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Abstract With the development of more efficient structura anayss tools and new construction techniques, modern buildings are
becoming taler and more flexible in order to satisfy the requirement for more space. At the same time this type of structure becomes
more vulnerable to excessive vibration caused by natural hazards, such as earthquakes and strong winds, which can cause damage and
even the collapse of the structure. Structura control offers a promising aternative in protecting structures while maintaining desirable
dynamic properties. Over the years passive control devices such as tuned mass dampers (TMD) have been successfully studied and
installed on some civil engineering structures worldwide. Hybrid control strategies have been investigated by many researchers to exploit
their potential to increase the overal reiability and efficiency of the controlled structure. A hybrid control system is typicdly defined as
one that employs a combination of passive and active devices. In this work the hybrid control of atall building subjected to an harmonic
loading with random perturbations is studied. Adding to the considered harmonic load a random noise will make the analysis more
redistic, since most of the civil engineering structures are subjected to random natural loadings. The chosen control mechanism is the so
called hybrid mass damper (HMD), a combination of a tuned mass damper (TMD) and an active control actuator. The active control
actuator force is caculated using the linear optimal control agorithm. The HMD behavior and efficiency compared to the passive mass
damper is andyzed in detail. It is verified that the hybrid control system is more efficient in reducing vibration caused by harmonic
loading with random perturbation than the passive mass damper, which istraditionally designed considering an harmonic load.
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1. Introduction

The protection of civil structures against undesirable vibrations, including their material contents and human occupants,
is without doubt a worldwide priority. These high vibration levels can cause discomfort and, even more, compromise the
structure safety and integrity. Events which cause the need of such protective measures are earthquakes, waves, winds,
traffic, human occupation and even deliberate acts, among others.

An dternative to this problem studied by many researchers in the last years is the structural vibration control. It changes
structural properties, enhancing damping, stiffness and strength, by installing external devices or applying external forces to
the structure. There are basically three types of structural control: active, passive and hybrid.

Hybrid control systems combine active controllers with passive devices. The active portion of an hybrid system
requires much less power than a similar active system, while providing better structural response than the passive system
alone. This type of control has been extensively studied in recent years (see, for example, Tzan & Pantelides, 1994; Lee
Glauser et al, 1997; Riley et al., 1998; Spencer J. & Soong, 1999; Nishitani & Inoue, 2001; Avila, 2002; Avila &
Gongalves, 20024).

A large number of studies on hybrid control analyzes its application for structure protection against earthquakes. Tzan
& Pantelides (1994) combined viscoelastic dampers with active bracing systems, while Irshick et al (1998) and Riley et al
(1998) applied hybrid control strategies to base isolation systems.

An hybrid control device aready used in Japan and Taiwan buildings (Nishitani & Inoue, 2001) is the so called hybrid
mass damper (HMD), a combination of a tuned mass damper (TMD) and an active control actuator (Nagashimaet al, 2001,
Fujinani et al, 2001; Avila& Gongalves, 2002b).

In the present work a HMD is used to control the dynamical response of atall building subjected to an harmonic load
with random perturbations. Most of civil engineering structures are subjected to random natural loadings and even when
deterministic loads such as harmonic loads, a random noise is usualy present. The mathematicd modeling and
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numerical methodology to obtain the non-deterministic force is described in Santee (1999). The active control actuator force
is calculated using the linear optimal control agorithm (Meirovitch, 1990).

The TMD and HMD performances are compared. It is observed that the hybrid control system is more efficient in
reducing vibration caused by loadings with random perturbations than the passive mass damper, which is traditionally
designed considering an harmonic loading.

2. Equationsof Mation

The equations of motion of a multi degree of freedom (MDOF) system with an HMD are similar to those of a structure
controlled by aTMD. The difference is theinclusion of the control force u(t), leading to

M y(t)+C y(t)+Ky(t) = F(t)+Dp(t) (1)

mz(t) +cz(t) + kz(t) = - my +u(t) @)

where M, C and K are the mass, damping and stiffness matrices respectively; F(t) is the dynamic loading applied to the

structure; p(t) = ¢z (t)+kz(t)-u(t); yi(t) is the displacement of the ith mass relative to the ground; z(t) is the displacement of
the HMD with respect to the floor where it has been installed; D represents the HMD location vector. The dth component of
D isgiven by

_; ®

where i identifies the floor on which the HMD isinstalled; when the HMD is on the top floor i=N.

In MDOF systems where the natura frequencies are well spaced, such as some high buildings, the structural response
can be obtained by a reduced model using modal analysis (Soong & Dargush, 1997). The TMD effectiveness is greatest
when the structure analyzed oscillates around a predominant mode, so the response vector y(t) can be approximately
represented by a single coordinate yy and a mode shapef 4, i.e.,

y=f1¥ (4)

Substituting Eq. (4) into Eq. (2) and pre-multiplying Eq. (2) by f 1", equation (2) becomes

* * * ‘ 0 (5)
My yn+Cp yn+Kiyy :E%Z'FKZ%; + (1)
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where M; =f; Mf, isthe moda mass, C; =M, 2w, and K; =M, w7, x; and w; being the damping ratio and natural
frequency of the first mode of the structure; and f(t) is the dynamic excitation.

The MDOF system modal representation is exactly the same as a single degree of freedom (SDOF) structure, except
that the modal mass, stiffness and damping are employed instead of physical parameters. The mass ratio, m in this case, is
defined asmem/M; .

3. Optimal Control Algorithm

The so-called state space approach is the most used in the formulation and solution of control problems. It describes
structural systems by a set of smultaneous first-order differential equations of the form

z(t) = Az(t) + Bu(t) + Hf (t), 2(0) = z, ©)
where
s )
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isthe 2n-dimensiond state vector,
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isthe 2n x 2n system matrix, and
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are 2n x m and 2n x r location matrices specifying, respectively, the location of controllers and external excitations in the
state-space.

In the active/hybrid control system development, one of the most important stages is the determination of an appropriate
control law. This law is obtained through the use of a chosen control algorithm; in the present work the classica linear
optimal control algorithm isused (Meirovitch, 1990).

The linear optimal control problem consist in finding the control vector u(t) that minimizes the performance index J
subject to the constraint (6). In structura control, the performance index is usually chosen as a quadratic function in z(t) and
u(t), asfollows

t
J= dzT (H)Qz(t) +u' (t)Ru(t)|dt (10)
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where Q is a 2n x 2n positive semi-definite matrix and R is a m x m positive definite matrix. The matrices Q and R are
referred to as weighting matrices, whose magnitudes are assigned according to the relative importance attached to the state
variables and to the control forces in the minimization procedure. It is important to notice that HMD devices are single-
input systems, where only one control force is necessary. In this case the location matrix B reduces to 2n x 1 matrix and the
weighting matrix R reduces to anumber.

The minimization problem leadsto a Riccati differential equation system of the form

P(t) + P(t)A - % P(t)BR BT P(t) + ATP(t) + 2Q =0, (11)
P(t;)=0

where P(t) isthe Ricatti matrix.
The control vector u(t) islinear in z(t). In this case, the linear optimal control law is

u(t) = G()(t) = - % R BTP()z(t) (12)

where G(t) =- %R'lBT P(t) is the control gain. When z(t) is accessible through measurement, u(t) can be determined

from Eqg. (12). It isknown that the feedback determined in thisway generates a stable closed-loop system (Soong, 1990).
4. Non-deterministic Force
Consider that the applied load is composed of an harmonic deterministic portion plus arandom term, such that
F, (t) = F cos(Wt) +G(t; F, W) (13)

where the random term G(t; F,W) depends on the deterministic parameters.
For the numerical simulation, following Santee (1999), the following hyothesis about G are adopted in the present
work:
A force that varies randomly in time is mathematically a stochastic process. A stochastic process is a random
variable where the probability distribution depends on a parameter. If the parameter is continuous, the process



is caled continuous. In the present case, this parameter is time. If the statistics of the process (mean and
variance) are time independent the processis called stationary.
An Ergodic Process is a process where the statistics of the random variable G(t;F,W) are the same as the
gatistics of only a sample of the random process taken along time. An ergodic process is dways stationary, but
a stationary process may not be ergodic. In this work it is assumed that the random portion G(t;F,W) is an
ergodic process and, consequently stationary.

Another hypothesisis that G has expected value zero, that is:

E[Gt;F,W]=0 (14)

The description of a stochastic process is usually made in the frequency domain, the hypothesis about the random term
isthat it hasaspectral density function given by

2
s w, w,
FosW) ==5¢ for W- —L <w < W+— (15)
2w, 2 2

where s & isthe variance of the random force amplitude and W, is the random frequency bandwidth.

Figure (1) shows the spectral density function of the random portion. Additionally, it is considered that the standard
deviation of the random force amplitude is proportional to the deterministic force amplitude, thus

s, =aF (16)
where a is the proportion value. It is important to emphasize that the random force depends on frequency and amplitude of
the deterministic term.
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Figure 1. Spectral density function of the random term

Physically, the random term is a noise that increases with an increase in the applied force. Another point to be
emphasized isthat the random term depends on two prescribed parameters. the standard deviation proportion a with respect
to the deterministic force amplitude F, and the frequency bandwidth w; around the aforcing frequency W.

5. Stochastic ergodic process simulation, with expected value zer o and specified spectral density function

In the following the theoretical fundaments and methodology used to generate the random force in time domain is
presented (Santee, 1999; Avila, 2002).

The idea of an algorithm to the generate a stochastic process sample G(t) comes from the expression of the process
variancein terms of the spectral density function
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Assuming that the processis ergodic, the variance can also be calculated in time domain as
2 1%
sée T— 003 (t)dt @— 0; 2(t)dt (18)

where Ty isthe force duration and g(t) isasample of the stochastic process G(t).
Based on relations (17) and (18), the variance expressions can be calculated by two different approachs and equaled to
obtain arelation between the time function g(t) and the spectral density function, asfollows

T

Ep (t)ct @chG (w)dw (19)

Discretizing EQ. (18), one obtains

Ny 2
—a g°(mDt) @Za F ae (kwo)wg (20)
m=0 k=1

where Dt =T, /N and Dw =w, =2p /T,
Parceval Theorem (Pneumont, 1994), which relates the amplitude of a stochastic process in time with the process
amplitude on frequency domain, states that

1%t 'R 2
N @ g'(m @a [Cq (kOw)) (21)
m=0 k=0

where C, (w) isthe Discrete Fourier Transform (DFT) coefficient of the process sample g(t).
Substituting (21) on the right hand side of Eg. (20) and remembering that for g(t) to be red it is necessary that
Cy(N/2+i) = C(N/2- i) , Eq. (20) can be rewritten as

N°/2 N/2

28 [c,kwg)|* @23 F oo (kwioh (22)
k=1 k=1

The above expression istrueif

Cy (kw)| = y/F oo (kW)W k=1..N/2 (23)

This expression allows to determine the modulus value of C, coefficients of a Discrete Fourier Transform sample of the
stochastic process G(t), in away that it has a specified spectral density function. Finally, each DFT coefficient of g(t) can be
calculated from

Cq (kwo) =|Cq (k)| cos(ay ) +i|Cq (ko) sen(a ) 24

where the phase angles g« are random variables with constant distribution between 0 and 2p. Samples of the random
variables can be obtained using a random number generator.
The basis of a random force generation methodology is Eq. (24), to use this expression the following initial values are

necessay:



To Random process duration
N Number of points analyzed on the process
F (W) Specified spectral density function

6. Numerical Example

The ten-storey shear building, described in Villaverde & Koyama (1993), is considered in this study. The mass,
stiffness and damping properties of the building reduced model are, M; = 589.1 t; K, = 5.94 x 10° kN/m e C, = 74.8 KNs/m.
A mass damper is connected to the top floor. Admitting a mass relation m= 0.05, the mass damper structural properties
obtained by Den Hartog's expressions (Den Hartog, 1956) are: mass my = 29455.0 Kg; stiffness ky = 269150.1 N/m and
damping coefficient ¢y = 23796.5 Ns/m.

Initially consider the mass damper acting passively as a traditional TMD. The dynamic response of the structure
subjected to an harmonic loading F = Fo sen Wt (Fo = 1 kKN; W= 3.174 rad/s) and to a non-deterministic force (W= 3.174
rad/s, wy = 0.5 and a= 0.3), illustrated in Fig. (2), is analyzed. The equations of motion are solved by the fourth-order
Runge-Kutta numerical integration technique.

t(s)

B
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Figure 2. Random force sample (W= 3.174; wi = 0.5and a = 0.3)

Fig. (3) shows the time evolution of the displacement of the top floor for both loading cases. The maximum and
root mean square (rms) values for the top floor displacement are summarized in Tab. (1). It can be observed that the
presence of arandom disturbance grestly reduces the TMD effectiveness.

Table 1 — Maximum and rms displacements of the main structure with TMD

Umax (Mm) Urms (MM)
Deterministic Force 0.8704 0.5377
Non-deterministic Force 1.0560 0.6625
D(%) 21.3 23.2
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Figure 3. Displacement time evolution of main structure with TMD

Subsequently, the dynamica response is calculated considering the structure protected by an HMD. The control

force u(t) is obtained using the following weighting matrices

Figure (4) compares the top floor displacement time evolution using a TMD and an HMD, when the structure is
subjected to the harmonic load with random perturbation. It can be observed that the HMD is more efficient, leading to
maximum and rms displacement of about 75% less than those obtained with the passive mechanism only (TMD), as

summarized in Tab. 2.
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Table 2 — Maximum and rms displacements of the main structure with TMD or HMD, subjected to

non- deterministic loading

Umax (MmM) Urms (MM)
TMD 1.0560 0.6625
HMD 0.2568 0.16949
D(%) -75.5 -74.4
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Figure 4 — Displacement time evolution of main structure (TMD x HMD)

The maximum and rms forces calculated for the HMD actuator under non-deterministic load are respectively Fps =
703.4 kN and F;ns = 692.6 kN. The maximum value is approximately only 2% higher than the necessary to control the same
structure subjected to an harmonic load only. The increase in the rms forceis about 15%.

The control force in the HMD actuator improves the effectiveness of the mass damper, makes it more robust in relation
to changesthat can probably occur in the harmonic |oading considered in the design of the control system.

7. Conclusion

In this paper the HMD performance on controlling a high building was compared to the corresponding passive
mechanism, the TMD. The structure was excited by an harmonic load with random perturbations, this type of load makes
the analysis more redlistic, since civil engineeering structures are often subjected to random natural loadings. It was verified
that, in this case, the hybrid control is more efficient than the passive one, because the control force makes it more robust to
changes on the design load. The results also show that the control force does not have a significant increase in its maximum
maghnitude comparing the structure with an HMD subjected to deterministic and non-deterministic loads.
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