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BENCHMARK PROBLEMS IN STRUCTURAL CONTROL:
PART Il — ACTIVE TENDON SYSTEM

B.F. Spencer Jt-S.J. Dyké and H.S. Deoskar

SUMMARY

In a companion paper (Spencet,al. 1997), an overview and problem definition was pre-
sented for a well-defined benchmark structural control problem for a model building configured
with an active mass driver (AMD). A second benchmark problem is posed here based on a high-fi-
delity analytical model of three-story, tendon-controlled structure at the National Center for
Earthquake Engineering Research (NCEER) (Chenagl. 1989; Dyke et al. 1996). The purpose
of formulating this problem is to provide another setting in which to evaluate the relative effec-
tiveness and implementability of various structural control algorithms. To achieve a high level of
realism, arevaluationmodel is presented in the problem definition which is derived directly from
experimental data obtained for the structure. This model accurately represents the behavior of the
laboratory structure and fully incorporates actuator/sensor dynamics. As in the companion paper,
the evaluation model will be considered as the real structural system. In general, controllers that
are successfully implemented on the evaluation model can be expected to perform similarly in the
laboratory setting. Several evaluation criteria are given, along with the associated control design
constraints.

EXPERIMENTAL STRUCTURE

The structure on which the evaluation model is based is the actively controlled, three-story,
single-bay, model building considered in Chueigal. (1989). The test structure, shown in Figs. 1
and 2, has a mass of 2,950 kg, distributed among the three floors, and is 254 cm in height. The ra-
tio of model quantities to those corresponding to the prototype structure are: force = 1:16, mass =
1:16, time = 1:2, displacement = 1:4 and acceleration = 1:1. Due to the time scaling, the natural
frequencies of the model are approximately twice those of the prototype. The first three modes of
the model system are at 2.27 Hz, 7.33 Hz, and 12.24 Hz, with associated damping ratios given, re-
spectively, by 0.6%, 0.7%, and 0.3%.

A hydraulic control actuator, four pretensioned tendons, and a stiff steel frame connecting
the actuator to the tendons are provided to apply control forces to the test structure. The four diag-
onal tendons transmit the force from the control actuator to the first floor of the structure, and the
steel frame connects the actuator to the tendons. Because hydraulic actuators are inherently open-
loop unstable, a feedback control system is employed to stabilize the control actuator and improve
its performance. This feedback signal is a combination of the position, velocity and pressure mea-
surements. For this actuator, an LVDT (linear variable differential transformer), rigidly mounted
to the piston, provides the displacement measurement, which is the primary feedback signal. This
measurement is also sent through an analog differentiator to provide a velocity measurement, and
a pressure transducer across the actuator piston provides the pressure measurement.

1. Prof., Dept. of Civil Engrg. and Geo. Sci., Univ. of Notre Dame, Notre Dame, IN 46556-0767.
2. Assist. Prof., Dept. of Civil Engrg., Washington Univ., St. Louis, MO 63130-4899.
3. Former Grad. Assist., Dept. of Civil Engrg. and Geo. Sci., Univ. of Notre Dame, Notre Dame, IN 46556-0767.

Dec. 7, 1997 1 Spenceat al.



The structure was
fuIIy_ instrumented to Ea— — %
provide for a complete /
record of the motions displacement
undergone by the struc-

transducers

ture during testing. Ac- \

a3

celerometers positioned
on each floor of the
structure measured the
absolute accelerations,
and an accelerometer lo-
cated on the base mea-
sured the  ground
excitation, as shown in '
Fig. 1. The displace- — Xy
ment of the actuator was =
measured using the
LVDT mentioned
above. Force transduc-
ers were placed in series S
with each of the four P

tendons and their indi- ——F / N + —
vidual outputs were g
combined to determine
the total force applied to
the structure. Addition-
al measurements were
also available for model
verification. Displace- & Control -
ment transducers on the, o4 frame Computer
base and on each floor
were attached to a fixed
frame {.e., not attached Figure 1. Schematic of Experimental Setup.

to the earthquake simu-

lator), as shown in Fig. 1, to measure the absolute displacements of the structure and of the base.
The relative displacements were determined by subtracting the base displacement from the abso-
lute displacement of each floor. Because a fixed frame was necessary to measure the relative dis-
placements of the structure, these measurements would not be directly available in a full-scale
implementation. Thus, the displacement measurements are used only for model verification and
are not available for feedback in the control system.

o

connecting control actuator
frame

DSP Board

EVALUATION MODEL

A high-fidelity, linear time-invariant state space representation of the input-output model for
the structure described in the previous section has been developed. The model has 20 states and is
of the form
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X = Ax +Bu+EX, (2)

y = ny + Dyu + FyX'g +v (2)
z=Cx+Du+FxX, (3)

wherex is the state vectdfrg
the scalar ground acceleratian,
is the scalar control input
y = [X Xal’ Xa2' aS’f X]
the vector of responses that Cd
be directly measured; = [X,,
Xo1 X35 Xp , X14 Xp5 X3, Xp s Xa1.»
Xa2, Xa3, X5p, f]' is the vector
of responses that can be reguls
ed. Here,x; is the displaceme
of the ith floor relative to the
ground, Xp is the displaceme
of the control actuatorf,; is th
absolute acceleration of théh
floor, v is the vector of measure
ment noises, and
A,B,E,C,,D,,C,,D,, F, and
F, are matrlces of approprlat
dlmensmn The coefficient matri
ces in Eqgs. (1-3) are determing
from the data collected at th
NCEER using the identificatio
methods presented in Dylet,al &
(1994a,b, 1996a,b). The resultin
model represents the input-ou
put behavior of the structura
system up to 50 Hz and includes
the effects of actuator/sensor dy-
namics and control-structure interaction. Figure 3 provides a representative comparison between
selected model transfern functions and the experimental data.
The model given in Egs. (1-3) is termed ¢valuationmodel and will be used to assess the

performance of candidate controllers; that is, the evaluation model is considered herein to be the
true representation of the structural system.

Figure 2. Three-Degree-of-Freedom Test Structure.

CONTROL DESIGN PROBLEM

The control design problem stated here follows the companion paper (Speeter997)
and is stated as: determine a discrete-time, feedback compensator of the form
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Figure 3. Representative Comparison of the Transfer Functions for the Test Structure
and the Evaluation Model. (a) Actuator Command to the Force in the Tendons,
(b) Actuator Command to the Third Floor Absolute Acceleration.
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Xee1 = F1(Xe Yie Ui K) (4)

U = (X Y K) (5)

wherex,, .Y, andiy are the state vector for the compensator, the output vector and the control
command, respectively, at time= KT . For this probleimm (xC) <12 is required, and the per-
formance of all control designs must be assessed using the evaluation model described previously.
For each proposed control design, performance and stability robustness should be discussed. As
detailed in the following paragraphs, the merit of a controller will be based on criteria given in
terms of both rms and peak response quantities. Normally, smaller values of the evaluation criteria
indicate superior performance.

Evaluation Criteria: RMS Responses

Assume that the input excnatloQ| is a stationary random process with a spectral density
defined by the Kanai-Tajimi spectrum

2.2 2
40 ,0,wW + W
5 oy - D 3)2 ©
(w oog) + 40w,
where Wy andZ are unknown, but assumed to lie in the following ranges:

8 rad/sex W, < 50 rad/sec 0.3< Zg <0.75. To have a basis for comparison, the spectral inten-
sity is chosen such that the rms value of the ground motion takes a constant value of
o, = 3.4010° gs, i.e.,

Xg

<3
2.35010
= —Zg gz.sec (7)

nwg(4zg +1)

The first criterion on which controllers will be evaluated is based on their ability to mini-
mize the maximum rms interstory drift due to all admissible ground motions. Therefore, the non-
dimensionalized measure of performance is given by

04 O4. Og4.[]
J, = maXDﬂ d2 d —30 (8)
Wy, Zg EP-XSO Ox X30 Ox ad]

whereo is the stationary rms interstory drift for itfefloor, ando, = 2.34 cm is the worst-
case stationary rms displacement of the third floor of the uncontrolled building over the class of
excitations considered (occurring whela =145 rad/:{%c,— 0.3 ). The interstory drifts are
given respectively byd, (t) = x;(t) ,dy(t) = X,(t) =X, (t)  andlz(t) = X5(t) —X,(t)

A second evaluation criterion is given in terms of the maximum rms absolute acceleration,
yielding a performance measure given by
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o; Oy
Xal Xa2 Xa3|:|

J, = maxg ,—] (9)
(,0 Z a3o a30 aSJ]
whereo s the stationary rms acceleration forithéloor, ando; = 0.485g’s is the worst-

case statronary rms acceleration of the third floor of the uncontrolled building (occurring when
= 14. 5rad/secZg = 0.3).

The hard constraints for the control effort are given dyy<1 \jts 4 kN and

< 1 cm. Additionally, candidate controllers are to be evaluated based on the required control
reSources. Three quantltles Oy amd , should be examined to make the assessment. The
rms actuator dlsplacemem , provides a measure of the required physical size of the device.
The rms actuator veIocrter , provrdes a measure of the control power required. The rms abso-
lute acceleratioo ; providés a measure of the magnitude of the forces that the actuator must gen-
erate to execute the commanded control action. Therefore, the nondimensionalized control
resource evaluation criteria are

(0.0
J3 = maxg—Q (10)
g, Z DO-X&D

005 0
J, = maxg—2q] (11)
wg,ZngXsﬂ

(00
Js = maxD—WD (12)
Wy &g AN

wherea, = 33.3 cm/sec is the worst-case stationary rms velocity of the third floor relative to
the ground for the uncontrolled structure (occurring vvdogn: 14.5 ra(ﬂgere 0.3 YWand
is the weight of the building (289 kN).

Evaluation Criteria: Peak Responses

Here, the input excitatior'ﬂ'g is assumed to be a historical earthquake record. Both the 1940
El Centro NS record and the NS record for the 1968 Hachinohe earthquake are considered. Be-
cause the system under consideration is a scale model, the time scale should be increased by a fac-
tor of 2 (.e., the earthquakes occur in 1/2 the recorded time). The required scaling of the
magnitude of the ground acceleration is 1. The evaluation criterion is based on minimization of
the nondimensionalized peak interstory drifts due to both earthquake records. For each earth-
guake, the maximum drifts are nondimensionalized with respect to the uncontrolled peak third
floor displacement, denoted,, , relative to the ground. Therefore, the performance measure is
given by

_ D|d (t)| ()] |d3 (t)|D

Jg = max x X (13)
El Centro t D 30 30 30 D
Hachinohe
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A second performance evaluation criterion is given in terms of the peak acceleration, yield-
ing

X1 (D] [X,0(1)] [X,52(1)|O
J, = max mag ."’.‘1( )|| ."’.‘2( )|| ."’.‘3( )|[1 (14)
El Centro t [0 Xa3o Xa30 Xazo [
Hachinohe

where the accelerations are nondimensionalized by the peak uncontrolled third floor acceleration,
denotedX 5, , corresponding respectively to each earthquake.

The control constraints arqaxlu(t)l <3 ol ax|x (1) <3 cmaxlf(t)l <12
kN, and both the El Centro and the Hachinohe earthquakes should again be considered. Addition-
ally, the candidate controllers are to be evaluated in terms of the required control resources as fol-
lows

X, (1)
Jg = max [maxJL)| (15)
El Centro t X30 -
Hachinohe
X, (1)
Jg = max [maxl'.o—()| (16)
El Centro t XSo -
Hachinohe
f(O)]
Jin = max [maxl—
10 El Centro t W -

Hachinohe (17)

wherex,, is the peak uncontrolled third floor relative velocity corresponding respectively to each
earthquake.

For the half-scale ElI Centro earthquake,, = 6.45 cRy, = 99.9 cm/sec and
X430 = 1.57 g's. For the half-scale Hachinohe earthquakg, = 3.78 x§p,= 56.1 cm/sec
andX,3, = 0.778¢'s.

CONTROL IMPLEMENTATION CONSTRAINTS

With the following exceptions, the implementation constraints are identical to those speci-
fied in the companion paper (Spencer, et al., 1997): The measurements that are directly available

for use in determination of the control action gre= [X,, X,1, X0, X33, . Xgl' . The pseudo ve-
locities, X,1, Xa21 Xa3: Xq » @re also available for determination of the control action, resulting in a
combined output vector given By= [X,, Xa1, X0, Xaz, £ X5, X011 %00 1 Xaz X'

CLOSURE

The 20-state evaluation model, as well as the 10-state control design model, the MATLAB
(1994) m-file used to do the sample control design, the input data and the simulation model are
available on the World Wide Web at the following URL.:

http://www.nd.edu/~quake/
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Additionally, all control designs reported in this special issue of the Journal are avaliable at this
URL. If you cannot access the World Wide Web or have questions regarding the benchmark prob-
lem, please contact the senior author via e-mail at: spencer.1@nd.edu.
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APPENDIX Il - NOMENCLATURE (SUPPLEMENT TO COMPANION PAPER)

X, — displacement of the actuator piston relative to the ground
Xp — velocity of the actuator piston relative to the ground
f — net force in the tendons
Oy, —IMs displacement of the actuator piston relative to the ground
Oy —Ims velocity of the actuator piston relative to the ground
o; —rms force in the tendons
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