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Abstract

This paper presents the problem definition and guidelines of the next generation structural
control benchmark problem for seismically excited buildings. Focusing on a 20-story steel struc-
ture representing a typical mid- to high-rise building designed for the Los Angeles, California
region, the goal of this study is to provide a clear basis to evaluate the efficacy of various struc-
tural control strategies. Aavaluationmodel has been developed that portrays the salient features
of the structural system. Control constraints and evaluation criteria are presented for the design
problem. The task of each participant in this benchmark study is to define (including devices, sen-
sors and control algorithms), evaluate and report on their proposed control strategies. These strat-
egies may be either passive, active, semi-active or a combination thereof. A simulation program
has been developed and made available to facilitate direct comparison of the efficiency and merit
of the various control strategies. To illustrate some of the design challenges a sample control sys-
tem design is presented, although this sample is not intended to be viewed as a competitive
design.

Introduction

The protection of civil structures, including material content and human occupants, is with-
out a doubt a world-wide priority. The extent of protection may range from reliable operation and
occupant comfort to human and structural survivability. Civil structures, including existing and
future buildings, towers and bridges, must be adequately protected from a variety of events,
including earthquakes, winds, waves and traffic. The protection of structures is now moving from
relying entirely on the inelastic deformation of the structure to dissipate the energy of severe
dynamic loadings, to the application of passive, active and semi-active structural control devices
to mitigate undesired responses to dynamic loads.

In the last two decades, many control algorithms and devices have been proposed for civil
engineering applications (Soong 1990; Housmral 1994; Soong and Constantinou 1994,
Fujino, et al. 1996; Spencer and Sain 1997), each of which has certain advantages, depending on
the specific application and the desired objectives. At the present time, structural control research
is greatly diversified with regard to these specific applications and desired objectives. A common
basis for comparison of the various algorithms and devices does not currently exist. Determina-
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tion of the general effectiveness of structural control algorithms and devices, a task which is nec-
essary to focus future structural control research and development, is challenging.

Ideally, each proposed control strategy should be evaluated experimentally under conditions
that closely model the as-built environment. However, it is impractical, both financially and logis-
tically, for all researchers in structural control to conduct even small-scale experimental tests. An
available alternative is the use of consensus-approved, high-fidelity, analytical benchmark models
to allow researchers in structural control to test their algorithms and devices and to directly com-
pare the results.

The American Society of Civil Engineers (ASCE) Committee on Structural Control has rec-
ognized the significance of structural control benchmark problems. The Committee recently
developed a benchmark study, focusing primarily on the comparison of structural control algo-
rithms for three-story building models. The initial results of this study were reported at the 1997
ASCE Structures Congress, held in Portland, Oregon (Speegicak,1997; Balas, 1997; Lu and
Skelton 1997; Wuet al. 1997; Smithet al. 1997). Additionally, a more extensive analysis of the
benchmark structural control problem is nearing completion and will form the basis for a special
issue oftarthquake Engineering and Structural Dynan(@penceret al 1998).

Building on the foundation laid by the ASCE Committee on Structural Control, plans for
the next generation of benchmark structural control studies were initiated by the Working Group
on Building Control during the Second International Workshop on Structural Control held
December 18-20, 1996, in Hong Kong (Chen 1996). As stated by the Working Group, the goal of
this effort is to develop benchmark models to provide systematic and standardized means by
which competing control strategies, including devices, algorithms, semsarsan be evaluated.

This goal drives the next generation of structural control benchmark problems, and its achieve-
ment will take the structural control community another step toward the realization and imple-
mentation of innovative control strategies for dynamic hazard mitigation.

As an outgrowth of the workshop in Hong Kong, two benchmark problems for the control
of buildings have been developed for presentation at the 2nd World Conference on Structural
Control to be held June 28-July 1, 1998 in Kyoto, Japan. The first, detailed in &Balg(1998),
proposes a benchmark problem for wind excited buildings. The second such benchmark problem
is defined herein, the focus of which is to provide the guidelines for the next generation bench-
mark control problem for seismically excited buildings. A 20-story steel building designed for the
SAC* project is the benchmark structure to be studied. A description of this structure is discussed
in the next section. A high-fidelity linear time-invariant state space model of this structure was
developed and is designated teealuationmodel. In the context of this study, the evaluation
model is considered to be a true model of the structural system. Several evaluation criteria, mea-
suring the effectiveness of the control strategy to reduce undesired responses of the evaluation
model to ground excitation, are given, along with the associated control design constraints.

4. SAC is ajoint venture of three non-profit organizations: The Structural Engineers Association of California
(SEAQC), the Applied Technology Council (ATC) and California Universities for Research in Earthquake Engineer-
ing (CUREE). SAC Steel Project Technical Office, 1301 S. 46th Street, Richmond, CA 94804-4698.
http://quiver.eerc.berkeley.edu:8080/.
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Designers/researchers participating in this benchmark study shall define (including devices, sen-

sors and control algorithms), evaluate and report the results for their proposed control strategies.

The location on the structure and an appropriate model must be specified for each control device

and sensor employed. Passive, active and semi-active devices, or a combination thereof, may be
considered. For illustrative purposes a complete sample control design is presented. Although this
sample control system it not intended to be competitive, it demonstrates how one might define and

model the sensors and control devices employed, build a design model, and evaluate a complete
control system design.

Benchmark Structure

The 20-story structure used for this benchmark study was designed by Brandow & Johnston
Associates for the SAC Phase Il Steel Project. Although not actually constructed, the structure
meets seismic code and represents a typical mid- to high-rise building designed for the Los Ange-
les, California region. This building was chosen because it will also serve as a benchmark struc-
ture for SAC studies and thus will provide a wider basis for comparison of the results from the
present study.

The Los Angeles twenty-story (LA 20-story) structure is 30.48 m (100 ft) by 36.58 m (120
ft) in plan, and 80.77 m (265 ft) in elevation. The bays are 6.10 m (20 ft) on center, in both direc-
tions, with five bays in the north-south (N-S) direction and six bays in the east-west (E-W) direc-
tion. The building’s lateral load-resisting system is comprised of steel perimeter moment-resisting
frames (MRFs). The interior bays of the structure contain simple framing with composite floors.

The columns are 345 Mpa (50 ksi) steel. The interior columns of the MRF are wide-flange.
The corner columns are box columns. The levels of the 20-story building are numbered with
respect to the first story, located at the ground (first) level (see Fig. 1). The 21st level is denoted
the roof. The building has an additional two basement levels. The level directly below the ground
level is the second basement (B-2). The level below B-2 is the first basement (B-1). Typical floor-
to-floor heights (for analysis purposes measured from center-of-beam to center-of-beam) are 3.96
m (13 ft). The floor-to-floor heights for the two basement levels are 3.65 m (12 ft) and for the first
floor is 5.49 m (18 ft).

The column lines employ three-tier constructioe, monolithic column pieces are con-
nected every three levels beginning with the second story. Column splices, which are seismic (ten-
sion) splices to carry bending and uplift forces, are located on the 2nd, 5th, 8th, 11th, 14th, 17th
and 19th stories at 1.83 m (6 ft) above the center-line of the beam to column joint. The column
bases are modeled as pinned (at the B-1 level) and secured to the ground. Concrete foundation
walls and surrounding soil are assumed to restrain the structure at the first floor from horizontal
displacement.

The floors are composite constructiom( concrete and steel). In accordance with common
practice, the floor system, which provides diaphragm action, is assumed to be rigid in the horizon-

5. Brandow & Johnston Associates, Consulting Structural Engineers, 1660 W. Third St., Los Angeles, CA 90017.

March 22, 1999 3 Spencest al.



tal plane. The floor system is comprised of 248 Mpa (36 ksi) steel wide-flange beams acting com-
positely with the floor slab. The B-2 floor beams are simply connected to the columns. The
inertial effects of each level are assumed to be carried evenly by the floor diaphragm to each
perimeter MRF, hence each frame resists one half of the seismic mass associated with the entire
structure.

The seismic mass of the structure is due to various components of the structure, including
the steel framing, floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and a
penthouse located on the roof. The seismic mass of the first level is 5%2@1@6.4 kips-se%f
ft), for the second level is 5.65x2(kg (38.7 kips-sedft), for the third level to 20th level is
5.51x1C kg (37.7 kips-sedft), and for the roof is 5.83x10kg (39.9 kips-sedft). The seismic
mass of the entire structure is 1.16xk6 (794 kips-setft).

This benchmark study will focus on an in-plane (2-D) analysis of one-half of the entire
structure. The frame being considered in this study is one of the N-S MRFs (the short direction of
the building). The height to width ratio for the N-S frame is 2.65:1. The N-S MRF is depicted in
Fig. 1.

Passive, active and/or semi-active control devices can be implemented throughout the N-S
frame of the 20-story structure and their performance assessed using the evaluation models speci-
fied in the next section.

Evaluation Model

Based on the physical description of the LA 20-story structure described in the previous
section, an in-plane finite element model of the N-S MRF is developed in MATLAB (1997).
Because the focus of this study is on global response characteristics, considering the linearized
response of the structure can be shown to be a reasonable approximation (Naeim 1997) that will
be used for the purposes of this study. The structure is modeled as a system of plane-frame ele-
ments, and mass and stiffness matrices for the structure are determined. Due to the size of the
model, a Guyan reduction is used to reduce the number of DOFs to a manageable size, while still
maintaining the important dynamics of the full model. Using the reduced mass and stiffness
matrices, the damping matrix is determined based on an assumption of modal damping. The equa-
tions of motion for the structure are then developed in a state space form appropriate for design
and analysis. This process, described in further detail in the following paragraphs, is illustrated in
Fig. 2.

The LA 20-story structure is modeled using 180 nodes interconnected by 284 elements, as
seen in Fig. 3. The nodes are located at beam-to-column joints and at column splice locations.
Elements are created between nodes to represent the beams and columns in the structure. The
beam members extend from the center-line of column to center-line of column, thus ignoring the
column panel zone. Floor inertial loads, accounting for the seismic mass of the floor slabs, ceil-
ing/flooring, mechanical/electrical, partitions, roofing and penthouse are uniformly distributed at
the nodes of each respective floor assuming a consistent mass formulation.
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Beams (248 Mpa):
B-2 - 5th level W30x99;
6th — 11th level W30x108;
12th - 18th level W30x99;
18th — 19th level W27x84;
20th level W24x62;
roof W21x50.
Columns (345 Mpa):

column sizes change at splices
corner columns and interior columns the same,
respectively, throughout elevation;
box columns are ASTM A500 (15x15 indicates
a0.38 m (15 in) square box column with wall
thickness of f).
Restraints:
columns pinned at base;
structure laterally restrained at 1st level.
Splices:
denoted with ¥;
are at 1.83 m (6 ft) w.r.t. beam-to-column joint
Connections:
-0 indicates a moment resisting connection.
Dimensions:
all measurements are center line;

basement level heights 3.65 m (12'-0");
1st level height 5.49 m (18-0");
2nd — 20th level heights ~ 3.96 m (13'-0");
bay widths (all) 6.10 m (20-0")

Seismic Mass:
for single MRF in the N-S direction (including
steel framing);

1st level 2.66x10° kg;
2nd level 2.83x10° kg;
3rd —20th level 2.76x10° kg;

\._ roof 292x10%kg. /

Figure 1: Los Angeles 20-Story Building N-S MRF.
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Each node has three degrees-of-freedom (DOFs): horizontal, vertical and rotational. The
entire structure has 540 DOFs prior to application of boundary conditions/constraints and subse-
guent model reduction. Global DO% s tfth local DOF (.e., horizontal;j = 1, vertical:j = 2,
rotation:j = 3) of theith node as given by = 3(i—1) + j

The evaluation model focuses on one of the two N-S MRFs of the LA-20 story structure.
This single N-S frame is assumed to support one half of the seismic mass of the entire structure
(i.e., 2.66x18 kg (18.2 kips-setft) for the first level, 2.83x19kg (19.4 kips-setft) for the sec-
ond level, 2.76x1®kg (18.9 kips-setft) for the third to 20th levels, and 2.92x1Rg (20.0 kips-
sed/ft) for the roof). Additionally, for modeling purposes, the seismic mass is broken into two
components: the steel framing, including beams and columns, and all other additional seismic
mass. The seismic mass of the steel framing of a single N-S MRF is 2.%14@](08.1 kips-se%i
ft). The seismic mass of a single N-S MRF, without the mass of the steel framing, for the first
level is 2.54x18 kg (17.4 kips-sedft), for the second level is 2.70x2&g (18.5 kips-sedft), for
the third level to 20th level is 2.63x2&g (18.0 kips-setft) and for the roof is 2.79x10kg (19.1
kips-seé/ft). The seismic mass of the N-S MRF is 5.8081Q) (397 kips-se@ft). The seismic
mass of all above ground floors of the N-S MRF, neglecting the mass of the first level, is
5.543x16 kg (379 kips-seift).

Each element, modeled as a plane frame element, contains two nodes and six DOFs. The
length, area, moment of inertia, modulus of elasticity and mass density are pre-defined for each
element. The elemental consistent mass and stiffness matrices are determined as functions of
these properties (Sack 1989; Coek,al 1989).

Description
of
Structure

Determine .
Finite Element R(Ie\{li%%‘fail()n DSPeC!fy
Model amping

Assemble
State Space
Model

Figure 2: Schematic of Finite Element Model to Form the Evaluation
Model for Los Angeles 20-Story Structure.
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Figure 3: Node Numbers for the Los Angeles 20-Story Structure’s N-S MRF.

Global mass and stiffness matrices are assembled from the elemental mass and stiffness
matrices by summing the mass and stiffness associated with each DOF for each element of the
entire structure. The DOFs corresponding to fixed boundary conditions are then constrained by
eliminating the rows and columns associated with these DOFs from the global mass and stiffness
matrices. The constrained DOFs are the horizontal DOFs at nodes 1, 2, 3, 4, 5, 6, 13 and 18 and
the vertical DOFs at nodes 1, 2, 3, 4, 5 and 6. Realizing these 14 boundary conditions results in
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the mass matriXyl [526x 526, and the stiffness matrix [526x 524. The equation of motion
for the undamped structural system takes the form

MU +KU = -MTI'%; +Pf (1)

whereU is the second time derivative of the response véd:tdr'g , (ﬁ)ﬁs&be ground accel-
eration,f (kN) is the control force inpul;  is a vector of zeros and ones defining the loading of
the ground acceleration to the structure, &#d is a vector defining how the force(s) produced by
the control device(s) enter the structure. Responses for a particular level are measured at the floor
of the level in question. The horizontal responses are relative to the ground.

Because the floor slab is assumed to be rigid in its horizontal plane, the nodes associated
with each floor have the same horizontal displacements. This assumption is enforced by writing
constraint equations relating the dependent (slave) horizontal DOFs on each floor slab to a single
active horizontal DOF and using a Ritz transformation (Craig, 1981). First, the structural
responses are partitioned in terms of active and dependent DOBs=a$U; Ug]T , and the
constraint equations are written in the foRy U, + R yUy = 0 . The mass and stiffness matri-
ces are similarly partitioned in terms of active and dependent DOFs

M = MaaMad K = KaaKad 2)
Mga Mygq Kga Kag

Reducing out the dependent DOFs yields

MU, +KU, = -GX, + Pf 3)
where
M =TEeMT g, K = TEKT,
G = TLMT, P=TLP (4)
and
o _ -1
Tg = { J Tga = RyaRyga (5)
Ty

| is an appropriately sized identity matrix. Note that &hd  also must be reordered correspond-
ing to the active and dependent DOFs prior to making the transformation in Eq. (4). The number
of DOFs in the resulting model is 418.

The next step in forming the evaluation model is model reduction. A model with 418 DOFs
is computationally burdensome for dynamic analysis. The natural frequencies of the higher modes
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in this model are excessively large. As these modes, attributed mostly to rotational and vertical
DOFs, are unlikely to contribute to the response of the physical system, they are not required for
the benchmark model and can be reduced out. A Guyan reduction (Craig 1981) of all of the rota-
tional and most of the vertical DOFs is used to reduce the 418 DOF model to nearly 1/5 of its

original size.

Again, the DOFs are partitioned into active and dependent (slave) DOFs. The active hori-
zontal DOFs, as well as the vertical DOFs for levels 1-21 located on the second and fifth column
lines, are chosen to be active. All other vertical DOFs, including the vertical DOFs at splice loca-
tions, and all rotational DOFs are assumed dependent and condensed out. The mass and stiffness
matrices are partitioned in terms of the active and dependent degrees of fieedom,

M = [Maal\:/la(i, K = [Raaka(ﬂ (6)
da Mdd

The reduced damped equations of motion can now be determined as

MU +CU+KU = —Gx, + Pf (7)

whereU is the vector of the active DOFs remaining in the model after the Guyan reduction,

M=TiMTs, K =TiRT,
G = T.G, P=T.P (8)
and
I - ~=1~
Tg = {A J Tda = —KddKda 9)
Ty

Again, G andP are reordered corresponding to the active and dependent DOFs prior to making
the transformation in Eq. (8).

The damping matrixC is defined based on the reduced system and the assumption of
modal damping. Damping in each mode is assumed to be proportional to the mode’s associated
frequency, with a maximum of 10% critical damping in any one mode. The damping in the first
mode is assumed to be 2%; therefore the damfjing  ithtneode is given by

= minf—L 0.1f (10)

wherew; is the natural frequency of tith mode. The damping matric  is then determined via
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C=Mo o .. o0 |® (11)
0 0 2w,

where® is the matrix of mode shapes.{the eigenvectors d@l_lk ).

The Guyan reduction results in a final model with 106 DOFs, that maintains the important
dynamics of the original model. The natural frequencies of the resulting model are less than 110
Hz.

A state space representation of the input-output model for the LA 20-story structure is now
developed. The model is of the form

X = Ax+Bf+E>'<'g (12)

Y = CpXx+ D f + Fm>'<'g +v (13)
Yo = CX+Df +Fe>'<'g (14)
Yo = Cx+D,f +FC>'<'g (15)

wherex = [OT, OT]T is the state vectoy,,, is the vector corresponding to the measured out-
puts, v is a measurement noise vectqy, is the vector corresponding to the regulated outputs
that are used for evaluation of the system, gpd s the vector of output responses that are used as
inputs to control device models. The coefficient matrices for Eq. (12) are given by

0 | 0 0
A=| S0, oB=| | E=| (16)
L\A TRM 'lC] [M '1|:] L\A _lG]

whereC,,C, C_, D, D, D, F, Fo, andF_ are appropriately chosen matrices corresponding
to the associated output vectors as defined by each designer/researcher. Specific examples of these
matrices are given in the Sample Control System Design section.

The model of Eqgs. (12—-15) represents the input-output behavior of the LA 20-story struc-
ture considered for this study. The first 10 natural frequencies of this model are: 0.26, 0.75, 1.30,
1.83, 2.40, 2.80, 3.00, 3.21, 3.63 and 4.31 Hz. These results are consistent with those found by
others who have modeled this structure. The first three mode shapes are given in Fig 4. Typical
transfer functions for this structure comparing the reduced and full models are given in Fig. 5.

Degradation Effects

The change of the dynamic properties of a building from before (pre-earthquake) to after
(post-earthquake) a strong motion earthquake can be substantial (Naeim 1997). This change can
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Figure 4: First Three Mode Shapes of the LA 20-story Building.
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Figure 5: Typical Transfer Functions for the LA-20 Story Structure for the reduced
(solid) and full (dotted) models. (a) ground excitation to roof horizontal
displacement; (b) ground excitation to roof horizontal absolute acceleration; (c)
horizontal force at roof to roof horizontal displacement; (d) horizontal force at roof
to roof horizontal absolute acceleration (roof measurements taken at node-175).
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cause as much as a 20% increase in the fundamental period, which is primarily due to stiffness
degradation. Such stiffness reduction is attributed to the loss of non-structural elements and to
damage of structural elements. Because the time between the main earthquake and subsequent
significant aftershocks may not be large, an effective control system should be sufficiently robust
to perform adequately based either on the pre-earthquake structure or the post-earthquake struc-
ture.

Two evaluation models are developed from the previously defined nominal structural
model: the pre-earthquake evaluation model and the post-earthquake evaluation model. These two
models are intended to account for the degradation effects that can occur within the structure dur-
ing a strong ground motion and should be viewed as linearized models of the structure before and
after degradation of the structure has occurred. The degradation of the benchmark building is
modeled as a reduction in stiffness from the pre-earthquake to post-earthquake models. It should
be noted that the post-earthquake building model assumes structural damage has occurred, which
may be potentially avoided through the application of control device(s). Therefore, the post-earth-
guake building model may be viewed in some sense as representing a “worst-case” scenario.

The pre-earthquake evaluation model represents the LA 20-story structure as-built. The as-
built structure includes additional stiffness provided by the lateral resistance of the structure’s
gravity system and non-structural elements such as partitions and cladding. The non-structural
elements are accounted for in the pre-earthquake evaluation model by proportionally increasing
the structural stiffness matrix such that the first natural frequency of the evaluation model is 10%
greater than that of the nominal model. The pre-earthquake damping is determined, as indicated in
EqQ. (11), using this increased stiffness.

The post-earthquake evaluation model is intended to represent the LA 20-story structure
after a strong motion earthquake. After a strong motion earthquake, the non-structural elements
may no longer provide any additional stiffness to the structure. Moreover, the structural elements
may be damaged, causing a decrease in stiffness. In this study, a post-earthquake evaluation
model is developed in which the natural frequency of the structure is decreased by 10% from the
nominal structural model. This reduction is accomplished by an associated reduction in the struc-
tural stiffness matrix, corresponding to an 18.2% reduction in natural frequency from the pre-
earthquake evaluation model to the post-earthquake evaluation model. The post-earthquake damp-
ing is determined using this decreased stiffness.

The first 10 natural frequencies of the pre-earthquake model are: 0.29, 0.83, 1.43, 2.01,
2.64, 3.08, 3.30, 3.53, 3.99 and 4.74 Hz. The first 10 natural frequencies of the post-earthquake
model are: 0.24, 0.68, 1.17, 1.65, 2.16, 2.52, 2.70, 2.89, 3.26 and 3.88 Hz. Typical transfer func-
tions for the pre-earthquake and post-earthquake evaluation models, as compared to the nominal
structural model, are given in Fig. 6. The pre-earthquake and post-earthquake evaluation models
should be used to assess the performance of candidate control strategies and are considered for
this study to be the true models of the structural system. Consequently, two values of the evalua-
tion criteria, defined in the next section, should be reported for each control strategy, representing
the performance with both the pre-earthquake structure and the post-earthquake structure.
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Figure 6: Typical Transfer Functions for the LA-20 Story Structure for the pre-
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horizontal absolute acceleration; (c) horizontal force at roof to roof horizontal
displacement; (d) horizontal force at roof to roof horizontal absolute acceleration

(roof measurements taken at node-175).

Control Design Problem

The task of the designer/researcher in the benchmark study control design problem is to
define an appropriate passive, active, or semi-active control strategy, or a combination thereof. It
is left to the designer/researcher to define the type, appropriate model and location of the control
device(s)/sensor(s) and to develop appropriate control algorithms. The evaluation model, how-
ever, will remain invariant to the various applied control strategy. By using a single building
model and common evaluation criteria, various control strategies can be compared directly to one
another.

Interfacing with the Evaluation Model

To interface with the benchmark building model defined in Eqgs. (12—-15), the outputs of the
evaluation model must be measured by sensors. Researchers/designers must develop models for
the sensors which take the following form

.S
X

91X, Vi F 1) (17)

gz(xs’ ym! fm’ t) (18)

<
1
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wherex® is the continuous time state vector of the sensdr(s), s the continuous time vector of
measured responses of the control device() (vhich may include forces produced by individu-
al control devices, device displacement, device acceleradian, andyS is the continuous time
output of the sensor(s). All measured responses have units of Volts.

For active/semi-active control systems, the corresponding control algorithm must take the
form

Xicr1 = 93(X Yio k) (19)
Cc S
wherexﬁ is the discrete state vector of the control algorithm at timek T yi , Isthe sampled

input to the control algorithm (discretized measured output from the sensor modei), and s the
discrete control command from the control algorithm.

To interface with the benchmark building model defined in Egs. (12—15) the control device
model(s) must take the form

X% = gg(x* Yo Up, 1) (21)
f = gg(x% Yo U t) (22)
frn = 7<% Yo U 1) (23)
Yi = 9g(X* Yo U 1) (24)

wherex? is the continuous time state vector of the control deyice,  is the continuous time out-
put from the evaluation model needed to evaluate the dynamics of the control ddvices, is the
continuous time force output of the control device(s) applied to the structure in units of (kN), and
y; is the vector of control device responses used for evaluation purposes. Note that for passive
control devicesgg, gs 97, 9g  Will not be a function aof

The SIMULINK model to be employed in performance evaluation is shown in Fig. 7.

Evaluation Criteria

In evaluating proposed control strategies, the input excita?q;on (R)/Eeassumed to be
one of the four historical earthquake records:Hi)Centra The N-S component recorded at the
Imperial Valley Irrigation District substation in EI Centro, California, during the Imperial Valley,
California earthquake of May, 18, 1940. (ilachinohe The N-S component recorded at Hachi-
nohe City during the Takochi-oki earthquake of May, 16, 1968.o)ythridge The N-S compo-
nent recorded at Sylmar County Hospital parking lot in Sylmar, California, during the Northridge,
California earthquake of January 17, 1994. figbe The N-S component recorded at the Kobe
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Figure 7: SIMULINK Model for Benchmark Problem.

Japanese Meteorological Agency (JMA) station during the Hyogo-ken Nanbu earthquake of Janu-
ary 17, 1995. Each proposed control strategy should be evaluated for all four earthquake records,
with the appropriate responses being used to calculate the evaluation criteria for both the pre-
earthquake and post-earthquake evaluation models. As detailed in the following paragraphs, the
merit of a control strategy is based on criteria given in terms of maximum response quantities, as
well as the number of sensors and control devices and the total power required by the control sys-
tem. Smaller values of these evaluation criteria are generally more desirable.
The first evaluation criterion is a non-dimensionalized measure of the floor displacement

relative to the ground, which is given as

Eh}axixi (t) E

hoE e Hon 0 @)
Hacmnoh%% X
Northridge U
Kobe

wherem = {8, 17, 20, 23, 32, 35, 38, 47, 50, 53, 62, 65, 68, 77, 80, 83, 92, 95, 104, 107} repre-
sents the set of states corresponding to the horizontal displacement of above ground.éloors (
nodes 21, 33, 39, 45, 57, 63, 69, 81, 87, 93, 105, 111, 117, 129, 135, 141, 153, 159, 171, 177, re-
spectively, which are located on the third column line from the south on the N-S MRF) relative to

the ground as given in terms of the states in Eq. (X)) is the time history ofitistate,
X" is the maximum uncontrolled displacement, dnd  denotes absolute value. Note that these
responses correspond to each respective earthquake. Valur's or , as well as other uncon-

trolled responses required for the evaluation criteria, are given at the end of this section.
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For each earthquake, the maximum drifts are non-dimensionalized and normalized with
respect to the associated floor heigte.( the drift ratios). Therefore, the second evaluation crite-
rion is given by

Dm |d (1)] D

J5 —Elrcnax h; D (26)
entro D max |:|
Nomrdeeld  On O

Kobe

whered;(t) is the interstory drift of the above ground floors over the time history of each earth-
quake, h; is the height of each of the associated storlgs=(5.49 hims 3.96 m,
i =2 ..,20), and dmaX = max{d (t)/h;} is the uncontrolled maximum interstory drift ratio
correspondlng to each respectlve earthquake. The interstory drifts are given by
di(t) = Xy (t) Xy (t) where it is assumed =0 . Note that the interstory drifts are deter-
mined usmg the nodes on the third column Ilne from the south, as were the displacements.

The third evaluation criterion is given in terms of the maximum floor accelerations, yielding

Dna><|xa,(t)|D
J3 = max D'D“ D

El Centro

Hachinoh xm ax O

Northridge a il
Kobe

(27)

where the absolute accelerations ofiiestate X;(t) , are non-dimensionalized by the maximum
uncontrolled floor acceleration, denoﬁé;BaX , corresponding respectively to each earthquake.
The non-dimensionalized base shear is used as the fourth evaluation criterion such that

D 20 %
Ema mX,. (0|0

J, = max {,; S (28)
|_I|EI %entrr? max N
ok I ]

Kobe " []

where m. is the seismic mass of each of the above-ground floors of a single N-S MRF
(m, = 2.83x10° kg; m. = 2.76x10° kg, i = 2,...,19; my, = 2.92x10° kg), Fp ™ is the
maX|mum uncontrolled base shear for each respectlve earthquake. Natg that refers to the seis-
mic mass of the first above-ground floor, which corresponds to the second level of the structure
and thatm,, refers to the seismic mass of the 20th above-ground floor, which corresponds to the
roof of the structure, with all otheth above-ground floors corresponding to thel level of the
structure.

To obtain insight into the performance of the controlled structural system that may not be

provided by the maximum response evaluation criteria, four evaluation criteria correspond to -
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normed measures of the structural responses are considered. Therefore, the fifth evaluation crite-
rion is a normed/non-dimensionalized measure of the maximum floor displacement of the build-
ing relative to the ground, which is given as

sl

Js = max ———10 (29)
ma
ST T
Northridge

Kobe

where |x (1)) = /J'g (bt ,t; is a sufficiently large time to allow the response of the structure to at-

tenuate to less than 0.1% of its maximum value, An™ EimDaT>1<||xi(t)|| is the maximum

normed uncontrolled displacement for each of the respective earthquakes.
The sixth evaluation criterion provides a normed measure of the maximum drift ratios and is
given by

||OI (t)IID
— t, | h
JG Elr(pe?t)r(o %TIE (30)
e O Jan &
obe

where ||dnma1| = Ir%ax”di(t)” is the maximum normed interstory drift ratio corresponding to the
m

uncontrolled structure excited by each respective earthquake.
The seventh evaluation criterion is given in terms of the normed floor accelerations, yielding

J7 - Em%ro D_——_ % (31)
~ --ma
tacnones|37%] 5

Kobe

where ||x21a1| = {E%]X”Xai(t)” is the maximum normed absolute acceleration of the uncontrolled

structure excited by each respective earthquake.
The normed/non-dimensionalized base shear is used as the eighth evaluation criterion such
that

20

mX__ (t)
i )
Jg = max Z an
El Centror =1
Hachinoh ma
Northridg || F b X”
Kobe " []

CICICI0

(32)

I o o
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20
WhereHF[)"aﬁ\ = max| 5 m%, (1) is the maximum normed uncontrolled base shear for each respec-
0| S i

tive earthquake.
The remaining evaluation criteria deal with the specified control system. Evaluation crite-
rion nine considers the maximum required control force and is described as

i
U
Jg = max HMD (33)
El Centro ] W 0

Hachinohe

where f'(t) is the force generated by titie control device over the time history of each earth-
guake (note this is not théh component of thé vector, which would correspond to the force at
the ith control input, but is the force of thigh control device), andV = 54, 377 kN (12,225
kips) is the seismic weight of the N-S MRF being controlled based on the above ground mass of
the structure (excluding the mass of the 1st level).

The tenth criterion is based on the maximum displacement of the control devices. This per-
formance measure is given as

Jjg=max gt — [ (34)
Hachinoh
Northridge
Kobe
where y?(t) is the displacement of tlign control device over the time histories of each earth-
guake. For devices without an associated displacenegemt fUned liquid dampers), this evalua-
tion constraint is zero.
The eleventh evaluation criterion is a measure of the maximum power required to control

the structure and is defined as

Efmta{lz P, (t)}
ﬁéccr%% <A

Northridg
Kobe

Ji1 = max (35)

OOoOdOod

where?;(t) is a measure of the instantaneous power required lghtbentrol device, anat" %

is the maximum uncontrolled velocity of the floors relative to the ground. For active control devic-
es,P;(t) = |y?(t)f'(t)| , Wherq'/?(t) is the velocity of tHéh control device. For semi-active de-
vices, 7;(t) is the actual power required to operate the device. For passive control devices, this
criterion is zero.

The twelfth evaluation criterion is a measure of the total power required for the control of
the structure, which is defined as
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[ [
P;(t)
Ji, = max DDZ I ”E (36)

El Centr ma 0
ey X g
Kobe
For passive control devices, the criteriby ~ is zero.
The thirteenth evaluation criterion is a measure of the total number of control devices
required in the control system to control one of the N-S MRFs of the structure.

J13 = number of control devices required (37)

The fourteenth evaluation criterion is a measure of the total number of sensors required in
the control system to control one of the N-S MRFs of the structure.

J14 = number of sensors required (38)

A final evaluation criterion provides a measure of the computational resources required to
implement the control algorithm and is given by

Jis = dim(x;) (39)

Wherexﬁ is the discrete state vector of the control algorithm given in Eq. (19).

The maximum uncontrolled responses for the four earthquakes are given Table 1. A sum-
mary of the fifteen evaluation criteria are given in Table 2. All fifteen criteria should be reported
for each proposed control strategy implemented in both the pre-earthquake and post-earthquake
models. The El Centro, Hachinohe, Northridge and Kobe earthquakes should all be considered in
determining the evaluation criteria.

Designers/researchers are also encouraged to include other criteria in their results if, through
these criteria, important features of their control strategy can be demonstrated. For example, the
performance of nonlinear control systems may substantially vary with the amplitude of the distur-
bance. Therefore, examining the performance of such control strategies subject to several differ-
ent levels of ground motion may be warranted.

Control Implementation Constraints and Procedures

To make the benchmark problem as representative of the full-scale implementation as possi-
ble and to allow for direct comparison of the results submitted to the study, the following con-
straints and procedures are specified:

1. The measured outputs directly available for use in determination of the control action are the
absolute horizontal acceleration and the interstory drift of each floor of the LA 20-story struc-
ture, and control device outputs which are readily availablg, (control device displacement,
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Table 1: Uncontrolled Peak Response Quantities of the
Pre- and Post-Earthquake Evaluation Models.

El Centro Hachinohe Northridge Kobe
pre- post- pre- post- pre- post- pre- post-
earthquake| earthquake| earthquake| earthquake| earthquake| earthquake| earthquake| earthquake
X" 0.37959| 0.27787 0.51705 0.29881 1.05p1 0.90765 0.56887 0.65617
(m)
X 0.82539| 0.74801 1.0450 0.76065 2.9023 2.6803 1.8370 1.6289
(m/sec)
-.max
Xa 3.1372 | 2.8093| 2.8439 1.946ff 9.1886 7.7702 8.9%44  7.7383
(m/sed)
4T 6.2297 | 4.8655 | 7.6232 | 5.4667 | 15.644 | 18.484 | 13.353 | 14.223
n x1073 x1073 x1073 x1073 x1073 x1073 x1073 x1073
Fbmax 43525 | 2.0892 | 5.3852 | 2.6514 | 11.083 | 8.0311 | 9.4430 | 6.2433
(kN) x10P x10P x10P x10P x10P x10P x10P x10P
ma
”X x” 0.80902| 0.89099 1.4934 1.0881 2.4997 1.6861 0.99073 2.3438
(mO/seq
|52
a 47166 | 3.5697| 5.7325 3.285p 10.329 8.835 9.8980 9.5907
(m (sec™ ?
||dnma1| 1.2486 | 1.3707 | 2.2026 | 1.5781 | 3.7074 | 2.8271 | 1.7807 | 3.7656
2 2 2 2 2 2 2 2
(/589 x10~ x10~ x10~ x10~ x10~ x10~ x10~ x10~
||Fbmaj| 8.8861 | 6.5488 | 15.5564| 7.4806 | 26.247 | 13.464 | 12.913 | 17.986
(kN /583 x10° x10° x10° x10° x10° x10° x10° x10°

force, or absolute acceleration). Although absolute velocity measurements are not available,
they can be closely approximated by passing the measured accelerations through a second or-
der filter as described in Spencatral (1998).

\olts.

. The digitally implemented controller has a sampling timé& af 0.005

SecC.

. The A/D and D/A converters on the digital controller have 12-bit precision and a sp&tOof

. Each of the measured responses contains an RMS noise of 0.03 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.
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Table 2: Summary of Evaluation Criteria for the Benchmark Problem.

Floor Displacement

Normed Floor Displacement

Control Force

Control Devices
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5. No hard limit is placed on the number of states of the control algorithm, although the number
of states should be kept to a reasonable number as limited computational resources in the digi-
tal controller exist. The designer/researcher should justify that the proposed algorithm(s) can
be implemented with currently available computing hardware.

6. The control algorithm is required to be stable.

7. The performance of each control design should be evaluated using both the 212 state pre-earth-
guake evaluation model and the 212 state post-earthquake evaluation model for each of the
earthquake records providdde(, ElI Centro, Hachinohe, Northridge and Kobe).

8. The closed loop stability robustness for each proposed active control design should be dis-
cussed.

9. The control signal to each control device has a constraintmﬂ q(t)| <10 \olts for each re-
spective earthquake. t

10.The capabilities of each control device employed should be discussed, and the designer/re-
searcher should provide a justification of the availability of each control device. Additional
constraints unigue to each control scheme should also be repertgdhfaximum displace-
ment, velocity, or force capacity of control devices).

11.Designers/researchers should submit electronically a complete set of MATLAB files that will
produce the evaluation criteria specified in this problem statement for both the pre- and post-
earthquake evaluation models. For more details, seREFRDMEfile included with the down-
loaded benchmark data on the benchmark homebige/f(vww.nd.edu/~quaKe/

Sample Control System Design

To illustrate some of the constraints and challenges of this benchmark problem, a sample
control system is presented. The sample control system design is included to serve as a guide to
the participants in this study and is not intended to be a competitive design. The sample control
system is a type of active system that employs hydraulic actuators as control devices. Hydraulic
actuators are located on each floor of the structure to provide control forces to the building. Feed-
back measurements are provided by accelerometers placed at various locations on the structure. In
this section, the accelerometers and hydraulic actuators chosen for the sample control system are
described, and models for each are discussed. A linear quadratic Gaussian (LQG) control algo-
rithm is designed based on a reduced order model of the system. The results are then discussed
and the evaluation criteria are then determined for both the pre-earthquake and post-earthquake
evaluation models.

Sensors

Because accelerometers can readily provide reliable and inexpensive measurements of the
absolute accelerations of arbitrary points on a structure, the sample control system is based on
acceleration feedback. A total of five acceleration measurements were selected for feedback in the
control system (on floors 5, 9, 13, 17 and the roof).
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A wide variety of accelerometers are available, many with a natural frequency at least an
order of magnitude above the dynamics of this structure. Thus, each accelerometer is modeled as
having a constant magnitude and phase. The magnitude of the output of each accelerometer is 10
V / g (where Iy = 9.81 m/sef), which is the sensitivity of the sensor. Thus, in the form of Egs.
(17-18) the sensors can be modeled @ith 0 and

y® = Dg¥p, (40)

whereDg = (10/9.8][I] V/ (m/sef). Based on the measurements selected for feedback in the
sample control strategy,, = [Xa, Xan, Xan,, Xan,. Xan,]
For simulation purposes, the sensor block

shown in Fig. 8 was used to represent the five accelel sensor
. - Gains ym
ometers used in the sample control system design.
. ” &
Control Devices m

Hydraulic actuators are employed as the active  Figure 8: SIMULINK Block

control devices. The actuators are placed on eac@epresenting the Sensors in the
. ample Control System Design.

floor of the structure, and a total of 50 hydraulic actu-
ators are used to control the N-S MRF in the sample
control strategy. Eight actuators are located on the first floor, four actuators are located on both the
second and third floors, and two actuators are on each of the remaining floors of the structure.
Each actuator is implemented in the structure using a chevron brace configuration, in which the
actuator is horizontal and rigidly attached between the two consecutive floors of the building.
Thus, in the analysis the compliance of the bracing is neglected.

Using the model of a hydraulic actuator discussed in (Dykeal. 1995), the governing
equation for theth hydraulic actuator with position feedback is

= Ak —y0) K f' =A%), (41)

whereA is the cross-sectional area of the actuafor, is the bulk modulus of the Wusdthe
characteristic hydraulic fluid volume for the actuatar, is the command signal tthtaetuator,

f' is the force generated by thi actuator,yf1 is the displacement of title actuatorkOI k. are
system constants, and is the proportional feedback gain stabilizing the actuator. Equation (41)
can be rewritten as

fl= au —a,y - ay’ —agf' (42)
wherea; = ZquA/V Ay = ZBAZ/V ,a3 = 2Bk./V . The sample control system employs

hydraulic actuators with a capacity of 897 kN (200 kips) and a stroke8o9 H3rb( in). To
achieve this capacity, the actuator discussed in (Dgkal. 1995) was scaled up, and the resulting
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values of the actuator parameters age= 5.8128784x 10 kKN/m-sgc= 5.4641931x 10
kKN/m, a; = 1.6210740« 19 sect. Hydraulic actuators with these capabilities are readily avail-
able €.g, from IST® Systems or MT§.

Because the control devices are oriented horizontally and assumed to be rigidly secured
between two floors, the displacement of each control device is equal to the interstory drift of the
level on which it is located. Thus the relationship between the displacements of the control
devices and the displacements of the floors of the structure relative to the ground is

yi(t) = di(t) = x, () =x, (1) (43)

wherex, = 0 . Using Eq. (43), the vector of control device displacements (which correspond to
the interstory drifts of the structurey,a , can be determined from the vector of horizontal floor

displacements relative to the grourxq, = [Xm Xq, ano]T , using the transformation
y' = Ax, (44)
where
100 0
-110 0
A=0 (45)
0.. =110
|0 ... 0 -11

Although there are multiple control devices acting on each floor, it is assumed that all of the
actuators on a single floor experience the same inputs, and respond in the same way. Thus, only
twenty independent equations (and states) are needed to fully describe the dynamics of the fifty
actuators. From Eq. (42) a single state space equation is formed to describe the dynamics of the
hydraulic actuators on all twenty floors in the form of Egs. (21-24), as

x* = Ax*+B,| " (46)
Ye

f=cx*+D,|" (47)
Ye

6. IST Systems, 2890 John R Road, Troy, MI 48083.
7. MTS Systems Corporation, 14000 Technology Drive, Eden Prarie, MN 55344-2290.
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where the state vector® corresponds to the vector of forces provided by one control device for
each floor €.g, xi‘ is the force generated by each of the eight control actuators on the first floor),

u is the control input to each actuatgy, = [ xIl XII ]T is the specific connector output required
for the hydraulic actuator including the relative horizontal displacements and velocities of each
floor, andf is the vector of forces applied to the structure. For the sample system, the vector of
control device responses used for evaluatioyy is= f , and no control device outputs are used for
feedbackite., f,, = []). The coefficient matrices for Eq. (46) are given by

A, = [—asﬂ , B,= [all —a,A | —azA] (48)

In Eq. (47),C, is adiagonald0x 20 ] matrix with the number of actuators per floor on the diag-
onals, and, isaf0x 60 ] matrix of zeros.

The SIMULINK block shown in Fig. 9 is used to represent the control devices for the sam-
ple control system design in the simulation. Here, to facilitate recording of the individual control
forces required for calculation of the evaluation criterie.(y; ), the response of each of the inde-
pendent control devices is output from the ‘state space’ block, and the ‘Matrix gain’ block is used
to account for multiple devices acting on a single floor. Notice that this design only makes use of
the absolute accelerations of five floors of the structure, although additional measurements are
available for feedback.

f

control
input u
@A X' = AxtBU | g Mux *
Al y = Cx+Du N 5
yf
State—Space Mux
—
fm ye

Figure 9: SIMULINK Block Representing the Control Devices in the
Sample Control System Design.

Control Design Model

Because the evaluation model is quite large, a reduced order model of the system, desig-
nated thedesignmodel, is developed for purposes of control design. Previous experience with
hydraulic control systems has shown that increased performance can be achieved when the
dynamics of the control device are incorporated into the design model (Byké 1995). There-
fore, here a model reduction is first performed on the evaluation model, and then the actuator
dynamics are appended to the reduced model to form the design model.

The reduced order model of the structure is given as

X' = AX +Bf +E X, (49)
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r ..
ymr = CmrX + Dmrf +FmrX tv (50)

9

Yar = CurX + Dyyf +F X (51)

Yor = CeX' + D f +F (X, (52)
wherex' is the reduced stat-g VeCt}Dﬁ“ = [5('61”4_)'('&,]8 Xan, Xan . X'anzo]T is the vector of mea-
sured responses, Yy, = [Txanl"'xanzo] is the wvector of regulated responses,

Yor = [Xp,---Xq,, Xn,--%q,,] IS the vector of connection responses, akd B, E,, C,,
Cuwrr Cor ' D Dwr» Doy » Frnr » Fur » @andF,  are the reduced order coefficient matrices.

The design model is formed by stacking the states of the reduced structural model and the
actuator model, as in

wr?

x? = Agx?+ Bgu + EgX, (53)
Ymd = CmdXd + Dmdl'I + I:de—g +tv (54)
Ywd = dexd + Dwdu + I:Wd)'ig tv (55)
T aT.T
wherex® = [xr x2 ] is the state vector for the design model. The associated coefficient ma-
trices are
A B,C I E
Ad — r r=a ’ Bd - O ,Ed — r (56)
0C.,, A,+6D.,C, _all OF,
Cmd = |Crur DiCdl » Cwid = [Cyyr DyeC4l (57)
Dmd = Dwd =0, I:md = I:mr I:wd = er (58)

whered = [—a,D -a,D)| -
Control Algorithm

To illustrate some of the challenges of this benchmark problem, a sample linear quadratic
Gaussian (LQG) control design is presented. To simplify design of the contn’(ﬁler, is taken to be

a stationary white noise, and an infinite horizon performance index is chosen that weights the
accelerations of the floorise.,
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T
0 T 0
E J’E(dexd +D,,qu) Q(C,gx° +Dy,qu) + Ru [Tt
)0 0 59)

whereR is @ 20x 20 diagonal matrix with a 4 in the (1,1) position, and ones in the remaining
diagonal positions, and the weighting mat€xwas chosen to be 20x 200  matrix with equal
weighting placed on each of the floor acceleratiares, (Q = 3 x 10_3[| ]1). Further, the measure-
ment noises are assumed to be identically distributed, statistically independent Gaussian white
noise processes, alfaggx-g/ Sv =Y=25

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

u=—Ks (60)

wherex? is the Kalman Filter estimate of the state vector based on the reduced order model, in-
cluding the actuator models. By the certainty equivalence principle (Stengel 1986; Skelton 1988),
K is the full state feedback gain matrix for the deterministic regulator problem given by

K = R (N+BjP) (61)

whereP is the solution of the algebraic Riccati equation given by

~ ~ ~1 T ~
0= PA+A P-PBR BaP+Q (62)
and
~ T v ] ~T
Q = C,,4QCuq—NR N (63)
“ T
N = C,,4QDyq (64)
R = R+D],QD,4 (65)
A= Ay-BRN' (66)

Calculations to determink  were done using the MATLAB (1997) rodgnemwithin the con-
trol toolbox.
The Kalman Filter optimal estimator is given by

Zd - o
X = AdxOI +Byu+L (ym—Cmdxd— Dmg4) (67)
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-1 T T
L = [B "(YFpn4Eq + CngS)] (68)

whereS is the solution of the algebraic Riccati equation given by

0= SA+A'S—SGS+H (69)
and
T T -1 T

A =A1-CLdR (YFnEq) (70)
G = CrR ™ Cryg (71)

T 2. T -1 T
H = VEqEq —V EqFmdR  FmdEq (72)

T

R =1+YF, Fmag (73)

Calculations to determine  were done using the MATLAB routgqeemwithin the control tool-
box.

Finally, the controller is put in the form of Egs. (19-20) using the bilinear transformation
(Antoniou, 1993) to yield the following compensator

XE+1 = ACXE+ chi (74)

Ue = chﬁ-i- Dcyi' (75)

Calculations to determine the discrete time compensator were performed in MATLAB using the
c2dm.nroutine within the control toolbox. The SIMULINK block show in Fig. 10 is used to rep-
resent the sample control algorithm in the simulation.

Control System Performance

To assess the performance of the sample control strategy, a set of controlled simulations is
performed for the pre- and post-earthquake evaluation models described previously. Note that the
responses were determined through simulation using the SIMULINK program shown in Fig. 7.
The contents of the SIMULINK blocks in Fig. 7 representing the sensors, control devices and
control algorithm were replaced with those shown in Figs. 8-10. For the El Centro, Hachinohe,
and Northridge earthquakes, the duration of the simulation was 100 seconds, and for the Kobe
earthquake the duration was 180 seconds.

To calculate the evaluation criteria, all outputs of the structure were defined as evaluation

_ . . . . T . . .
outputs, thusy, = [xnl...xn20 Xn, X0 Xam"'xanzo] (20 relative displacements, 20 relative
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velocities, and 20 absolute accelerations). ™

maximum uncontrolled response values p RATEARATEAA
vided in Table 1 were used to calculate t Discrete State-Space ’
evaluation criteria defined in Table 2. Figure 10: SIMULINK Block Representing

The resulting evaluation criteria for thi the Control Algorithm for the Sample
control design are presented in Table 3 (p Control System Design.

earthquake) and Table 4 (post-earthquake). in

these tables, the evaluation criteria are shown for each earthquake, and the maximum value over
all four earthquakes is provided in the last column. Additionally, the maximum values of the con-
trol constraints are provided for each earthquake.

Although not intended to be a competitive design, note that for the pre-earthquake study, the
first eight evaluation criteria are less than one, indicating that the controlled responses are lower
than the uncontrolled responses. The control system reduces the maximum relative displacement
by 15.9-35.7% and the maximum normalized drift by 11.9-33.7% as compared to the uncon-
trolled values. Figure 11 shows the responses of the roof of the structure over time for each earth-
guake. For clarity, only the first 80 seconds of the response is shown. In these plots one observes
that the control system not only reduces the peak response, but is also able to relatively quickly
dampen out the responses of the building. This observation is also supported by the significant
reduction in the normed responses of the structure, indicated by the valdgs&f — . Figure 11
also shows a series of plots portraying certain maximum responses of the structure. For each
earthquake, the maximum value of the absolute acceleration at each above ground floor, and the
maximum value of the non-dimensionalized interstory drift at each above ground floor, are plot-
ted. Notice that for all earthquakes, a significant reduction in the non-dimensionalized maximum
interstory drift is obtained in the controlled system. Additionally, the maximum absolute accelera-
tion level is reduced from the uncontrolled value, although in most cases the acceleration is unaf-
fected at the lower floors, there is a significant decrease in the peak acceleration levels at the upper
floors.

Although the control law was designed based on the pre-earthquake model of the structure,
the control strategy achieves significant response reduction in the post-earthquake structure as
well. The maximum relative displacements and maximum non-dimensionalized interstory drifts
of the structure are reduced by 5.3-32.1% and 4.8—-24.7% of the uncontrolled values, respectively.
Additionally, the structural responses are also substantially reduced, as demonstrated quantita-
tively by the values of the normed responggs Jg—  and visually in Fig. 12 by the time histories
of the displacement of the roof relative to the ground. Additionally, the plots in Fig. 12 portraying
the maximum responses of the non-dimensionalized interstory drifts show that the maximum
interstory drift is reduced substantially at every floor of the structure for every earthquake. The
maximum absolute acceleration plots show that the acceleration levels at the upper floors are typ-
ically reduced significantly, although some increases in the acceleration levels are observed at the
lower floors for the Hachinohe earthquake record.
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Note that the sample control system meets all of the control constraints. As discussed previ-
ously, the control algorithm is based on feedback from five accelerometers with a sensitivity of
10V/g, and hydraulic actuators with a capacity of 897 kN (200 kips) are employed as the control
devices. Furthermore, the requirements of the hydraulic actuators employed in this control system
do not exceed the constraints of the devides, (maximum force capacity of 897 kN, maximum
stroke of£8.9 cm). The control algorithm has 62 states, which is deemed an acceptable number
of states based on present day technology (dSpace 1997). Based on an eigenvalue analysis, the
control algorithm is stable. Additionally, the maximum control signal over all of the four earth-
guakes is 6.32 V and 5.80 V, for the pre- and post-earthquake simulations, respectively, which is
below the 10V limit. Finally, the performance of the control system, as demonstrated in the pre-
and post-earthquake evaluation criteria, is indicative of the stability robustness of the closed loop
system.

Closure

The models and data for the next generation benchmark control problem for seismically
excited buildings is available in a set of MATLAB files. Included are scripts which build the pre-
and post-earthquake evaluation models of the Los Angeles 20-story building, perform the sample
control design and run the simulation. These files are available on the World Wide Web at the fol-
lowing URL:

http://www.nd.edu/~quake/
This information is also available on a mirror web site at:
http://www.seas.wustl.edu/research/quake/
If you cannot access the World Wide Web or have questions regarding the benchmark problem,
please contact the senior author via e-mail at: spencer@nd.edu.

To increase the value of this effort to the community, participants in the benchmark study
are requested to submit their control designs electronically for inclusion on the benchmark home-
page cited previously. This electronic submission should be in the form of an m-file script and the
associated data that, when run, produces the evaluation criteria used defined in the problem state-
ment. The fileevalcrit. mincluded with the sample control strategy is an example of the required
evaluation m-file script. See tiREADMEfile included with the downloaded benchmark data for
more details.
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Table 3: Pre-Earthquake Evaluation Criteria for the Sample Control Strategy.

El Centro Hachinohe Northridge Kobe Max Value
J; 0.83641 0.64297 0.84169 0.83707 0.84164
J, 0.76526 0.66295 0.89064 0.77989 0.89064
Ja 0.90873 0.68122 0.73076 0.77925 0.90873
J, 0.82445 0.68637 0.92953 0.75013 0.92953
Js 0.67900 0.55644 0.56908 0.69826 0.69826
Js 0.64982 0.53422 0.54936 0.73189 0.73184
J, 0.56290 0.57347 0.59964 0.62149 0.62149
Jg 0.65736 0.53545 0.54906 0.70146 0.70146
Jo 5.1430x10° | 4.4520x10° | 1.1703x10% | 1.3881x10% | 1.3881x10?
J1o 6.3221x10° | 5.3661x10% | 7.2224x10% | 1.0050x10% | 1.0050x10%
J11 6.0031x10% | 3.9088x10° | 1.3172x10° | 1.9699x10% | 1.9699x10?
J12 1.7602x10% | 1.6059x10% | 4.6692x10° | 6.6554x10° | 6.6554x102
Jis 50
Jia 5
Jis 62
maxu| (v) | 23322 2.0185 5.3437 6.3193 6.3193
mingiyﬂ (m) | 2.3998x10% | 2.7745x10° | 7.6493x10% | 5.7171x10° | 7.6493x107
rq§X| fl vy | 2.7966x18 | 2.4208x18 | 6.3637x18 | 7.5479x18 | 7.5479x18
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Table 4: Post-Earthquake Evaluation Criteria for the Sample Control Strategy.

El Centro Hachinohe Northridge Kobe Max Value
J; 0.90540 0.95701 0.89536 0.67871 0.95701
J, 0.78630 0.95220 0.87461 0.75342 0.9522(
Ja 0.96364 0.98872 0.87791 0.86729 0.98874
J, 1.0237 1.0098 1.0226 0.83770 1.0237
Je 0.58421 0.58789 0.64182 0.49803 0.64187
Js 0.61935 0.58410 0.62597 0.55642 0.62597
J, 0.72267 0.63379 0.54427 0.61833 0.72267
Jg 0.58675 0.54101 0.57136 0.52146 0.58677
Jo 4.7313x10° | 4.0596x10% | 1.0589x10% | 1.2992x10° | 1.2992x10°
J1o 7.5587x10% | 9.5798x10% | 9.7784x10% | 8.9657x10% | 9.7784x10°
Jin 4.3104x10° | 2.8936x10° | 1.2276x10% | 1.4300x10° | 1.4300x107?
J12 1.6151x10% | 1.3715x10% | 4.3397x10° | 4.9986x10° | 4.9986x102
Jis 50
Jia 5
Jis 62
maxui| (v) 2.0915 1.8060 4.7344 5.7984 5.7984
rq'§><iy?| (m) | 2.1003x10% | 2.8578x10° | 8.8753x10% | 5.8830x10° | 8.8753x107
rq,«'t:l><|fi| (kN) | 2.5728x16 | 2.2075x16 | 5.7581x18 | 7.0644x18 | 7.0644x16
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Figure 11: Uncontrolled (dotted) and Controlled (solid) Responses of the Pre-Earthquake
Evaluation Model: a) El Centro b) Hachinohe c¢) Northridge d) Kobe.
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Figure 12: Uncontrolled (dotted) and Controlled (solid) Responses of the Post-Earthquake
Evaluation Model: a) EI Centro b) Hachinohe c¢) Northridge d) Kobe.
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Appendix Il — Nomenclature
A — cross-sectional area of the actuator

A — matrix used in the solution of the algebraic Riccati equation
A — matrix used in the solution of the algebraic Riccati equation
A, B, E — state space matrices for the evaluation model
A, B,.C, D, — state space matrices for the hydraulic actuator model

A. B..C. D. — state space matrices for the feedback compensator

A4 By, E4 — state space matrices for the design model
A, B,, E, — state space matrices for the reduced order evaluation model
A, B, C, Dy Eg Fg — state space matrices for the sensor model
a,, a,, a5 — hydraulic actuator model parameters
3 — bulk modulus of the hydraulic fluid

C — evaluation model damping matrix
C. D F. —state space matrices for the evaluation model used to specify the outputs used in

the control device dynamics model(s)

C.p D¢ F, — state space matrices for the reduced order evaluation model used to specify the

cr “cer
connection responses

C. D, F, — state space matrices for the evaluation model used to specify the outputs for sys-

tem evaluation
C,» D, F, —state space matrices for the evaluation model used to specify the measured outputs

Cina Dma Fmg — State space matrices for the design model used to specify measured responses
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Cir D Fr — State space matrices for the reduced order evaluation model used to specify the
measured responses
Cwa Dwar Fwg — State space matrices for the design model used to specify regulated responses

C.r Dwr Fyr — State space matrices for the reduced order evaluation model used to specify the

regulated responses
d; —interstory drift of above ground floors (m)

max
d

n — maximum interstory drift ratio for each respective earthquake

||dnma>1| —the maximum normed interstory drift ratio corresponding to the uncontrolled

structure excited by each respective earthqaleed
E — parameter used in the infinite horizon performance index for the sample LQG

Fp  — maximum base shear (kN)

||FL"aXﬂ —the maximum normed uncontrolled base shear for each respective earthquake

(kN O/seq
f — vector of forces produced by the control device(s) (kN)
f,, — the continuous time vector of measured responses of the control device(s)

f' _ control force of théth control device (KN)
G —vector defining the loading of ground acceleration onto the evaluation model after
boundary conditions are applied

G —vector defining the loading of ground acceleration onto the evaluation model after
the Guyan reduction
G — matrix used in the solution of the algebraic Riccati equation
g — gravitational constant (9.81 m/gc
94(-), 9,5(-) — sensor dynamics for the sensor(s)

95(-), 94(+-) — functions defining the feedback compensator(s)
95(-), 96(-), 95(-), 9g(-) — dynamics functions for the control device(s)

h; — height of each of the storigs; = 549 ;= 3.96 % 2,...,20

|
H — matrix used in the solution of the algebraic Riccati equation
| — identity matrix

J.

i —ith evaluation criteria

J — infinite horizon performance index
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K — global stiffness matrix of structure after boundary conditions are applied
K — global stiffness matrix after the constraints are applied

K — global stiffness matrix after the Guyan reduction
K — full state feedback gain matrix for the deterministic regulator problem
Kaa Kag Kga Kggq — Partitioned global stiffness matrix of structure after boundary conditions
are applied in terms of active (a) and dependent (d) DOFs

K aa K ag K da K g — partitioned global stiffness matrix of structure after the constraints are ap-
plied in terms of active (a) and dependent (d) DOFs
k — discrete time step index
kg ke — actuator model system constants
L — Kalman Filter optimal estimator
M — global mass matrix of structure after boundary conditions are applied

M — global mass matrix after the constraints are applied

M — global mass matrix after the Guyan reduction
M,z Mg Mya Myq — partitioned global mass matrix of structure after boundary conditions are
applied in terms of active (a) and dependent (d) DOFs

M aa M ag Mga M gq — partitioned global mass matrix of structure after the constraints are ap-
plied in terms of active (a) and dependent (d) DOFs

m, —seismic mass (including framing) of the above-ground flogr:= 2.83x10° kg;
m = 2.76x10° kg,i = 2,...,19; m,, = 2.92x10° kg

N — matrix used in the solution of the algebraic Riccati equation
n — global DOF
P — vector defining the loading of control forces onto the structure after boundary con-
ditions are applied

o

— vector defining the loading of control forces onto the model after the constraints
are applied

P —vector defining the loading of control forces onto the model after Guyan reduction
P — solution of the algebraic Riccati equation

~

?; — measure of the instantaneous power required by the active control actuators
|2i]| —measure of the total power required by itheactuator for the entire seismic event
Q — weighting matrix for LQG control design

(NQ — matrix used in the solution of the algebraic Riccati equation
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R — diagonal matrix used in the LQG control design
R — matrix used in the solution of the algebraic Riccati equation
R — matrix used in the solution of the algebraic Riccati equation
Rya Rqq — Matrices relating the active and dependent DOF of floors
S — solution of the algebraic Riccati equation
Sy, — autospectral density function of measurement noise

Sx'gx'g — autospectral density function of ground acceleration
T — sampling time (sec)

T 44 — transformation sub-matrix for Ritz transformation

T ga — transformation sub-matrix for Guyan reduction

T — transformation matrix for Guyan reduction
T — transformation matrix for Ritz transformation

t — continuous time step index (sec)
t; — sufficiently large time to allow the response of the structure to attenuate (sec)

U — response vector
U, — active DOFs of the response vector for the Ritz transformation

U, — dependent DOFs of the response vector for the Ritz transformation

~

U — vector of DOFs ordered for the Guyan reduction
u — continuous vector control output (sample and hold,of ) (Volts)

u, — vector control output at time= kT  for the feedback compensator (Volts)

V — characteristic hydraulic fluid volume for the actuator
vV — measurement noise vector for the evaluation model
W — seismic weight of one N-S MRF (54,377 kN)

X — state vector for the evaluation model

X; —ith state of evaluation model

x, — state vector for the discrete feedback compensator at timkT

x? — continuous state vector for the control device model

X" — maximum uncontrolled displacement relative to ground for each respective earth-

guake (m)
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||xmaﬂ| —the maximum normed uncontrolled displacement for each respective earthquake
(m/seq
x% — continuous state vector for the design model
29 _ Kalman Filter estimate of the state vector for the design model
x" — state vector of the reduced order model of the structure

S
X~ — state vector of the sensor model

-ma . . .
X" — maximum uncontrolled velocity relative to ground (m/sec)

X, — absolute acceleration of tlk state (m/sey

--max

X5~ — maximum uncontrolled absolute roof acceleration (rﬁ)sec

||x;naﬂ| —the maximum normed absolute acceleration of the uncontrolled structure excited

)

%, — absolute acceleration of the ground (nflsec

by each respective earthquake [sec™ 2

y; — displacement of thigh control device (m)

-a

Yi
Y. — vector of responses of evaluation model for actuator model determination

velocity of thath control device (m/sec)

Y. — vector of connection responses of reduced order evaluation model
Yo — vector of responses of evaluation model for control strategy evaluation
y; — the vector of control device responses used for evaluation purposes
Y — vector of measured responses of evaluation model
Yma — vVector of measured responses of design model

Ymr — vector of measured responses of reduced order evaluation model
S
y~ — vector of responses of sensor model

S .
yy — discrete vector of responses of sensor model

Ywa — Vector of regulated responses of design model

Ywr — vector of regulated responses of reduced order evaluation model

y — proportional feedback gain stabilizing the actuator
I' — vector defining the loading of ground acceleration onto the unreduced model
A — matrix to transform floor displacements to control device displacements
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7 —the set of states corresponding to the horizontal displacement of above ground
floors (level 2—roof) relative to the ground
0 — vector of actuator model parameters used in design model coefficient matrices

&® — matrix of eigenvectors o _1I2
¢; — damping in thé&th mode of the evaluation model

w, — natural (undamped) frequency of tttemode of the evaluation model

|| — absolute value operator

[f(t) = /Ig f2(t)dt — L, -norm of the functiorf (t) on the time intenfd, t]
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