n
+ a9 cos(2(€ + 6(n))) + ar sin(2(€ + (1))

+ a11 cos(3(€ + ¢(n))) + a2 sin(3(€ + é(n))),
92(&,m) = bir1e™® + byrae™ + by cos(€ + ¢(n)) + b sin(€ + ¢(n))

(€
(€
)
_l’_

with

(@21 A®m)?
ao = 2D0 g

_ rim B2 An)? 2
a; = DO —n3ri,

_ rom B2 A(n)? 2
Qa2 = DO — N3ra”,
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as = F-AM)? (2(Q* — 1) — Bor1),
ag =AM (2(Q* — 1) — fara)
as = - AN)?* (1Q* + 262 — 1),
ag = $-AM)? (raQ® + 202 — 13)

ar = (%55 + 250 1 B (1-Q?)) Aln)
n (— (1 25) + 2 (@ - 1" +38)) AW,

+ (B (1 —U) + %) A(n)
—%%Q&+&%+@m@2 D) A

ag = Q;I) (772—4 - 772) A(U)2,

l—

(
an = (~ % (5 - 2) 1+ 22020) 4,
(

(7 — 224) + 2 (Q2 — 1)) A).

by = dffh(;?) — fi(n) %ﬁ”) — A(n)%(n) — Bafa(n),
by = _d,};17§77) _ f2(77)d(§7(7n) — d“;‘f?" do(n +ﬁ2f1( )

= (@ -1+ 3.
From equation (3.38) one knows that the secular terms are the terms containing cos(§ +
¢(n)) and sin(§ + ¢(n)). After equating to zero the coefficient of the secular terms, one
gets

+ (g (@ =12+ 33) + 31+ muv Aln)* =0, (3.40)

d.zz?(???) —l—l <51 By + 22 527]3 Al

1 363(0% + 6122/{2) 52771 3
_§< ou T @ )> )" =0 341)
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From equation (3.41) one obtains

dAw) 1 S
a2 <ﬂ1—51“+70)f1<n>

1 (3¢3(ci + BiU*) | Bomn

5( 4Ewﬂ; zDg“f‘—U>anf, (3.42)

from which the critical flow velocity follows as

Ban3 '
B (@ 1)+ )

Note that the highest flow velocity is obtained for () = 1.
The nontrivial critical point of equation (3.42) is

U=1+

A

( 4B1c1 DU (BiDo(1 — U) + Bom3) )é, (3.43)

3¢3D3(ct + BRU?) + 21 ocymU (Q? — 1)

In absence of a dynamic absorber one gets the following

Ay = (46%0&40’_Zl>>%. (3.44)

3¢3(ct + BiU?)
Comparing A from (3.43) and with A, from (3.44) one obtains

1
2

B2n3
A _ 1 + ,BlDO(l—u) (3 45>
o 261 82c1mU(Q2—1) ’ '
Ao 1+ 3%2)31(21%%%142)

From equation (3.43) it follows readily that, for case @ < land U > 1+ % one gets

A

Y

( 46101D0L{ {61D0(1 - u) + 62773} ) %
3¢3Dg(ci + BU?) + 261 focrmU (Q* — 1)
42Ul —U)\?
3¢(ct + piu?) )
— A (3.46)

From here one concludes that the dynamic absorber is useful to suppress the amplitude of
the vibrations. A similar result holds for @) > 1. From equation (3.45), it can be shown
that the optimal amplitude suppression, i.e. the lowest ratio of A over Ay, is obtained for
@ = 1. In Figure 4, the amplitude ratio AAL as a function of wind velocity U for various
values of tuning parameter () is shown. The same specific parameter values are used as for
the linear example, i.e. one sets 1, = 0.024, n3 = 0.33, f; = 1.285,¢; = —3, ¢3 = 5.867 and
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Figure 4: Comparison of amplitude ratios A% versus wind velocity U for B, = 0.028 and

various values of Q

By = 0.028. The figure shows clearly that the optimal suppression result is obtained for
() = 1. In that case the critical flow velocity is the highest and the vibration amplitude
is the lowest. Figure 5 shows the comparison of amplitude and critical wind velocity for
the seesaw oscillator with and without a dynamic absorber. One can see that the critical
velocity is shifted from & = 1 to U = 10.17. Also the amplitude of the vibrations is
suppressed to a lower value for &/ > 1. Note that this critical flow velocity compares with
the highest critical flow velocity, U, as obtained from the linear example. The asymptotic
analysis does not reproduce the re-stabilization phenomenon as obtained from the linear
analysis. This may be understood from the fact that the linear analysis does not assume
€ to be small. The asymptotic analysis under-estimates the actual critical flow velocity.
However, the amplitude occurring after the first critical flow velocity are rather small. The
asymptotic analysis adequately calculate the final instability after which oscillations with
larger amplitudes are found.

4 Conclusions

The suppression of wind-induced vibrations of a seesaw-type oscillator by means of a dy-
namic absorber has been considered in this paper. The absorber is placed inside the
cylinder of the seesaw oscillator.

The linear analysis shows that an optimal combination of absorber tuning 3 and damping
coefficient (3, exists, such that the critical flow velocity is shifted to the highest possible
value. This analysis also shows that a re-stabilization phenomenon may occur for a flow
velocity above the critical flow velocity. Subsequently, a second critical flow velocity is
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o8
.8
A 1 amplitude vwithout
1 a dynamic absorber
L= I
amplitude with
Q.2 a dynamic absorber
< = a S & 10 1= 1a 1S 1B =0

Figure 5: Comparison of amplitude and critical wind velocity for the seesaw oscillator with
and without a dynamic absorber for gy = 0.028 and @ = 1.

found.

The nonlinear analysis using the two time scales method, shows that the absorber sup-
presses the vibration amplitudes that exist above the critical flow velocity. The (single)
critical flow velocity obtained from the asymptotic analysis corresponds with the highest
critical flow velocity obtained from the linear analysis. The asymptotic analysis neglects
the first instability and does not reproduce the re-stabilization phenomenon.

One concludes that a small dynamic absorber is capable of suppressing wind-induced vi-
brations of a seesaw-type oscillator in the following way,

1. The critical flow velocity is shifted to a higher value from 4/ = 1 to U = 1 +
B2n3
B1((Q2-1)2+83)

2. The amplitudes of the oscillations occurring above the critical flow velocity are re-
duced.
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