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BENCHMARK PROBLEMS IN STRUCTURAL CONTROL:
PART | — ACTIVE MASS DRIVER SYSTEM

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

SUMMARY

This paper presents the overview and problem definition for a benchmark structural control
problem. The structure considered — chosen because of the widespread interest in this class of
systems (Soong 1990; Housnetr,al. 1994b; Fujinoget al. 1996) — is a scale model of a three-
story building employing an active mass driver. A model for this structural system, including the
actuator and sensors, has been developed directly from experimentally obtained data and will
form the basis for the benchmark study. Control constraints and evaluation criteria are presented
for the design problem. A simulation program has been developed and made available to facilitate
comparison of the efficiency and merit of various control strategies. A sample control design is
given to illustrate some of the design challenges.

INTRODUCTION

Tremendous progress has been made over the last two decades toward making active struc-
tural control a viable technology for enhancing structural functionality and safety against natural
hazards such as strong earthquakes and high winds. The success of the First World Conference on
Structural Control, held in Pasadena, California in August 1994, demonstrated the world-wide in-
terest in structural control (Housnet,al. 1994a). The Conference attracted over 300 participants
from 15 countries. The Second World Conference on Structural Control, to be held in Kyoto, Ja-
pan in the summer of 1998, promises to continue in this tradition.

Since the initial conceptual study by Yao (1972), many control algorithms and devices have
been investigated, each with its own merits, depending on the particular application and desired
effect. Clearly, the ability to make direct comparisons between systems employing these algo-
rithms and devices is necessary to focus future efforts in the most promising directions and to ef-
fectively set performance goals and specifications. Indeed, the development of guidelines
governing both performance and implementability is a meaningful and important task in itself.

This paper presents a benchmark structural control problem that can be used to evaluate the
relative effectiveness and implementability of various structural control algorithms and to provide
an analyticatestbedfor evaluation of control design issues such as model order reduction, spill-
over, control-structure interaction, limited control authority, sensor noise, available measure-
ments, computational delagtc. To achieve a high level of realism, amaluation model is
presented in the problem definition which is derived directly from experimental data obtained at
the Structural Dynamics and Control/Earthquake Engineering Laboratory (SDC/EEL) at the Uni-
versity of Notre Dame. This model accurately represents the behavior of the laboratory structure
and fully incorporates actuator/sensor dynamics. Herein, the evaluation model will be considered
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as the real structural system. In general, controllers that are successfully implemented on the eval-
uation model can be expected to perform similarly in the laboratory setting. Several evaluation
criteria are given, along with the associated control design constraints. A sample control design is
presented to illustrate some of the design challenges. This benchmark problem can be viewed as
an initial step toward development of standardized performance evaluation procedures.

EXPERIMENTAL STRUCTURE

The structure on which th
evaluation model is based is an &
tively controlled, three-story, single
bay, model building considered AT, -
Dyke, et al. (1994a, 1996a). The te{
structure, shown in Figs. 1 and 2,
designed to be a scale model of t
prototype building discussed i
Chung,et al (1989) and is subject t
one-dimensional ground motion. TF
building frame is constructed of stee
with a height of 158 cm. The floc
masses of the model totaled 227 |
distributed evenly between the thr
floors. The structural frame mass w
77 kg. The time scale factor is O.
making the natural frequencies of tI

. X . .--'-]_
model approximately five times thos
of the prototype. The first thre
modes of the model structural syste
are at 5.81 Hz, 17.68 Hz and 28.
Hz, with associated damping ratig
given, respectively, by 0.33%, 0.23¢
and 0.30%. The ratio of model qua
tities to those corresponding to t
prototype structure are: force = 1: e i .3 -
mass = 1:206, time = 1:5, displace- Figure 1. Three Degree-of-Freedom Test
ment = 4:29 and acceleration = 7:2. Structure with AMD System.

For control purposes, a simple implementation of an active mass driver (AMD) was placed
on the third floor of the structure. The AMD consists of a single hydraulic actuator with steel
masses attached to the ends of the piston rod (see Fig. 3). The servo-actuated hydraulic cylinder
has a 3.8 cm diameter and a 30.5 cm stroke. For this experiment, the moving mass for the AMD
was 5.2 kg, and consisted of the piston, piston rod, and steel disks bolted to the end of the piston
rod. The total mass of the structure, including the frame and the AMD, was 309 kg. Thus, the
moving mass of the AMD is 1.7% of the total mass of the structure. Because hydraulic actuators
are inherently open loop unstable, position feedback was employed to stabilize the control actua-
tor. The position of the actuator was obtained using an LVDT (linear variable differential trans-
former), rigidly mounted between the end of the piston rod and the third floor.
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Structural displace-
ments and velocities are DSP Board &
difficult to obtain directly in Control Computer

full scale structures, be- Control i
cause they must be mea- Actuator

sured relative to an inertial |:| |:|
reference frame. Alterna- |
tively, acceleration mea- .
surements can readily be Xa3
acquired at arbitrary loca-
tions on the structure. For
this experiment, accelerom-
eters were positioned on the
ground, on each floor of the [ >
structure, and on the AMD, Xlaz

as shown in Fig. 2. The dis-
placement of the AMD rela-

tive to the third floor was

also measured using the
LVDT mentioned above.

Thus, the measurements ..
that are directly available Xa1
for control force determina-
tion are the three floor ac-
celeration measurements,

X, X ?

m “am
>

—

the ground acceleration, >'<'g

and the displacement and ' >
acceleration of the AMD

(see Fig. 2). Additionally, Figure 2. Schematic Diagram of Experimental Setup.

pseudo absolute velocities

are available by passing the

measured accelerations through a second order filter that is essentially a high-pass filter in series
with an integrator (Ivers and Miller, 1991).

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 28 states and is
of the form

>'<:Ax+Bu+E>'('g (1)
y = Cx+Dyu+ FyX'g +v (2)
z = Cx+Du+FX, (3)

Dec. 7, 1997 3 Spenceat al.



Figure 3. Active Mass Diriver.

wherex is the state vectox is the scalar ground acceleration, is the scalar control input,

Y = [ Xy Xa10 Xa21 Xa30 Xam X'Qj’ is the vector of responses that can be directly measured,
Z = [Xq, Xgy Xg, X, Xq, X, Xgy Xy Xa1, Xa00 Xa3, Xapl' 1S the vector of responses that can be regu-
lated. Herey; is the displacement of itiefloor relative to the ground,,, is the displacement of
the AMD relative to the third flook,; is the absolute acceleration athifféoor, X, ,, is the ab-
solute acceleration of the AMD masy, is the vector of measurement noises, and
A.B,E,C,,D,,C,,D,, F , andF, are matrices of appropriate dimension. The coefficient ma-
trices in Egs. (1-3) are Jetermined from the data collected at the SDC/EEL using the identifica-
tion methods presented in Dyket, al. (1994a,b, 1996a,b). The resulting model represents the
input-output behavior of the structural system up to 100 Hz and includes the effects of actuator/
sensor dynamics and control-structure interaction. Figure 4 provides a representative comparison
between the model from Egs. (1-3) and the experimental data. Note that the experimental data
was obtained using a 16-bit data acquisition board. Thus, the difference between the experimental
data and the model in Fig. 4a at low frequencies is due to the finite precision of the data acquisi-
tion system.

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.

CONTROL DESIGN PROBLEM

The control design problem is to determine a discrete-time, feedback compensator of the
form

XE+ 1= fl(xﬁ’ Yk’ Uy, k) (4)

U = (X Y K) (5)
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wherexy, Y, andiy are the state vector for the compensator, the output vector and the control
command, respectively, at time= kT . For this problem the performance of all control designs
must be assessed using the evaluation model described previously. For each proposed control de-
sign, performance and stability robustness should be discussed. As detailed in the following para-
graphs, 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 perfor-
mance.

Evaluation Criteria: RMS Responses

Assume that the input ex0|tat|0(& is a stationary random process with a spectral density
defined by the Kanai-Tajimi spectrum

2 22
SH(4¢y0,w +oo)
Sy, (W) = > > g 7 (6)
(w oog) + 40w,
where w, and ( are unknown, but assumed to lie in the following ranges:

20 rad/se& wy < 12(§)J rad/sec 0.3< {;=0.75. To have a basis for comparison, the spectral in-
tensity is chosen such that the rms value of the ground motion takes a constant value of
o; = 0.12¢s,i.e,
9
= Lsig gz.sec (7)
Ty (4¢,+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 0 X30 X clj

whereo is the stationary rms interstory drift for itfefloor, ando, = 1.31 cm is the worst-
case stationary rms displacement of the third floor of the uncontrolled building over the class of
excitations considered (occurring whela = 37.3 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

0%, 9%, Gxasﬂ

J, = max—=, —=2, —=h (9)

wgl Zg ).(-aao a30 aBJ]

where oy is the stationary rms acceleration forithdloor, ando; = 1.79 g's is the worst-
case statlonary rms acceleration of the third floor of the uncontrolled building (occurring when
w, = 37.3rad/secl, = 0.3 ).
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The hard constraints for the control effort are givendy< 1

wit, <2 g's and

< 3 c¢m. Additionally, candidate controllers are to be evaluated based on the required control
resources Three quantities, , oy amd ~, should be examined to make the assessment. The
rms actuator dlsplacemeru , prowdes a measure of the required physical size of the device.
The rms actuator veIoutyrX , provides a measure of the control power required. The rms abso-
lute acceleratioro prowdes a measure of the magnitude of the forces that the actuator must
generate to execute the commanded control action. Therefore, the nondimensionalized control re-

source evaluation criteria are

00 [
J; = maxDﬁD (20)
g, ZngxscD
0% [
J, = max—20 (11)
Qg Zg DO-X&D
00 [
Js = maxg—=1p (12)
(A)g, Zg Ep-).(.aB(J]
wherea, = 47.9 cm/sec is the worst-case stationary rms velocity of the third floor relative to
the ground for the uncontrolled structure (occurring wdmgn: 37.3 racﬂgece, 0.3 ).

Evaluation Criteria: Peak Responses

Here, the input excitatioisc'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 should be considered.
Because the system under consideration is a scale model, the time scale should be increased by a
factor of 5 (.e., the earthquakes occur in 1/5 the recorded time). The required scaling of the mag-
nitude of the ground acceleration is 3.5. The evaluation criterion is based on minimization of the
nondimensionalized peak interstory drifts due to both earthquake records. For each earthquake,
the maximum drifts are nondimensionalized with respect to the uncontrolled peak third floor dis-
placement, denotex, , , relative to the ground. Therefore, the performance measure is given by

D|d (1)] |do(t)] |dg (t)|D

El Centro
Hachinohe

Jg = max { ,
t

D X30 X3

(13)

A second performance evaluation criterion is given in terms of the peak acceleration, yield-

ing

El Centro t [ X X

Hachinohe

Jo = max [mag Xa1 (1)] [Xao(t)] |Xa3(t)|D
=

a3o

(14)

where the accelerations are nondimensionalized by the peak uncontrolled third floor acceleration,

denotedx
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The control constraints armax |u(t)| < 3 voltenax|xm(t)| <9 cmax |X, ()| < 6
g’s, 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

Xm(t)
Jg = max [maJm—q (15)
El Centro t X3o
Hachinohe
- Xm(t)
Jg = max maxlr.“—q (16)
ElCentro L t X30
Hachinohe
- Xam(t)
Jig = max maJﬁLq (17)
ElCentro L t Xa3o
Hachinohe

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

For the El Centro earthquake,;, = 3.37 cm, = 131  cm/sec apd = 5.05 g's.
For the Hachinohe earthquakg, = 1.66 o, = 58.3  cm/secigpgd = 2.58 g's.

CONTROL IMPLEMENTATION CONSTRAINTS

To make the benchmark problem as realistic as possible, the following implementation con-
straints are placed on the system:

1. As indicated previously, the measurements that are directly available for use in determination
of the control action arg = [Xy, X1, X520, Xaz X,y Xgl" - Although absolute velocities are not
available, they can be closely approximated by passing the measured accelerations through a
second order filter with the following transfer function

39.5
HulS) = — (18)
3955 +8.8%+1

where x is the pseudo velocity response in that it will track the absolute velocity response
above 1 Hz. Therefore, the pseudo velociigs, X5, Xa3: Xam ¥q , are also available for deter-
mination of the control action, and the combined output vector is given by
y = [xm, atr Xa21 X3 'am,'g,Nal, a2 %23 Kam ~g]' For more information regarding prac-
tical issues associated with implementing the filter in Eq. (18), see Ivers and Miller (1991).

2. The controller for the structure is digitally implemented with a sampling tinfe f0.001
sec.

3. A computation delay of 20 sec is required to perform the D-matrix calculations in the con-
trol action determination and for the associated A/D and D/A conversions (Quast, et al., 1995).

4. The A/D and D/A converters on the digital controller have 12-bit precision and a span of 3 V.
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Figure 5. SIMULINK Model for the Benchmark Problem.

5. Each of the measured responses contains an rms noise of 0.01 Volts, which is approximately
0.3% of the full span of the A/D converters. The measurement noises are modeled as Gaussian
rectangular pulse processes with a pulse width of 0.001 seconds.

6. To account for limited computational resources in the digital controller, the controller given in
Egs. (4) and (5) is restricted to have no more than 12 states.

7. The performance of each control design should be evaluated using the 28 state evaluation mod-
el given in Egs. (1)—(3).

8. The controller given in Egs. (4) and (5) is required to be stable.

The SIMULINK (1994) model shown in Fig. 5 has been developed to simulate the features and
limitations of this structural control problem. Note that, although the controller is digital, the
structure is still modeled as a continuous system. To reduce integration errors, a time step of
0.0001 sec is used in the simulation.

SAMPLE CONTROL DESIGN

To illustrate some of the constraints and challenges of this benchmark problem, a sample
linear quadratic Gaussian (LQG) control design is presented. The first step in this process is to de-
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velop a reduced order model, designatedigsgnmodel, for purposes of control design. The de-
sign model has the form

Xp = A +ButEX, (19)
Yr = Cy X + Dy u+Fy X, +v, (20)
wherex, is a 10-dimensional state vectgr,= [X,;, Xy, Xa3, X, ' AndB, E. C,., D,

andF, are the reduced order coefficient matrices. This design will not make use of the measure-
ment of the ground excitation, the pseudo absolute velocities or the actuator displacement, al-
though these measurements are available.

To simplify design of the controlleg is taken to be a stationary white noise, and an infi-
nite horizon performance index is chosen that weights the accelerations of the threiedfloors,

T
. 1 , 2
J = lim = E{I{(Cyrxr +Dy,u)'Q(Cy X, + Dyu) +ru’} dt} (21)
0

T >

where r = 50, and all of the elements of the weighting ma@ixare zero, except for
Qq1 = Q,, = Qg5 = 1. Further, the measurement noise is assumed to be identically distributed,
statistically independent Gaussian white noise processe§; g5, =y = 25 :

The separation principle allows the control and estimation problems to be considered sepa-
rately, yielding a controller of the form (Stengel 1986; Skelton 1988)

u = —KX, (22)
whereX, is the Kalman Filter estimate of the state vector based on the reduced order model. By
the certainty equivalence principle (Stengel 1986; Skelton 1888), is the full state feedback gain
matrix for the deterministic regulator problem given by

K = (N'+B,'P)/f (23)

whereP is the solution of the algebraic Riccati equation given by

0= PA+A'P—PBB, P/f+Q (24)
and
Q = C,,'QC,, ~NN'/T (25)
N = C,/'QD,, (26)
F = r+D,/QD,, 27)
A=A -BN/f (28)
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Calculations to determiné  were done using the MATLAB (1994) rolgmyem within the con-
trol toolbox.
The Kalman Filter optimal estimator is given by
X = A% +BU+L(y —C % —DU) (29)
-1 ] ]
L = [R™(YF,E, +C,S)] (30)

whereS is the solution of the algebraic Riccati equation given by

0= SA+A'S—SGS+H (31)
and
] ] -1 ]
A = Ar _Cyr B (yFyrEr) (32)
r~—1

G = c,Rc, (33)

—_ I 2 I -1 ]
H = VE,E,' -y E,F,/RFE, (34)
R = | +yF,F, (35)

Calculations to determine  were done using the MATLAB rouigyesv.mwithin the control
toolbox.

Finally, the controller is put in the form of Egs. (4-5) using the bilinear transformation (An-
toniou, 1993) to yield the following compensator

Xe.q = A + By, (36)

U = Cox + Dy (37)

As required, thejim(xﬁ) = 10< 12 .

To assess the performance of the sample controller, it is implemented on the evaluation
model discussed previously. Based on an eigenvalue analysis, both the controller and the closed-
loop system are stable. The loop gain transfer function was used to provide an indication of the
closed-loop stability of the system. Here, the loop gain transfer function is defined as the transfer
function of the system formed by breaking the control loop at the input to the systemdalke,
1994b, 1996a,b). The loop gain formed with this control design is provided in Fig. 6. A control
design was considered to be robust if the magnitude of the loop gain was below -5 dB at all fre-
guencies above 35 Hz.

For the first five evaluation criteria, the rms values of the constraint variables are
o, = 0.671lcm,0; = 1l.12gando, = 0.143 V. For evaluation criteria six through ten, the
peak values of the constraint variablesxre= 2.00  m,= 4.83gandu = 0.526 V. Thus,
all control design constraints were achieved with this control design. The associated evaluation
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Figure 6. Loop Gain Transfer Function for Sample Control Design.

Table 1: Evaluation Criteria for the Sample Controller.

J; 0.283 Js 0.456
J, 0.440 J, 0.681
Js 0.510 Jg 0.669
J4 0.513 J 0.771
Js 0.628 J1o 1.28

criteria are given in Table 1. Note that the rms and peak responses were determined through simu-
lation using the SIMULINK program shown in Figure 5. The rms responses were calculated as-
suming an ergodic response and averaging over a 300 second time period.

CLOSURE

The 28-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/

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

A,B,E
Cy, Dy.Fy _ state space matrices for the evaluation model
C,D,F,
A, B, E,
Cyr Dyr Fyr
AC BC
c D"
d; —interstory drift of theth floor
f,1(-), f5(-) —feedback compensator functions
H.x(s) — transfer function of the filters used to obtain the pseudo absolute velocities
- J — performance function for LQG control design
J; —ith evaluation criteria
K — full state feedback gain matrix
k — discrete time step index
L — state estimator gain matrix
P — algrebraic Riccati matrix solution for regulator
Q, r —weights in LQG control design
S — algrebraic Riccati matrix solution for state estimator

S,y — magnitude of the constant two-sided spectral density for the white
"' noises modeling the measurement noise in the LQG control design

S, ;. — magnitude of the constant two-sided spectral density for the white
" noise used to model the ground excitation in the LQG control design

T — sampling time
u — scalar control input
u, — scalar control input at tinte= kT
v — measurement noise vector for the evaluation model
v, —measurement noise vector for the control design model
X — state vector for the evaluation model
x, — state vector for the discrete controller at time kT
X, — state vector for the control design model
X, — estimated state vector for the control design model
x; — displacement of thi¢h floor relative to the ground
X — displacement of the actuator piston relative to the third floor

— state space matrices for the reduced order model

— state space matrices for the discrete controller

m
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— peak third floor displacement response relative to the ground of
the uncontrolled building for each respective historical earthquake

>'< — velocity of thath floor relative to the ground

— peak third floor velocity response relative to the ground of
the uncontrolled building for each respective historical earthquake

X, — pseudo absolute velocity of ttik floor

x — velocity of the actuator piston relative to the third floor
Xam — pseudo absolute velocity of the actuator piston

X, — pseudo absolute velocity of the ground

x i — absolute acceleration of thh floor

Xam — absolute acceleration of the actuator piston

X, — absolute acceleration of the ground

X430 — Peak third floor absolute acceleration of the uncontrolled building
for each respective historical earthquake

y — vector of directly measured responses
Y\ — vector of directly measured responses sampled at ti&T
y, — output vector for the control design model
y — vector of responses available for calculation of the control
y, — vector of responses available for calculation of the control sampled attikTe
z — vector of regulated responses
04— rms interstory drift of theh floor
0, — rms control signal
o, —rms displacement of the actuator piston relative to the third floor
" —rms ground acceleration

Ox
o, * _ worst-case stationary rms displacement of the third floor of th
**uncontrolled building relative to the ground
O.

« — I'ms velocity of the actuator piston relative to the third floor

oxm — worst-case stationary rms velocity of the third floor of the
**uncontrolled building relative to the ground

oy, — worst-case stationary rms absolute acceleration of the third floor of the
*° uncontrolled building
oy — ms absolute acceleration of thiefloor

Wy, Zg — parameters of the Kanai—Tajimi spectrum
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