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Abstract. The tuned mass damper parameters designing for structural systems based on
combining linear matrix inequality with genetic algorithm is of concern in this paper. Firstly,
based on matrix transform, the novel model description with a singular style for structural systems
is obtained, in which the possible coupling of those uncertainties is avoided. Secondly, an
approach, which combines linear matrix inequality with genetic algorithm, is taken in this work
to solving the optimization problems, and the optimized tuned mass damper parameters can be
obtained by solving the optimization problems such that the tuned-mass-damper-controlled
systems have a prescribed level of vibration attenuation performance. Furthermore, the obtained
results are also extended to the uncertain cases. Finally, the effectiveness of the obtained theorems
is demonstrated by numerical simulation results.

Keywords: tuned mass damper, linear matrix inequality, genetic algorithm, structural control,
vibration attenuation.

1. Introduction

Since the concept of structural control was proposed by Yao et al. in 1972 [1], the research on
structural control has been conducted by many scholars, and great strides have been made in
advancing the theory and practice in this area. Generally speaking, the existing results can be
classified into three types: passive control (without external energy input), semi-active or active
control (need energy input) and intelligent-algorithm-based intelligent control [2, 3]. Active
control can achieves a satisfying control result [4, 5], however, it needs continuous external energy
supply which results in its low reliability. On the contrary, passive control needs no external
energy input, thus, it can reach a much higher reliability. Tuned Mass Damper (TMD), as one kind
of passive control device, has received considerable attention for its virtues, such as no energy
consumption, low cost, easy installation, etc., and many results about TMD control have been
achieved during the last decades, for example, the Trans-Tokyo Bay Highway Crossing,
completed in1997, is 11 km in total length, and the vibration was significantly reduced by TMDs
inside the box girder [6]. In order to diminish the vibrations in the structure during earthquakes
and typhoons, the main tower of the Akashi-Kaikyo suspension bridge also contains TMDs [7].
There were two buildings in U.S. equipped with TMD, one is Citicorp Center, New York and the
other is John Hancock Tower, Boston [8]. Moreover, 18 vertical and 18 lateral TMDs were
installed in Dubai Meydan Racecourse Stadium to control the vibration induced by wind load in
the two directions, and the results demonstrated a substantial reduction of the vertical and lateral
wind vibration [9]. Some more achievements about TMD control can be found in [10-17] and
those references therein. The TMD system is a well-accepted device for controlling flexible
structures, particularly, tall buildings [10-12]. However, to the best of the authors’ knowledge,
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most of the TMD applications have been made towards mitigation of wind-induced motion, and
seismic effectiveness of TMDs still has not been fully investigated. A typical kind of TMD
consists of a mass block, a viscous damper and a spring connected to the main structure. The
natural frequency of the TMD is tuned to the resonant frequency of the main structure, so, a large
amount of entrance energy is transferred to the TMD [18]. Obviously, the performance of the
TMD is based on the design of its parameters: mass, stiffness, and damping ratio.

The most common TMD designing methods are LQR, LQG, sliding mode control, pole
assignment, H,, control, energy-to-peak control, fuzzy control, and so on [19-23]. Moreover, in
order to achieve a better control performance, some optimization techniques are often used in
optimizing those TMD parameters [4, 10, 24-26]. Such as, in [10], the parameters of the TMD
were optimally designed using multi-objective genetic algorithms for a 12-story realistic building
through both deterministic and robust design procedures. Yang et al. proposed an innovative
practical approach to optimally design the TMD system in [26], and the effectiveness was
illustrated by examples. It is worth pointing out that genetic algorithm has some virtues, such as
global genetic optimization etc., and has been widely used for the parameter optimization in
control systems. On the other hand, in recent years, LMI technique is widely researched and used
in the system stability analysis and controller design. For example, based on LMI, references
[27, 28] concerned the vibration-attenuation controller design for linear structure systems. In
terms of LMI, Wu et al. [29] discussed the admissibility and dissipativity of singular systems, and
some improved results were obtained. Some more results about LMI can be found in [30-32] and
those references therein. Although the LMI technique has been widely used in the system stability
analysis and controller design, LMI-based TMD parameters design also has not been fully
investigated. Thus, there is still much room for improvement in this important issue.

In this paper, the parameters of the TMD will be optimized by combining LMI technique with
genetic algorithm. First, the novel model description for uncertain structural systems is obtained
by introducing the singular system description, in which the coupling of uncertainties is avioded
when the mass, damping and stiffness are subjected to possible perturbations. Then, in terms of
combining LMI technique with genetic algorithm to solve the optimization problem, the optimized
TMD parameters can be easily achieved such that the TMD-controlled system has a prescribed
level of vibration attenuation performance, and the obtained results are also extended to the
uncertain cases. In the end, the effectiveness of the obtained theorems is illuminated by numerical
examples.

Notation: Throughout this paper, for real matrices X and Y, the notation X > Y (respectively,
X > Y) means that the matrix X — Y is semi-positive definite (respectively, positive definite). I is
the identity matrix with appropriate dimension, and [} is the k X k identity matrix. 0,x,, and O
represent the n X m zero matrix and the k-dimensional zero vector, respectively. The superscript
“T” represents transpose. ||x||, expresses the 2-norm of x. We define {M} = MT + M. For a
symmetric matrix, * denotes the symmetric terms. The symbol R™ stands for then-dimensional
Euclidean space, and R™™ is the set of n X m real matrices.

2. Problem formulation and dynamic models

Consider ann degree-of-freedom structural system with k TMDs installed on k storeys
respectively, which are shown in Fig. 1, where m; (j = 1,2,...,n), ¢; (j = 1,2,...,n) and k;
(j = 1,2, ...,n) are the mass, damping and stiffness of storeyj, respectively; mgy; (i = 1,2, ..., k),
ci i=1,2,..,k) andky; (i =1,2,..,k) are the mass, damping and stiffness of TMD 1,
respectively. The structural system subjected to horizontal earthquake excitation can be expressed
in the following model equations:

k
FE) + CE(0) + K2 = ) Bicarta + kata) + Bow (), .

=1

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716 3769



2159. TUNED MASS DAMPER PARAMETERS DESIGN FOR STRUCTURAL SYSTEMS VIA LINEAR MATRIX INEQUALITY AND GENETIC ALGORITHM.
FALU WENG, YUANCHUN DING, WEUIE MAO

mdijédi(t) + Cdixdi(t) + kdixdi(t) = —mdlBlJ?(t) - mdi(l)(t), (l = 1,2, ey k), (2)
where:
M = diag{m;, my,---my}, B, = —[my, my, -, my]",
—Cl + CZ _CZ 0 0 0 0
C—, _ _Cz Cz + C3 _C3 0 0 0
= ; S ST S |
| o 0 0 0 .. —¢, o
—kl + kz _k2 O 0 e O 0
= _k2 k2 + k3 _k3 0 e 0 0
K = . . . .o . .
: : : oo : -k,
0 0 0 0 .. -k, k,
m, X, ¢, k,

Xy ¢ k;
—
x . ¢ k

Fig. 1. n degree-of-freedom structural system controlled by TMDs

M, K, C, are the mass, damping and stiffness matrices of the structure, respectively. B,, is the
T
external excitation vector. X(t) = [xml(t), " X @, xmn(t)] , Xmj(t) is the relative

displacement of storey j to the ground, x4; (i = 1,2, ..., k) donates the relative displacement of
the TMD to the storey j, on which the TMDi is installed. B; = [0++-0,1,0 -+ 0]7 is a vector with
the jth item to be 1 and others to be 0, which means TMDi is installed on storey j. Based on
Egs. (1)-(2), the following system equation is obtained:

MX(t) + CX(t) + KX(t) = B,w(0), (©)

- T
where  £(t) = [y (6), Xy (8, ) Xnyy (6, X, (6), X, (8),++, %g, (O] . %g,(8) denote  the
relative displacement of the ith TMD to the ground. Obviously xgi(t) = x4;(t) + X (t), and:

n+1 1 Wi n+l. 1 n+l. 1
Bl oL e o
0k><n kak =

=1 Ok i Ok i Ok i
01'(:) 1 0jp-1
k 1
=log., o Z[ e sl
Ok—i Ok—i
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T

[ Of(l)l N Y1 ]
1

k= [kan 0:::] Zk‘“ "1()“1 On—jy+i-1
-1

ok_i oo |
In terms of Eq. (3), it is easy to obtain the following singular description of the system model:

Ex(t) = Ax(t) + Hyw(t), z(t) = C,x(t), e

. . T
where x(t) = [J?(t)T, x(O)7, J?(t)T] , C, is a problem based matrix with suitable dimension, and:

i 0
Lyn+i 02(n+i0x(n+k) 2("”‘) e
E= 0 , Hy = mdl
[Ontiyxzmer)y  Omar)x(nek)
[0 (s> (ntk) Inai) 0(n+k)><(n+k)
A= Ontiox(n+k) Ontiox(nrk) I(n+k)
_ [K onxk] _ [c O k”
OkXTl Oka kan kak-T kan Oka -
[02(n+k)+j(i)—1][ Oj(i)—l ] [02(n+k)+j(i)—1] [On+k+j(i)—1]
k 1 1 k 1
_dei On—j(i)+i—1 On—j(l—)+i—1 Z Cai n ](l)+l 1 On—j(i)+i—1
= ~1 -1 =1 -1 ~1
Ok—i 02n+3k i _T Ok—i On+2k—i
k 03n+2k+L 1 03n+2k+L 1
S |
i=1 k—i

Consider the uncertainties existing in the mass, damping and stiffness matrices of the structural
systems, and the uncertainties satisfy mjy = m; + 0,;m;, kjp = k; + 0,jk;, cjp = ¢; + 03j¢;,
Mgipn = My; + 94—lmdl s kdlA kdl + 951kd1 > Cain = Cqi + eﬁlcdl > where ] = 1 2’“-, n,
i=1,2,..,kand0< |0, <0,,<1.s=1,2,...,n,whilel =1,2,3,ands = 1,2,..., k, while
l =4,5, 6. Then, the uncertain structural systems can be expressed in the following form:

Ex(t) = Apx(t) + H, ,w(t), z(t) = C,x(b), (3)
where:
2n+2k+} 1 k 03n+2k+i—1
H,y =H, Z 6,,m; 1 Z 04iMma; [ 1 l
Onir—j i=1 Op—;
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0 i 0;_
2(n+k) 2(n+’1<)+1 1 ;1 1
An = A+ b2k [03(n+k) 1 Z 02k; -1 -1
(n+k)— n+k —-j-1 03n+3k —-j-1
_T
02(n+k) O(n+k) n 02(n+k)+] 1 n+k+] 1
+631C1 +Ze3]C]
0 0 -
(i1 2=t =2 n+k —j-1 02n+2k —j—1
02(n+k)+](l) ][ Oj(i)_l r
n 02(n+k)+1 1 02(n+k)+1 1 1
+ Z gljmj + Z Osikai| On- Jpy+i-1 On—j(i)+i—1
Jj=1 | On k- —j Onyi— —j -1 -1
Ok—i - 02‘n+3k—i
02(n+k)+](l) 1 0n+k+](0 1
k 1 1 k O3ns2icri=1] [Oznszicrio1]
+ Z 96icdi 077. —Jpti-1 On —jti-1 + Z 94lmdl 1 1 .
i=1 -1 -1 i=1 Op—i L Oy
Ok—i 0n+2k—i

Remark 1: It has been shown in the references [13, 33] that the linear structural system Eq. (3)
can be described in the following state equation:

q(t) = Aq(t) + H,w(t), z(t) = C,q(t), (6)
where:
A= 0nxn I [ nxr )

_M_1K _M_lc 2nx2n M 2NXr

It is obvious that there exists a coupling of the uncertainties when the mass, damping and
stiffness are subjected to possible perturbations, for example, while uncertainties exist in the
matrices M and K, the uncertain description of the matrix block M~1K can be expressed as
(M + AM)™*(K + AK), which results in a serious conservatism in the system analysis and
synthesis obviously, however this is not existing in the state Eq. (5). That is to say, Eq. (5) has
less conservatism than Eq. (6).

Lemma 1 [34]: given matrices y, 4 and v with appropriate dimensions and with y
symmetrical, then y + uF (t)v + vTF(t)Tu" < 0 holds for any F(t) satisfying F(¢)TF(t) < I, if
and only if there exists a scalar § > 0 such that y + Suu” + § 1vTv < 0.

In the following content, we consider how to obtain the suitable TMD parameters such that
the system with the designed TMDs has a satisfying disturbance attenuation performance. Then,
the robustness of the TMD control system will be considered.

3. TMD parameters design for structural systems

Theorem 1: The system Eq.(4) is admissible with performance ||z||, < yllw]||, for all
non-zero € L,[0, o), and constant y > 0, if there exist a positive definite symmetric matrix P
and matrix S satisfying the following matrix inequality:

AT(ETP + SLT)T + (ETP + SLT)A + C,"C,

*

(ETP +SLMH,

Wy = <0, (7
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where L € R3M+0X(M+K) is any full-column rank matrix satisfying ETL = 0.
Proof: First, system Eq. (4) is regular and impulse free under the condition of Theorem 1 is
proved. Form Eq. (7), we have:

AT(ETP + SLN)T + (ETP + SLT)A < 0. 8)

According to [35], it can be obtained that the system (4) is regular and impulse free. Then,
system Eq. (4) is stable under the condition of Theorem 1 will be shown. Choose a Lyapunov
functional candidate as:

V(t) = xT(t)ETPEx(t). )
The derivative of V (t) along the trajectories of Eq. (4) satisfies:

V(t) = 2xT(t)ETP(Ax(t) + H,yw(1)). (10)
Noting ETL = 0, we obtain:

2xT(E)SLTER(t) = 2xT (¢)SLT (Ax(t) + H,yw(t)) = 0. (11)

Next, the ||zll; < yllw|l, performance of the system under zero initial condition
()| t=0 = 0, and V()| ;=o = 0) will be established. Consider the following index:

] = f 27 (0)2(t) — YO w(®)] dt. (12)

Then, for any non-zero w(t) € L, [0, ), there holds:

< [ 17020 - y?e@T 0Ol dt + VO o = VOl im0
0 o (13)
= f [z (©)z(t) — Y20 () w(t) + V(b)] dt.

Noting Egs. (10)-(13), after some algebraic manipulations, the following results can be obtained:

x(t)
w(®)I

Then, fooo[zT(t)Z(t) —y20(®)Tw(t) + V(t)] dt < 0 is obtained from Eq. (7). Thus ] < 0,
and ||z||, < yllw||, is satisfied for any non-zero w € L,[0, ). Assume the zero disturbance
input, i.e. w(t) = 0. If ¥ < 0, it is easy to obtain V (t) < 0, and the asymptotic stability of system
Eq. (4) is established. This completes the proof.

Remark 2: The optimal TMD parameters can be obtained by solving the following
optimization problems, such as, according to solving the optimization 1, the TMD parameters,
which guarantee the minimum y, can be obtained. For a given y = y (¥ is a constant), a set of
TMD parameters, which has the minimum TMD masses, is obtained by solving the optimization 2.

Optimization 1:

2 (O2(0) ~ Yo 0@ + V(O < O o9 (14)

min , (s.t.> Eq. (7)).
P>0r0<mdiSmdi'0<kdi5Rdi'0<Cdi55diy ( q ( )) (15)

Optimization 2:
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K
min  _ ) Zmdi, (s.t.> Eq. (7). (16)

P>0,y=y,0<mgi<mq;,0<kgi<kq;0<cgqi<Cqi -
i=

Theorem 2: The system Eq. (5) is robustly admissible with performance ||z]|, < y|lw]|, for all
non-zero w € L,[0, o), and constant y > 0, if there exist positive definite symmetric matrix P,
matrix S and positive scalars vy, Ujp, -, Ui, (i = 1, 2, 3), Ujq, Vjn, -+, Ui (i =4, 5, 6) satisfying
the following LMI:

_ [P, @
wz[ 1z <, (17)

* W,

where L € R3(M+OX(M+K) s any full-column rank matrix satisfying ETL = 0, and:

n n
P, =v+ Z vy 05miTy I + Z V2,05 kF Ty + Z v3;03;cf T3 T3;

i=1 i=1 i=1
+ Z U41941mmr41r41 + Z U51951kd1F51F51 + Z UGLHGLCle&Fg;.’
ldl i=1 lbl
2(n+ic)+l 1 1 11_1 (NS
[y = , T = [0 , Iy = -1 , I3 = 1 ’
0n+k—i 3n+3k 02n+2k
1 03n43k—i
_0 . 0 Oj(i)—l 0n+k+j(i)—1
n+k+i-1 3n+2k+i-1 1 1
1 1
I3 = -1 RIS 0 , Iy = On—j(i)+i—1 , Tei = On—j(i)+i—1 )
=l
_02n+2k—i 1 -1 -1
2n+3k—-i+1 n+2k—i+1

l’plZ = [A11'A12’ 'Aln’A21'A22! : A2n’A31'A32! : A3n
A41'_A4—2""’A4-k1A51'A52' A5k'A61'A62' A6k]

02(n+k)+l 1] —02(n+k)__
Ay = (ETP + SLT) 1 Ay, = (ETP+SLD| 1 ||
- 0n+k—i+1 - —On+k—1—
0 | | 0
[02(n+k)+i-1]] - 102(0410]]
_lerp+sin| L _lerp+sin| 1
A2i - —1 )] A31 - )
0 ) —0n+k—1—
L Yn+k—i-1 - 0
0 | i
O2mtiei-1]] O3n42k+i-1
_{(ETP +SL") ! _ [ETP+SLT) 1
Agl‘ = -1 ) A4i - 0 ’
0 _ k—i
L Yn+k—-i—-1 - 0
0 i
_02(n+k)+j(i)—1 ] 02(n+k)+1(1) 1”
1
As; = (E"P + SLD)| Onejgyeiza Agi = (E"P +SLT)| On- 1(1)“ 1
| Op_;
0 o | |
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Wy, = diag{—vy1, =12, — V1, —V21, —V22,** — U2y, —VU31, —V32, """ — U3y,
—U41, —Vs2, " = Uak» —Us1, —Usz, *** — Usk, —Vg1, —Vs2) """ — Ugk}:

Proof: Replacing A and H,, with A, and H,,, Eq. (7) can be expressed as:

H
Y+ Z{QlimiAlirlTi + 92ikiA2iFéFi + QSiCiASiF:;’Ti}
= ()
H
+ Z{Q4imdiA4iFL + 05 kAT, + 0 carh T} < 0.

i=1

By Lemma 1, Eq. (18) holds if and only if there exist positive scalars v;1, V3, **+, Vi (i =1, 2,
3), Vi1, Uiz, -+, Uy (L = 4, 5, 6), such that:

Y+ Z(U T A AT+ 03 07mETy T + vt ANy + 05,05k T,

1 . 1 A2 . 2 T (19)
+U3 Az Ay + 03,05, T5,T3;) + Z(Uzu Ay Ny + 04, 05m5 Ty T
i=1
U5t A AL +v5; 0% K i T TE + vt Agi AL, + V602 c3TeiTE) < 0.

Applying the Schur complement, equation (17) is equivalent to equation (19). This completes
the proof.

Obviously, the optimal TMD parameters for the uncertain systems can be obtained by solving
the following optimization problems.

Optimization 3:

min v, (s.t.>Eq.(17)). (20)

P>0,0<mg;<mg;,0<kq;<kqi,0<cgqi<Cq4;

Optimization 4:

k
min  _ Zmdi, (s.t.> Eq. (17)). (21)

P>0,y=Y,0<mg;<mq;,0<kqi<kq;0<cqi<Cq; &
i=

Remark 3: It is worthy to point out that there exist nonlinear properties in Eq. (7) and (17) for
the coupling of the parameters my;, cq4;, kqi (i =1, 2,..., k) with the matrices P and S. Thus, the
traditional LMI solving methods is useless to solve Eq. (7) and (17). Fortunately, there are lots of
intelligent algorithms (such as, genetic algorithm, neural network, particle swarm optimization
and ant colony algorithm, etc.), which have been certified to be effective for treating the nonlinear
properties of all kinds of equations. In this paper, a method of combining genetic algorithm with
LMI toolbox is introduced to solve the optimizations 1 to 4, and the algorithm is shown as
following:

Algorithm.

Step 0 (initialization): Set the maximum iteration step T, population size N, crossover rate P.,
mutation rate P, , and the steps counter t = 0. Then, the individual solutions are randomly
generated to form an initial population for example, in optimization 1, the population size is [,
that is, the initial population are mdl, cdl, kél, i=1,2,...k,j=1,2,...,L

Step 1 (fitness of the individual solutions): The fitness is the value of the objective function in
the optimization problem being solved. Based on solving of the optimization 1, 2, 3 or 4, the
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fitness of the individual solutions can be obtained.

Step 2 (selection, reproduction and mutation): The more fit individuals are stochastically
selected from the current population, and each individual’s genome is modified (recombined and
possibly randomly mutated) to form a new generation. The new generation of candidate solutions
is then used in the next iteration of the algorithm.

Step 3 (production of the new generation): Based on solving of the optimization 1, 2, 3 or 4,
the fitness of the individuals in the new generation can be obtained, and according to fitness of the
individuals in the new generation, the candidate individual solutions can be obtained and then
used in the next iteration of the algorithm.

Step 4 (Termination): The algorithm terminates when t = T, or a maximum number of
generations has been produced, or a satisfactory fitness level has been reached for the population,
and the individual solution with the maximum fitness is chosen as the optimal solution. Otherwise,
sett =t + 1, and go back to step 2.

4. Illustrative example

Consider a 3 degree-of-freedom structural system, which has a TMD installed on the third
storey. The structural parameters are as following: m; = 345.6 ton, ¢; = 2973 kNs/m’!,
k; =3.404x10°kN/m, i = 1, 2, 3, are the mass, damping and stiffness of each storey respectively
[19]. my, ¢4 and kg, which are the parameters of the TMD, need to be designed. Choose

~ ~ T
z(t) = [i(t)T,JE(t)T] as the controlled output, that is, C, = [l 0Ogxs4]. Firstly, the system
without uncertainties is considered. Set y = 0.5, and choose the minimum m, as the optimization
objective. Then, by setting the maximum iteration step T = 100, we use the Matlab GAOPT
Toolbox to solve the Algorithm mentioned above (the values of m, obtained in the iteration are

shown in Fig. 2), and obtain the optimal TMD parameters, which are shown in Table 1. For
description in brevity, this TMD is denoted as TMD1 thereafter.

Table 1. The final results after 100 steps

kg Cd mg Y
2124488 | 2632.25 | 218.28 | 0.5

Steps
Fig. 2. The m, obtained in the iteration

In order to verify the dynamics of the TMD-controlled system, a time history of acceleration
from North Korea seismic excitation is applied to this system (see Fig. 3, http://www.
vibrationdata.com/newsletters.html), and the storey 3’ displacements of the system with and
without TMD1 are shown in Fig. 4. The displacements of the other two storeys and the velocities
of three storeys have a similar varying trend, which is omitted here for brevity. It is shown from
Fig. 4 that TMD 1 is effective in attenuating the vibration of the structural systems. The maximum
displacements and velocities of the three storeys are shown in Table 2. The Percentage of the
Maximum-displacement-reduced Value (PMV) of the system with TMDI1 is
((0.0599-0.0185))/0.0599 = 33.06 % in storey 1, and the other PMVs are shown in Table 2. That
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is, the maximum displacements and velocities are all attenuated when the system is controlled by
TMDI. Thus, the effectiveness of TMDI is obvious.

10 N
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Fig. 3. North Korea seismic excitation
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Fig. 4. The storey 3’ displacements of the structural system

Table 2. the maximum displacements and accelerations of the structural system
Displacements (m) Velocities (m/s)
Floor 1 Floor2 | Floor3 | Floor 1 Floor 2 | Floor 3
Without TMD1 0.0599 | 0.1078 | 0.1348 | 0.9108 1.6771 2.1212
with TMD1 0.0401 0.0775 0.1019 0.5594 1.0249 1.3168
PMV 33.06% | 28.11% | 24.41 % | 38.58 % | 38.89 % | 37.92%

Then, the uncertain case is considered. Consider the uncertainties as applied to the mass,
stiffness and damping coefficients of the first storey, and assume the parameter uncertainties
satisfying my, = my + 0;9my, ki, = kg + 01k1, €1, = €1 + 03161, 0 <1654] <035, =02,
0<16,,1<6,;, =02, 0<6;,] <3, =0.2. Choose the minimum y as the optimization
objective. By setting the maximum iteration step T = 50, we use the Matlab GAOPT Toolbox to
solve the Algorithm mentioned above (the values of y obtained in the iteration are shown in
Fig. 5), and obtain the TMD parameters which are shown in Table 3. For description in brevity,
this TMD is denoted as TMD2 thereafter.

Table 3. The final result after 50 steps in the uncertain case
kg Cq mg Y
7135.642 | 7797.655 | 1620.312 | 0.302577

Under the excitation mentioned above, the displacements of storey 3 for the system with
TMD?2 are shown in Fig. 6. The displacements of the other two storeys and the velocities of the
three storeys have a similar varying trend, which is omitted here for brevity. It is shown from
Fig. 6 that TMD 2 is effective in attenuating the vibration of the uncertain structural systems
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obviously. The maximum displacements and velocities of the three storeys are shown in Table 4.
From Table 4, it is easy to get that the maximum displacements and velocities are all attenuated
when the system is controlled by TMD2. Thus, it is validated that TMD?2 is robust to parameter
uncertainties.

Table 4. The maximum displacements and accelerations of the uncertain structural system
Displacements (m) Velocities (m/s)
Floor1 | Floor2 | Floor3 | Floor1 | Floor2 | Floor3
Without TMD2 | 0.0643 0.1061 0.1290 1.0542 1.5584 1.8664
With TMD2 0.0226 0.0413 0.0570 0.3583 0.6283 0.8277

PMV 64.85% | 61.07 % | 55.81 % | 66.01 % | 59.68 % | 55.65 %
2 T T T T
* | i | i
15fA e T bommeneoes R
L O . B
*
0.5 b= R ERRECEEELEETEECEELRELERE
[] 1 1 i 1
0 10 20 30 40 50
Steps

without TMD2
with TMD 2

Fig. 6. The storey 3’ displacements of the uncertain structural system

Table 5. The maximum displacements and accelerations of the uncertain structural system
Displacements (m) Velocities (m/s)
Floor 1 | Floor2 | Floor3 | Floor1 | Floor2 | Floor3
Without TMD2 | 0.0098 | 0.0189 | 0.0240 | 0.1488 | 0.2748 | 0.3579
With TMD2 0.0084 | 0.0138 | 0.0195 0.0713 0.1321 0.1786
PMV 14.29 % | 26.98 % | 18.75 % | 52.08 % | 51.93 % | 50.10 %

—

In order to further verify the effctiveness of the obtained TMD controller, another seismic
excitation (see Fig. 7), which was adopted as an excitation in [2, 19-21], is applied to this system.
The storey 3° displacements of the system with and without TMD2 are shown in Fig. 8. The
displacements of the other two storeys and the velocities of three storeys have a similar varying
trend, which is omitted here for brevity. It is shown from Fig. 8 that TMD 2 is still effective in
attenuating the vibration of the uncertain structural systems which is excited by the seismic
excitation shown in Fig. 7. The maximum displacements, velocities and PMVs of the three storeys
are shown in Table 5. From Table 5, it is easy to get that the maximum displacements and

3778 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716



2159. TUNED MASS DAMPER PARAMETERS DESIGN FOR STRUCTURAL SYSTEMS VIA LINEAR MATRIX INEQUALITY AND GENETIC ALGORITHM.
FALU WENG, YUANCHUN DING, WEUIE MAO

velocities are all attenuated when the system is controlled by TMD?2. Thus, the effectiveness of
TMD?2 is validated again.

2

b i : : : i

Time (s)
Fig. 7. EI Centro 1940 earthquake excitation

0.015

0

Time (s)
Fig. 8. The storey 3’ displacements of the uncertain structural system

5. Conclusions

The TMD parameters designing for structural systems based on combining LMI technique
with genetic algorithm is of concern in this paper. Firstly, based on matrix transform, the singular
description of the structural systems controlled by TMDs is obtained. Secondly, in terms of
combining LMI toolbox with genetic algorithm to solving the optimization problem, the optimized
TMD parameters are obtained such that the TMD-controlled system has a prescribed level of
vibration attenuation performance. Thirdly, the obtained results are also extended to the uncertain
cases. Finally, examples are given to show the effectiveness of the obtained theorems.
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