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Reliable overlapping control for civil structures
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Abstract. The article presents results of experimental analysis targeted to actuator and sensor failures in the
overlapping decentralized LQG feedback-based structure to mitigate responses of an earthquake-excited 20-story
building. The building structure belongs to the second generation of civil engineering benchmark models. It includes

a complete physical description, a high-fidelity finite element model and a Matlab/Simulink simulation framework.

The presented performance analysis is focused on sensor and actuator failures appearing in individual local loops
within two overlapped subsystems of an in-plane (2D) structure under the four real world historical earthquake

records. The benchmark evaluation criteria and dynamic responses are analyzed to assess the acceptable performance.

1 Introduction

Large scale systems require control laws whose
computation is efficient, and whose operation and
implementation entails a minimum amount of
information exchange amount the subsystems. It is well
known that it leads to the development of the theory
synthesizing  control laws under decentralized
information structure constraints [1]-[5].

Control of civil structures represents a new, difficult
and unique problem, with many complexities in the
processes of modeling, control design and
implementation [6]-[11]. However, most structural
control strategies are centralized, i.e. system output data
collected by all senzors are fed into the centralized
controller and sent to all actuators in a centralized
manner. It is difficult to transmit huge amount of data
between a set of distributed sensors and a central
controller as well as to design such a controller.
Moreover, if the centralized controller fails, the operation
of the overall system can be essentially disrupted.
Decentralized control, system decompositions and model
simplifications were developed to overcome these
difficulties.

Benchmark structural models have been proposed and
tested as challenging problems to structural control
community to design and compare control schemes for
civil structures subjected to strong wind or earthquake
excitations [9], [12]-[18]. Decentralized control strategies
for building structures have been studied in [19]-[25].

The paper presents the results of experimental
performance-based analysis focused on actuator and
sensors failures in feedback control of the ASCE 20-story
steel building benchmark proposed in [9]. It supposes
availability of the overlapping decentralized LQG
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controller satisfying the performance defined by 16
benchmark evaluation criteria and dynamic responses.
Two overlapping subsystems are considered. The lower
substructure is composed of floors 1-12, while the upper
substructure is composed of floors 8-20. The overlapping
appears in the part of the columns between the 8th and
the 12th floors. The proposed structure has 6 sensors and
40 actuators. Proposed experimental analysis attempts to
identify maximal possible sets of actuator and sensor
failures in individual local feedback loops which satisfy
the benchmark performance requirements. The sets of
failed actuators and failed sensors are considered
separately.

Note that, up to the author's knowledge,
experimental analysis focused on the reliability ofsensors
and actuators in the decentralized overlapping LQG
controller implemented in civil structures to mitigate
responses of an earthquake-excited has not yet been
addressed.

2 Problem

The goal is to present experimental analysis targeted to
actuator and sensor failures for the 20-story benchmark
building structure with two overlapped subsystems by
using decentralized LQG controllers to mitigate
responses on the earthquakes. A complete physical
description of the building benchmark problem, i.e. in-
plane (2D) finite element model and Matlab/Simulink
simulation framework, performance evaluation criteria
including a sample example, is available in [9]. The input
excitation of the building structure is supposed to be one
of the four real world historical earthquake records: (E1)
El Centro (1940), (E2) Hachinohe (1968), (E3)
Northridge (1994), and (E4) Kobe (1995). The N-S
component of each earthquake record is used as the
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model input. Each proposed control strategy is evaluated
for all earthquake records.

2.1 The Problem
The Problem is formulated as follows:

1. Propose operating number of sensors and actuators
including their locations on the floors. Propose the
overlapping decomposition of the structure and design a
decentralized  overlapping LQG  controller  for
appropriately reduced order subsystems. Perform
simulations to assess the dynamic behavior of the closed-
loop system including the performance evaluation.

2. Suppose availability of the decentralized overlapping
LQG controller implemented in the bulding structure as
proposed in the step 1. Analyze and experimentally
identify sets of possible maximal numbers and locations
of failed actuators (hydraulic dampers) and sensors
(accelerometers) in each local feedback loop of the
feedback system operatiing with acceptable performance.
It includes the calculation and evaluation of evaluation
criteria, analyzing responses and natural frequencies for
all benchmark earthquake excitations.

3 The approach for solving the problem

The approach to solve the problem follows two
subsequent steps. First, an appropriate controller must be
proposed. Second, using such an implemented controller,
possible sets of actuator failures as well as sensor failures
in individual local loops are experimentally identified. It
supposes that any tested set of failed actuators or sensors
appears in one loop while the remaining loop operates
without any failures. It means that the performance
requirements must be satisfied to include such a set into
acceptable sets. Actuator or sensor failures can be tested
only experimentally because the performance criteria are
primarily benchmark criteria focused on displacement,
drift, acceleration, actuator saturation as well as dynamic
responses. No exact reliable control design method
enables such an evaluation directly.

Suppose that an appropriate controller is available. It
is necessary to know the details of such a controller
design to enable the subsequent experimental tests of
acceptable failure sets. Such a controlled building model
serves also as a reference case. The meaning of the
performance criteria Ji- Ji6 is explained in Appendix.
Details of the controller design are surveyed as follows:

“The building structure is decomposed into two
overlapping subsystems. The lower subsystem is
composed of floors 1-12, while the upper subsystem is
composed of floors 8-20. The overlapping appears in the
part of the columns between the 8th and the 12th floors.
The original mass and stiffness matrices have the order of
540 with two block diagonal blocks of the order 270.
These matrices are reduced to 526 DOFs by excluding
the elements which are firmly attached to the ground. The
matrices describing a lower subsystem S1 are reduced to
256 DOFs. The matrices describing an upper subsystem

S2 are not reduced, ie. their dimensions remain
unchanged. Then, the Ritz and Guyan reductions follow.
It results in a reduced mass and stiffness matrices of order
135 with a block diagonal structure where the lower and
the upper blocks have the dimensions 63 and 72. The
corresponding state-space system has the dimension 270.
The subsequent model reduction results in the systems
denoted SIR and S2R of the dimensions 32 and 30,
respectively. Suppose the sensor models are identical
with those used in the sample control design example, but
their location and number are different from the sample
example. They are located on floors 2,4,8,14,18 and the
roof. Hydraulic actuators are selected identically with
those ones used in the sample example [9]. It means that
the dynamics of the actuators is modelled with a capacity
of 897 kN. However, their location and number is also
changed. Sensors and actuators appear also in the
interconnection, i.e. between the 8th and the 12th floors.
A total of 40 actuators are used. The numbers of actuators
and their location on the floors are based on the analysis
of physical properties, the decomposed overlapping
structure and simulations.  The sequence of these
numbers is from the bottom to the roof as
2,1,1,1,1,1,1,1,1,2,3,4,4,4,3,2,1,1,3,3. It remains to add
20 equations of the actuators which are divided as 12 and
13 for the subsystems SIR and S2R, respectively.
Therefore, the closed-loop reduced-order control design
system SRC has the dimension 87 with the local closed-
loop subsystem dimensions of order 44 and 43. Recall
that the resulting controller gain matrix K has the
dimensions 20x87. It is composed of the block matrices
K1 and K2 of dimensions 12x43 and 13x44, respectively.
The resulting observer gain matrix L has the dimensions
87x6. It is composed of the block matrices L1 and L2 of
dimensions 44x3 and 43x3, respectively. A decentralized
control law is proposed for each free subsystem by
combining its model reduction and the LQG design on
the reduced order subsystems.

Table 1. No failures — Criteria (left), natural frequencies (right)

| | Pre | Post |
J, [ o900l [ 0.9582
T, | 0.8757 | 0.9994
Jy | 09637 [ 0.9932 Pre Post
J, [ 09348 [ 1.1039 1.8092 [ 1.4803
J. [ 07614 | 0.7341 33656 | 3.3656
Js 07517 [0.6712 5.1958 | 4.2511
J- | 06979 | 0.7398 7.296 7.206
J. | 07539 [ 0.6780 89789 | 7.3464
J, [oo134 o014 10,7564 | 10.338
Jio | 0.0884 | 0.1006 11.0065 | 10.7564
T, | 0.0171 [ 0.0153 12.1805 | 11.0065
T2 | 0.0377 | 0.0341 12.6353 [ 12.1808
Jia 40 40 16.4453 | 13.5751
T4 6 6
s 87 87
T | 73029 61773
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Figure 1. No failures - Pre-earthquake model

0%

0 w4 @ e 70 80 e m
Time ()

0 0 2 3 40 & & 70 &0 e 10
T (5

a) Displacement b) Drift
" ~—
® /?o
) 14 ="
v -
1AM B e

0 2w e e 70 80 e
T (5)

¢) Acceleration

(] ] CE)

T ]
Max_ Contral Force (kN)

d) Max. Control Force
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The values of the performance criteria are surveyed.
Tables present maximal values of the performance
criteria over all four earthquakes. 10 natural frequencies
are given. Figures display the responses (Bold) to the
Northridge earthquake record and the responses (Solid)
of centralized sample example by [9] for the pre-
earthquake and the post-earthquake models. The open-
loop system responses are included (Dotted). The 20th
floor displacement and acceleration as well as the 2nd
floor drift responses are displayed on all figures”, as
summarized in [18].

4 The results

The results are divided into two groups according to the
type of failure in each local loop: actuator failures and
sensor failures. Partial failures in % are acceptable. For
instance, the set of actuator failures in the lower
subsystem supposes no failures in sensors of both
subsystems and no failure in actuators in the upper
subsystem. It means the sets of actuator and sensor
failures are separated according to individual loops. The
sets of actuators or sensors are also considered separately.

Tables present maximal numbers and locations of
acceptable failures of actuators and sensors and the
responses of the structure under actuator failures. The
responses of sensor failures are similar, therefore they are
omitted. The values of the performance criteria over all
four earthquakes are given. Figures display the responses
(Bold) to the Northridge earthquake record and the
responses (Solid) of the system by [20] for the pre-
earthquake and the post-earthquake models. The open-
loop system responses are included (Dotted). The 20th
floor displacement and acceleration and the 2nd floor
drift responses are displayed on all figures.

4.1 Failures in the lower subsystem

Table 2. Locations of failed actuators (left) and sensors (right)
| Floor | No F | Lower F |

1 2 2

2 1 (0]

3 1 (0]

4 1 0

5 1 (0]

& 1 ]

7 1 0 | Floor | No F | Lower F |
8 1 1(40%:) 2 | 0

9 1 1{10%) 4 l 0
10 2 | 8 I 1{15%)
11 3 1 14 l l

12 4 | 15 I I

13 1 1 20 I l

14 4 4

15 3 3

16 2 2

17 l l

(B 1 1

19 3 3

20 3 3
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Table 3. Failures of actuators — Criteria
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Figure 4. Failures in upper part - Pre-earthquake model
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Figure 6. Failures in upper part: Pre- (left), Post- (right)

4.2 Failures in the upper subsystem

Note only that the presented structure of tables and
figures fully corresponds with their meaning and
structure shown in the previous subsection 4.1. The
results of numerical experiments are given for both the
pre-earthquake model and the post-earthquake model.

Table 4. Locations of failed actuators (left) and sensors (right)
| Floor | NoF | Upper F |

1 2 2

2 1 1

3 1 1

4 1 l

5 1 1

6 1 1

7 1 I | Floor | No F | Upper F |
8 I [(40%) 2 I I

9 1 1(10%) 4 1 1

10 2 1 8 1 1(85%)
11 3 2 14 1 0

12 4 3 18 1 1{60%)
13 4 3 20 1 1(85%)
14 -+ 2

15 3 1

16 2 0

17 1 0

18 1 0

19 3 2
20 3 2
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Table 5. Failures of actuators in the lower subsystem — Criteria
| | Pre | Post |
Jy| 009137 | 0.9654
Jo 0,883 .9986
Jy | 09518 | 09977
Jy | 009302 | 1LOS49
Jo | 07824 0.7592
Js | 07708 | 0.7004
Jr | 07256 L7482
Jy | 07726 0.7063
Ju | 00104 | 0.0094
Jig | 00925 ) 001005
Jip | 00152 ) 00145
Jig | 00347 | 0.0312
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02 02
01 z 0
0 £ 02

W2 u » 8w = % B @\ 0
Time (5)

W2 u » 8w = % ® @\ o
Time (5)

a) Displacement

om
i i
A
= oo
= s o
& 0 5
os oo

0 2w ® o\ w2 % @@
Time (5)

b 05

&2 g

= \ )

g o ] J
H 505

§ o2 g

£ &4

W2 u » 8w = % ® @\ o
Time (5)

orit (m)

W2 au » 8w @ % B @\ o
Time (5)

“W 2w »® ®_n m M B B 0
Time (5)

¢) Acceleration
Figure 9. Failures in lower part: Pre- (left), Post- (right).

5 Conclusion

The paper contributes by the methodology of
experimental analysis and tests for the decentralized
overlapping reliable LQG design focused on the 20-story
in-plane (2-D) benchmark high-fidelity building FEM
model. Performance of the closed-loop system under
sensors and actuators failures has been tested and
evaluated using numerical experiments. The tests show
that the presented approach yields sufficient reliability of
actuators and sensors in individual local feedback loops.
It offers a variety of possible extensions in various
decomposition approaches for civil structures and applied
control design methods.
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Appendix

Appendix surveys the applied performance criteria
including the constraints of the device which are used in
the numerical experiments. Denote a set of all four used
real world historical earthquake records E.

”A systematic evaluation of the performance is based
on the evaluation criteria J1 —J16. The criteria J1 —J15 are
those used by [9]. The criterion Jis has been added. It is
the value of a maximal actuator force corresponding with
the current simulation run. It is required to keep this
value less than the capacity of 897 kN which is allowed
for hydraulic actuators. The criteria J1 —J3 have been
selected as the most significant criteria. More precisely,
these criteria are defined as follows
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max, ;| x(1)
Jlr = n'lr;:!_x (#)

\ _1l-.'iJ.I X J (1 )
where J1 denotes the maximum displacement over the set
of all states xi(f) corresponding to the horizontal
displacement of floors relative to the ground. X™ is the
maximum uncontrolled displacement corresponding to
each respective earthquake.

maxy ; |d; (1)
Jy = Inﬁax (ﬁ)

t-f:m_r

2

where J2 denotes the maximum inter-story drift over the
set of all states x;(¥) corresponding to the drift of floors.
d™™ is the maximum inter-story drift corresponding to
each respective earthquake.

J; = max (—mefii |:I‘ail‘ij|)
=\ ()

where J3 denotes the maximum floor acceleration
corresponding to the drift of floors. %,"® is the maximum
uncontrolled floor acceleration corresponding to each
respective earthquake.
A short summary of the evaluation criteria follows:
J1 - Floor displacement
J2 - Inter-story drift
J3 - Floor acceleration
Ja - Base shear
J5 - Normed floor displacement
Jo6 - Normed inter-story drift
J7 - Normed floor acceleration
J8 - Normed base shear
J9 - Control force
J10 - Control device stroke
Ji1 - Control power
J12 - Normed control power
J13 - Control devices
J14 - Sensors
J15 - Computational resources
J16 - Maximum actuator force
Note that the values of the criteria J1-J8 are equal to
one, while the values of the remaining criteria are equal
to zero for the uncontrolled system. Any successful
controller design corresponds with the values of the
criteria J1-J8 less than one. The post-earthquake model
has decreased stiffness caused by assumed structural
damages compared with the pre-earthquake model.
Simulations have shown that the usage of the post-
earthquake model for the control design with a
subsequent verification on the closed-loop system
composed of the pre-earthquake model with the feedback
gain matrices generated for the post-earthquake model is
more convenient approach than the usage of the models
in an opposite order. Therefore, the proper decentralized
LQG design has been performed for the post-earthquake
model as the case corresponding with the worst possible
scenario®, as summarized in [17].
The solved problem employs hydraulic actuators
with a capacity of 897kN, a stroke of £8.9cm and the
control signal as required in [9].
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