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FREYAUL

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initially, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

L]

Existing and New Structures
Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning

L4

This technical report pertains to Program 2, Secondary and Protective Systems, and more specifi-
cally, to a passive protective system. Protective Systems are devices or systems which, when
incorporated into a structure, help to improve the structure’s ability to withstand seismic or other
environmental loads. These systems can be passive, such as base isolators or viscoelastic

dampers; or active, such as active tendons or active mass dampers; or combined passive-active
systems, ‘

In the area of active systems, research has progressed from the conceptual phase to the im-
plementation phase with emphasis on experimental verification, As the accompanying figure
shows, the experimental verification process began with a small single-degree-of-freedom
structure model, moving to larger and more complex models, and finally, to full-scale models.
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A COmprenensive experimeniat SILay Using 1ne rharee-aegree-of-jreedaom modetl has been com-
pleted and is reported in this publication. The multi-degree-of-freedom model provides oppor-
tunities for study and verification of a number of control strategies which were not possible in
eariier studies. These include modal control, time delay in the modal space and control and
observation spillover compensation. Moreover, further verification of a simulation procedure
was carried out which gives added confidence in using simulation procedures for extrapolating
active control results to more complex situations.

iv



Active control of building structures has been extensively studied
theoretically using a variety of control schemes showing varying degrees of
efficiency. The demand for experimental evidence of feasibility of control
of structures subjected to severe transient lcads led to the present study.
Structural control experiments were carried out in the laboratory using a
1:4 scaled model structure simulating a three-story frame building. The
control experiments were performed using a system of prestressing tendons
connected to a servo-hydraulic system and linear optimal control
algorithms. The model was subjected to base motions produced by a 12'x12’
shaking table, which included banded white noise and earthquake
accelerograms. Results of the experiments show clearly that traditional
algorithms can be implemented when proper adjustments are made. These
include compensations for time delay and errcr accumulation in the online
computation., Several new algorithms based on instantaneous optimal control
were experimentally verified in this study, following new developments
based on previous experiments involving single-degree-of-freedom
structures. The efficiency of various algorithms is discussed along with

comparisons of analytical and experimental results.
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SELTIUN L

INTRODUCTION

With the increase in size and flexibility of structures, various means
of protection against excessive vibration have been suggested. Along with
passive devices such as base isolators or viscous dampers, the method of
active control has been proposed for reduction of adverse structural
effects due to severe transient loads such as earthquakes [(6]. Most of the
previous work done in active structural control has been analytical or
numerical assuming ideal conditions under which active control is
implemented. While some experimental verification has been conducted with
small-scale models [4,11], the demand of experimental evidence pertaining
to the feasibility of structural control under realistic conditions led to
the present study, which is the follow-up of a previous study for SDOF
structures [2].

Initial experimental studies of structural control done by Chung et
al. [2] and Lin et al [8] using linear control algorithms show that, in the
presence of imperfect conditions, traditional algorithms are not feasible
and in some cases produce adverse results and structural instability. As a
result of these studies, several problems were identified: (a) time delay
between the measured variables and the application of corrective forces cari
be reduced but not eliminated; (b) global optimal control is not feasible
for transient loads for which tl;xe time histories are not known apriori
{such as earthquakes or wind) [15-17]; (c) errors in on-line computations
tend to accumulate rapidly producing control instability.

As a result of the preliminary study, Chung et al. [2] and McGreevy et
al. [10] proposed and tested feasible methods of time delay compensation.
Yang et al. [15,161 suggested new algorithms based on instantaneous optimum

principles which enable the use of control for transient loads. Lin et al.
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[ /) SuUuggestea metnoas or updaatling on—-iine computation with measured
information, thus eliminating error accumulation.

A comprehensive experimental study using a multi-degree-of-freedom
structural model was performed and is reported in this paper. Using the
principle of time delay compensation and updating on-line computation, the
present study tested several instantaneous optimal control algorithms [15-
17] along with the traditional linear global optimum feedback control [12].
Using a 1:4 scaled model of a three-story frame, the study was performed
using a single control unit made of diagonal tendons prestressed by a
servohydraulic actuator which was activated by a microcomputer performing
real time computations.

The study was conducted using modal control with a limited number of
controllers and sensors, the fact dictated by practical limitations of
control implementation. However, in such a control scheme, only several
modes can be controlled, usually the critical ones, while the residual
modes can be adversely affected. Such problems, known as spillover [11,
were included as one of the objectives of study.

The efficiency of various algorithms to reduce the response during
earthquakes was studied and is presented herein. A comparison of the
analytical and experimental results emphasizes some limitations of the

theoretical tools to match complex damping and sampling rate differences.

1-2



DCAL IVAN L&

CONTROL: ALGORTTHMS

2.1 CLASSICAL OPTIMAL CONTROL,
The equation of motion of a discrete-parameter structure under
earthquake excitation, 3E°(t), and active control force, u{t), can be

described in the state-space representation as

X(t) = Ag(t) + Bu(t) +y X (t) (2-1)
where
X4 (£) 0 I 0 0
() = , A= 1 1 ]B=| _ | endy-=
X, (E) -M K -MC M B, ¥y

The components x,(t) and gx,(t) are the displacement and velocity vectors,
respectively, M, C and K are the mass, viscous damping and stiffness
matrices, respectively, and w, is a vector with all elements equal to -1.
In this study, the observed variables, y(t), consist of storydrift
displacements and storydrift velocities between adjacent floors. The

output equation is therefore

y{t) = Ex(t) (2-2)

where E is a 2nx2n transfer matrix.
According to the classical quadratic performance criterion, the active
control force u(t) is found such that the integral

t
£

3 =172 | ffwex®) + gl eR(E)1aE (2-3)
0

is minimized, where tf is the duration of ground motion excitation, i.e.,
for tite, X,=0. Q is a positive semidefinite weighting matrix for the

response and R is a positive definite weighting matrix for the control

2-1



Iorce.
Using a linear feedback control approach and a variational procedure
to minimize the performance index J [12], the active control force is

linearly related to the state vector as
u(t) = -Gx(t) = -K BIPx(t) (2-4)
where P is obtained from the steady-state Riccati matrix equation [12]
A+ ATp - mRIBTP + @ =0 (2-5)
Expressing the control force in a feedback form,

and substituting in the dynamic eq. (1), the equation of motion is obtained

as

X(t) = A'g(t) + X (t) (2~7)
where
0 I
A = 1 1
-M (R4B,G,) M T(C+BG,)

-

Comparing matrix A in eq. (2-1) and matrix A’ in eq. (2-7), the resulting

controlled stiffness matrix and controlled damping matrix become,

respectively,

K’ =K + B,Gy (2-8a)
and

€' =C +ByG, (2-8b)

It is seen that the effect of active control is equivalent to providing

active stiffness and active damping to the uncontrolled system.

2-2
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Several control algorithms were proposed and developed by Yang et al.
[15-17]. They were adopted for implementation in the experimental study.
The basic derivation of these control algorithms was slightly altered to
include more relevant parameters and this derivation is presented here for
the sake of completeness.

From structural safety point of view, the storydrift displacements are
more important than the displacements relative to the base. Therefore, the
storydrift vector y(t) is preferred as the control objective variables in
the time-dependent cost function J{t). Moreover, y(t) can be directly used
as feedback variables in the control algorithms to reduce on-line
computation time. Hence, the storydrift vector y(t) was used in the
control algorithms as the state vector.

Based on the instantaneous optimal control law, the time-dependent

performance index J(t) is
— 7T T
J) = yr(e)egt) + g (B)Rult) (2-9)

Following the procedure described in Refs. [13-17), three control
algorithms were derived. The results of these derivations are presented in

Ref. [7] and sumarized below.

(1) Instantaneous Optimal Open-loop Control
In this case, the control force, u(t), is regulated by the base

excitation Sio(t) alone, that is,

-1 At _m
2 B

B(e) = -[Re (55 2BTE QEm] ETQE(tA(E-A) + 5= Wiy () (2-10)

where T is the modal matrix whose columns are the eigenvectors of matrix A;

the quantity d(t) is defined by
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act)

1]

exp(0At) [d(E-At) + T ~(Bu(t) + wx, (£))At] (2-11a)

or

- - A .
dit) = expaat)T LE () + 55 (Bu(t) + iy ()] (2-11b)

in which @ = T !AT. When the vector d(t) is determined using eg. (2-11a),
only the measurement of the base acceleration is needed to determine the
control force. However, this control algorithm could not be implemented
experimentally [7,8]. This can be largely attributed to errors which were
introduced into computation of the vector d(t) as given by eg. (2-11a) due
to time delay and measurement errors in the actual control process, and
these errors were accumulated in the entire control process. Hence, in
order to reduce the effect of these errors on control computation, the
vector d(t) was corrected by using measured state variables, Thus, instead
of using eq. (2-11a), 4(t) was determined by eqg. (11b) which makes use of

measured state variables, y(t).

(2) Instantaneous Optimal Closed-loop Control
The control force, u(t), in this case is regulated by the state

vector, y(t), alone, that is,

u(t) = - %—‘5 R 18TETay(t) (2-12)

(3) Instantaneous Optimal Open—closed-loop Control
Let the control force u(t) be regulated by both the state vector,

¥(t), and base acceleration X (t). One obtains

we) = 3£ RBTEREE ) + mae-at) + 55w (0N (2-13)

where

2
A= —[1 + % amBr 18Te 1 1g (2-14)
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can be constructed by the same relation
At ..
Y(t) = LITd(e-at) + 57 ¥ X, (1)) (2-15)

where L is a 2nx2n matrix which characterizes control efficiency. For the
same control parameters, the matrix L is the same in all three control
algorithms. Thus, the three control algorithms are theoretically identical

when all the control parameters are the same.






SECTIUN 3

MODAL CONTROL

A civil engineering structure is in nature a continuum whose dynamic
behavior is generally described by a distributed-parameter system. In
order to apply optimal control using a state-space formulation, the
structure is usually discretized by means of a lumped-parameter
approximation or modal expansion techniques. However, the full-order
discretized system is still too complicated with a large or infinite number
of degrees of freedom. Hence, further model reduction is in general
necessary.

As in the case of classical linear optimal feedback control, the order
of computation in solving the Riccati matrix equation (eq. 2-5) is the
square of the order of the system equation. Thus, the use of reduced—drder
models would reduce significantly required off-line and on-line computation
time.

Due to inherent performance limitations, a servo-controller cannot
react fast enough to control certain higher order modes. Therefore, it is
usually not practical to design control laws over the entire frequency
spectrum. Modal control is introduced to confrol some critical modes while
leaving the residual modes uncontrolled. It is not necessary for the
controlled modes to be the first few modes of the structure. Because of
implementation feasibility and economic considerations, the number of
controllers and sensors is severely limited in comparison with the
dimension of the structure. Conseguently, the induced control and
observation spillover may degrade the structural performance seriously
[1,13]. Thus actions should be taken to reduce the influence of control

and observation spillover.

Preceding page blank
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With modal matrix as the transformation matrix, the equation of

motion, eq. (1), can be rewritten in the modal coordinates n(t) as
Mace) + Sa(e) + Rnte) = 8Bu(E) + B, () (3-1)

where the superscript ' ' denotes the corresponding modal gquantities. If
the modal coordinates n(t) are partitioned into the controlled critical

modes 1c(t) and the uncontrolled residual modes n.(t), the physical and

modal coordinates are related by

X1o(t) (&) b & (t)
~1
g = | | —aw =ta 8 | ° | = | o er| e
Xy () 1,(t) 8o Bpp| | (0
(3-2)

and the equation of motion can also be partitioned into

e ¢ _ T [
M (E) + Cong(t) + Koo (8) = EBju(t) + 8%, (t) (3-3)
and

.. ¢ T ..
M (E) + Con (E) + Ko (£) = EBjult) + Gpgy¥, (t) (3-4)

Using the linear optimal control approach, u(t) can be determined through

variational procedures as
WE) = - Gyp (k) - Gy (B) (3-5)

If all state variables are available from measurements, the
coordinates of the critical modes can be constructed from the physical

coordinates from eq. (3-2) as

() = (B 8, 8,18 )71 [%(t) -8, 8,k (£)] (3~6)

By examining the dynamic equations (3-3) and (3-4), the effect of feedback

control force u(t) on the critical modes is to supply active damping and

3-2
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an extra and possibly an adverse excitation in addition to the dynamic
loading.

Considering the action of the feedback force, the effective modal

stiffness and damping matrices are, respectively,

r 2
Kc+5351G1 0
R' = (3-7)
dsEIB1G1 Ry
and -

i T
Cot®BiGy O
c’ = (3-8)

T,
GrBlGZ Cr

b -~

It is found that eigenproperties of the residual modes, related to Kr
and C_ only, are invariant for the contrclled system. Provided that
critical modes can be perfectly constructed from measurements, stability of
the residual modes is not influenced by the feedback force. This was
illustrated also experimentally as shown in the next section. Furthermore,
control spillover &B,u(t) can be eliminated if the controllers are
implemented in such a way that the control forces are applied at the nodal
points of all residual mode shapes. However, this is not usually feasible

[13],

3.2 OBSERVATION SPILLOVER
If only a part of the state variables, X1c(t), is available for
measurement, the critical modal coordinates can be reconstructed by

assuming that x, .(t) is contributed by the critical modes only, i.e.,

() = Eix; o (B) (3-9)
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-1
(t) - G868

ccBopny (t) (3-10)

- o P |
13c(t) — Gong(t) - Gy 8.8 ny

The effective modal stiffness and damping matrices for the controlled

system are, respectively,

T -1
FKCHEEBlGi 8.B,G, 8. 8,

K’ = (3-11)
T T -1
6,B,Gy K8, B1G188cy

- T T -1
CotB1Gy 8 B1GyB 8y
C f - ( 3-1 2 )

ds3'5’162 C:*"EB1G25<_:c1:mcr

-

The eigenproperties of the residual modes are no longer the same as
expected as seen from the coupled terms K}, and C;, in egs. (3-11) and (3-
12) which are influenced by the feedback control force and by the
eigenproperties of the critical modes. Therefore, the observation
spillover may cause instability in the residual modes. As in the case of
control spillover, observation spillover can also be eliminated if the
sensors are mounted at the nodal points of the residual mode shapes, but

again, this is not usually feasible [13].
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TIME DELAY COMPENSATION

If the displacement feedback force lags the displacement by Ty in time
while velocity feedback force lags the velocity by Ty in time, their

corresponding phase lags for the i-th mode are w;T, and w;T., respectively.
Fig. 4-1 shows the relationship between feedback forces and responses in
the phase space. With the phase shift, the displacement feedback force may
be resolved to produce positive active stiffness and negative active
damping while the velocity feedback force may be resolved to produce
poesitive active stiffness and positive active damping. Due to the
existence of negative active damping, control effects are diminished for
the real system as compared to the ideal one. Even worse, time delay will
cause instability if the resultant damping force is negative. Since phase
lag is proportional to the delay time and modal frequency, the effect of
time delay may be serious for higher modes even with small amounts of time
delay.

Time delay can be compensated in the modal domain by a phase shift
method which was developed for single-degree-of-freedom systems [2] and
previously compared experimentally with several other methods [10]. The

control force contributed by the i-th mode can be expressed as
ui(t) = ‘gli'f]i(t) - gziﬂi(t) = —giini(t—'ﬂx) - géiﬂi(t—f}'{) (4-1)

where g,. and g,; are the modified displacement and velocity feedback gain
factors, respectively, with time delay compensation. The modified feedback
gain factors are determined s¢ that the same control effect can be
achieved.

Due to phase shift, the displacement feedback force contributed by the

i-th mode can be resolved into the displacement and velocity components as

4-1
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FIGURE 4-1 Phasor Diagram of Feedback Forces and Responses
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(giicos"’i"x)"i and (-gjssinejveIng/uwy,  respectively. Similarly, the

displacement and velocity components of the velocity feedback force
contributed by the i-th mode are, respectively, (giism"’i’x)“’i"i and

(giicos‘uiri);li. In order to make the real system equivalent to the ideal
one, the relationship between feedback gains for the real system and those
for the ideal system can be established such that both systems have the
same active stiffness and active damping. Thus, the modified feedback

gains are obtained:

-1
cosw; T, -{1/ 0y ) sinwir}-{
lofs 9337 = [915 94! (4-2)
wisine z COSw; Ty |

From a pre-calculated feedback gain matrix for the ideal system, the
modified real system feedback gain matrix can be constructed using the

transformation given by eq. (4-2),






EXPERTMENTAL STUDY

5.1 EXPERIMENTAL SET-UP AND MODEL STROCTURE

The basic experimental set-up used in this study consisted of a three-
story 1:4 scale frame with one tendon control device implemented to the
first floor (Fig. 5-1). The control was supplied by a servocontrolled
hydraulic actuator through a system of tendons. A detailed description of
the set-up and the identification studies are found in Refs. [3,7,14],

The state variable measurements were made by means of strain gage
bridges installed on the columns just below each floor slab. For each set
of the strain gage bridges, the signal from cone strain gage bridge was used
as the signal of measured storydrift displacement between adjoining
stories, while the signal from the second set was further passed through an
analog differentiator to yield measured storydrift velocity. The base
acceleration and the absolute acceleration of each floor were directly
measured by the use of accelerometers installed at the base of the
structure and on the floor slabs. The transducers and instrumentation
system is shown in Fig. 5-2. A block diagram showing the measurement

system and the control procedure is given in Fig. 5-3.

5.2 BASE MOTION

The model was shaken by the earthguake simulator with banded white
noise and an eartlxjuake accelerogram. Under white noise excitation, modal
properties were identified from the frequency response functions for system
identification. Moreover, it provided a preliminary examination of the
system performance including structural, sensor and controller dynamics for
more realistic inputs that were to follow. The N-S component of El-Centro

acceleration record was used in the experiment, however, it was scaled to

Preceding page blank
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structure during uncontrolled vibrations. The reproduced time history and
the frequency distribution of the scaled down El Centro excitation are

shown in Fig. 5-4.

5.3 EXPERIMENTAL RESULTS

The classical closed-loop optimal control was first studied with all
three modes under control. After carrying cut the variational procedure,
it was found that there was only a slight increase in matural frequencies
(stiffness) but damping factors were increased from 1.62%, 0.39% and 0.36%
to 12.77%, 12.27% and 5.45% (Tables 5-1 and 5-2).

The spillover was investigated by selecting the first fundamental mode
as the controlled critical mode. The critical modal quantities were
reconstructed from the measurements at all floors. The effect of spillover
to the residual modes was studied. When fewer output measurements were
available, the estimated critical modal gquantities were actually affected
by the cbservation spillover to the residual modes. Even worse, time delay
was compensated as if the outputs were contributed by the critical modes
alone. The combined effect of observation spillover and time delay made
the system unstable.

When the first fundamental mode was the only controlled critical mode,
the modal quantities were recovered from measurements at all three floors.
In the presence of modelling errors (mcde shapes were not exactly
orthogonal) and measurement noise, the first modal quantities could not be
reconstructed perfectly and small contribution of the residual modes to the
feedback signal was unavoidable. Because of amall stability margins (small
damping factors) for the second and third modes, the model structure was
very sensitive to these errors. To circumvent this problem, the command

control signal was passed through a low-pass filter before driving the
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TABLIE 3—L1 raramecters OL tnhne mMoge.l sTtructure

. [ 5.6 0
mass matrix M (lb-sec™/in.) 0
0

[ 15649 -9370 2107 ]

stiffness matrix K (lb/in.) -9370 17250 -9274
2107 -9274 7612

[ 2.185 -0.327 0.352 ]

damping matrix € (lb-sec/in.) -0.327 2.608 -0.015
| 0.352 -0.015  2.497 |

2.24
modal frequency w (HZ) 6.83
~ | 11.53 |
[ 1.62 ]
modal damping factor ¢ (%) 0.39
- | 0.36 |
tendon stiffness kc {lb/in.) 2124
tendon inclination « (9) 36

0.5638 0.373 -0.728

0.780 -0.555 0.360

0.262 0.743 0.583
modal matrix ¢

5-6



TADLE DLl

Faramrers L LOILLLUL DysLem

THREE ONE
PARAMETERS CONTROLLED CONTROLLED
MODES MODE
1
[1] K 0
response weighting matrix Q i B
0 0
. . [2]
control weighting matrix R 20 kc
[ 2.28 ] [ 2.28 ]
modal frequency o (Hz) 6.94 6.83
~ 11.56 i 11.53
(12,77 ] (12,77
modal damping factor g (%) 12.27 G.39
~ 5.45 | 0.36
time delay Ter Ty (msec) 35 88
" 0,1857 ] 70,0056 |
. , T -0,1571 0,0123
feedback gain matrix G 0.0641 0.0157
0.0171 0.0027
0.0021 0.0059
L 0.0055 0.0076

[1] K is structural stiffness matrix
[2] KC is tendon stiffness




Ve ity

0.05
% 0
[ R
M
-0.05
—0.10
4
3
3 2
<
HE=
l R
0

J

_l![r

T W I T S S Y T 1

TR W S W TV WY B Y |

| A

L e 3l
D IR

1 ‘JM e
I ™k

s i

Ao b2 ) 1 3

5

10
t(sec)

i5 20

T S U R U S S S P S |

/Y

2.9 VMg Ve g

10
w(Hz)

15

FIGURE 5-4 Scaled-down El Centro Excitation Used for Experimental Study

20



actuator in order to eliminate the effect of the resiqual mooes. HOWever,
no perfect filter exists; the higher the orcler is the filter, the sharper
is the cutoff frequency. but the longer is the time delav. As a
compromise, a third-order Butterworth filter with a cutoff frequency of 5
Hz was selected, but time delay was increased from 35 msec. to 88 msec.

Acceleration frequency response functions as shown in Figs. 5-5
through 5-7 were constructed by using banded white noise excitation. For
the three controlled modes, significant damping effect (large active
damping) was reflected from a decrease in peak magnitude, but peak
frequencies made a shift to the right due to its small active stiffness.
It was shown that all three modes were under control with one controller in
the presence of time delay. For the case of one controlled mode, the peak
of the first mode was decreased but the peaks of the second and third modes
were increased. Due to the effect of the control spillover, the
performance of the controlled system was not better than that of the
uncontrolled one.

Under E1 Centro excitation, significant reduction in acceleration was
achieved with three controlled modes. In addition to the reduction in peak
magnitudes, the effect of active damping was clearly evident due to control
execution but the excitation frequency was distributed over all three
modes. Due to control spillover, the control effect was greatly degraded
(Figs. 5-8 through 5-10).

The instantaneous optimal control algorithms were studied with all
three modes under control using the seismic excitation. Since a single
control force applied to the first floor was only considered for all
control algorithms, the weighting matrix R in eq. (2-9) is a scalar

constant and the weighting matrix @ is a 6x6 diagonal matrix, that is,
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pa
Q = Q (5-1)
o) pa -
pa

o

where B is a weighting factor. From the derivation of the control
algorithms [7]1, it is known that the control efficiency is dependent on the
parameters Q/R and B. Determination of control parameters can be carried
out by using computer simulatijon and these results are shown in Fig. 5-11,
From this figure, the suitable control parameters were chosen to be Q/R =
5x10° (in?'/lbz-secz) and B = 0, but the value of @/R was subsequently
reduced to sx104 (in?/1b%-sec?) in conducting the actual experiments due to
a significant increase in the maximum control force when the value of @/R
was larger than 5x10% (in?/1b%-sec?). A set of typical experimental
results are shown in Fig. 5-12 through 5-18.

The maximum response values measured during the experimental study,
along with reduction produced by the active control compared to the
uncontrolled case, are shown in Table 5-3. The average reductions (control
efficiencies) are only 27%-36% due to the use of only one controller in
this study. The closed-loop control is slightly more efficient than the
others, close to open-closed loop performance. All three algorithms proved
to be feasible to implement for response reduction.

During these tests several methods of time delay compensation [10]
were studied. Only the method of 'phase shift’ presented in this paper was

successful in the control of the three-story system.

5.4 EXPERIMENTAL VS ANALYTICAL RESULTS
Good agreement was achieved between analytical and experimental

results (Figs. 5-19 through 5-22). The discrepancies were larger in the
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TABLE 5-III Comparison of the Instantaneous Qptimal Control Algorithms

(Experimental Results)

F | Relative Displaceaent |Storydrift Displicesent| Absolute Acceleration lalt)
Control | L — — — Weighf
0] Value | Red. | Effi. | Yalue | Red, | Effi. | Value | Red. | Effi.
Algorithas { O
R] in 4 1 is, 1 1 ] 1 b4 %
11 0.213¢ 0.2134 0.1376
Uncontrol | 2 | 0.4594 0.2821 0.2210
3| 6.6323 0.1787 ¢. 23223
Open-loep | 1 | 0.1444} 33.3 0.1444| 33.3 0.11568) 26.6
Control 21 0.3324] 27.6 | 29.3 ] 0.19%2] 25.5 28.7 ] 0.1605) 27.4 | 25.8 2.20
3 0.4623] 26.9 0.1299( 27.4 0.2373| 26.4
Open- 1} 0.1370) 35.8 0.1370| 35.8 0.1146) 27.3
closed-loop| 2 | 0.2898) 36.9 | 36.2 | 0.1694] 35. 35.4 | 0.1576] 28.6 1 29.9 3.84
Control 3] 0.4060| 35.8 0.1162} 35.¢ 0.21291 3.9
1] 0.1253] 41.2 0.1253] 41,2 9.0%%01 37.2
Closed-loop| 2 { 0.2978{ 35.2 { 36.7 | 0.1777( 32.2 | 35.1 { 0.1488Bf 33.6 | 33.6 2.88
Control | 3] 0.4189} 3.7 0.1216) 2.9 9.22%¢ XN.0
NOTES:;
Red = 1 - Rcon/Runc is the response reduction waere R, . is the
controlled response and Runc is the uncontrolled response.

Effi is the efficiency average based on average reduction.

Iu(t)lmax is the maximum control force.
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uncontrold ied test due to the servo-controllea system. ‘e actuator was
kept stationary by this system during uncontrolled tests. However, slight
actuator movement was induced by the structural motion and the actuator
movement was continuously corrected to reduce the error to zero. This
interaction between the controller and the structure made the damping force
a complicated function of the structural response. For the case of El
Centro excitation, some discrepancies resulted from the fact that the
equivalent viscous damping was different from the calibrated one measured
in the banded white noise tests. However, for the controlled cases, most
of the damping force was contributed by the feedback force. Therefore, the
influence of actuator—structure interaction was negligible and excellent
agreement was observed. With one controlled mode, the control force was of
a lower magnitude and of a lower frequency, leading to a better performance
of the actuator and hence excellent agreement was achieved.

The comparisons of experimental results of instantaneous algorithms
and the analytical results were made. A set of typical results are shown
in Figs. 5-23 through 5-26. Details of these studies can be found in {7].
Some discrepancies in the peak values cculd be noticed with a regular
pattern. The analytical results were always smaller than the experimental
results. This was caused by the differences between the equivalent viscous
damping versus the calibrated value and by the difference in the
digitization rates for the input motion during the experiments and

analytical studies.
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6

DISCUSSTONS AND CONCLUSIONS

Experiments of active control of a three-story building structure with
one controller have been carried out successfully under realistic
conditions.

In the case of instantaneous optimal open-loop control, it has been
shown that, since the control forces were only regulated by the base
excitation, time delay compensation was difficult and significant errors
were introduced and accumulated in the entire control process. To insure
its success, actual measurements of the state variables were necessary and
therefore a modification of the original algorithms was made.

For the time delay compensation, three methods were studied after
their feasibility was verified experimentally for a SDOF system [10], In
MDOF systems, however, two of the methods, i.e., the kinematic and dynamic
methods have not been successful. This is likely due to the fact that
additional assumptions were necessary and significant errors were
introduced into the control algorithms so that the state variables could be
effectively compensated for time delay by using the phase shift method, as
was verified experimentally.

Good agreement wage obtained between analytical and experimental
results. Small discrepancies, however, were present which were primarily
due to controller-structure interaction. In the uncontrolled test, the
structure motion induced slight actuator displacement which was
continuously corrected to zero by the servo-controlled system. Therefore,
damping force was a complicated function of the actuator mechanism.
However, for the controlled cases, most of the damping force was
contributed by the feedback force so that the influence of the interactions

was negligible,
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dynamics, the structure was no longer a conventional one. As a
consequence, the damping factors for the second and third modes were
relatively small because of the controller location. The reduced stability
margins made the structure vulnerable to instability when these modes
remained uncontrolled.

In modal control, the structural stability was very sensitive to
modeling errors as modes leaked out to the feedback signals without time
delay compensation. Since no perfect filter exists, such leakage could not
be eliminated. The leakage, however, could be minimized by passing the
control signals through an analog filter at the expense of a larger time
delay. Because of control spillover, it is suggested that critical modes
be selected in such a way that the residual modes are not excited by the
envirommental loads.

Since instantaneous optimal control algorithms do not require solving
the Riccati matrix equation as required in the classical optimal control,
computational advantages exist in the use of instantaneous optimal control.
This is particularly evident when the number of degrees of freedom of the

structure under contrel is large.
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