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OPTIMAL PARAMETERS OF VIBRATION
REDUCTION SYSTEM TMD-D AND DVA FOR AN
INVERTED PENDULUM TYPE STRUCTURE
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Abstract. N. D. Anh, K. D. Dien and N. D. Chinh in [1] have studied the vibration
of inverse pendulum system installed with the vibration reduction system TMD-D and
DVA. These results implemented by numerical simulation for the articulated tower in the
ocean show that the obtained oscillations in some cases with installed absorber increase
the amplitude of vibration when compared to the case without absorber. It is a fact that
when simulation is employed, the parameters of TMD-D and DVA are chosen arbitrarily
without optimal design. In the paper, the authors investigate to find the optimal param-
eters of the TMD-D and DVA absorbers in order to optimally reduce the vibration for
the inverse pendulum system. These research results are applied to reduce the vibration
for the articulated tower in the ocean.

1. INTRODUCTION

In the paper [2] K. D. Dien and N. D. Chinh have studied the vibration of inverse
pendulum system installed with the TMD-D (TMD acts to reduce the vertical vibration)
and TMD-N (TMD acts in order to reduce the horizontal vibration). N. D. Chinh has
investigated the inverse pendulum system installed only with TMD-N [3]. These researches
are shown that if the TMD-N is installed in the inverse pendulum system, the horizontal
vibration will be reduced without reducing the amplitude of vertical vibration. Therefore,
if the inverse pendulum system has a horizontally acted force, the structure will have a
horizontal oscillation. In this case, the TMD-N should be installed in the system.

On the opposite view, if the TMD-D is installed, this absorber only has the effective-
ness of reducing the oscillation in vertical direction of inverse pendulum system without
reducing the amplitude of horizontal vibration. In order to reduce the vertical oscillation.
A TMD-D should be installed in the system. These results are shown in [4].

If structures have both the vertically and horizontally acted forces, the structures
generate the oscillation in vertical and horizontal directions. In this case, the vibration
reduction system TMD-D and TMD-N will have to be installed in the system. These
results are shown in [5].

In some cases, the installation with TMD-N is very complicated. It is not suitable
for daily activity of the human beings. So, the DVA shown in Fig. 1 should be installed.
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Fig. 1. The inverted pendulum installed with TMD-D and DVA

Nguyen Dong Anh, Khong Doan Dien and Nguyen Duy Chinh in [1] have studied the
vibration of inverse pendulum system installed with the vibration reduction system TMD-
D and DVA. These results implemented by numerical simulation for the articulated tower
in the ocean show that the obtained oscillations in some cases with installed absorber
increase the amplitude of vibration when compared to the case without absorber. It is a
fact that when simulation is employed, the parameters of TMD-D and DVA are chosen
arbitrarily without optimal design. In the paper, the authors investigate to find the optimal
parameters of the TMD-D and DVA absorbers in order to optimally reduce the vibration
for the inverse pendulum system. These research results are applied to reduce the vibration
for the articulated tower in the ocean.

2. THE MOTION EQUATION OF THE INVERTED PENDULUM
SYSTEM WITH INSTALLED TMD-D AND DVA

Fig. 1 shows the diagram of the inverse pendulum system with mass M and a
distance L4 from background, supported bar of inverse pendulum system with mass m
with center at G and distance L3. The link between ground and the inverse pendulum
system is replaced by two springs with rigidity K and K3.

In order to reduce the vibration for the inverse pendulum system, two TMD-D and
DVA absorbers are installed in the system. TMD-D acts to reduce the vertical vibration
and DVA acts to reduce the horizontal vibration of the system.

The DVA is assigned at a position up from horizontal platform at a distance Lo,
with the mass of M7, the length of L1, the spring constant of k1, and the damping constant
of C1.
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The TMD-D assigned at a position up from horizontal platform with a distance Ls
consists of a mass My and combines with the inverted pendulum by a spring with hardness
ko and a damping system with coefficient cs.

In [1], we have the following equations:
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Eq. (1) is the motion equation of the inverted pendulum with TMD-D and DVA.

3. STABILITY ANALYSIS

Introduce the following parameters:
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where fi,1, pp1, fu2, and pgo are the mass ratios; y1 and 7y specify the position of the
DVA and TMD-D, respectively; w,, is the natural frequencies in horizontal direction of
the structure; w,, is the natural frequencies in vertical direction of the structure; & and &
are the damping ratios of DVA and TMD-D, respectively; wg; is the natural frequency of
DVA; wgo is the natural frequency of TMD-D; a41, age and «,, are the natural frequency
ratios; 1 is the distribution of the mass of the structure.
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Substituting (5) into (1) - (4), we have the following equations:
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The matrix equation (6) can be used for the design of TMD-D and DVA.

There are some stability criteria. We use here the stability criterion according to
Lyapunov matrix equation. The criterion is given by the following conditions:

- Damping matrix is a symmetric positive semi-definite matrix;

- Stiffness matrix is a symmetric positive definite matrix.

Using the matrices in Eq. (6), we can obtain the stability condition

(1= pp1man — pgayan) wi > 0

2
po10d (1= pp1min — pgayan) wip — (pernw? )™ >0
2
asw? (uwlai (1= pp17y1n — ppayan) wy — (Hp1nw?) ) >0
2
fuz0dp0lw] (umail (1 = pgrman — pp2yan) wy — (ppr1nw?) ) >0

Due to py1 > 0, pg2 > 0, ,uu2>0,oz32>0, a? >0, w$>0, wg>0, w3>0,
we can obtain the final stability condition of the inverse pendulum system in which two
absorbers TMD-D and DVA are installed:

(1 — pp171n — fgay2m) ody — pp1in” > 0 (11)

From the stability criterion (11), we realize when designing the absorbers, the bigger
their mass and the higher their assigning position is, the more to be unstable the structure
gets. So, when designing the absorbers to make strutures stable, we have to choose the
parameters such that it sastifies the equation (11).
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4. THE CALCULATION OF PARAMETERS OF TMD-D AND DVA

The system of motion equations (6) - (9) is the same form of system of equations of
motion of inverted pendulum with two installed absorbed mechanisms mentioned in [5].
Thus, the investigation results of vibration damping mechanism in case with two installed
absorbers TMD-D and TMD-N can be applied completely with case of installed absorbers
TMD-D and DVA.

From [5], we have:

aum
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. (1 + /Lul) (/Lul + Mu2)
5201015 B \/ (1 + Hul + /Lu2) (13)

B 2
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We consider special case:

We consider the case with optimal parameters with one absorbed mechanism DVA
of inverted pendulum and we only take attention in horizontal oscillation and ignore the
vertical oscillation studied by N. D. Anh, H. Matsuhisa, L. D. Viet, M. Yasuda [6]. In
this paper, the results of article will be compared with the existing ones.

Fig. 2. Diagram of DVA for inverted pendulum mechanism with horizontal vibration



64 Khong Doan Dien, Nguyen Duy Chinh

In this case, inverted pendulum is only installed with DVA with mass M, length L1,
and installed at position the background of distance Lo. The oscillation diagram of system
is shown in Fig. 2. Thus, we have Ms=zero, Ko=zero, Co=zero, Ks= +o00, Ls=zero. By
adding these values into (5) and (12 - 16), we obtain the optimal parameters in this case
as follows:

2 2
\/(1 — )" + prorn? (1 +7ingr)

Adlopt — (17)
? (1412 101) /T— Mnbg1
2
tp1 (71 + 1)
élopt = 5 5 (18)
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From [5] and (5), we have:
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Substituting (19, 20) into (17+ 18), we have:
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The results (21), (22) are the same with the ones [6].

5. APPLICATION EXAMPLE

One of the examples of inverted pendulum is the articulated tower in the ocean.
Compliant platforms such as articulated towers are economically attractive for deep-water
conditions because of their reduced structural weight compared to conventional platforms.
The foundation of the tower does not resist lateral forces due to wind, waves and currents;
instead, restoring moments are provided by a large buoyancy force. The environmental
loadings such as wind and wave one may occur or stop in random nature. Thus, the
articulated tower has both horizontal and vertical vibrations; we should use TMD-D and
DVA together.

Using the stability condition (6), we can check if the structure is statically stable
or not. It is seen from Fig. 3, the restoring moment M; generated by buoyancy force is

determined by
2 l2
My = pug™—= sin, (23)
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Fig. 3. Diagram of the articulated tower

where p,, is the mass density of fluid, [ is the length of the submerged part of the tower,
Considering that 6 is small, length [, is approximated by the height elevation h and
sinf = §. From (23) it is easy to find the spring constant of the equivalent torsion spring

1
Kg = gwpwgthz. (24)

Material is steel rod concrete with the parameters: E=3.1x10'° N/m? p = 2400
kg/m3.

- tower length L, = 400 m

- tower diameter: inside diameter d = 14 m, outside diameter D = 15 m

- end mass M = 10 x 10° kg

- mean water level h = 350 m

- water density p,= 1025 kg/m3.

The mass m of supported bar is determined by formulae:

D?* d?
m:7rp<Z —Z>L4:2.2x107kg (25)
The coefficient of distorted torque Kg is calculated from (24):
K, =1.1x 10" (Nm) (26)

Let Z be deformation in vertical direction at installed position of TMD-D, we have:
* 7 is determined as a function of K3

Q(t)
=== 27
e (21)
Z is determined throughout the tensile and compression characteristics of elastic materials, or
Q(t)Ls
Z = 28
o (28)

where Q(t): acting force at installed position of absorber; EF: tensile and compression
rigidity of materials.
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From the equations (24) and (28), we have:
EF

K3 =—. 29
= (29)
The TMD-D is put at position Ls= 400 m from the background
£ (8- 1)
1 1 9
= K3 = — g = 1.7 x 107(N/m) (30)
5

By adding the equations (25), (26), (30) into (5), the natural frequency of tower is deter-
mined as follows:

wy = 0.234rad/s; w, = 8.93 (rad/s) (31)
The mass of DVA is designed as M;= 30x10* kg, Li= 15m, Ly =350m. TMD-D is M,
=4.42x10° kg. From the equations (12, 13, 14, 15, 16), we can calculate the nondimensional
parameters of TMD-D and DVA

Eopt = 0.2; Eaopt = 1.01;5 giopt = 0.948; agaopr = 37.14 (32)
These parameters must satisfy the stability condition in (11), we obtain:
(1= pgrman — pp2y2n) o — pp1n’ = 0.858 > 0 (33)
The parameters of TMD-D and DVA are obtained from (5) and (31, 32) as follows:
1 = 2M1 €1 optwoiopt = 2.688 x 10* (Ns/m)
k= My (w2e?, | +g/L1) = 2158 x 10° (N/m)
co = 2Mabaopiw,azopt = 7.746 x 10° (Ns/m)
ko = Maa?, w? =3.35 x 107(N/m)

d2opt P

(34)

By using the MAPLE software and the above results, the simulation results of
oscillation of inverse pendulum with two absorbers TMD-D and DVA are as follows:

Case 1: Vibrational simulation of offshore tower with initial condition: ¢; = 0.007
(rad), ¢1 = 0.00 (rad/s), U; = 0.008 (m), U; = 0.00 (m/s): see Fig. 4, Fig. 5, Fig. 6, Fig.
7.
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Fig. 4. Time response of the absorber TMD-
D with the following initial conditions: ¢1=
0.007 (rad), ¢1 = 0.00 (rad/s), U;=0.008 (m),
Uy = 0.00 (m/s)

Fig. 5. Time response of the absorber DVA
with the following initial conditions: ¢1=
0.007 (rad), ¢1 = 0.00 (rad/s), U;=0.008 (m),
Uy = 0.00 (m/s)
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Fig. 6. Displacemnt U; with the following ini-

tial conditions: 1= 0.007 (rad), $1 = 0.00
(rad/s), U3;=0.008(m), U; = 0.00 (m/s)
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Case 2: Vibrational simulation of offshore tower with initial condition: ¢; = 0.007
(rad), 1= 0.002 (rad/s), U3y = 0.008 (m), U; = 0.003 (m/s): see Fig. 8, Fig. 9, Fig. 10,

Fig. 11.
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Fig. 8. Time response of the absorber TMD-
D with the following initial conditions: ¢ =
0.007 (rad), $1=0.008 (rad/s), U3 = 0.008
(m), U; = 0.003 (m/s)
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Fig. 10. Displacemnt Uy with the following ini-
tial conditions: ¢; = 0.007 (rad), ¢;=0.008
(rad/s), Uy = 0.008 (m), U; = 0.003 (m/s)

Time (sec)

[=]
[

Deflection (rad)
- =]

=
X

Fig. 9. Time response of the absorber DVA
with the following initial conditions p1 =
0.007 (rad), ¢1 = 0.002 (rad/s), U;=0.008
(m), Uy = 0.003 (m/s)
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It is seen from Figs. 6, 7, 10 and 11 that if the absorbers TMD-D and DVA are
installed in the system, the amplitude of oscillation of offshore tower reduces considerably
in time when compared to ones without the absorbers.

6. CONCLUSION

The paper investigates the vibration of inverse pendulum system installed with
TMD-D and DVA. The following is some conclusions:

- The paper gives a method for determining generally the optimal parameters of
oscillational absorber for the inverse pendulum model system with installed TMD-D and
DVA. This model can be applied to different structures.

- In reality of installation with TMD-D and DVA, although it has advantages to re-
duce the amplitude of oscillation of structure, the structure may be damaged. The damage
is due to different reasons such as unstability of structure. Both parameters of TMD-D
and DVA and stability parameters in technical criterion of structure must be determined
simultaneously.

- The target of designing the TMD-D and DVA absorbers is to reduce optimally
the oscillation of inverse pendulum model system. From the above results, we conclud
that the amplitude of oscillation of offshore tower is reduced considerably in time with
calculated parameters of installed TMD-D and DVA absorbers when compared to case
without absorbers.
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NGHIEN CUU TIM CAC THONG SO TOI UU CUA HE THONG GIAM
DAO DONG TMD VA DVA DOI VOI HE COM LAC NGUGQC VA AP
DUNG KET QUA NGHIEN CUU GIAM DAO DONG
CHO THAP KHOP NOI DAI DUONG

Trong bai bao khoa hoc [1] Nguyén Dong Anh, Khong Doan Dién, Nguyén Duy
Chinh da nghién citu dao dong ctia hé con lic nguge c6 1ap dat hé thong gidm dao dong
TMD-D va DVA. Céc két qua nghién citu nay khi mé phéng s6 cho thap canh ngoai bién
ta thiay cac dao dong thu dude trong mot s6 truong hop lap dat bo hap thu dao dong thi
bién do dao dong clia con lic ngudgc lai tang lén so véi truong hop khong 1ap bo hap thu
dao dong, sé di nhu vay 1& vi khi mo phoéng, cac thong s6 ciia bo TMD-D va DVA ta chon
mot cach ngau nhién, chua qua thiét ké t6i wu. Trong bai bao nay tac gid tiép tuc nghien
citu, tinh toan tim cac tham s6 t6i uu ctia hé théng giam dao dong TMD-D va DVA dé
giam dao dong cho hé con lic ngugc mot cach tét nhat, dong thoi tac gid Ap dung cac két
qué nghién citu, tinh toan dé giam dao dong cho thap khép ndi dai duong.



