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MASS-SPRING-INVERTED PENDULUM DYNAMIC
VIBRATION ABSORBER FOR THE INVERTED
PENDULUM TYPE STRUCTURE
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Abstract. A Dynamic Vibration Absorber (DVA) is appropriate equipment for vibra-
tion control in many kinds of engineering. In general, there are two main types of DVAs:
the passive DVAs and the active DVAs. The paper presents a design of an active mass-
spring-inverted pendulum DVA for the inverted pendulum type structure in case the
external force is white noise process. The design is based on the optimum passive DVA
as carried out in [4] and apply the optimum control force by minimizing the performance
index. Numerical simulation which is done for an inverted pendulum structure in the
ocean in three cases without DVA, with passive DVA, with active DVA shows that the
active DVA is better than the passive one.

1. INTRODUCTION

The applications of the passive Dynamic Vibration Absorber (pDVA) as an addition
tool for primary system excited by harmonic or narrow-band excitations had the advan-
tage of low cost and reliability [1, 2]. However, its effectiveness is limited because it can
only store and dissipation system’s energy; therefore, the active DVA (aDVA) which can
apply control force into system was investigated [3]. The passive mass-spring-pendulum
type pDVA for a stable inverted pendulum type structure was carried out in [4] with the
optimum parameters of the pDVA were obtained by minimizing ratio of mean squares of
displacement of primary system with/without pDVA. In this paper a design of the active
mass-spring-inverted pendulum type aDVA for the stable inverted pendulum type struc-
ture is investigated in case the excitation force is white noise process. The design is based
on the method used to find optimum pDVA as described in [4] and apply the optimum
control force by minimizing the performance index of the system. The performance index is
presented as a function of the primary system’s responses and the control force with their
non negative weighting constants. The ratio of mean squares of displacement of primary
system with/without aDVA is calculated and compared with the ratio of mean squares of
displacement of the primary system with/without pDVA. Numerical simulation is done in
an example of the articulated tower in the ocean. The results show that the aDVA has
better performance than the pDVA has.
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2. EQUATION OF MOTION

As shown in Fig. 1, the inverted pendulum structures have a concentrated mass m
at the top and one degree of freedom 6 about z-axis. The concentrated mass is supported
by a beam. We consider the case where the beam bending stiffness is large enough so that
the beam can be modeled as a rigid rod which has the length of [ and the uniform mass
per unit length of p. The damping of the pendulum is neglected. To keep the structure
have a stable upright position, a restoring moment is produced by a torsion spring with
the spring constant of K. The dynamic absorber has mass-spring-pendulum type with the
mass of my, the length of [;, the spring constant of k4, and the damping constant of cg4.
Denoting the angle variation of the dynamic absorber with respect to the main structure
is Qd.

Fig. 1. The inverted pendulum type structure with the active DVA (aDVA)

When the structures is excited by the external force p(¢), and control force u(t) the
motions equations of the inverted pendulum-aDVA are derived using Lagrange’s equations:
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Introducing the dimensionless parameters:
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where: 1 is the mass ratio, 7y specifies the position of the aDVA, w; is the natural frequency
of the structure, wg and £ are the natural frequency and the damping ratio of aDVA,
respectively, a is the natural frequency ratio, n specifies the distribution of mass of the
structure. Denoting

q=10, qi= —labq (3)
Therefore, equation (1) reduces to the non-dimensional form
MX +CX + KX = Bp(t) + Eu(t), (4)
where,
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p(t) is excitation force of the environment such as wave, storm, and u(t) is control force of

the aDVA. In case of design pDVA, the u(t) is absented. The stability condition (¢ > 0)
for the system is given in [4] as follows.

(1 = pyn) o® — pm? > 0. (6)

The stability condition (6) limits values of the system parameters. For example, if

the weight of the absorber is too high (u too large), the structure-aDVA system will be
unstable.

3. OPTIMAL CONTROL FORCE FOR ADVA
In case the excitation is defined as white noise process
p(t) = o€(t) (7)

where: o is positive constant and is the intensity of white noise process; & (t) is white noise
process with unit spectral density.
The equation (4) can be rewritten in state space equation as follows.

Z(t) = AZ(t) + Dp(t) + Hu(t), (8)
where: -
Z = [X, X} is the state space vector of the system;
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The criteria of select parameters for the feedback control force is based on the
minimization of performance index

T
= 1 T u? — min
=3 < 0/ (27 ()QZ(t) + B (t)]dt> i (10)

where: weight matrix () is non negative matrix prior to system response, 3 is positive
weight constant prior to control force.

Minimizing the performance index (10) will lead to the algebra Riccati equation
(11)

1
WA+ ATW — BWHHTW—i—Q =0, (11)

where: W is a Riccati matrix.
And, the feedback control force u(t) is a function of state space variables of system:

u(t) = — %HTWZ(t) — Gz, (12)

1
where: G = — BHTW is a gain matrix.

The ratio R, of mean square of displacement of the primary system with aDVA /without
aDVA is defined as follows.

a$2
ha= 13)

where:

- < ...> is the mathematical expectation.

- <“:L"%> , <ZE%0> are the mean squares of primary pendulum’s displacement in cases
with aDVA and without aDVA, respectively.

4. NUMERICAL SIMULATION

One of the examples of inverted pendulum is the articulated tower in the ocean.
Consider the numerical data: tower length /= 400 m, tower uniform mass per unit length
p = 20x103 kg/m, end mass m = 2.5x10° kg, the natural frequency of the tower: wy =0.44
rad/s, damping ratio of inverted pendulum is £=3%, the intensity of white noise process
is 0 = 10'0. Absorber’s mass my is about 5.8x10%kg (u=2%) the length of the absorber I,
is fixed at the value of 15m and be inverted as shown in Fig. 1, the absorber is located at
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the distance d= 200 m from the seabed. Therefore, v = 0.5375, n = 0.1266, the optimum
parameters of the passive absorber was obtained as described in [4] as follows.

Qgpt = 0.9651,  &opy = 0.0475 (14)

Define ratio of the mean square of primary pendulum’s response with/without pDVA

R, = Crt) _ o6 (15)

- <5’3%0>

where,

- <7’:E%> , <JE%0> are the mean squares of primary pendulum’s response with pDVA
and without pDVA, respectively.

These parameters satisfy the stability criterion (6) as shown below.

(1 — pyn) po? — 1*n* = 0.018 > 0 (16)

The physical parameters of pDVA are as follows.

= (e + £ ) = 48,468/ m)
d

cd = 28 optmaopws = 2,362(kNs/m)

(17)

In order to increase the performance of the pDVA, one can apply the optimum
control force to the primary system from the aDVA. The values of the weight matrix Q
and weight constant 8 can be selected as follows in case minimizing the displacement of
the primary system.

1 0 00
_ [0 00 0|, _ 10-10
0 00O
With above selected parameters, one can solve algebra Riccati equation (11) to find
the gain matrix G of the optimum control force u(t) = —GZ(t) as follows.
G = [1.73390.00881.5663 — 0.0795] * 10%. (19)

The ratio R, which shows effectiveness of aDVA can be calculated and compared
with R, which shows effectiveness of pDVA:

R,=0.15< R, =0.64 < 1. (20)

The effectiveness of DVAs can be seen in Fig. 2 and 3. The aDVA has better per-
formance than the pDVA has. The vibration of the primary system with aDVA reduces
one-third of it in case without DVA, sometimes.
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Fig. 2. Displacements of the tower without DVA, with passive DVA, with active DVA
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Fig. 3. Displacement of the passive DVA and active DVA

5. CONCLUSION

The Dynamic Vibration Absorber is appropriate equipment for vibration control in
many kinds of engineering. In this paper, the design of the active DVA is investigated
in case the external excitation is white noise process. The design is based on method
used to find the optimum pDVA as described in [4] and apply the optimum control force
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by minimizing the performance index of system. The ratio of mean squares of displace-
ment of primary system with/without aDVA is less than the one of the primary system
with/without pDVA. It is shown that the aDVA has better performance than the pDVA
has by the simulation.
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THIET KE BO HAP THU DAO DONG TICH CUC VA TOI UU DANG
CON LAC NGUQC KHOI LUQNG O LO XO CHO KET CAU
DANG CON LAC NGUGC

Bo hap thu dao dong (DVA) 14 mot thiét bi thich hgp ding dé diéu khién dao dong
trong nhiéu loai may méc. Néi chung, ¢6 hai loai DVA: loai thu dong va loai tich cic. Bai
bao nay trinh bay thiét ké DVA tich cyc va t6i uu dang con lic nguge khoi lugng - 10 xo
cho két cau dang con lic ngugc trong truong hop ngoai litc 14 qua trinh on trang. Viéc
thiét ké nay dya trén mot bo hap thu dao dong thu dong t6i uu da tim ra truée & [4] va
them vao d6 mot lue didu khién t6i wu bang viéc cuc tiéu hoa chi sé chat lugng. Mo phong
may tinh da dugc thuc hién cho mot két cau dang con lic nguge & ngoai bién trong ba
truong hop: khong gan DVA, c¢6 gan DVA thuy dong, c6 gin DVA tich cyc cho ta thiay bo
hép thu dao dong kiéu tich cuc c¢é hiéu qué tét hon so véi kiéu thu dong.



