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Abstract. In this paper, modal control with direct output feedback is formulated in a systematic manner
for easy implementation. Its application to the seismic protection of structural systems is verified by a
shaking table test, which involves a full-scale building model and an active bracing system as the control
device. Two modal control cases, namely, one full-state feedback and one direct output feedback control
were tested and compared. The experimental result shows that in mitigating the seismic response of
building structures, modal control with direct output feedback can be as effective and efficient as that with
full-state feedback control. For practical concerns, the control performance of the proposed method in the
presence of sensor noise and stiffness modeling error was also investigated. The numerical result shows
that although the control force may be increased, the maximum floor displacements of the controlled
structure are very insensitive to sensor noise and modeling error.
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1. Introduction

It has been shown that the technique of active structural control can be an effective means for
improving the serviceability and safety of civil engineering structures subjected to dynamic loading,
such as wind or earthquake loads (Soong 1990, Nishitani 1998, Ktraltal999, Luet al. 1999).

When compared with other engineering systems, a civil engineering structure usually has the

following features: the mass and stiffness of the system are much larger; the time of life cycle is

longer; the degrees of freedom for completely describing the system are larger. Therefore, a suitable
active structural control system for a civil engineering structure must be able to deal with the above

practical problems.

Generally speaking, an active structural control system is composed of mechanical actuators,
response measurement sensors and a controller with a preloaded control algorithm that will decide
how the actuator should react to external excitations. Among many control algorithms, modal
control represents one control class, in which the motion of a structure is reshaped by merely
controlling some selected vibration modes. In modern control theory, modal control is also called
eigenvalue or pole assignment control. Modal control is especially desirable for the vibration control
of civil engineering structures. The reason is that although a civil engineering structure, which is
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usually a large structural system, may involve hundred or even thousand degrees of freedom, its
vibration is usually dominated by the first few modes. Therefore, the motion of the structure can be
effectively suppressed by merely controlling these few modes.

To date, numerous procedures and algorithms concerning modal control or pole assignment have
been proposed in the literature. The works by Wonham (1967) and Simon and Mitter (1968) were
among the first to analytically extend pole allocation problem from the classical single-input to a
multiple-input control. In these early works, the number of inputs decided the complexity and
details of each method. Later, the problem of eigenvalue assignment was reformulated and
presented in different forms by Moore (1976), Porter and D'Azzo (1978) and Chang and Soong
(1980). Although these precursory authors have paved a rigorous background for the modal control
theory, their works primarily dealt with control using full state feedback.

A control method using full state feedback may not be practical for a structural system involving
a large number of DOFs, since the control implementation may requires a large amount of sensors
or a state observer of a huge dimension. In contrast, an output feedback control method, which
requires the feedback of only some selected state variables of the controlled system, is more
desirable. The papers by Davison (1970), Davison and Wang (1975), Kimura (1975), Srinathkumar
(1978) represent some of the early works on modal control using direct output feedback (or
incomplete state feedback). In these works, the procedures of computing the feedback gain were
given and the limitations on eigenvalue assignability of the closed-loop system were also
investigated extensively. More recently, Kautsky (1985) and Baruh (1987) proposed methods
involving iterative minimization and recursive perturbation algorithms to accomplish pole placement
using direct output feedback. Varga (1981) and Maghami and Juang (1989) proposed control
methods utilized Schur matrix decomposition and coordinate transformation to alter one eigenvalue
at a time recursively to the desired value. Balas (1979) aret bl (1993) presented modal control
methods that compute the feedback gain in a truncated modal space. Using a control method called
independent modal space control (IMSC), Oz and Meirovitch (1980) and Chang and Yu (1998)
showed that for a multiple DOF system, the modal property for each mode can be altered
independently of the other modes.

The purpose of this study is to develop and experimentally verify a method of modal control with
direct output feedback that is easily designed and implemented for active vibration control of
seismic structures. The advantages of the control method proposed in the present paper includes
that: First, the computation of the feedback gain is given in a systematic and concise matrix form,
so that there is neither matrix decomposition nor recursive operation required. Second, the
procedure for computing the best achievable eigenvectors that minimize the difference between the
desired and achievable ones is also proposed, so that the designer has more freedom to select the
desired mode shapes. The paper is organized as followings. The theoretical background of modal
control as a tool of reshaping structural response is first reviewed and followed by the derivation of
a matrix formula for computing the feedback gain. The constraints on the selection of eigenvalues
and eigenvectors corresponding to the controllable modes are derived. To relax the constraints, the
method for computing the best achievable eigenvectors is proposed. The set-up and result of a
shaking table test that verified the proposed control method are described in detail. Finally, for
practical concerns the influence of sensor noise and modeling error on the control performance of
the proposed method is investigated numerically.
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2. Relation between modal and eigen properties of structures

When a seismic structure is modeled by a lumped-m&%3F system, its equation of motion can
be expressed by

M&(t)+C&(1) +KE(t) ="Ml xy(t) 1)
whereMs, Cs andKg represent the mass, damping and stiffness matrices, respectively; theévector
denotes the relative nodal displacements of the structure with respect to the gyound; represents

the ground acceleration; denotes the loading distribution vector. Generally speaking, a linear
dynamic system described by Eq. (1) can be exclusively characterized by sits of modal
parameters, namely, modal frequencies, damping ratios and mode shapes. In this paper, these
parameters are, respectively, denoteddyy(; andn; (i = 1, 2, ...n), with the subscript indicating
that the entities are associated with itle vibration mode. These parameters can be evaluated by
solving the eigenvalue problem of the homogeneous part of Eq. (1).

In the structural control theory, the equation of dynamics in Eq. (1) is usually converted into a
first-order state space equation, i.e.,

X(t) = AX(t)+F %,(t) @)

wherex(t) denotes the time-dependent state vedarepresents the time-invariant square matfrix;
represents the seismic force distribution vector. These matrices can be shown explicitly as

x | x
x() = VIO R™  and  f={ gOR" 3
XMoo 000
A - [_Ms_lcs _MS_lKS:| |:| R2n><2n (4)
| 0

where a symbolR"*? indicates the dimension of a real-numbered matrixpwitws andq
columns.

By inspecting Eq. (4) it is clear that the system mahrigreserves all the structural matridds
Cs andK, of the original system; therefore, the eigen-propertie& sfiould be related to the modal
parameters of the system in Eq. (1). Since the matkilte€s and K are all real, the matriA is
also real. For a real-numbered matrix, its eigenvalues and eigenvectors must be either real or appear
as complex conjugate pairs. L&, andA, be thei-th pair of the eigenvalues 8f andz;; andz;
be thei-th pair of the eigenvectors. The relation between modal and eigen-parameters can be
expressed by

Mo = =40 +jw 1=

. fori=1ton. (5)
Ay = =G — jw1-¢
Mai-1Ni0 AN O
Zi=0 'O z=0. 0 fori =1 ton. (6)
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Wherej = /-1 andZ;, w andn; are the modal parameters defined previously. Eq. (5) and Eq. (6)
give a one-to-one mapping between the modal parameters and the eigen-parameters for a given
structure. In other words, if the modal parameters{; and n; of a structure are specified, one can
readily calculate their corresponding eigenvalues and eigenvectors by Egs. (5) and (6). It is for this
reason that modal control is also called eigenvalue assignment. On the other hand, given a pair of
eigenvalues ofA, one may compute the corresponding modal frequency and damping ratio by
solving Eq. (5), i.e.,

W = JAz.1A5

1 ™
¢ = m(/\Zi—l +Ay)
From Eqg. (7) it can be concluded that as long as the eigenvajuesand Ay are complex
conjugate,w; and {; are always two real numbers. Moreovergwifis taken to be positive, the sign
of ¢ is always opposite to the sign of the real park £f andA,. In other words(; (fori = 1, 2,
. n) should be positive for a stable control system, since the real parts of all eigenvalues of a
stable system should be negative.

3. Modal control with direct output feedback
3.1 Control closed-loop equation

When the seismic system denoted by Eq. (2) is equipped with active structural control devices, its
equation of dynamics should be modified as

X =AXx+Bu+fXx, (8)

where the added ternB() represents the effect of control forces, wghand u denoting the
actuator placement matrix and the control force vector, respectively. Now, considering a control law
of direct output feedback, where the control force vegts determined by directly multiplying the
sensor outputs by the feedback gain. The control closed-loop equation for this type of control laws
may be written as

X = (A+BFC)x +f x
= Ax +f X, 9)

whereF and C denote the feedback gain and the sensor placement matrix, respectivelyawhile
represents the closed-loop system matrix. deeind r be the numbers of sensors and actuators
installed in the structure, respectively; therefore, the dimensions of the relevant matrices can be
shown asBOR™" FOR™ CORY™ and,OR™ . It should be noted that a closed-
loop equation with the form given by Eqg. (9) assumes the feedback signals being the structural
velocities and/or displacements only. For the time being, the control with acceleration feedback
(Dyke et al. 1996a and 1996b) is thus not considered here.

In view of Eqg. (9), the meaning of modal control is to properly design the feedback gainFnatrix



Seismic test of modal control with direct output feedback 637

so that the added termB (F C) will alter the eigen-structure of the open-loop system métrieo

that of the matrixA; in a desired or prescribed manner. In the next sub-section, a matrix equation
for computing the feedback galn is derived. The equation gives a systematic way of generating
the gain matrix, once the target eigenvalues are given. The gain matrix allows the number of the
controllable eigenvalues and eigenvectors be equal to the number of sensor measurements,

3.2 Design of feedback gain

Let A; andu; denote thd-th eigenvalue and eigenvector of the closed-loop matgix¥rom Eq.
(9), we have

AU, = (A+BFC)u; = Ay, (20)

Next, let the matricef andB be partitioned as

A= andB = (11)

where A, DR™® andB, 0R™*" . Substituting and B from Eq. (11) into Eq. (10) yields two
separate matrix equations

(A +BFC)u; = Az (12)
(A +BFC)u; = Aw, (13)

wherez OR™" andy, OR®™™*'  represent the upper and lower partitions of

Now, let the number of eigenvalues and eigenvectors assigned by the control desiggnance
also let the target values of these eigenvalues and eigenvectors be denm(tcéd by ui(c’ and i , where
=1, 2, ...,q (a superscriptd] indicates that the entity is associated with the control target modes).
Substituting these assigned values and vectors into Eg. (12) one by one, one can calject the
equations to form an enlarged matrix equation, i.e.,

(A +B,FC)U, = Z diag(A), (14)
where
U, = [ul?, ul?, ..., uff)] (15)
and
/\(1C) 0O - 0
© .
diagih),=| O A2 (16)
I 0 - 0 /\g:)_

Also, in Eq. (14)Z; is the upper partition dd., i.e.,
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0Z. O
U, = O a7
‘ %NCD
where the dimensions of the sub-matriceszrél R ™° \aipe) R0 4 . Finally, from Eqg. (14)

one can immediately solve for the gain makiand obtains
F =B (Zediag(A), = AlU)(CUQ)™ (18)

By substitutingF from Eq. (18) back to Eq. SlO), one can prove that the closed-loop system matrix
A, will possess the desired eigenpai °)( ui(C )ifer 1, 2, ...,q. In Eq. (18), the gaifr has a

solution only if the square matricds and CU.) are both non-singular. In the cases that the
matricesB; or (CU.) happens to be singular, one may reorder the rows of the rBatnixredesign

the eigenvectordl, in order to avoid the matrix singularity.

In Eg. (18), it seems that the requirements on the system controllability and observability do not
explicitly appear in the computation of the gain. However, it has been shown by Davison (1970)
that for the direct output feedback control system described by Eq. (9), the system must be
controllable and observable, then the gain m#&ris able to assign eigenvalues (leq > r) of A.
arbitrarily close toq prescribed values. Furthermore, it should be noted that although the gain
computed by Eqg. (18) is able to assigi?2 structural modes to the prescribed modal parameters,
mathematically it does not guarantee which modes will be changed. However, as it will be shown in
the later sections that as long as the modal frequencies of the control target modes remain
unchanged, the damping ratios and the mode shape elements of these target modes can be altered
precisely to the prescribed values.

3.3 Derivation of achievable eigenvectors

In the previous discussion, it was shown how dgharbitrary eigenvalues and eigenvectors of the
closed-loop matriX; can be altered to the desired values by the proposed formula. Recall that the
constraint numbeq is the number of sensors installed in the structure. However, in this paper, it is
further shown that not all of the elements in the corresporglirggenvectors can be arbitrarily
assigned but only elements in each eigenvector can be freely selected. The derivation is presented
below.

By substituting the pre-selectedtarget eigenpairs\i(c) arvali(c’ (whdre 1, 2, .., ) into Eq.

(13) one by one and combining thepequations together, one may obtain a single enlarged matrix
equation similar to Eq. (14), i.e.,

(A2 +B,FC)U, = Wcdiag(Ai). (19)

whereU, andW, are defined in Egs. (15) and (17). Now, substituEknfjom Eq. (18) into Eq. (19)
leads to

(A, - B,B1'A)U, + B,B'Z diag(A), = W.diag(X,), (20)

Next, let us further partition the matricAs andA, of Eq. (11) as
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A A A
A - 1 — 11 12 (21)
AZ A21 A22
whereAOR™? AL OR™ andh,, OR®*" | Using Egs. (21), one can rewrite Eq. (20) as

Wdiag(A), - SsW, = S,Z + SiZ.diag(A), (22)
where

S = BzBIl, S, = (A1—S/An), S3=(Axn—SAp) (23)

Note that the three constant matric®s S,, and S; merely depend on the sub-matrices of the
system matriXA and the actuator location matix

Although Eq. (22) gives the relation betwedh andZ,, i.e., the lower and the upper portions of
U, one can not use the equation directly to expési terms ofZ.. To solve this problem, one
may decompose Eq. (22) intpequations, so that each equation is related to one assigned eigen-
pair only, i.e.,

A -S) W = (S, +A98)z7  (fori=1,2, ..9) (24)
wherez andw; are thei-th columns ofZ. andW,, respectively, and; is an identity matrix of the

dimension (2-r) x (2n-r). Provided thatX{© |,-S;) is not a singular matrix, one can solve Eq. (24)
for w' in terms ofZ® . Finally, using this solution il® yields

(c)
02 O
u?=p" g=L2" (25)
w; 'O
where
0 I 0
Li = D (c) -1 (©) D (26)
A1, =S3) (S:+Ai7S,) 0

and |, is an identity matrix of the dimensiom Xr). The vectoru® expressed by Eq. (25) is
referred to as the achievable eigenvector (Aretral. 1983). Two observations can be made from
the last two equations: (1)(® must lay in the subspace spanned by the columnsanthe
number of free parameters can be assignedC?n is eqtied tumber of elements izjc’ , Which

is r. (2) The coefficient matrix; depends on the target eigenvam@ , the uncontrolled system
matrix A and the actuator location mati but not the gain matrik.

3.4 Best achievable eigenvectors

As shown above, an achievable eigenvector can not be arbitrarily selected and it must obey the
condition given by Eq. (25). This implies that once the free elements in vg?@tor were selected,
the rest of the elements im("’ are also decided immediately. In other words, the control designer
may have the freedom to choose the values of the eIemeszé in but he also completely loses the
freedom to design the rest of the elementﬂffﬁ . From the designer’s point of view, this may not
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be the desired situation. An alternative approach to decide the achievable eigenvectors is proposed
below. This approach, which minimizes the difference between the desired and achievable vectors,
allows the designer to alter more elements in each designed eigenvector.

First, let u® andu{® be theth desired and achievable eigenvectors, respectively. Here, the
desired vectou(® s the one that the designer will prescribe all the elements for as he thinks best
for the structural system. Let us define an inddRat is the square norm of the difference between
the two vectoras® and{®

J=|u® —ui(C)H2 = Hui(d) —Lizi(C)H2 (27)

Among all of possible vectors cﬂfc’ , the one that minimizes the iddisxdefined as the best
vector. After it is substituted into Eq. (25), this best vector will produce the best achievable
eigenvectorui(c) . To obtain the best vec#5? , one may take the following two derivatives and set
them equal to zero

aJ _ aJ _
R Ol 0 (28)
where zi(,? andzi(,c’ are the real and the imaginary par!éc)of . Furthermore, using the expression
of ui(d) = ufg) +jui(,d) andL;, =L,z +jL;, in Egs. (27) and (28) leads to the following simultaneous
equations
Lrbr+Lily Labie=Liby | 28 O_ OLjku + Luf® O (29)
CR=1 T (d)_ T (d)
Licbi—Libir  Libig+ LyLy | D0 O Dlirti =Lt O

Since ui(g) andui(ld) are given by the designer, the only unknowns in Eq. (29zf%re Zi(.c)and

Solving Eg. (29) and substituting the solutions zf and into Eq. (25), one shall obtain the
best achievable eigenvecto 2

4. Experimental verification by shaking table test

In order to verify the feasibility of the aforementioned modal control scheme, a shaking table test
was conducted in the Earthquake Simulation Laboratory of the National Center for Research on
Earthquake Engineering (NCREE), Taipei, Taiwan. A full-scale three-story building model was
erected on the shaking table for the test. An active bracing system assembled in the laboratory was
used as the active structural control device. The test facility, instrumentation, ground motion, etc. are
described in this section.

4.1 Test facility and building model

The shaking table facility located in the laboratory of NCREE has a table size ohband is
able to simulate a three-directional ground motion. The maximum allowable payload for the table is
50 metric tons. The test model, which is a three-story steel frame, is assembled from grade A36 H-
shape steel beams. Fig. 1 shows the dimensions of the steel model mounted on the shaking table.
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Fig. 1 Full-scale three-story steel building model with active bracing system

Note that in the figure the first floor denotes the floor above the ground floor. All the columns of
the steel frame are made of H20Q00x 8 x 12 (mm) steel, while the girders are of H20050

x 6x9 (mm) steel. The model has a uniform story height of 3 m, so the elevation of the roof is 9
m. The top-view plane dimension of the frame is 3 by 4.5 m (width and depth). Several concrete
blocks are fixed on each floor to simulate the floor mass. The total mass of the structure model is
about 30 metric tons. In order to obtain the actual modal parameters of the building model, a modal
identification test was conducted prior to the formal test. In that test, a wide-band white-noise
excitation was imposed on the model by the shaking table; afterward, a modal analysis using the
test data was carried out. The modal parameters identified from the test are shown in the second
column of Table 1. These modal values were required for the design of the feedbaék gain
Furthermore, based on the identified modal parameters, Table 2 lists the synthesized structural
matrices that were employed in the computation of the analytical control results.

4.2 Active bracing system and its proof test

A laboratory-made active bracing system was built for this study, in order to provide the control
forces for the test model. The system included a pair of active braces that were placed in parallel on
the two sides of the first story panel (i.e., between the ground and first floors, see Fig. 1) and
installed as diagonal members. Each active brace was built by connecting an electric-hydraulic
actuator to a steel tube (see Fig. 2). The specifications of the components of the active braces are
listed in Table 3. The active braces were rigidly connected to the frame. Each brace was properly
aligned so that the centerline of each brace passed through the centers of the beam-column
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Table 1 Modal properties of steel frame with various control conditions

Control case

Modal parameters

Uncontrolled (bare frame) Case DV123 Case DV1
) 1.07 1.07 1.07
Modal (E‘Z‘;”enc9 3.48 3.48 3.52
5.98 5.98 5.66
. . 1.41 15.00 15.00
)
Damp'(r(‘f)rat'og 0.44 15.00 30.43
0 0.31 15.00 9.51
2.76 (0.00) 2.56 (15.59) 2.56 (15.59)
15 mode shapgé © 2.19 (0.00) 2.05 (11.58) 2.05 (11.58)
1.00 (0.00) 1.00 (0.00°) 1.00 (0.00)
0.80  (180.00) 0.74  (178.03) 057  (172.32)
2" mode shagé ® 0.53 (0.00°) 0.53 (26.27) 0.54 (43.22)
1.00 (0.00) 1.00 (0.00°) 1.00 (0.00)
0.53 (0.00) 0.39 (60.19) 0.69 (52.90)
39 mode shapé © 111 (180.00) 0.82 (-30.73) 1.34  (-34.57)
1.00 (0.00) 1.00 (0.00°) 1.00 (0.00)
Remark Parameters identified frofull state feedback corbirect output feedback
a modal test trol, 6 sensors used control, 2 sensors used

D Data listed from the®ito the & modes.
@ The degrees of freedom are labeled from tA¢a3the * floors.
©® Complex vector expressed by its magnitude and phase angle (in parenthesis).

Table 2 Structural matrices used for numerical analysis

Mass M = 0 11213 O

0 0 1121

10914 O 0
ton
3

_ 2.124 —1.131 0.093
Damping C=|-1.131 2364 - 0.209 kN/(m/s)
0.093 — 0.209 2.325

3673.845 — 4555.417 1172.96
kN/m
1172.190 — 5452.178 9186.159

Stiffness K= {—4556.112 8753.602 — 5451.81

connections of the frame.

In addition to the active braces, the complete active bracing system also included an analog
controller, a digital-to-analog converter, a personal computer and a mobile hydraulic power supplier
(see Fig. 3). The computer, which performed as the central processing unit of control, did the
following on-line tasks: receiving the sensor measurememsmputing the required control forces
u (u = F y) and sending the commands to the actuators.

In order to assure test safety and also reduce experimental uncertainty, a proof test was performed
on the active bracing system alone before the system was installed on the building model. The
purpose of the test was to investigate the consistency between the control command and the actual
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Fig. 2 Installation of active bracing system in the first floor panel

Table 3 Specifications of active bracing system

Component Property Specification
Diameter 13.98cm
Thickness 0.4cm
Steel tube Length 260cm
Young'’s Modulus 2.04x 10° kgf/cn?
Stiffness 133934kgf/cm
Force capacity 2.55ton
Actuat Max. stroke +7.5cm
ctuator Rod diameter 4.45cm
Piston area 135 cn?
Hydraulic Max. Flow rate 10 gpm
system Working pressure 3000psi

control force provided by the active brace. The actual control force was measured by the load cell
embedded in the actuator. In the test, the two ends of a single active brace were rigidly fixed
between a reaction wall and a reaction frame. By doing so, the dynamic effect of the structure was
excluded from the test.

To show the result of proof test, laft) be the control command and(t) be the measured
control force at any given time (see Fig. 3) and also let their ratio in the frequency domain be
H(w) = U'(w)/U(w) . The Fourier functiotd(cw), which is a complex function, is equivalent to the
output-to-input transfer function of the active bracing system. Bdty)| and ¢(w) represent,
respectively, the amplitude and phase angle of the transfer function. Physidédy,| [and ¢(cw)
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Fig. 3 Schematic diagram of active bracing system

Load cell signal

are directly related to the magnification factor and the time-lag of the active bracing system. For an
ideal control system, where the output force follows exactly the input command, the values of the
amplitude and phase should bd(¢) | = 1 andg(w) = 0 within the operating frequency range.
Figs. 4(a) and (b) depict the experimental valuesHgtd) | and@(w) for the active bracing system.
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Fig. 4 Output/input transfer function of active bracing system
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It is shown by the figures that the amplitude is very close to unity and the phase lag is only about 6
degrees even at a high frequency of 20 Hz, which represents a mere 0.0008333 second of control
time delay.

4.3 Input ground motion and instrumentation

In the experiment, only the horizontal components of ElI Centro (1940) and Kobe (1995)
earthquake records with PGA scaled down to 0.1g were used as the input ground motion. A
displacement transducer (manufactured by Temposonics Co., type IlI) and a velocity sensor (by
Tokyo Sokushin Co., model VSE-15) were mounted on each floor and also on the shaking table, so
that the relative response of the test model to the ground can be measured. The signals of some
transducers and sensors mentioned above were also used for feedback control when they were
needed. The steel model was assumed to be a two-dimensional shear building, so only its horizontal
motion along the long axis was recorded.

5. Test results and discussions
5.1 Control cases tested

Two control cases with different sensor feedback were conducted in the shaking table test. In the
first case (labeled DV123 in the following figures), six sensor signals representing the full-state of
the model were fed back to the controller. The full-state signals include the relative displacements
and velocities of all three floors (the term “relative” means the response is measured relative to the
ground). In the second case (labeled DV1), only the partial state information, namely, the relative
displacement and velocity of the first floor were fed back to the controller, so only two sensors
were needed. The second case represents the direct output feedback control.

From the previous discussion, it is known that for the proposed modal control, the number of the
controllable eigenvalues is equal to the number of sensors available and two eigenvalues physically
represent one vibration mode. Therefore, in the first case (vfre® all three vibration modes
were controllable, while in the second case (whgre2), only one vibration mode could be
controlled. The first mode was chosen as the control target mode in the second case, since it
dominates the vibration of the model.

The control goal for both cases was chosen such that the damping ratios of the control target
modes were increased to 15% while at the same time their corresponding modal frequencies and
desired mode shapes remained unchanged. The desired eigenvalues and eigenvectors complied with
the above control goal were first computed by using Eqgs. (5) and (6). Then, the best achievable
eigenvectors, which are closest to the desired ones, were computed by Egs. (25) and (29). Finally
the desired eigenvalues and the best achievable eigenvectors were substituted into Eq. (18) for the
computation of the feedback gdin

5.2 Frequency domain data

The last two columns of Table 1 show the equivalent modal values resulted from the two control
cases. These values are independent of input ground motions. Also shown in the table are the modal
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values of the uncontrolled structure (before the active bracing system was installed). As can be seen
in the table, the steel model itself had very small inherent damping ratios. Furthermore, Table 1 also
shows that: (1) In control case DV123 (full-state feedback), the damping ratios of all three modes
have reached the target values 15%, and also all the frequencies remained unchanged. (2) In control
case DV1 (direct output feedback) only the first mode (control target mode) has achieved the
control goal, i.e., 15% damping with the modal frequency unchanged. (3) In case DV1, the modal
frequencies of the uncontrolled modes do not shift significantly, while their damping ratios are
increased considerably. This implies that the control spillover does occur. However, the spillover
does not destabilize the system but rather enhances the structural damping.

In Table 1, the three mode shapes in case DV123 and the first mode shape in case DV1 were
determined by the procedure of “Best Achievable Eigenvector” described in the preceding section.
The mode shapes resulting from the two control cases are complex vectors, whose elements are
represented by the magnitudes and phase angles (in parentheses) in Table 1. These complex mode
shapes were extracted from the lower-half portion of their corresponding eigenvectors (see Eq. 6)
and were normalized with respect to the value of the first floor. Note that in the determination of
the best achievable eigenvectors, the number of controllable elements in each eigenvector was taken
as one, since from a two-dimensional view there was only one actuator placed in the first story of
the model (sor = 1).

5.3 Time domain data

The roof displacements of the building model subjected to the 1940 El Centro earthquake with
PGA scaled down to 0.1 g are depicted in Figs. 5(@) and 5(b). The response of the uncontrolled
model is also plotted (the dotted line) in both figures for comparison. From these figures, it is
observed that both control cases are equally effective for suppressing the seismic motion of the
structure, although control case DV1 used only the first floor response as the feedback signal. The
roof response of the model excited by the Kobe earthquake was also tested and the results are
depicted in Figs. 6(a) and 6(b). In these two figures, the responses for the two control cases are also
very similar; therefore, the observation made in the El Centro earthquake is also true for the Kobe
earthquake.

8000 T Compoled | 8000 = Controffed |
;:: : Uncontrolled k3 P Uncontrolled
g 40.00 g 40.00
[0 E [ 1)
8 & SE
oy 000 2. 000
2= £
23 Qs
8 -40.00 S -40.00 —
x© x 5
-80.00 - —T | 8000 — 1 = ‘
0.00 15.00 30.00 4500 60.00 0.00 15.00 30.00 4500 60.00
Time Unit: Second Time Unit; Second
(a) Control case DV123 (b) Control Case DV1

Fig. 5 Roof displacement of the steel frame subjected to El Centro earthquake
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Fig. 6 Roof displacement of the steel frame subjected to Kobe earthquake
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Fig. 7 Control force supplied by actuators for the steel frame subjected to El Centro earthquake

As for the concerns of control effort, Figs. 7(a) and 7(b) show the demand of control forces when
the model is subjected to the El Centro earthquake. In the legend of the figures, the terms “East
Actuator” and “West Actuator” are used to distinguish the two active braces installed on the two
sides of the first floor. From these two figures, it is shown that both control cases require roughly
equal control effort. Furthermore, in order to compare the control results at different floor levels,
Fig. 8 plots the maximum floor displacement at each floor level for both control cases, when the
model is excited by the El Centro earthquake. It can be seen that the reduction on the floor
displacement is quite uniform along the story height for both control cases.

Tables 4 and 5 summarize the maximum values of the roof displacement, the displacement
reduction rates and the control forces for different earthquakes. The reduction rate is obtained by
dividing the difference of the maximum uncontrolled and controlled displacements by the
uncontrolled values. Numerical simulation results, that used the structural matrices listed in Table 2,
are also included in the tables to check the reliability of the test data. The deviation between the
analytical and experimental results in Tables 4 and 5 may be contributed by the error of system
identification. From Tables 4 and 5, it can be observed that: (1) In spite of the different nature of
the El Centro and Kobe earthquakes, the direct output control (cases DV1) has a roughly equal
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Fig. 8 Comparison of the maximum floor displacements for the steel frame subjected to El Centro Earthquake

Table 4 Comparison of maximum roof displacement and control force of the structure subjected
to El Centro earthquake

Analytical value Experimental values
Control case Max. control ~ Max. disp.  Max. control Max. disp. Disp. reduction
force (kN) (mm) force (kN) (mm) rate (%)
Uncontrolled - - - 80.21 -
DVv123 9.62 21.52 10.99 29.02 63.82
DV1 9.12 22.75 12.61 25.85 67.77

Table 5 Comparison of maximum roof displacement and control force of the structure subjected to
Kobe earthquake

Analytical value Experimental values
Control case Max. control ~ Max. disp.  Max. control  Max. disp. Disp. reduction
force (kN) (mm) force (kN) (mm) rate (%)
Uncontrolled - - - 65.71 -
DV123 13.70 39.12 12.20 47.27 28.06
DV1 13.18 40.13 13.65 44.54 32.22

reduction rate to that of full-state feedback control (case DV123) for both earthquakes. (2) Although
control case DV1 requires slightly larger control forces for both earthquakes, it gives larger
vibration reduction rates than those of case DV123. (3) The reduction rates of the El Centro
earthquake for both control cases exceed 60% and are much better than those of the Kobe
earthquake, in which only about 30% reduction rates were achieved. This implies that the
performance of the control still depends on the nature of the ground excitation. The deterioration of
the control performance may be caused by the coincidence of the main structural frequency with the
pre-dominant frequency of the earthquake.
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6. Influence of sensor noise and modeling error

In practice, an implemented active structural control system may suffer from sensor noise and
modeling error; therefore, the control algorithm must be robust to these errors that may not be
considered in the control design phase. In the test described previously, these two practical concerns
did not cause problem or deterioration to the control system. However, in order to investigate how
the proposed control method performs in the presence of sensor noise or modeling error, in this
section, the influence of sensor noise or modeling error on the controlled structural response is
studied numerically. Various levels of error and noise were simulated and introduced to the control
case DV1. In the simulation, the structural mass, stiffness and damping matrices shown in Table 2
were employed and the El Centro earthquake record with its original PGA (0.34 g) was used as the
ground excitation.

6.1 Influence of sensor noise

In the presence of signal noise, the output vegfjrthat contains sensor measurements can be
rewritten as

y(t) = y(t) + ya(t) = Cx(t) + ya(t) (30)

where y(t) andy,(t) denote the contaminated output vector and the noise vector, respectively.
Sensor noise is usually caused by electrical noise that is normally in a form of broad-band signal
and can be simulated by Gaussian white noise, i.e., white noise with Gaussian stochastic process
(Bendat and Piersol 1991). A sample function of Gaussian white noise may be simulated by the
following equation (Clough and Penzien 1993)

Yni(t) = 2/Bw.fS,n; Y cos(k Dw T+ ay) (31)

wherey, i(t) denotes the noise of tli¢h sensor measurement (i.e., thé element ofy,(t)); Aw is
the sampling frequencyy is the number of the sampling frequencigg;; is the power spectral
density of the noise associated with tli#h measurementpy is a random variable uniformly
distributed between 0 andi2Note thatS,,; is a constant for a white noise signal. Also, in order to
guantify the level of the noise, let us define a noise gatio

y= (32)

Syyi

whereS,,; is the average power spectral density of-themeasurement of the structural response
over a given frequency range. Recall that in the control case DV1, one velocity and one
displacement sensors were installed at the first floor of the three-story model. In order to generate
noise records associated with these two sensor measurements, the following numerical values for
the parameters appearing in Egs. (31) and (32) were used in the simulatior0.02 Hz,
N = 1500 (equivalent to a frequency bandwidth of 30 Hz); ax was randomly generated by a
computer subroutineS,,, =8.9810° ((m/sf/Hz); S,yq =1.86x10* (m*Hz), (whereS,,, and
Sy« denote the average spectral densities of the velocity and displacement measurements,
respectively). Note that in determining the valuesSgf, ahd , the spectral density functions
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Fig. 10 Effect of sensor noise on the maximum floor displacements and control force

were calculated based on the first 50-second time-history data of the first-floor response (when the
structure was controlled by the case DV1); afterward, the averages of the spectral density functions
within 0-10 Hz were taken in the computation $f, By g (the spectral density functions
approach zero for frequencies above 10 Hz). Fig. 9 shows the simulated noise record for the
velocity measurement with a noise ragiof 0.01.

Considering the control case DV1 and assuming the displacement and velocity sensors have the
same noise ratio, Fig. 10 shows the effect of the noise yatin the maximum relative floor
displacements and the maximum control force. Note that a sensor signat gvihter than 0.01
can be considered as a heavily contaminated signal, because when the noigewtatib is a
spectral ratio, is equal to 0.01, the root mean square (RMS) ratio of the noise to signal is of the
order of 10%. Figs. 11(a) and 11(b) show the time histories of the control forces without and with
the presence of the sensor noise (with0.01), respectively. Foy=0.01 and 0.1, the numerical
values of the maximum structural responses are also summarized in Table 6. From Fig. 10, Fig. 11
and Table 6, it is observed that: (1) Due to the presence of the sensor noise, the time history of the
control force contains high-frequency components (see Fig. 11b). The peak values of the control
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Fig. 11 Comparison of control forces without and with sensor noise

Table 6 Comparison of maximum control force and roof response in the presence of modeling error
Or sensor noise

Max. response of roof

Magnitude of  Control forcé

Control condition

(m/s) (m)
DV1 Non 52.9 (1.00) 5.87 (1.00) 0.0868 (1.00)
DV1 y=10.01 56.7 (1.07) 5.87 (1.00) 0.0868 (1.00)
w/ sensor noise y=0.1 66.5 (1.27) 5.88 (1.00) 0.0867 (1.00)
DV1 & = 10% 57.2 (1.08) 6.41 (1.09) 0.0859 (0.99)
w/ modeling error & = 25% 61.4 (1.16) 7.26 (1.24) 0.0821 (0.95)

Lvalue in parentheses denotes the ratio to that of the case without noise or error.

force are increased by 7.2% and 25.7%,fer0.01 and 0.1, respectively. (2) Although the control
force is considerably affected by the sensor noise, the structure is still stable and the noise does not
have much influence on the floor displacements even with a noisey@idigh a€.1 (see Fig.
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10). The reason for the second observation is explained below. Because a high-frequency excitation
may not cause much influence on a structure with a low natural frequency, the high-frequency
components of the control force, which is due to the sensor noise, has very little effect on the
dynamic response of the model structure that has all modal frequencies lower than 6 Hz (see Table
1). Nevertheless, the increase on the control force surely introduces extra internal forces in the
structural members, especially the columns; therefore, a large sensor noise should be avoided, even
though it may not destabilize the modal controlled structure.

6.2 Effect of modeling error

Modeling errors can be caused by inaccurately estimating any of the three structural matrices,
namely, the mass, damping and stiffness matrices, see Eq. (1). The inaccuracy may further cause an
error on the estimation of the modal parameters, which are required in the computation of the
feedback gain for the proposed model control method, and finally results in deterioration of the
control performance. Among the three structural matrices, the damping matrix is usually a
postulated one and is normally assumed to be a function of mass and stiffness matrices if the
proportional damping is adopted. The damping matrix may have relatively small values for a lightly
damped structure, which is the case for most of building structures. On the other hand, the mass
matrix can be more precisely computed from the densities of the constitutive materials of the
structure. The stiffness matrix is the one that has the highest possibility of introducing a large
modeling error, for it is difficult to accurately model some of structural behaviors, such as stiffness
of shear walls or partition wall, combination stiffness of slab and girders, the semi-rigidity behavior
of member joints, etc. Since the stiffness matrix is most likely to introduce a large modeling error,
in this study, only the effect of the stiffness error on the control performance was investigated.

For the convenience of discussion, let us assume that the relation of the actual #tiffness and
the estimated stiffneds; has the following form

Ks =K + AK = (1 + g)K, (33)

where AKq and g, denote the error stiffness matrix and the ratio of the error matrix, respectively.
The variables that can be a negative or positive real number represents a measurement of the error
magnitude. AfteKs is replaced byKs in Eg. (4), the system makikecomes a function a&f, and

may be denoted bj(g,) . Accordingly, Eq. (9) must be modified as

X = (A(g) +BFC)x + f %, = Ac(g)x + f (34)

where Ac(sk) denotes the closed-loop system matrix with modeling &grdn the last equation
the feedback gaifr is designed based ok, with the estimated stiffneds,, not on Ac(g) . Eq.
(34) was used for simulating the response of the controlled structure with modeling error and the
result is shown below. Note that in Eq. (34) the control stability of the closed-loop system can be
determined by the signs of the real parts of tﬁceésk) eigenvalues, or by the signs of the
equivalent damping ratiog; (i =1~n) computed by Eq. (7), as discussed previously. The modal
control becomes unstable if at least one of the closed-loop modes has the dggative

Figs. 12(a) and 12(b) show all modal frequencies and damping ratios of the controlled structure as
functions of the modeling errary. From these two figures it is shown that: (1) For a modeling
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error |&x| up to 25%, the control system is still stable, since all damping ratios remain positive, see
Fig. 12(b). There remains a large control stability margin ff $ 25%. (2) When the structural
stiffness is underestimatedt, & 0) during the design of feedback gain, the resulting modal
frequencies of the controlled structure become larger than the expected ones (the dashed lines in
Fig. 12), and in contrast the resulting damping ratios are lower than the expected values. This
implies that the proposed model control method with an underestimated structural stiffness produces
a stiffer but less damped structural system. The situation for the closed-loop modal parameters will
be reversed if the structural stiffness is overestimatgd Q). Fig. 13 shows the effect ef on the
maximum relative floor displacements and maximum control force, when the structure is excited by
the El Centro earthquake. From Fig. 13, it is observed that: (1) For a modeling &frap| to

25%, the influence on the floor displacements is marginal and on the control force is not very
significant, either. (2) When the structural stiffness is underestimatedQ], the applied control

force is increased, and at the meantime the floor displacements are decreased. This implies that the
extra control effort does not destabilize the control system, but rather it suppresses the motion of the
structural displacements. In Table 6, it is shown that when+25%, the absolute acceleration of

the top floor is increased by 24%, although the floor displacement is reduced by 5%. This implies
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Fig. 12 Effect of stiffness error on the modal properties of the controlled structure (dash lines represent modal
values without error)
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that the stiffness modeling error is more critical to the structural accelerations than to the
displacements for the proposed model control. This unexpected increase of the acceleration may not
destabilize the control system but may greatly deteriorate the control performance and thus it should
be carefully dealt with if a stiffness error may exist.

7. Conclusions

In this paper, the computation of the feedback gain for modal control with direct output feedback
is formulated in a concise matrix form. With this gain matrix, the number of the controllable
eigenvalues is equal to the number of the sensors installed on the structure, while the number of the
actuators available decides the number of the controllable elements in each controlled eigenvector.
A method for generating the best achievable eigenvectors that are most consistent with the desired
ones is also proposed. For experimental verification, the proposed control method was applied to a
full-scale building model for suppressing its seismic motion. The model, which was equipped with
an active bracing system, was placed on an earthquake simulation table for the test. For comparison,
two modal control cases, one with full-state feedback and the other with direct output feedback,
were tested and the experimental result is presented. The latter control case requires very few
sensors for feedback control. It is shown by the test results that although the latter control case
requires slightly higher control effort than the former one, the two control cases are equally
effective in mitigating the seismic response of the building model. Finally, the control performance
of the proposed method in the presence of sensor noise and modeling error is also investigated. The
numerical result shows that although the maximum control force may be increased, the maximum
structural displacements are very insensitive to sensor noise and modeling error, when Gaussian
white noise and structural stiffness error are considered. This implies that sensor noise and modeling
error may be influential to the control performance, but they do not easily cause control stability
problem.
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