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Abstract

by

Gang Mei

Active and semi-active control devices, e.g., active mass dampers and dampers

controllable damping, respectively, have been studied to enhance the performan

structures during earthquakes and strong winds. Efficient control schemes are nee

drive these control devices. The focus of this study is on the development of Model

dictive Control (MPC) based schemes for earthquake and wind excited structures

MPC scheme is based on an explicit use of a prediction model of the system respo

obtain control actions by minimizing an objective function. Optimization objectiv

include minimization of the difference between the predicted and reference response

minimization of the control effort subjected to prescribed constraints.

A general form of the MPC scheme was first employed for controlling build

response under earthquake excitation using active control devices. The constrained

scheme was then investigated. This scheme takes into account hard constraints to a

modate the physical limits on the control force and structural response. In addition t

active systems, semi-active control devices, e.g., semi-active mass dampers and

active tuned liquid column dampers were also studied using the constrained MPC sc
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An autoregressive (AR) model that uses real-time ground motion measuremen

model ground motions as a feedforward link in the MPC based feedforward-feed

scheme was employed for controlling earthquake induced response. This MPC

feedforward-feedback scheme offers an adaptive control action essential for effec

mitigating the load effects induced by evolutionary ground motions. For wind exc

structures, an efficient wind loading model based on a combination of AR and Karhu

Loeve expansion was developed. The MPC based feedforward-feedback control sc

based on this wind loading model, effectively reduces the wind induced struc

response.

A shaking table and a small-scale structural model with an active mass damper we

lized for experimentally validating these control schemes. Experimental validatio

MPC based schemes provides proof-of-concept, and facilitates prototyping of this co

strategy for full-scale implementation to reduce damage caused by natural ha

through response reduction. Finally, a full-scale building for wind-excited benchm

problem was investigated to implement MPC based schemes for a range of pres

parameters.

The numerical and experimental studies conducted here suggest that MPC is a s

effective, economical control scheme that can take into consideration practical desig

implementation issues in structural control applications. This study has laid a found

for the development of future applications of MPC based schemes on full-scale struc



ii

DEDICATION

To my dear wife, Aimei

and

my parents



iii

TABLE OF CONTENTS

TABLE OF CONTENTS ...................................................................................... iii
LISTS OF TABLES ................................................................................................v
LISTS OF FIGURES ........................................................................................... vii
ACKNOWLEDGEMENTS ................................................................................ xiii
CHAPTER 1 ........................................................................................................... 1
1.1 Literature Review ..............................................................................................3
1.2 Overview of the Dissertation ..........................................................................11
CHAPTER 2 .........................................................................................................14
2.1 Problem Formulation ......................................................................................16
2.2 Model Predictive Control (MPC) Scheme ......................................................17
2.3 Numerical Examples and Analysis .................................................................20

2.3.1 Analysis of a Single-Story Building Using the MPC Scheme ...............21
2.3.2 Analysis of A Three-Story Building Using the MPC Scheme ..............26

2.3 Summary .........................................................................................................29
CHAPTER 3 .........................................................................................................31
3.1 Constrained Model Predictive Control (MPC) Scheme ..................................33
3.2 Numerical Examples and Analysis .................................................................36

3.2.1 SDOF Building using Active Tendon ....................................................36
3.2.2 Three-story Building Using Active Tendon ..........................................43
3.2.3 Three-Story Building using AMD .........................................................49

3.3 Summary .........................................................................................................54
CHAPTER 4 .........................................................................................................56
4.1 SATMD and SATLCD Models ......................................................................58

4.1.1 SATMD ..................................................................................................58
4.1.2 SATLCD ................................................................................................60

4.2 Examples .........................................................................................................63
4.2.1 SDOF System ........................................................................................64
4.2.2 Multi-Story Building ..............................................................................73

4.3 Summary .........................................................................................................77
CHAPTER 5 .........................................................................................................78
5.1 Problem Formulation ......................................................................................79
5.2 Acceleration Feedback and State Estimator ...................................................79
5.3 MPC Using Acceleration Feedback ................................................................80
5.4 Numerical Examples .......................................................................................83

5.4.1 Active Tendon System ...........................................................................83
5.4.1.1 SDOF Building ...................................................................................83
5.4.1.2 Three-Story Building ..........................................................................87
5.4.2 Active Mass Damper ..............................................................................90



iv

5.4.2.1 SDOF System .....................................................................................91
5.4.2.2 Three-Story Building ..........................................................................93

5.5 Summary .........................................................................................................95
CHAPTER 6 .........................................................................................................97
6.1 Feedforward Model .........................................................................................98

6.1.1 Pre-Established Earthquake Model: Kanai-Tajimi ................................98
6.1.2 Real-time Model of Earthquake ...........................................................100

6.2 Structure-Excitation Model ...........................................................................101
6.3 Model Predictive Control Scheme with Feedfoward-Feedback Link ...........101
6.4 Numerical Examples and Analysis ...............................................................104

6.4.1 MPC/Kanai-Tajimi Control Scheme ....................................................104
6.4.2 MPC-AR Control Scheme ...................................................................108
6.4.3 Analysis of A Three-Story Building Using the MPC-AR Model ........114

6.5 Summary .......................................................................................................118
CHAPTER 7 .......................................................................................................120
7.1 Proper Orthogonal Decomposition of Wind Loading ...................................121
7.2 Autoregressive (AR) Model ..........................................................................124
7.3 State-Space Model of the Wind Field ...........................................................125
7.4 Wind Field For a Four-Story Building .........................................................127
7.5 Wind Load Model For Nanjing Tower .........................................................131

7.5.1 State-Space Realization of Wind Velocity ..........................................133
7.5.2 Model Reduction of State-Space Representation ................................142

7.6 Feedforward-Feedback Based Controller Design for Nanjing Tower ..........144
7.7 Summary .......................................................................................................150
CHAPTER 8 .......................................................................................................152
8.1 Experimental Setup .......................................................................................152
8.2 Design of Shaking Table Operations ............................................................154
8.3 System Identification ....................................................................................162
8.4 MPC Using Acceleration Feedback ..............................................................170
8.5 Placement of Accelerometers .......................................................................178
8.6 Feedforward-Feedback Control ....................................................................179
8.7 Constrained MPC Scheme ............................................................................185
8.8 Summary .......................................................................................................190
CHAPTER 9 .......................................................................................................192
9.1 Problem Description .....................................................................................193
9.2 Results and Discussion .................................................................................197

9.2.1 Nominal Building ................................................................................197
9.2.2 Buildings with +15% of Original Stiffness ..........................................199

9.3 Summary .......................................................................................................202
CHAPTER 10 .....................................................................................................206
REFERENCES ...................................................................................................211



v

LISTS OF TABLES

Table 2.1 Comparison between the uncontrolled
response and MPC ..................................................................24

Table 2.2 Mass, Stiffness, and Damping Matrices of
the Example Building .............................................................27

Table 2.3 Response of a Three-Story Building using MPC Scheme ......27
Table 3.1 Comparison between the MPC without Constraints and

MPC with Constraints .............................................................37
Table 3.2 Comparison between MPC with no or weak constraints

and MPC with strict constraints for a 3-story building
using active tendon .................................................................44

Table 3.3 Comparison between MPC with no/weak Constraints
and MPC with Constraints for a Building using AMD ..........50

Table 4.1 Data for the SDOF, TMD and TLCD .....................................64
Table 4.2 Summary of Main Results using SATMD ..............................66
Table 4.3 Summary of Main Results using SATLCD ............................70
Table 4.4 Responses of the five-story building .......................................75
Table 5.1 Comparison Between MPC with State FB and MPC with

Acceleration FB ......................................................................84
Table 5.2 Comparison of Results Obtained from Various Accelerometer

Layouts ....................................................................................88
Table 5.3 Comparison between the MPC with state FB and

acceleration FB (AMD) ..........................................................92
Table 5.4 Comparison of Results Obtained Using Various Accelerometer

Layouts ....................................................................................95
Table 6.1 Comparison between the MPC/Kanai-Tajimi

model and MPC ....................................................................107
Table 6.2 Comparison between the MPC-AR model and MPC ...........110
Table 6.3 Performance of MPC-AR scheme under Kobe and

Hachinohe earthquakes .........................................................112
Table 6.4 Comparison of MPC-AR and MPC Schemes Using a

Three-Story Building ............................................................115
Table 7.1 Comparison of  values Using Different Estimation

Methods .................................................................................131
Table 7.2  Values of Wind Velocity Using Full State-Space

Representation (32 States) ....................................................141
Table 7.3  Values of Wind Velocity Using Six-Eigenvalue State-Space

σ

σ



vi

Representation (12 States) ....................................................143
Table 7.4 Geometric Properties of Nanjing Tower ...............................145
Table 7.5 Tower Response Under Different Control Schemes .............150
Table 8.1 Structure Acceleration Response ..........................................176
Table 8.2 Structural Acceleration Response with Different

Accelerometer Locations ......................................................179
Table 8.3 Structure Acceleration Response under Scaled El Centro

Earthquake (Pseudo Real-Time MPC-AR) ...........................180
Table 8.4 Structure Acceleration Response under Scaled Kobe

Earthquake (Pseudo Real-Time MPC-AR) ...........................183
Table 8.5 Structure Acceleration Response using

Constrained MPC ..................................................................189
Table 9.1 Evaluation criteria for across-wind excitations .....................203
Table 9.2 Peak Response using Passive (TMD), LQG and

MPC schemes ........................................................................203
Table 9.3 RMS Response using Passive (TMD), LQG and

MPC schemes ........................................................................204
Table 9.4 Evaluation criteria for across-wind excitations .....................204
Table 9.5 Results of MPC for +15% building ......................................205
Table 9.6 Results of MPC for -15% building .......................................205



vii

LISTS OF FIGURES

Figure 1.1 (a) Citicorp Center using TMD................................................. 6
Figure 1.1 (b) Shinjuku Tower using HMD............................................... 6
Figure 2.1 (a) Basic MPC scheme............................................................ 18
Figure 2.1  (b) FF-FB control system....................................................... 18
Figure 2.2  SDOF active tendon system................................................... 21
Figure 2.3  Comparison of uncontrolled building displacement

with MPC scheme. ................................................................. 22
Figure 2.4  Comparison of uncontrolled building acceleration

with MPC scheme. ................................................................. 23
Figure 2.5  Control force using MRC scheme.......................................... 23
Figure 2.6  Comparison of RMS of displacement and control force

between MPC and H2 control ................................................ 25
Figure 2.7  Comparison between MPC and H2 control. .......................... 26
Figure 2.8  3-story building using active tendon control ......................... 26
Figure 2.9  Comparison of uncontrolled top floor displacement

with MPC scheme. ................................................................. 28
Figure 2.10  Comparison of uncontrolled top floor acceleration

with MPC scheme. ................................................................. 28
Figure 2.11  Control force using MPC scheme. ......................................... 29
Figure 3.1  Building displacement under no control and under MPC

with no constraints and weak constraints ............................... 38
Figure 3.2  Building acceleration under no control and under MPC

with no constraints and weak constraints ............................... 38
Figure 3.3  Control force under MPC (no constraints and weak

constraints) ............................................................................. 39
Figure 3.4  Increment of control force under MPC (no constraints

and weak constraints) ............................................................. 39
Figure 3.5  Building displacement under no control and under

MPC with strict constraints. ................................................... 40
Figure 3.6  Building acceleration under no control and under

MPC with strict constraints. ................................................... 41
Figure 3.7  Control force under MPC with strict constraints ................... 41
Figure 3.8  Increment of control force under MPC with strict

constraints............................................................................... 42
Figure 3.9  Building displacement under no control and under



viii

MPC with no/weak constraints............................................... 45
Figure 3.10  Building acceleration under no control and under

MPC with no/weak constraints............................................... 45
Figure 3.11 Control force under MPC with no/weak constraints............... 46
Figure 3.12  Increment of control force under MPC with no/weak

constraints............................................................................... 46
Figure 3.13  Building displacement under no control and under

MPC with strict constraints .................................................... 47
Figure 3.14  Building acceleration under no control and under

MPC with strict constraints .................................................... 47
Figure 3.15  Control force under MPC with strict constraints ................... 48
Figure 3.16  Increment of control force under MPC with strict

constraints............................................................................... 48
Figure 3.17  3-story building using AMD.................................................. 49
Figure 3.18 Building displacement under no control and under

MPC with strict constraints .................................................... 51
Figure 3.19  Building acceleration under no control and under

MPC with strict constraints .................................................... 51
Figure 3.20 Control force under MPC with strict constraints .................... 52
Figure 3.21 Increment of control force under MPC with

strict constraints...................................................................... 52
Figure 3.22 Displacement of AMD under MPC with no constraints......... 53
Figure 3.23 Displacement of AMD under MPC with strict constraints..... 53
Figure 4.1  SDOF system with SATMD.................................................. 59
Figure 4.2  Semi-active actuator............................................................... 59
Figure 4.3  SDOF system with SATLCD ................................................ 60
Figure 4.4  Time-varying constraints using SATMD............................... 65
Figure 4.5  Building displacement vs. time using active and

SATMD control based on MPC constrained scheme............. 67
Figure 4.6  Control force vs. time: Active Control force based

on MPC constrained scheme .................................................. 67
Figure 4.7  SA Control force based on MPC constrained scheme........... 68
Figure 4.8  Time-varying constraint using SATLCD............................... 69
Figure 4.9  Displacement of SATLCD using Clipped-LQR

and MPC with constraints ...................................................... 71
Figure 4.10  Head loss  verses time............................................................ 71
Figure 4.11  Control force of SATLCD using Clipped-LQR

and MPC scheme consider constraints................................... 72
Figure 4.12  Performance index vs.  using SATLCD based on

MPC scheme........................................................................... 72
Figure 4.13  Comparison of the simulated and target PSD of

wind velocity at 5-th level. ..................................................... 74
Figure 4.14  Time history of wind velocity at 5-th level............................ 74
Figure 4.15  Comparison of displacement responses under no

control, passive control, clipped LQR, and
constrained MPC .................................................................... 76



ix

Figure 4.16  Control forces under clipped LQR and constrained
MPC scheme........................................................................... 76

Figure 5.1  Transfer function from ground acceleration to floor
acceleration............................................................................. 85

Figure 5.2  Comparison of uncontrolled and controlled displacement
with acceleration FB............................................................... 85

Figure 5.3  Comparison of uncontrolled and controlled acceleration
with acceleration FB............................................................... 86

Figure 5.4  Control force for MPC acceleration FB................................. 86
Figure 5.5  Bode plot of ground motion to the 1st floor acceleration

(All floor feedback). ............................................................... 89
Figure 5.6  Bode plot of ground motion to 3rd floor acceleration

(All floor feedback). ............................................................... 89
Figure 5.7  Uncontrolled and controlled third floor acceleration............. 90
Figure 5.8  Control force using active tendon. ......................................... 90
Figure 5.9  SDOF building using AMD................................................... 91
Figure 5.10  Bode plot of ground motion to floor acceleration using

AMD....................................................................................... 92
Figure 5.11  Uncontrolled and controlled floor acceleration using

AMD....................................................................................... 93
Figure 5.12  Bode plot of ground motion to the 1st floor acceleration

(All floor feedback using AMD). ........................................... 94
Figure 5.13  Bode plot of ground motion to the 3rd floor acceleration

(All floor feedback using AMD). ........................................... 94
Figure 6.1  FF-FB control system .......................................................... 102
Figure 6.2  Displacement response without control and with

MPC/Kanai-Tajimi scheme.................................................. 105
Figure 6.3  Displacement response using MPC/Kanai-Tajimi

and MPC schemes. ............................................................... 106
Figure 6.4  Acceleration using MPC/Kanai-Tajimi model and

MPC schemes. ...................................................................... 106
Figure 6.5  Control forces using MPC/Kanai-Tajimi model and

MPC schemes. ...................................................................... 107
Figure 6.6  1940 El Centro earthquake................................................... 108
Figure 6.7  Comparison of displacement response without control

and with MPC-AR scheme................................................... 109
Figure 6.8  Comparison of acceleration response without control

and with MPC-AR scheme................................................... 109
Figure 6.9  Comparison of displacement response between

MPC-AR and MPC schemes................................................ 110
Figure 6.10  Comparison of acceleration response between

MPC-AR and MPC schemes................................................ 111
Figure 6.11  Comparison of control forces between MPC-AR

and MPC schemes. ............................................................... 111
Figure 6.12  Control performance of LQG-AR and MPC-AR with

different prediction and control horizons. ............................ 113



x

Figure 6.13  Displacement under Kobe earthquake without control
and with MPC-AR scheme................................................... 113

Figure 6.14  Displacement under Hachinohe earthquake without
control and with MPC-AR scheme. ..................................... 114

Figure 6.15  Comparison of first floor displacement between no
control and MPC-AR scheme............................................... 115

Figure 6.16  Comparison of top floor displacement between no
control and MPC-AR scheme............................................... 116

Figure 6.17  Comparison of first floor acceleration between no
control and MPC-AR scheme............................................... 116

Figure 6.18  Comparison of top floor acceleration between no
control and MPC-AR scheme............................................... 117

Figure 6.19  Control force using MRC-AR scheme................................. 117
Figure 7.1  Elements of first eigenvector at different frequencies ......... 123
Figure 7.2  Eigenvalues of XPSD at different frequencies .................... 123
Figure 7.3  Time histories of the processes whose PSDs are the

eigenvalues of the wind velocity XPSD, S(f)....................... 129
Figure 7.4  Time histories of wind velocity at 1st, 2nd, 3rd and 4th

floors generated by the state-space approach. ...................... 129
Figure 7.5  XPSDs of the target and the simulated velocities.

(1) 1-1 floor XPSD. (2) 1-2 floor XPSD.
(3) 1-3 floor XPSD. (4) 1-4 floor XPSD. ............................. 130

Figure 7.6  Nanjing Tower --- lumped 16 degree of freedom
representation. ...................................................................... 132

Figure 7.7  First row of XPSD, S(f). ...................................................... 133
Figure 7.8  Comparison between the target XPSD S3-3(f) (dashed line)

and the simulated XPSD Sww3-3(f) (solid line).................. 134
Figure 7.9  Comparison between the target XPSD S6-6(f) (dashed line)

and the simulated XPSD Sww6-6(f) (solid line).................. 134
Figure 7.10  Comparison between the target XPSD S14-14(f) (dashed

line) and the simulated XPSD Sww14-14(f) (solid line). .... 135
Figure 7.11  Comparison between the target XPSD S16-16(f) (dashed

line) and the simulated XPSD Sww16-16(f) (solid line). .... 135
Figure 7.12  Comparison between the target XPSD S1-2(f) (dashed line)

and simulated PSD Sww1-2(f) (solid line)........................... 137
Figure 7.13  Comparison between the target XPSD S1-3(f) (dashed line)

and simulated PSD Sww1-3(f) (solid line)........................... 137
Figure 7.14  Comparison between the target XPSD S2-3(f) (dashed line)

and simulated PSD Sww2-3(f) (solid line)........................... 138
Figure 7.15  Comparison between the target XPSD S5-10(f) (dashed

line) and simulated PSD Sww5-10(f) (solid line). ............... 138
Figure 7.16  Comparison between the target XPSD S1-16(f) (dashed

line) and simulated XPSD Sww1-16(f) (solid line) in
log-log coordinate................................................................. 139

Figure 7.17  Comparison between the target XPSD S1-16(f) (dashed
line) and simulated XPSD Sww1-16(f) (solid line)



xi

in linear coordinate............................................................... 139
Figure 7.18  Time histories of wind velocity at 1st, 5th, 10th and 16th

levels of Nanjing Tower generated by state-space
representation. ...................................................................... 140

Figure 7.19  Acceleration PSD at the 10th level. ..................................... 148
Figure 7.20  Acceleration PSD at the 12th level. ..................................... 148
Figure 7.21  Acceleration PSD at the 16th level. ..................................... 149
Figure 7.22  Control force PSD................................................................ 149
Figure 8.1 Experiment building and Active Mass Damper.................... 153
Figure 8.2  PID design for shaking table................................................ 156
Figure 8.3  Shaking table response with step displacement

command .............................................................................. 157
Figure 8.4  Shaking table response with sinesoid wave

displacement command ........................................................ 157
Figure 8.5  Shaking table transfer function: magnitude and

phase plot.............................................................................. 158
Figure 8.6 Diagram for shaking table design to get desired

acceleration........................................................................... 158
Figure 8.7  Displacement command for El Centro earthquake

ground acceleration .............................................................. 159
Figure 8.8  Measured shaking table acceleration simulating the

10% scaled El Centro earthquake using inverse
transfer function ................................................................... 159

Figure 8.9  The 10% scaled El Centro earthquake (target) .................... 160
Figure 8.10  Diagram for shaking table design using transfer

function iteration .................................................................. 161
Figure 8.11  10% scaled El Centro earthquake signal and

Simulated El Centro earthquake ground
acceleration using transfer function iteration ....................... 161

Figure 8.12  Diagram of AMD, Structure and AMD-Structure
interaction as a whole system............................................... 162

Figure 8.13  Transfer function from ground acceleration to
the second floor acceleration................................................ 168

Figure 8.14  Transfer function from ground acceleration to the
first floor acceleration .......................................................... 168

Figure 8.15  Transfer function from the AMD command to the
second floor acceleration...................................................... 169

Figure 8.16 Transfer function from the AMD command to its
displacement......................................................................... 169

Figure 8.17  Transfer function from ground acceleration to the
second floor acceleration...................................................... 171

Figure 8.18  Transfer function from ground acceleration to the
first floor acceleration .......................................................... 171

Figure 8.19  Comparison of uncontrolled and controlled second
floor acceleration with acceleration FB (R=2e5) ................. 172

Figure 8.20  Controlled second floor acceleration with



xii

acceleration FB (R=2e5) ...................................................... 172
Figure 8.21  Comparison of uncontrolled and controlled first floor

acceleration with acceleration FB (R=2e5) .......................... 173
Figure 8.22  Controlled first floor acceleration with acceleration FB

(R=2e5)................................................................................. 173
Figure 8.23  Control command of AMD. (R=2e5) .................................. 174
Figure 8.24  Comparison of uncontrolled and controlled second floor

acceleration with acceleration FB (R=5000)........................ 176
Figure 8.25  Controlled second floor acceleration with acceleration

FB (R=5000) ........................................................................ 177
Figure 8.26  Control command of AMD. (R=5000) ................................ 177
Figure 8.27 The second floor acceleration responses using MPC and

MPC-AR schemes under scaled El Centro earthquake........ 181
Figure 8.28 The first floor acceleration responses using MPC and

MPC-AR schemes under scaled El Centro earthquake........ 181
Figure 8.29 The control command using MPC and MPC-AR

schemes under scaled El Centro earthquake ........................ 182
Figure 8.30 5% scaled Kobe earthquake signal and measured table

acceleration........................................................................... 182
Figure 8.31 The second floor acceleration responses using MPC

and MPC-AR schemes under scaled Kobe earthquake........ 184
Figure 8.32 The first floor acceleration responses using MPC and

MPC-AR schemes under scaled Kobe earthquake............... 184
Figure 8.33 The control command using MPC and MPC-AR schemes

under scaled Kobe earthquake.............................................. 185
Figure 8.34 The second floor acceleration responses using constrained

MPC scheme under scaled El Centro earthquake ( ) .. 186
Figure 8.35 The first floor acceleration responses using constrained

MPC scheme under scaled El Centro earthquake ( ) .. 187
Figure 8.36 The control command using constrained MPC scheme

under scaled El Centro earthquake ( ) ......................... 187
Figure 8.37 The second floor acceleration using constrained MPC

scheme under scaled Kobe earthquake ( )................... 188
Figure 8.38 The first floor acceleration using constrained MPC

scheme under scaled Kobe earthquake ( )................... 188
Figure 8.39 The control command using constrained MPC scheme

under scaled Kobe earthquake ( )................................ 189
Figure 9.1 Comparison of sensitivities of different control

schemes to the +15% change in stiffness ............................. 201
Figure 9.2 Comparison of sensitivities of different control

schemes to the -15% change in stiffness .............................. 201

u 0.4≤

u 0.4≤

u 0.4≤

u 0.6≤

u 0.6≤

u 0.6≤



xiii

ACKNOWLEDGEMENTS

First, I would like to thank my advisor, Professor Ahsan Kareem, for his advice, encour-

agement, support and friendship throughout my five-year study at Notre Dame. His guid-

ance has not only been restricted to academic matter, but also in real life experiences and

general philosophy of life. His efforts to strength my communication skills through many

presentations in front of TeamKareem has made a real difference for which I am deeply

indebted to him. His hardworking style and serious scientific approach to problem solving

has provided a good role model for me to follow in my professional career.

I would like to thank Professor Jeffrey Kantor, who introduced us to MPC and gave me

advice and guidance even during his very busy schedule as Vice President and Associate

Provost of the University of Notre Dame. I would also like to thank Professor Bill Spencer

for his many helpful advice and guidance and Professor David Kirkner for serving as my

committee and offering constructive comments. I am grateful for their efforts in reading

this long dissertation despite their busy schedules.

In addition, I would like to thank my friends, Guangqiang Yang, Swaroop Yalla, Tracy

Kijewski Correa, Gang Jin, Yun Chi, Dr. Yin Zhou, Dr. Xingzhong Chen, Dr. Fred Haan,

Kenny Farrow, Richard Christenson, Limin Yuan, Qian Shen, Yong Gao, Hua Jiang, and

many others who have helped me during the course of my study. I would also like to thank

department secretaries, Tammy Youngs, Mollie Dash and Christina Negri, for their help

during my stay at Notre Dame.



xiv

Finally, I would like to thank my dear wife, Aimei Zhong, for her many sacrifices.

Without her love, understanding and support, this dream would not have materialized. I

would also like to thank my parents, parent-in-law, brothers and all other family members

for their love and support.

The financial support for this work was provided in part by the National Science Foun-

dation Grants CMS-94-02196 and CMS-95-03779 under the NSF Structure Control Initia-

tive. This support is gratefully acknowledged.



have

rowing

ns of

rned

levels

load

ritical

rst

e of

idge,

g and

tion in

ntrol

bility

ecades,
CHAPTER 1

INTRODUCTION

In recent years, an increasing number of high-rise buildings and long span bridges

been built to accommodate business, transportation and residential needs due to g

population. Unfortunately, the clusters of these structures are located in the regio

either high seismic activities or extreme winds. Public is becoming increasingly conce

about the safety and serviceability of structures which could be subjected to severe

of structural motions induced by extreme events. Therefore, reducing structural

effects and structural motions due to earthquakes and strong winds is becoming a c

issue.

The concept of employing structural control to minimize structural vibration was fi

proposed in the 1960’s and 1970’s (Kobori,1960 a, b and Yao, 1972). The collaps

buildings and bridges, and the loss of life during the Kobe, Japan (1995) and Northr

CA (1994) earthquakes caught the attention of many researchers in civil engineerin

other fields. Besides earthquakes structural control has received considerable atten

controlling motions of structures under extreme wind.

Structural control based on various passive, active, hybrid and semi-active co

schemes offers attractive opportunities to mitigate damage and loss of servicea

caused by natural hazards such as earthquakes and hurricanes. In the past few d
1
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LQG
passive control has gained popularity. This acceptance may be attributed to following

sons: (1) Simple operation; (2) Requirement of no external energy; (3) Stability (4) Re

tion in response during most extreme events (Housner et al, 1997).

Due to the limited effectiveness in extreme events and the lack of adaptability of pa

control schemes, active control devices effectively used in aerospace industry have

considered for structural applications. Numerous active and semi-active devices have

proposed and studied by researchers. Among these, the most common ones are th

bracing, active tuned mass damper, semi-active dampers including electrorheologica

or magnetorheological (MR) dampers (Soong, 1990; Housner et al, 1997; Spence

Sain, 1997; Kareem et al, 1999).

Various control strategies have been formulated which include the optimal control,

chastic control, adaptive control, intelligent control, sliding mode control, robust con

and Model Predictive Control (MPC), etc. Among these schemes, MPC has been p

rily used in chemical industry since 1960’s, e.g., it has been used in controlling chem

reaction processes.

The advantage of using MPC lies in its ability to handle multivariable processes, in

output constraints and disturbances. MPC can simultaneously optimize the control

and provide high-level performance with a minimum set of measurements of the syste

remains robust even in the presence of modeling errors and measurement noise.

The major objective of this dissertation is to study and develop new application

MPC based schemes in civil engineering structures under earthquakes and wind

MPC schemes are compared to control. Studies show that under the same perfor

criteria and conditions the MPC based approaches are equally effective as and

H2

H2
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methods with infinite prediction and control horizons. Next, constraints imposed on

actuator and structure are studied. MPC provides an optimal solution in the constr

space at each time instant. Then the MPC scheme is applied to a semi-actively con

device. The acceleration feedback is used for both active tendon and active tuned

dampers. Using both the MPC and AR models, a real-time optimization control strate

formulated. The earthquake excitations are modeled and updated continuously in rea

based on the measured earthquake records by using an AR model. This informat

used on-line in MPC to serve as the feedforward-feedback control strategy. The fee

ward link is formed to add to the effectiveness of the control scheme for unusual e

quakes. Furthermore, a new numerical scheme is presented for modeling the Ga

wind load processes through a state space representation. This method is then use

feedforward-feedback control of structural response under wind loads. Experimen

conducted to validate the applicability of MPC scheme in scale models. In these stu

the controller-structure interaction is taken into account. Finally, A benchmark prob

for the response control of wind-excited tall buildings is studied by using the MPC ba

schemes.

1.1 Literature Review

There are four basic kinds of structural control systems, i.e., passive control, active

trol, hybrid control, and semi-active control. The difference among these control sys

lies in whether or not it uses an external power source to add or dissipate the energy

structure.
3
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Passive control does not require external power sources and cannot increase the

of the system. The first such applied system was a base isolation system. In 1921,

Lloyd Wright designed the Imperial Hotel in Tokyo, which used an 8 ft. layer of soil

top of a layer of soft mud to float the building. It worked well during the 1923 Tok

earthquake (Kelly, 1986). However, the isolation of earthquakes was not as importa

the strength of the structure at that time. In the last several decades, cost and safety

have required people to seriously consider base isolation as a way of reducing da

One of the most common base isolation systems is the laminated rubber bearing (

1982). This base isolation system has been used in a number of buildings in the

Europe, Japan and New Zealand. Another kind of base isolation system involves a

ient-friction base isolation system (Mostaghel, 1987).

The Tuned Mass Damper (TMD) surfaced in the 1940’s (Den Hartog, 1947), and

often been used to mitigate wind induced motion. Tuned liquid dampers have been d

oped and used in buildings to reduce overall response during strong wind condition

earthquakes (Welt and Modi, 1989; Kareem, 1983,1994). Other important dampers

as the viscous fluid damper used in structural control were studied by Makris (19

Arime (1988), Miyazaki and Mitsaaka (1992).

The energy dissipation devices have been implemented in buildings. For example

iliary viscoelastic dampers are introduced throughout the World Trade Center Towe

New York City and several other buildings in Seattle. TMDs have been installed in

John Hancock Tower in Boston, Citicorp Center in New York (Fig. 1.1 a) and Natio

Memory Tower in Toronto.
4
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However, a passive control system has limited ability because it is not able to ada

structural changes or varying usage patterns and loading conditions. To overcome

shortcomings, active, hybrid and semi-active controls can be used. They can adapt t

ous operating conditions and apply external powers to generate control forces.

Active control promises to effectively minimize structural responses. It utilizes exte

power sources to operate actuators which generate control forces. A variety of active

trol devices have been discussed (Soong, 1990; Housner et al, 1990, 1993, 1994,

The most commonly investigated ones are active tendon system (Roorda, 1975; Yan

Giannopoulos, 1978; Abdel-Rohman and Leipholz, 1978), active bracing system (R

born et al, 1993), active tuned mass damper (Chang and Soong, 1980; Abdel-Rohma

Leipholz, 1983; Reinhorn et al, 1989), and active aerodynamic appendage mech

(Soong and Skinner, 1981). Detailed experiments have been conducted to verify the

tiveness of these actuators (Chung, 1988, 1989; Reinhorn, 1989; Dyke, 1996). Dyke

(1995) also considered the effects of Control-Structure-Interaction and actuator dyna

in their studies. The first application of active control system to a full-scale building

the Kyobashi Seiwa Building located in Tokyo in 1989 (Kobri, 1994). More than 20 bu

ings in Japan have since then been equipped with active control systems.

Since active control relies on external power, which requires routine maintenance

thus may become potentially unstable, hybrid control have been studies. It com

active and passive control systems and attempts to utilize the advantages of both m

to achieve better effects. One kind of hybrid control is Hybrid Mass Damper (HM

which combines TMD and an active controlled actuator together. The force generat

the actuator is mainly to increase the efficiency of the TMD (Tanida, et al, 1991; Ko
5
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1994). A V-Shaped HMD was installed in the Shinjuka Park Tower (Fig. 1.1 (b))in Ja

(Sakamoto et al, 1994). Another kind of hybrid control is in the base isolation area

active control device is added to a base isolated structure. Better performance can t

achieved with a small increase in cost (Reinhorn et al, 1987). Theoretical and exper

tal studies were performed by Kelly et al (1987), Schitendorf et al (1994), Yoshida

Wannabe (1994), Reinhorn and Riley (1994), Feng et al (1993), Yang et al (1994), e

Semi-active control devices provide some of the best features of both the passiv

active control systems. Many of them can be operated by a battery, which is critical d

the seismic events when the main power system fails. Semi-active control can ac

almost the same control effectiveness as the active control, and yet does not ha

potential to destabilize the structure system under a variety of dynamics loading c

tions (Housner et al, 1997; Dyke, 1996).

Figure 1.1(a)Citicorp Center
using TMD

Figure 1.1(b)Shinjuku Tower
using HMD
6
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One of the semi-active devices involves the variable orifice damper (Hrovat et al, 1

Mizuno et al, 1992; Sack et al, 1994). Another, more commonly used, semi-active d

includes controllable fluid dampers. The controllable fluid can change from a free flow

linear viscous fluid to a semi-solid in milliseconds when exposed to electric (for Elec

heological (ER) fluids) or magnetic (for Magnetorheological (MR) fluids) fields. E

dampers were studied for civil engineering applications by Ehrgott and Masri (1

1994), Gavin et al (1994), Makris et al (1995), Masri et al (1995), etc. A MR damper

recently developed by Carlson(1994), Carlson and Weiss(1994), Spencer et al (

1997), Dyke (1996) and Yang, et al. (2000 and 2001) .

Regardless of the choice of the control scheme, the system needs a certain c

scheme to generate control forces which satisfy a prescribed optimization criteria. T

are a variety of control schemes which are discussed below.

The linear quadratic regulator (LQR) is one of the most commonly used contro

design techniques in civil engineering. An optimal controller for a deterministica

excited system is generated by minimizing a quadratic performance index. By varyin

weighting matrices in the performance index, a trade-off can be reached between the

imization of structural response and the minimization of control forces.

For random excitations, the counterpart of LQR is the LQG method. LQG comb

LQR and optimal filtering via the Kalman-Bucy filter. In LQG control, an earthquake

assumed to be a zero mean white noise, and no ground acceleration measurement

in structural control design. The LQG method for structural control was examined

Yang and Yao (1974). In their work, excitation was modeled as a filtered white no

However in structural control, an earthquake is not known a priori. Suhardjo et al (1
7
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used an earthquake signal with a given spectral model to formulate the so-called fee

ward-feedback (FF-FB) control strategy. However, this only fits some earthquakes w

have similar power spectral densities. Yamada and Kobori (1996) used the concept

line measurements of ground acceleration and fit them with an AR model. They emp

the LQR control to obtain FF-FB gains. Their results demonstrated that the FF-FB str

enhanced the performance of the LQR controller.

Doyle (1989) introduced the and control methods. Suhardjo (1990) used t

control methods in frequency domain design, which focused on the frequency do

characteristics of structural response. Dyke (1996) experimentally verified the me

control scheme.

The sliding model control was developed by Utkin (1977) and Slotine (1984). A hy

surface, called the sliding surface, is defined in the state space. The error betwe

actual and desired response is zero when the state falls on the sliding surface. Dif

control rules are applied when the state is in a different region. Yang (1994a) sho

application of the sliding model control for nonlinear and hysteretic structures. Y

(1994b) also applied it to hybrid systems and experimentally verified their effectiven

Intelligent controls, known as artificial neural network and fuzzy logic based con

schemes, were used in structural control during the late 1980’s. A neural network

model structure nonlinearity. This was investigated as an attractive option by Casciat

(1993), Masri et al (1993) and Wen et al (1992). The effectiveness of neural network b

control depends largely on the learning algorithm and the control architecture. Introd

in the 1960’s, fuzzy logic control offers robustness and is capable of handling nonli

systems. These methods require more investigations of multi-degree-of-freedom pro

H2 H∞

H2
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because the effectiveness of the algorithm is strongly influenced by the nature of the

lem. The degree of difficulty in applying the algorithm depends on the selected co

strategy (Casciati and Yao, 1994).

Finally, MPC belongs to a class of algorithms that compute a sequence of manipu

variable adjustment in order to optimize the future behavior of a plant. An explicit mo

is used to predict the open-loop future behavior of the system over a finite time ho

from present states. The predicted behavior is then used to find a finite sequence of c

actions which minimize a particular performance index within pre-specified constrain

MPC was originally developed for process control of power plants and petroleum r

eries. Now it is widely applied in chemical, food processing, automotive, aerospace

other industries. Two of the techniques used for the predictive control in MPC are

Model Algorithmic Control (MAC) and the Dynamics Matrix Control (DMC). MAC wa

developed by a French chemical engineer in the late 1960’s, while DMC was develop

the Shell Oil Co. in the 1960’s. Many improvements have subsequently been ma

MAC, and this has led to a commercial package known as Identification and Comm

(IDCOM). Theoretical researches related to these techniques have been going on sin

late 1970’s (Richalet et al, 1978; Rouhani and Mehra, 1982; Cutler and Rouhani, 19

Garcia and Morari (1982) discussed the fundamental similarities of these algorithm

the single-input-single-output case and also noted their relationship to other forms of

mal control. They formed an overall structure for such algorithms, which they term

“Internal Model Control” (IMC), and extended it to multivariable cases (Garcia a

Morari, 1985a, b).
9
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The strength of these techniques lies in the simplicity of the algorithms and in the u

the impulse or step response model, which is usually preferred as it is more intuitive

requires less a priori information. However, these traditional MPC techniques have

culty in handling more complex cases. These techniques contain more parameters th

state space or input-output domain because they were developed in an unconve

manner using step models. Recently, there have been efforts to interpret MPC in a

space framework. This not only permits the use of well-known state-space theory, bu

allows MPC to handle complex cases more easily. Li et al (1989) and Narratil et al (1

showed that the step response model can be put into the general state space mode

ture. They presented an MPC technique using the tools available from the stochastic

mal control theory. Ricker (1990) showed how an MPC algorithm, similar to

conventional MPC techniques, can be developed based on a general state space

Lee et al (1994), using state estimation techniques, developed an MPC based metho

out introducing significant additional numerical complexity.

Rodellar (1987, 1988) employed predictive control in civil engineering. In his exp

ment, he used a specific case of MPC which assumed the control horizon to be unity.

Lopez-Almansa et al (1994a,b) used the predictive control in modal space and tri

control the first few mode shapes individually to reduce the overall structural respo

Wang and Liu (1994) used Rodellar’s predictive control method in hybrid control sys

which isolated the structure by frictional interface with the sliding base actively contro

by hydraulic actuators.
10
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1.2 Overview of the Dissertation

In this dissertation, the MPC based schemes will be studied for the design of contr

for civil engineering structures.

As mentioned above, the MPC scheme is based on an explicit use of a prediction m

of the system response to obtain the control action by minimizing an objective func

Optimization objectives include minimization of the difference between the predicted

reference response and minimization of the control effort subjected to certain constr

In Chapter 2, the basic idea and formulation of MPC is presented. A single-story buil

and a three-story building are used as examples to demonstrate response reduction

earthquake excitation using MPC scheme. The effectiveness and convenience of the

scheme is compared to the  based methods.

The most significant advantage of MPC lies in its ability to deal with hard constra

which is studied in Chapter 3. In reality, the control force and structure response

some limits. Beyond these limits, either the controller will not work or the structure w

fail. In the MPC scheme, optimization of hard constraints is a quadratic programm

problem. This allows us to simplify the constraint issue and to calculate the optimal

trol force in the presence of constraints.

Structural control using a semi-active device is then studied in Chapter 4. The s

active mass damper and semi-active tuned liquid column damper are considered

MPC scheme is employed to control the position of the valve to adjust the amount o

fluid passing by. Therefore, the damping force provided by the damper can be cha

according to the changes in the external excitation.

H2
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In Chapter 5, accelerometer measurements are studied for the feedback link. How

with the exception of recent studies most civil engineering structural control scheme

state feedback because it is easy to use in the control design. In this study, an observ

lizing the Kalman-Bucy filter is designed to estimate the states of the structure an

obtain the estimator gains. The effects of sensor locations are also explored for the

effective control results.

In Chapter 6, two kinds of earthquake models are used in the feedforward-feed

control schemes. The first approach involves the use of the Kanai-Tajimi model in wh

Gaussian white noise is passed through a second order digital filter to generate the g

motion. The second scheme to be considered entails real-time simulation of the g

motion. The ground motion is represented by an AR model which utilizes a previo

measured ground motion record and the difference between the measured and the m

output. It is a real-time simulation and is updated at each time increment. The earthq

model is expressed in terms of the state space representation and augmented to th

tions of motion of the structure. The MPC-AR control performance index and the con

force are updated at each time interval. As a result, a real-time feedforward link is add

the control scheme to develop predictive and adaptive feature to cater to seismic e

with unusual and unexpected characteristics.

Besides earthquakes, wind can greatly influence the occupants’ comfort, servicea

and safety of structures, especially for tall buildings and towers. Therefore, mitiga

wind induced motions of structures is another important aspect of structural contro

Chapter 7, MPC is employed to reduce structural response under wind loads. A state

representation of wind velocity field is designed based on the Karhunen-Loeve e
12
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decomposition combined with an AR model. The state space description of wind is a

to the equations of motion of the structure to implement the feedforward link in the fe

back based MPC scheme.

In Chapter 8, experiments are conducted to validate the effectiveness of the MPC

egy using scale models. A shaking table is used to simulate a host of ground m

records. An active mass damper is adopted for this demonstration. Data acquisitio

spectral analysis software toolboxes are used in the implementation of the controlle

inherent dynamic features of the actuator are considered in the control design incl

the controller structure interactions .

Finally, in Chapter 9, a benchmark problem of a tall building under wind excitatio

studied using the MPC scheme. MPC with hard constraints is employed to simulate

tural response with actuators subjected to the prescribed constraints. The MPC

schemes are tested for buildings with different stiffness to verify their robustness.
13
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CHAPTER 2

MODEL PREDICTIVE CONTROL

Structural control is an attractive option for improving the performance of a variet

structures including bridges, tall buildings, and offshore structures. The performan

such systems under environmental loads has improved greatly as a result of theoretic

experimental research and related development efforts (Soong, 1990; Suhardjoet al.,

1992; Yanget al., 1994; Spenceret al., 1994; Suhardjo and Kareem, 1997; Kijewskiet al.,

1998; Soong, 1998; Structural Control, 1994, 1998). A comprehensive review of theo

cal developments in structural control design can be found in Housneret al. (1997).

Details concerning their applications to real structures are reported in a recent public

(Kareem et al. 1999). Benchmark problems conducted to assess the performance of

ent control strategies can be found in Spenceret al. (1998). The most commonly used

scheme in controller design is the Linear Quadratic Regulator (LQR). Other scheme

and have been applied to civil engineering structures (Doyleet al.,1989; Suhardjo

et al.,1990, 1992; Dyke, 1996; Wuet al., 1998). The sliding mode control has been intr

duced by Utkin (1977) and its potential applications have been given by Slotine (1

and Yanget al. (1994). Other schemes include the predictive control which has been

in structural applications (Rodellaret al.1987). Lopez-Almansaet al.(1994a) employed a

modal approach in which the first few modes were controlled to reduce the overall s

H2 H∞
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tural response. In a companion paper they presented this modal approach experim

(Lopez-Almansaet al., 1994b).

Model Predictive Control (MPC) has been effectively used in chemical, automotive,

aerospace industries (Ricker, 1990; Morariet al., 1994; Qin and Badgwell, 1996; Cama

cho and Bordons, 1999). MPC has been shown to be feasible for structural control a

cations by Meiet al. (1998). The underlying concept of MPC is that the future behavior

a structure is predicted from its present response through a system dynamics mod

control actions are determined so as to optimize future structural behavior over a pr

tion horizon. MPC offers a general framework of posing the control problem in the t

domain and can be used to integrate issues of optimal control, stochastic control, an

trol of processes with time delays, and multivariable control. The concept is not limite

a particular system description, but the computation and implementation depend o

system model representation, e.g., state space, transfer matrix, etc. Inclusion of cons

is conceptually simple and can be systematically considered during the design and i

mentation of the controller.

In this chapter, MPC is investigated to reduce structural response under earth

excitation. The general formulation of the non-constrained MPC scheme is discuss

single-story and a three-story building example are used to demonstrate the method

The MPC controller is shown to be effective in reducing structural response under e

quakes. The results of the MPC analysis are also compared with the based c

schemes. The effectiveness of MPC is demonstrated to be equivalent to that of the o

control. This chapter lays a foundation for demonstrating the main strengths of MPC

H2
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computational expediency, real-time applications, intrinsic compensation for time de

treatment of constraints, and potential for future extensions in structural control.

2.1 Problem Formulation

A building exposed to seismic excitation is modeled as ann-degree-of-freedom system

(2-1)

where , , and are the mass, damping, and stiffness matrices, respectively;

and are the displacement, velocity and acceleration vectors relative to the gro

I is the identity vector; is the ground acceleration; and is the con

force vector generated by placing the actuator on different floors. is an m

with its elements equal to zero or one depending on the actuator placement on dif

floors, and is a control force vector. Equation (2-1) is expressed in a state-s

format as follows:

(2-2)

whereG is a vector that represents the seismic load distribution.

For digital implementation of a control strategy, Eq. (2-2) is expressed in discrete

as:

(2-3)

M ẋ̇ C ẋ K x+ + F MI ẋ̇g–=

M C K x ẋ

ẋ̇ n 1×

n 1× ẋ̇g F L u= n 1×

L n m×

u m 1×

ẋ ẋ

ẋ̇

0 I

M 1– K– M 1– C–

x

ẋ

0

M 1– L
u 0

I–
ẋ̇g+ += =

Ax Bu G ẋ̇g+ +=

x k 1+( )∆t( ) Φx k∆t( ) Γuu k∆t( ) Γdẋ̇g k∆t( )+ +=
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where is a matrix; and are matrices for whic

 is a  matrix; and∆t is the sampling time.

2.2 Model Predictive Control (MPC) Scheme

The MPC scheme is based on an explicit use of a prediction model of the sy

response to obtain the control actions by minimizing an objective function. Optimiza

objectives include minimization of the difference between the predicted and refer

responses and minimization of the control effort subject to certain constraints such a

its on the control force magnitude. This concept is illustrated in Fig. 2.1 (a). First a re

ence trajectory, , is specified. The reference trajectory is the desired target traje

for the process output. This is followed by an appropriate prediction model used to d

mine the future building responses, . The prediction model must be able to includ

dynamics of the system while remain simple enough for implementation and unders

ing. The prediction is made over a pre-established extended time horizon with the cu

time as the prediction origin. For a discrete time model, this means predicting

, , for i sample times in the future. This prediction is based on b

actual past control inputs , , , and the sequence of future con

efforts that are needed to satisfy a prescribed optimization objective. The control si

that are determined by the prediction model are then applied to the structure, an

actual system output, , is found. Finally, the actual measurement, , is compar

the model prediction and the prediction error ( ) is utilized to upda

future predictions. The plant input can be of various types as shown in Fig. 2.1 (b).

Φ eA ∆t= 2n 2n× Γu P1B= Γd P1G= 2n m×

P1 eAτ τd
0

∆t

∫= 2n 2n×

yr k( )

ŷ k( )

ŷ k 1+( )

ŷ k 2+( ) … ŷ k i+( )

u k( ) u k 1–( ) … u k j–( )

y k( ) y k( )

ŷ k( ) ê k( ) y k( ) ŷ k( )–=
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In the general model predictive control, the discrete-time state-space equations

system are expressed as:

(2-4)

y(k-3)

y(k-3)
^

∗ ∗ ∗
∗

∗

∗ ∗ ∗ ∗

οο
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ο

ο

ο
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∆ ∆
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λ

y (k)
r

u(k+λ-1|k)^
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^

y(k)

t

y (k-3)
r

Figure 2.1(a)Basic MPC scheme

Elements in the MPC.
*-*- is reference trajectory,
o-o- is predicted output,
∆-∆ is measured output,
___ is control action

yr k( )

ŷ k( )
y k( )

Figure 2.1 (b)FF-FB control system
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where ; , , and can be combine

into a single unmeasured disturbance variable entering at the plant output. The un

sured disturbance terms, , , and  are set equal to zero.

The prediction model is then expressed as:

(2-5)

(2-6)

where estimates the state at a future sampling period, , by using the in

mation available at time step ; estimates the structural output at time b

on the information at ; ; is a constant estimator gain matrix; and

is the estimated error defined as .

Using Eq. (2-5), the process output predicted at the -th and the subsequent time

, can be expressed as a function of the current state vector an

control vector  as follows:

(2-7)

, (2-8)

The reference output can be written as , wherep is

the prediction horizon andλ is the control horizon.

The control objective function is given by:

(2-9)

U k( ) uT k( ) ẋ̇g
T k( ) wu

T k( ) wT k( ) wz
T k( )

T
= wu k( ) w k( ) wz k( )

wu k( ) w k( ) wz k( )

x̂ k 1 k+( ) Φẑ k k 1–( ) Γuû k k 1–( ) Γeê k k( )+ +=

ŷ k k 1–( ) Cx̂ k k 1–( )=

x̂ k 1 k+( ) k 1+

k ŷ k k 1–( ) k

k 1– C I 0= Γe ê k k( )

ê k k( ) y k( ) ŷ k k 1–( )–=

k

k j+ j 1 … p, ,= x k( )

u k( )

Ψ k( ) Hu k( ) Yzx̂ k k 1–( ) Yeê k k( )+ +=

Ψ k( ) ŷT k 1 k+( ) … ŷT k p k+( )
T

= u k( ) û k k( ) … û k λ 1 k–+( )
T

=

Ψr k( ) yr
T k 1 k+( ) … yr

T k p k+( )
T

=

J
1
2
--- Ψ k( ) Ψr k( )–[ ]TQ Ψ k( ) Ψr k( )–[ ] 1

2
---uT k( )Ru k( )+=
19



fol-

ed ear-

ared
By minimizing , the optimal predictive control force is given by

(2-10)

in which , , , , and  are given as below:

, (2-11)

(2-12)

, (2-13)

, ,  and . (2-14)

The MPC formulation presented in the preceding section is then utilized in the

lowing examples to demonstrate its application to building structures.

2.3 Numerical Examples and Analysis

In this section, two examples are used to demonstrates the MPC scheme present

lier. It is first applied to a single-story building with an active tendon system and comp

J

u HTQH R+[ ]
1–
HTQ Yzx̂ k k 1–( ) Yeê k k( )+[ ]=

H Q R Yz Ye

H

H1 0 … 0

… … … …
Hλ H

λ 1– … H1

Hλ 1+ Hλ … H1 H2+

… … … …
H p H p 1– … H1 … H p λ–+ +

Hk, CΦk 1– Γu= =

Yz CΦ( )T CΦ2( )T … CΦp( )T
T

=

Ye CΓe( )T C I Φ+( )Γe( )T … C Φk 1–( )Γe
k 1=

p

∑
 
 
  T

T

=

Q
Q … 0

… … …
0 … Q

R,
R … 0

… … …
0 … R

= = Q I 0

0 0
= R I=
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with an scheme. It is then applied to a three-story building with the active tendon

tem.

2.3.1 Analysis of a Single-Story Building Using the MPC Scheme

A single-story building is used here to demonstrate the MPC scheme. An active te

system is used as the controller. The equation of motion for the single-degree-of-fre

system shown with cable bracings in Fig. 2.2 is given by:

(2-15)

in which , , and are the hori-

zontal relative displacement, velocity

and acceleration of the first floor;

is the ground acceleration; is the

actuator displacement; , , and

are the mass, damping and angul

frequency, respectively; is the stiff-

ness of the cable; and is the cab

angle. These parameters are defin

as: kg, ,

rad/s,

N/m, and .

In this example, the 1940 El Centro earthquake record is scaled to 0.25 of its maxi

intensity to excite the building. An actuator can be used to introduce tension in the c

H2

ẋ̇0 t( ) 2ζω0ẋ0 t( ) ω0
2x0 t( )+ + ẋ̇g t( )–

4kc αcos

m
---------------------u0 t( )–=

Figure 2.2SDOF active tendon system
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actuator

α

Control Computer &
DSP board
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x

u
Controller

x0 ẋ0 ẋ̇0

ẋ̇g

u0

m ζ ω0

kc

α

m 2922.7= ζ 0.0124=

ω0 21.79= kc 371950.8=

α 36°=
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% and
to meet the desired response control objective. Dynamic control-structure interacti

not considered here in this study. However, as shown in Dykeet al. (1995), it can be

accounted for by including the dynamics of the actuator in the overall system model

Figures 2.3 and 2.4 compare the displacement and acceleration responses ob

using MPC (solid line) with the uncontrolled response (dashed line). The correspon

control forces are shown in Fig. 2.5. Table 2.1 lists comparisons of the uncontro

response with the controlled response using MPC based scheme. The root mean

(RMS) values of the building displacement and acceleration are reduced by 73% and

respectively.The peak values of displacement and acceleration are reduced by 60

25%, respectively.
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MPC scheme.
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Figure 2.5Control force using MRC scheme.
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The MPC scheme is also compared to the control strategies. In Fig. 2.6, the

values of the displacement and control force obtained by the MPC and control s

gies are given as a function of the weighting parameter,R. In the MPC scheme, the value

of the prediction horizon,p, is varied to be: 1, 5, 10, 15 and 20. The control horizon,λ, is

kept smaller than the selected prediction horizon and chosen to be 1, 2, 2, 3 and 4 a

ingly. Control forces are kept at a constant level between the end of the predictive and

trol horizons, i.e., . Figure 2.6 shows that the contr

performance depends on both the value of the prediction horizon (p) and the weighting

matrix (R). On one hand, the increase in R limits the control force, which results in

displacement reduction. On the other hand, an increase in the prediction horizon res

better control performance. The RMS value of the controlled displacement decreasep

increases although there is a corresponding increase in the control force. It is eviden

the increase in the control force decreases the displacement response of the str

Therefore, a better control performance is observed when the prediction horizon bec

longer.

As the prediction horizon approaches infinity, the cost function of the MPC strateg

close to the control scheme. Accordingly, the control performances of MPC and

are nearly the same. Figure 2.6 shows that as the prediction horizon becomes long

Table 2.1 Comparison between the uncontrolled response and MPC

(cm) (cm/s2) (kN) (cm)
(cm/

s2)
(kN)

without control 37.8 --- 0.25 135.4 ---

MPC 14.6 0.099 0.10 101.5 0.672

Percentage change 73.3% 61.3% --- 60.0% 25.0% ---

σx σ ẋ̇ σu xmax

ẋ̇max
umax

7.53 102–×

2.01 102–×

H2

H2

u k λ i k+ +( ) u k λ k+( ) λ 1 i p≤ ≤+,=

H2 H2
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performance of MPC approaches that of the control scheme. Figure 2.7 show

RMS values of control force verse displacement for the and MPC. The results de

strate that the effectiveness of the and MPC schemes is equivalent. That is to s

using the same control force, MPC reduces the displacement response to the same

reached by the  control scheme.
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Figure 2.6Comparison of RMS of displacement and control force between
MPC andH2 control

1 2 3 4 5 6 7
0

2

4

6

8
x 10

−4

R
M

S
 o

f 
d

is
. 
u

n
d

e
r 

c
o

n
tr

o
l

weighting matrix log10(R)

p =1

p =5
p =10

p =15

p =20

comparision between MPC and H
2
 control

− MPC control

* H
2
 control

1 2 3 4 5 6 7
0

50

100

150

200

250

300

350

R
M

S
 o

f 
c
o

n
tr

o
l 
fo

rc
e

weighting matrix log10(R)

p =1

p =5

p =10
p =15

p =20

− MPC control

control horizon λ=[1  2  2  3  4], respectively

predict horizon p=[1   5  10  15  20], respectively

* H
2
 control
25



e

m

,

e

t

2.3.2 Analysis of A Three-Story Building Using the MPC Scheme

In this example, a three-story building

(Chung,et al.1989) shown in Fig. 2.8 is

used to demonstrate the MPC schem

using the state feedback obtained fro

each floor of the building. The mass

stiffness and damping matrices of th

building are given in Table 2.2. The

stiffness of the active tendon is

and .

The active tendon is installed at the firs

floor.
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Figure 2.7Comparison between MPC andH2 control.
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Table 2.3 lists the comparison between the uncontrolled and controlled struc

responses. It provides both the RMS and maximum values of the displacement and

eration of the top floor, and the control force.

The controlled response of the structure is shown in Figs. 2.9-2.10. Figure 2.9 show

top floor displacement while Fig. 2.10 shows the top floor acceleration. The dashed

represent the uncontrolled case, and the solid lines represent the controlled respons

the MPC scheme. Figure 2.11 shows the control force needed in this example. Ov

this example has demonstrated the MPC based scheme can effectively reduce the re

of multi-degree-of-freedom systems under earthquake loads.

Table 2.2 Mass, Stiffness, and Damping Matrices of the Example Building

Parameters Values

Mass Matrix M (kg)

Stiffness Matrix K (N/m)

Damping Matrix C (N-sec/m)

Table 2.3 Response of a Three-Story Building using MPC Scheme

Third floor
Response

(cm) (cm/s2) (kN) (cm) (cm/s2) (kN)

Uncon-
trolled

0.16 46.5 --- 0.38 154.6 ---

MPC
0.060

(62.4%)
22.1

(52.4%)
0.106

0.26
(32.4%)

143.2
(7.4%)

0.517

M
974 0 0

0 974 0

0 0 974

=

K
2.7405 1.6409– 0.3690

1.6409– 3.0209 1.6241–

0.3690 1.6241– 1.3331

106×=

C
382.65 57.27– 61.64

57.27– 456.73 2.63–

61.64 2.63– 437.29

=

σx σ ẋ̇ σ f xmax ẋ̇max f max
27



0 5 10 15
−4

−3

−2

−1

0

1

2

3

4
x 10

−3

time(second)

dis
pla

ce
m

en
t o

f t
hir

d 
flo

or
(m

)

uncontrolled
MPC−AR      

Figure 2.9Comparison of uncontrolled top floor displacement with
MPC scheme.

time (second)

D
is

pl
ac

em
en

t (m
)

MPC

NO CONTROL

0 5 10 15
−1.5

−1

−0.5

0

0.5

1

1.5

2

time(second)

ac
ce

le
ra

tio
n 

of
 th

ird
 fl

oo
r(m

/s
2 )

uncontrolled
MPC−AR      

Figure 2.10Comparison of uncontrolled top floor acceleration
with MPC scheme.

MPC

NO CONTROL

time (second)

A
cc

el
er

at
io

n 
(m

/s
ec2 )
28



truc-

SDOF

y was

rce,

ss of

loads.

d sig-

ara-

cheme

cap-
2.3 Summary

In this chapter, a general Model Predictive Control (MPC) was applied to reduce s

tural response under earthquake induced loads. MPC schemes were designed for a

and a three-story building models using an active tendon system. A parameter stud

conducted to delineate the influence of different weighting factors on the control fo

and prediction and control horizons.This study clearly demonstrated the effectivene

the general MPC strategy for reducing structural response under earthquake

Accordingly, the displacement and acceleration response of the building were reduce

nificantly. The performance of MPC in the infinite horizon case was shown to be comp

ble to the strategies. This chapter has demonstrated the effectiveness of MPC s

in controlling structural motions under earthquakes and provided the framework for
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turing the attractive features of MPC, i.e., computational expediency and real-time a

cations. Another salient feature of MPC that concerns its intrinsic ability to incl

constraints in the design process for structural control applications will be discuss

next chapter.
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CHAPTER 3

CONSTRAINTS STUDY IN STRUCTURAL CONTROL

A topic of significant practical importance, that has been studied sparingly, concern

influence of physical constraints which are imposed on structures and control actu

These constraints are referred to as hard constraints, and they must be satisfied b

they reflect physical characteristics of the system. Correspondingly, another kind of

straint known as a soft constraint can be easily satisfied and is taken into account th

the optimization criteria. These can often be satisfied through the trade-offs betwee

level of response and the applied force. In most structural control studies, hard const

have been ignored or avoided by manipulating the weighting parameters in the obje

function or by reducing the design loads. This is not very practical because all rea

conditions impose hard constraints or offer a limited level of available energy. The in

sity or magnitude of the natural events is random in nature and is treated in design

probabilistic framework. Actuators, often employed in control devices, have lim

strokes and associated control force that can be introduced. For example, active

dampers (AMDs) are constrained by their strokes and their capacity to generate

which depend on damper size, power source, and the damper mass. The satu

method, which simply cuts off the force at a prescribed value, is often used as a w

deal with these constraints. However, if saturation is considered, the controller’s sta
31
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and optimization features are affected. In the literature, a variable feedback gain

applied to maintain an AMD’s operation within the limits of its stroke and control inp

(Nitta and Nishitani, 1998). Johnsonet al. (1998) studied a mixed-objective optimal con

trol framework using and constraints to improve the controller performan

D’Amato and Rotea (1998) used a general method to solve the optimal problem u

stochastic hard constraints. The covariance control method was also proposed

searches an optimal controller that minimizes the output variance and at the same

places bounds on the output variance (Zhu and Skelton, 1998; Lu and Skelton, 1

However, these methods are rather complicated and may not be easily implemented

In this chapter, structural control problems that are subjected to input/output inequ

constraints are studied using the MPC scheme. At each time step, the MPC sc

involves the solution of an optimal problem that is subjected to certain constraints on

the input and output. The problem is transformed into a quadratic programming fra

work with inequality constraints. A solution is then sought within the limits to obtain

optimal control forces that could be generated by actuators. Accordingly, the control

mand assures that the actuator works within the range of its prescribed capacity

chapter first discusses the formulation of the MPC scheme with constraints. Then e

ples of buildings represented by a single (SDOF) and a multiple degree-of-free

(MDOF) systems are employed to demonstrate the efficacy of this methodology. Fo

SDOF system, an active tendon is used as the control device. Three cases of the c

design are considered, i.e., no constraints, weak constraints, and strict constraints. F

three story building, both the active tendon and active mass damper are used as c

devices and cases involving no or weak constraints and strict constraints are com

l1 H∞

H2
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Numerical examples are presented to demonstrate the effectiveness of the MPC s

with constraints.

3.1 Constrained Model Predictive Control (MPC) Scheme

The basic ideas of Model Predictive Control (MPC) scheme with a structural m

were described in Chapter 2. In this section, the constrained MPC scheme is discus

The discrete-time state-space equations of the prediction model are expressed as

(3-1)

where represents the state at a future sampling time step, , and use

information available at time step ; denotes estimate of the plant outpu

time step based on information at time step ; is a constant estimator

matrix;  is the estimated error defined as .

Using Eq. (3-1), the process output predicted at step for consecutive time steps

can be expressed as a function of the current state vector and the

trol vector

(3-2)

and , wherep is the prediction horizon andλ is the con-

trol horizon. The reference output can be written as

Accordingly, the objective function is given by

x̂ k 1 k+( ) Φ x̂ k k 1–( ) Γuû k k 1–( ) Γeê k k( )+ +=

ŷ k k 1–( ) Cx̂ k k 1–( ) Duû k k 1–( )+=

x̂ k 1 k+( ) k 1+

k ŷ k k 1–( )

k k 1– Γe K=

ê k k( ) ê k k( ) y k( ) ŷ k k 1–( )–=

k k j+

j 1 … p, ,= x k( )

u k( ) û k k( ) … û k λ 1 k–+( )
T

=

Ψ k( ) Hu k( ) Yzx̂ k k 1–( ) Yeê k k( )+ +=

Ψ k( ) ŷT k 1 k+( ) … ŷT k p k+( )
T

=

Ψr k( ) yr
T k 1 k+( ) … yr

T k p k+( )
T

=
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(3-3)

subjected to the following linear inequality constraints:

(3-4)

(3-5)

(3-6)

(3-7)

(3-8)

The quadratic programming approach is utilized here to solve this optimization p

lem. Using the transformation , the optimization problem can

written as

(3-9)

which is subjected to the generalized inequality constraints:

(3-10)

where

(3-11)

J min
1
2
--- Ψ k( ) Ψr k( )–[ ]TQ Ψ k( ) Ψr k( )–[ ] 1

2
---∆uT k( )R∆u k( )+

 
 
 

=

u k( ) umin k( )≥

u k( ) umax k( )≤

∆u k( ) ∆umax k( )≤

Ψ k( ) Ψmin k( )≥

Ψ k( ) Ψmax k( )≤

ν k( ) u k( ) umin k( )–=

Jq max aT k( )ν k( ) 1
2
---νT k( )Bν k( )–

 
 
 

=

Aν k( ) b k( )≤

a k( ) HTQ Ψr k( ) Yzx̂ k k 1–( )– Yeê k k( )–[ ] R1
TRδ k( ) BTumin k( )–+=
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(3-12)

, (3-13)

, (3-14)

(3-15)

, (3-16)

. (3-17)

(3-18)

B HTQH R1
TRR1+=

A

I–

I

R1

R1–

H–

H

= b k( )

0

umax k( ) umin k( )–

∆umax k( ) δ k( ) R1– umin k( )+

∆umax k( ) δ k( ) R1u+ min k( )–

Ψ– min k( ) Humin k( ) Yzx̂ k k 1–( ) Yeê k k( )+ + +

Ψmax k( ) H– umin k( ) Y– zx̂ k k 1–( ) Y– eê k k( )

=

H

H1 0 … 0

… … … …
Hλ H

λ 1– … H1

Hλ 1+ Hλ … H1 H2+

… … … …
H p H p 1– … H1 … H p λ–+ +

Hk, CΦk 1– Γu= =

Yz CΦ( )T CΦ2( )T … CΦp( )T
T

=

Ye CΓe( )T C I Φ+( )Γe( )T … C Φk 1–( )Γe
k 1=

p

∑
 
 
  T

T

=

Q
Q … 0

… … …
0 … Q

R,
R … 0

… … …
0 … R
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I 0 … 0 0

I– I … 0 0

… … … … …
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This problem can be solved as a standard quadratic programming problem usingMatlab

(1998). The optimal solution is obtained in the constrained space. In order to accom

this, the quadratic problem involving an active set strategy is utilized. A feasible solu

is first obtained by solving a linear programming problem and then it is used as an i

point for the iterative solution involved in the quadratic programming problem. Then

iterative sequence of feasible points that converge to the desired solution are gene

The optimal point obtained in this manner is the optimal predictive control force in

constrained space which maximizes the objective function . In the following sec

examples are presented to demonstrate the constrained MPC scheme.

3.2 Numerical Examples and Analysis

In this section, a SDOF system represented by a single-story building with an a

tendon system is used to demonstrate the constrained and unconstrained control. It

lowed by a three-story building that uses an active tendon system and an active

damper under the constrained and unconstrained MPC schemes.

3.2.1 SDOF Building using Active Tendon

The SDOF building with the active tendon shown in Fig. 2.2 of Chapter 2 is used h

The actuator introduces changes in the cable tension according to the MPC schem

1940 El Centro earthquake record is scaled to 0.25 of its maximum intensity to excit

building for the analysis in this example.

δ k( ) uT k 1–( ) 0 … 0
T

=

Jq
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First, the MPC scheme without constraints is compared to the MPC scheme with

straints. The constraints on the control force of the example structure are set much h

than the expected range so that the control force remain within the bounds. Such

straints are referred as weak constraints in this paper. According to the optimal co

theory, this type of weak constrained case should provide results same as the u

strained case. Accordingly, in this study, the following values were assigned to diffe

parameters. m, m, m,

and . Multiply the limit of the control

command,u, by , which is given above for the tendon. The range of the co

trol force is set between . In addition, an increase or decrease in the

trol force in one time step is restricted to 500N. In Figs. 3.1-3.4, the displaceme

accelerations, control forces, and force increment at each time step for the MPC sc

without constraints and the MPC scheme with weak constraints are plotted, respec

The results are also summarizes in Table 3.1. As seen clearly, the results of MPC w

constraints and with the weak constraints are identical.

Table 3.1 Comparison between the MPC withoutConstraints and with Constraints

without
control

MPC
without

constraints

MPC with
weak

constraints

Percentage
change

MPC with
strict

constraints

Percentage
change

(cm) 0.075 0.016 0.016 78% 0.019 74%

(cm/s2) 37.8 17.1 17.1 55% 18.2 52%

(N) --- 177.5 177.5 --- 183.5 3%

(cm) 0.25 0.081 0.081 68% 0.120 52%

(cm/s2) 135.4 114.9 114.9 15% 126.3 7%

(N) --- 1205.5 1205.5 --- 799.9 - 34%

210.5 210.5 99.9 -52%

umin k( ) 1.2 10 3–×–= umax k( ) 1.2 10 3–×= ∆umax k( ) 4.15 104–×=

xmin k( ) 0.0026– 0.58–
T

= xmax k( ) 0.0026 0.28
T

=

4kc αcos m⁄

1500N– 1500N

σx

σ ẋ̇

σ f

xmax

ẋ̇max

f max

∆f max
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Figure 3.1 Building displacement under no control and under
MPC with no constraints and weak constraints
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Figure 3.2 Building acceleration under no control and under
MPC with no constraints and weak constraints
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The controlled responses under MPC with strict constraints are then calculated

the same example. The constraint on the control force is set as .
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Figure 3.3 Control force under MPC (no constraints
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increase or decrease in the control force at each time step is now constrained to

Accordingly, the constraints on the inputs are:

, . Figures 3.5 and 3.6 show the displaceme

and acceleration under MPC with strict constraints. Figure 3.7 plots the correspon

control force, which does not exceed 800N, the upper limit of the constraint. Figure

displays the change in the control force at each time step. Again, the increment at

step does not exceed 100N as imposed by the constraint. Therefore, the cons

imposed in the MPC scheme to obtain the optimal control solution are faithfully m

tained. The optimal control force is different from the control force obtained by using

uration. Rather, it is an optimal solution considering the limitations on the magnitud

the control force in which the maximum control force reached at a time instant wo

affect the future control force and response.
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Figure 3.5 Building displacement under no control and under
MPC with strict constraints.
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The root mean square and maximum values of displacement, acceleration and c

force under MPC with strict constraints are given in Table 3.1. As pointed out before, t

is no difference in the response statistics between the MPC with no constraints and

weak constraints. Beside this, there are several other results noted in Table 3.1. Wh

one hand, once strict constraints are imposed, the response statistics are affecte

slightly when compared to the unconstrained and weakly constrained cases. On the

hand, in the case of strict constraints, the maximum control force is 33% smaller, an

control force increment at each time step is 52.3% smaller. The root mean square va

the control force is slightly larger than that in the unconstrained case. This increa

introduced by the constraints, which make the control force change at a slower rat

thus introduce more time for the controller to work in its full capacity than in the unc

strained case. Although the control force is much smaller when the constraints
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Figure 3.8 Increment of control force under MPC with strict constraints
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imposed, the controlled responses change slightly, which is due to the action of an op

controller despite the presence of imposed constraints. This also provides an eco

control design for civil structures because the potential of the actuator is fully explor

3.2.2 Three-story Building Using Active Tendon

In this example, the three-story building utilized in Chapter 2 (Fig. 2.8) is employe

demonstrate the effectiveness of the MPC scheme with constraints. The active ten

installed on the first floor. The parameters are chosen as , ,

and .

The structural responses are obtained by using the MPC scheme without const

with weak constraints and with strict constraints. In the weak constraint case, the co

force is limited between 400N and -400N, and the constraint on the increment of the

trol force at each time step is set at 100N. In the strict constraint case, the control fo

limited between -300N and 300N and the constraint on the control force increment at

time step is set at 20N. Table 3.2 lists the structural responses obtained in these

cases. Similar to the results for a single-story building, the displacement, acceleratio

control force are identical under the MPC scheme with weak or no constraints. The

trolled responses under the MPC with strict constraints are at the same level as MPC

no constraints. However, its control force with the maximum value equal to its upper

straint limit is much smaller.

Q I3 3×= R 50000= p 6=

λ 2=
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Figures 3.9-3.12 graphically describe the displacement, acceleration, control forc

the increment of the control force without control and under the MPC scheme with n

weak constraints. Figures 3.13-3.16 show the displacement, acceleration, control

and the increment of the control force under no control and under the MPC with strict

straints, respectively. These figures show that if no constraint or weak constraint

added, the peaks of the control force (Fig. 3.11) and the increment of the control for

each time step (Fig. 3.12) go beyond the 300N and 20N, respectively. This is diffe

from that in the strict constraint case, where both of the control force and the increme

control force stay within the prescribed boundaries, [-300, 300] N (Fig. 3.15) and [-20

N (Fig. 3.16), respectively. These results lead to the conclusion that the MPC b

scheme that takes into account strict constraints can provide effective control with re

tions on the control devices.

Table 3.2 Comparison between MPC with no or weak constraints and MPC with
strict constraints for a 3-story building using active tendon

3rd floor
response

uncontrolled
MPC with no

or weak
constraints

percent
MPC with

strict
constraints

percent

 (cm) 0.16 0.077 52% 0.077 52%

 (cm/s2) 46.5 25.0 46% 25.2 46%

 (N) 84.9 80.5 -5%

 (m) 0.38 0.30 21% 0.30 21%

 (m/s2) 154.6 143.9 7% 143.9 7%

 (N) 381.7 300.0 -21%

 (N) 24.7 19.9 -19%

σx

σ ẋ̇

σ f

xmax

ẋ̇max

f max

∆f max
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Figure 3.9 Building displacement under no control and under MPC with no/
weak constraints
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Figure 3.10 Building acceleration under no control and under MPC with no/
weak constraints
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Figure 3.11Control force under MPC with no/weak constraints
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constraints

time (second)

∆F
 (

N
)

46



0 5 10 15
−4

−3

−2

−1

0

1

2

3

4
x 10

−3

time(second)

dis
pla

ce
m

en
t(m

)

Figure 3.13 Building displacement under no control and under
MPC with strict constraints

MPC W. STRICT CONSTRAINTS

W/O. CONTROL

time (second)

di
sp

la
ce

m
en

t (
m

)
di

sp
la

ce
m

en
t (

m
)

0 5 10 15
−1.5

−1

−0.5

0

0.5

1

1.5

2

time(second)

ac
ce

le
ra

tio
n(

m
/s

2 )

MPC W. STRICT CONSTRAINTS

W/O. CONTROL

time (second)

ac
ce

le
ra

tio
n 

(m
/s2 )

Figure 3.14 Building acceleration under no control and under MPC with
strict constraints
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Figure 3.15 Control force under MPC with strict constraints
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3.2.3 Three-Story Building using AMD

In this section, the effectiveness of MPC

scheme with strict constraints is further stud

ied in an active mass damper controlle

building as the one in section 3.2.2. But th

controller is changed from the active tendo

placed on the first floor to the active mas

damper placed on the top floor. The natur

frequency of the damper is tuned to the fun

damental frequency of the building. Th

mass, damping ratio, and natural frequency of the damper are: ,

and . In this example, , , and

 are used.

As shown in the former sections, the weak constrained case is the same as no

straints. In this section, they are referred to as the MPC with no/weak constraints sch

The building response under MPC with no/weak constraints is first simulated. In the

of strict constraints, the constraints are placed on the control force, the increment o

control force and the displacement of the damper mass. These are quite realistic

straints experienced by designers of such devices. The constraints for the control fo

set as [-500N, 500N]. The maximum increment of the control force at each time step

N and the maximum damper stroke is 7.5 cm. In Table 3.3, the root mean square and

imum values of the displacement, acceleration, and control force are given. It is note

Figure 3.17 3-story building using
AMD

Controller
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once the strict constraints are implemented, the control performance is slightly affe

but the damper always operates within the prescribed constraints.

Figures 3.18 and 3.19 show the displacement and acceleration responses of the to

of the building under the MPC with strict constraints, where the dashed lines represe

structural responses without control and the solid lines represent the responses of th

tem with strict constraints. Figures 3.20 and 3.21 show the control force and increme

the control force at each time step. The control force is shown to stay within the range

500 N, 500N] and the increment is limited between -66 N and 66N as prescribed in

constraints. There are a few time steps that control force reaches its maximum value

ures 3.22 and 3.23 compare the displacement of the AMD mass with no constraint

with strict constraints. If no constraints are added, the displacement of the AMD can r

8.4 cm. However, in the presence of constraints, the maximum displacement of the

Table 3.3 Comparison between MPC with no/weak Constraints and MPC with
Constraints for a Building using AMD

3rd floor
response

uncontrolled
MPC with
no/weak

constraints
Percentage

MPC with
strict

constraints
percentage

(cm) 0.16 0.079 50.4% 0.083 48.4%

(cm/s2) 46.5 23.8 48.7% 24.8 46.6%

(N) 190.9 215.8 13.3%

(cm) 0.38 0.28 26.3% 0.27 29.0%

(cm/s2) 154.6 125.8 18.6% 125.5 18.9%

(N) 566.9 500 -11.8%

 (N) 71.1 66 -7.2%

σx

σ ẋ̇

σ f

xmax

ẋ̇max

f max

∆f max
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is limited to 7.5 cm. This displacement constraint is often very pivotal due to the lim

space typically available for the movement of damper mass in actual structures.
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Figure 3.18Building displacement under no control and under
MPC with strict constraints
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Figure 3.19 Building acceleration under no control and under
MPC with strict constraints
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Figure 3.20Control force under MPC with strict constraints
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Figure 3.21Increment of control force under MPC with strict constraints
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Figure 3.22Displacement of AMD under MPC with no constraints
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Figure 3.23Displacement of AMD under MPC with strict constraints

time (second)

di
sp

la
ce

m
en

t (
m

)

53



tively

both

rform

the

case,

the

vides

s.

ctural

e sub-

lts in

This

e. The

ntrol

tems

ee-of-

nalysis

e story

ontrol-

pared.
In summary, the above numerical examples show that the MPC scheme can effec

incorporate constraints for structural control applications. Simulations show that for

the active tendon and AMD systems, the MPC scheme with strict constraints can pe

at optimal level while maintaining the control force within the prescribed envelope and

change of control force at each time step within a pre-assigned value. For the AMD

the damper displacement is restricted within a pre-defined upper limit. Above all,

MPC scheme with constraints attempts to solve actual engineering problems and pro

an effective method for including the constraints that were ignored in previous studie

3.3 Summary

In this chapter, the Model Predictive Control scheme was employed to reduce stru

response under earthquake excitation while the structure and the control device wer

jected to input/output inequality constraints. At each time step, the MPC scheme resu

an optimization problem subjected to certain constraints on the input and output.

problem is then recast as a quadratic programming problem in a constrained spac

optimal solution is then found in this constrained space to obtain the optimal co

forces.

Examples of buildings representing a single and multiple degree-of-freedom sys

were presented to demonstrate the efficacy of this methodology. For the single degr

freedom system, the active tendon system was used as the control device. The a

included cases of no constraints, weak constraints and strict constraints. For the thre

building, both the active tendon system and the active mass damper were used as c

lers and response levels under no constraints and strict constraints were com
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Numerical examples demonstrated the effectiveness of the MPC scheme under stric

straints. For the active tendon system, the maximum control force and the force var

at each time step were considered as constraints. For the AMD system, the damp

placement, the maximum control force and the force variation at each time step were

straints considered. An optimal control design was obtained at each time step w

satisfied the imposed conditions. Results show that the weak constrained case pr

response reduction at the save level as unconstrained case. In the strict constraint ca

actuator capacity is exploited more effectively and the response reduction levels are

lar to those in unconstrained case but with a smaller control force. Therefore, in the r

this study, MPC with strict constraints will be referred as MPC with constraints.

The proposed MPC based method with constraints provides a reliable and conve

approach to study structural controls under constraints. This scheme can also enhan

efficiency and utilization of the actuator which makes the actuator design economi

attractive. It is anticipated that with the availability of high speed actuators and fast di

processors and communication boards like processors on the chip, the MPC schem

constraints will be conveniently implemented in real structures in the very near futur
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 CHAPTER 4

SEMI-ACTIVE CONTROL SYSTEM DESIGN

As discussed in Chapter 1, passive control devices have been used as energy diss

systems in civil engineering structures. These systems do not require any external s

of energy in their primary functions. On the contrary, active control devices utilize sig

cant amount of external power to provide changeable control force actions under diff

loading conditions and structural behaviors. Semi-active control devices combine

advantages of both passive and active control system. These systems can offer eff

ness parallel to active systems and yet require much less external energy than a

active control system.

Semi-active control systems were first studied in civil engineering structures by Hr

et al. (1983) who proposed a semi-active tuned mass damper (SATMD) in structural

trol design. This SATMD involves a variable orifice damper which has a diameter-ad

able orifice. (Hrovat, 1983; Mizuno, 1992; Sack, 1994). Semi-active tuned liquid colu

dampers (SATLCD) are primarily a liquid mass version of SATMD and have been stu

by Kareem (1994), and Haroun and Pires (1994). SATLCD relies on the liquid motion

U-shaped tube to generate inertial force like the secondary mass of a TMD. The ch

able orifice within the SATLCD acts as the active device for the alternation of the con

force. Other semi-active devices include controllable fluid dampers. The controllable
56
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stem.
ids can alter their state in milliseconds like Electorheological (ER) fluids and Mag

torheological (MR) fluids. ER dampers were studied for civil engineering application

Ehrgott and Masri (1992, 1994), Gavin et al (1994), Makris et al (1995), Masri e

(1995), etc. MR dampers have been extensively studied by Carlson (1994), Carlso

Weiss (1994), Spencer et al. (1996, 1997) and Dyke (1996). The full-scale implement

of these controllable fluid damper, particularly MR dampers is currently underway (Y

et al., 2000 and 2001).

For SATMD and SATLCD, usually the desired control force is formulated based on

optimal control law and then this desired control force is cut off at a level to obtain

final control force which is related to the directions of the damper’s relative velocity

desired control force. This is known as clipped control force. However, the clipped co

force is not optimal because it is an improvised version of the desired optimal co

force.

This study models the variation of damping force in semi-active systems in term

time-varying constraints. An optimal control design is then achieved through the app

tion of a constrained MPC scheme.

In an SATMD and SATLCD, variable damping serves the role of changes in the co

force according to the changes in applied loading and associated structural respon

means of a variable orifice system. The damping force is governed by the signs o

desired control force and the relative velocity. These limitations are then recast in term

time-varying constraints on the control force. The constrained MPC scheme incorpo

constraints on the control force and provides an optimal solution to the controlled sy
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To demonstrate the effectiveness of the scheme, the constrained MPC sche

employed to reduce the structural response under wind excitation by using SATMD

SATLCD in this chapter. First, SATMD and SATLCD are implemented in a single-degr

of-freedom (SDOF) building model and their performance is evaluated. An SATLCD

then employed in a building modeled as a five degree-of-freedom (DOF) system. The

sive control, clipped-LQ control, and the constrained MPC scheme for semi-active de

are then investigated.

4.1 SATMD and SATLCD Models

This section discusses the basic modeling of semi-active tuned mass damper and

active tuned liquid column damper.

4.1.1 SATMD

Figure 4.1 represents the building to be controlled by an SATMD. The equation

motion describing the dynamics of an SDOF building and the SATMD can be represe

by Eq. (2-1). The control force is governed by the semi-active device acting betwee

building and the damper mass.

The semi-active damper consists of a piston-cylinder combination supplemented

control valve as shown in Fig. 4.2. The cylinder can be viewed as attached to the bu

and the piston to the mass damper. For the passive mode of operation, the valve is s

ary and open, which corresponds to the standard passive damping scheme. In the

active control mode, the valve can be controlled to have upward or downward mot
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Accordingly, the different levels of damping force are thus introduced which depen

the valve position.

In an active control device, any desired control force, , can be delivered. Howev

semi-active device can only produce the desired force when feasible. This is becau

damping force is always in a direction opposite to the relative velocity. Mathematic

the semi-active damper force is given by

, (4-1)

in which is the desired control force which is obtained from optimal control schem

is the relative velocity between the mass damper and the building (Hrovat et al, 1983

ud

u ud

1 udż( )sgn–( )
2

------------------------------------= q( )sgn
1 q 0≥( )
1 q 0<( )–




=

ud ż

Semi-active
 damper

mb, cb, kb

md

kd

cd

Figure 4.1SDOF system with SATMD

valve control
command

u u

Figure 4.2Semi-active actuator
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4.1.2 SATLCD

SATLCD consists of liquid mass in a U-shaped container and an adjustable orific

shown in Fig. 4.3. Like an SATMD, it is usually placed near the top of the building a

takes advantage of the existing water storage of the building. The control force is de

from the inertia of the liquid mass and the damping effect of the hydrodynamic head

In this study, the valve dynamics of the adjustable orifice is assumed negligible.

The dynamics of the coupled SATLCD and the structure system can be expressed

(4-2)

where M, K and C are the mass, damping and stiffness matrices of structure, respec

and are the vertical elevation change of liquid surface and the lateral displaceme

the structure; , L, B and A are the density, length, width and cross-sectional area o

M

K

C

x(t)

f(t)

xf(t)

B

Orifice

Figure 4.3SDOF system with SATLCD
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es,
liquid column; is the coefficient of head loss governed by the orifice opening ratio;g is

the acceleration of gravity; is the external disturbance applied to the structure.

matrix equation (4-2) is nonlinear because of the nonlinear damping force generat

the loss of energy through the orifice. To make it simpler, the damping force is move

the right hand side of the equation and is treated as the control force. As a result, Eq

can be written as:

(4-3)

where is the damping force that can be adjusted by chang

orifice opening ratio using different control schemes. For the active control system

control force is realized by using an external actuator to pump the liquid to oscillate in

the U-tube which is not influenced by the direction of the liquid velocity. For the se

active control, the variation of damping force is realized by altering the orifice open

which results in changes in the head loss coefficient. The change of the head loss

cient is limited by the physical performance of the valve as follows

 if

 if (4-4)

The head loss coefficient ranges between 0 and , where and represe

the fully opened orifice and the completely closed orifice, respectively. at all tim

ξ

f t( )

ρAL ρAB

ρAB ρAL M+

ẋ̇ f t( )
ẋ̇ t( )

0 0

0 C

ẋf t( )
ẋ t( )

2ρAg 0

0 K

xf t( )
x t( )

+ +

0

f t( )
1

0
u t( )+=

u t( ) ρAξ ẋ f t( ) ẋ f t( )( )– 2⁄=

ξ t( ) 2u t( ) ρA ẋf t( ) ẋ f t( )( )⁄–= u t( ) ẋ f t( ) 0<

ξ t( ) ξmin= u t( ) ẋ f t( ) 0≥

∞ ξ 0= ξ ∞=

ξ 0≥
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which means is always in the opposite direction of . Usually an upper limit o

known as is specified, which corresponds to the smallest orifice opening ratio. T

fore, the bounds for the supplied control force is , where

(4-5)

For the continuously-varying orifice control, can change continuously between 0

. Rewriting Eq. (4-3) in the state space expression:

(4-6)

where is identity matrix; , , , , and are mass, stiffness, damping, con

force location, and loading position matrices, respectively, which are given as:

, (4-7)

, (4-8)

, , and (4-9)

For real-time digital implementation of MPC control, Eq. (4-3) is expressed in disc

time as

u t( ) ẋ f t( ) ξ

ξmax

ξmax

0 u t( ) ρAξmax ẋ
f

t( ) ẋ f t( ) 2⁄–≤≤

ξ

ξmax

ẋ
ẋ1

ẋ̇2

0 I

M 1– K– M 1– C–

x1

ẋ2

0

M 1– L
u t( ) 0

E
f t( )+ += =

Ax Bu G f t( )+ +=

I M K C L E

M ρAL ρAB

ρAB ρAL M+
=

K 2ρAg 0

0 K
=

C 0 0

0 C
= L 1

0
= E 0

1
=
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where , are matrices and is matrix defined by:

, , and .∆t is the sampling time. The output measureme

is

(4-11)

where , , and in the case of state feedback;

, and  in the case of acceleration feedback.

For SATMD and SATLCD, the desired control force is generally formulated accord

to a control law and then this desired control force is trimmed according to Eq. (4-1)

(4-5) to obtain the final control force, which is the clipped optimal control force. T

study simplifies the damping force generating mechanism in semi-active systems by

preting it in terms of time-varying constraints. An optimal control design is direc

achieved through the application of an MPC scheme subjected to constraints.

4.2 Examples

In order to demonstrate MPC based semi-active control, two examples are used

following analysis. In the first, a single-degree-of-freedom system (SDOF) is studie

employing SATMD and SATLCD. The second example analyzes a five degree-of-free

building equipped with an SATLCD.

x k 1+( )∆t( ) Φx k∆t( ) Γuu k∆t( ) Γdẋ̇g k∆t( )+ +=

Φ P1 2n 2n× Γu 2n m× Φ eA ∆t=

P1 e
Aτ τd

0

∆t

∫= Γu P1B= Γd P1G=

y k( ) Cyx k( ) Dyu k( ) Fy f k( )+ +=

Cy I= Dy 0= Fy 0= Cy M 1– K M 1– C––[ ]=

Dy M 1– L= Fy E=
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4.2.1 SDOF System

First, a SDOF system with a semi-active tuned mass damper proposed by Hrovat

(1983) is studied. The semi-active tuned liquid column damper presented by Harou

Pires (1994) is then used on the same structure to demonstrate the control efficienc

parameters of the systems studied are given in Table 4.1 (Haroun and Pires, 1994).

For simplicity, the wind load is modeled by:

(4-12)

where kips, and rad/sec, which is the same as the natural frequen

the structure. For the SATMD, the control force is generated according to Eq. (4-1).

vat et al. (1983) used clipped semi-active optimal control to limit the maximum se

active force to a reasonable value, i.e. 7 kips. Here a time varying constrained

scheme is applied to make the control force stay within the damper capability. There

the following limits can be derived from Eq. (4-1):

Case One: if , (4-13)

Table 4.1 Data for the SDOF, TMD and TLCD

Building Data TMD Data TLCD Data

 kip.sec2/in

 kip/in

 kip.sec/in

 rad/sec

 kip.sec2/in

 kip/in

 kip.sec/in

 rad/sec

 ft

 ft

 ft2

 rad/sec

mb 1.04 102×=

kb 1.04 102×=

cb 2.08=

ζb 0.01=

ωb 1.0=

md 2.8=

kd 1.73=

cd 0.137=

ζd 0.036=

ωd 0.912=

L 65.7=

B 46.0=

A 194.9=

ξopt 1.5=

ωt lcd 0.99=

f t( ) p 3 ωt 7 2ωt 5 3ωt 4 4sin+ ωtsin+sin+sin( )=

p 9.75= ω 1.0=

ż 0≤
max u( ) 7=

min u( ) 0=


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Case two: if , (4-14)

The above constraints switch between the two cases according to the direction

relative velocity, which changes with time as shown in Fig 4.4. These constraints are

varying and updated at each time step. The MPC constrained scheme provides an o

solution within these time-varying constraints. The control results using the SATMD

shown in Table 4.2. The performance of the different control schemes are measur

root mean square (RMS) values of displacement and acceleration. As show in Tabl

, and are RMS values of the displacement, acceleration of the structure

the control force, respectively.

ż 0>
max u( ) 0=

min u( ) 7–=



yrms ẏ̇rms urms
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Figure 4.4Time-varying constraints using SATMD.
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In Table 4.2, the results of five cases are listed. The results of the first three case

no control, passive TMD and SA-clipped TMD are obtained from Hrovat et al. (198

The last two cases are SATMD and active TMD using constrained MPC. Apparently

results of the last two cases are better than those in the first three cases. SATMD ba

MPC scheme gives 7% more reduction on the displacement and acceleration wit

same damping force. The constrained case of actively controlled TMD performs 30%

ter in displacement reduction and 21% better in acceleration reduction than the SA

using MPC constrained. Figure 4.5 shows building displacement responses under p

control, semi-active control and active control based on MPC constrained scheme, re

tively. Figure 4.6 shows that the control force using ATMD remains within kips wit

RMS value of 3.3N. The semi-active control force is shown in Fig. 4.7 which has a R

value of 3.3N. It changes between either 0 and 7 kips or -7 and 0 kips depending o

sign of relative velocity.

Table 4.2 Summary of Main Results using SATMD

Type of control  (in)  (in/sec2)  (lb)

No control
Passive TMD

SA-clipped TMD(LQ)
SATMD (MPC constrained)
ATMD (MPC constrained)

4.5
2.0
1.3
1.2
0.77

4.5
2.1
1.5
1.4
1.1

-
-

3.3
3.3
3.3

yrms ẏ̇rms urms

7±
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Figure 4.5Building displacement vs. time using active and
SATMD control based on MPC constrained scheme.

0 20 40 60 80 100 120
−4

−3

−2

−1

0

1

2

3

4

time(second)

di
sp

la
ce

m
en

t(i
n)

Passive Control    
Semi−Active Control
Active Control     

Figure 4.6Control force vs. time: Active Control force based on MPC
constrained scheme
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The same SDOF building is used in the following example which employs SATLCD

a controller device. Here SATLCD control force is generated based on the MPC sch

The salient features of the TLCD are given in Table 4.1. According to Eq. (4-4)-(4-5)

control force is given by the following rules:

, if . (4-15)

Accordingly, it can be shown that the control force is constrained within the follow

limits which are time-varying.

if , (4-16)

Figure 4.7SA Control force based on MPC constrained scheme
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0

ρAξ ẋ f t( ) ẋ f t( ) 2⁄–

ρAξmax ẋ
f

t( ) ẋ f t( ) 2⁄–





=

ξ 0<
0 ξ ξmax≤ ≤

ξ ξmax>





ẋ f 0<
max u( ) ρ– Aξmax ẋ

f
t( ) ẋ f t( ) 2⁄=

min u( ) 0=


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SATLCD with MPC constrained scheme considers the orifice operating strategy as

straints on the control force, which has limitations expressed by Eqs. (4-16) and (4

Figure 4.8 shows the time-varying constraints. It can be seen that the non-zero max

and minimum values of constraint are moduled by the liquid relative velocity and the m

imum head loss coefficient.

RMS values of the displacement and acceleration response in four cases (no co

SATLCD using clipped LQR, and SATLCD using MPC constrained) are shown in Ta

4.3. SATLCD represents semi-active controlled TLCD. It shows that the constrained M

provides better displacement reduction than the clipped LQR control. The SATLCD b

on the constrained MPC scheme gives 20% more reduction in the displacement an

33% smaller damping force. If the orifice control strategy described by Eqs. (4-4) an

ẋ f 0≥
max u( ) 0=

min u( ) ρ– Aξmax ẋ
f

t( ) ẋ f t( ) 2⁄=


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Figure 4.8Time-varying constraint using SATLCD.
69



of the

er the

MPC

LQR

3, it is

pped

rfor-

and

d to

con-

d it

e. A

in

rease
5) is expressed in terms of bounds as in Eqs. (4-16) and (4-17), the performance

controller is improved. Figure 4.9 shows the controlled displacement response und

clipped-LQR and MPC constrained schemes, respectively. The head loss under the

scheme is plotted in Fig. 4.10. The control forces in the SATLCD case using clipped

and MPC constrained schemes are shown in Fig. 4.11. From the figures and Table 4.

can be concluded that SATLCD provides a better control performance than the cli

LQR control.

In order to examine the influence of the maximum head loss, , on the control pe

mance, three performance criteria are defined:

; ; (4-18)

where and are the uncontrolled RMS values of building displacement

acceleration, respectively. The upper limit of the coefficient of head loss, , is relate

the smallest orifice opening ratio that is needed to maintain the liquid oscillations for

trol action. For different values, the controller performance varies (Fig. 4.12) an

influences the level of control force and the correspondingly controlled respons

smaller value of limits the control force to a relatively small value and results

lower reduction of structural response. As increases, there is a concomitant inc

Table 4.3 Summary of Main Results using SATLCD

Type of control  (in)  (in/sec2)  (lb)

No Control
SATLCD (Clipped LQR)

SATLCD (MPC constrained)

4.5
1.00
0.801

4.5
1.24
1.09

-
1.223
0.813

yrms ẏ̇rms urms

ξmax

J1

yurms yrms–

yurms
----------------------------= J2

ẏ̇urms ẏ̇rms–

ẏ̇urms
----------------------------= J3 urms=

yurms ẏ̇urms

ξmax

ξmax

ξmax

ξmax
70



ed or
in , and up to and after that either these measures remain unchang

are slightly changed (Fig. 4.12).

J1 J2 J3 ξmax 10=

Figure 4.9Displacement of SATLCD using Clipped-
LQR and MPC with constraints
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Figure 4.11Control force of SATLCD using Clipped-
LQR and MPC scheme consider constraints
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Figure 4.12Performance index vs.  usingξmax
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4.2.2 Multi-Story Building

In this example, a multi-story building subjected to the along-wind aerodynamic ex

tion is used to illustrate the MPC based scheme. The building dimensions are 31m s

in plan and 183m in height. The structural system is lumped at five levels and the as

ated mass, stiffness and damping matrices are listed below (Kareem, 1981):

 slug (4-19)

 slug/s2 (4-20)

 slug/s (4-21)

The five natural frequencies of this building are 0.20, 0.583, 0.921, 1.182 and 1.34Hz,

respectively. The corresponding modal damping ratios are 1%, 1.57%, 2.14%, 2.52%

2.9%. The alongwind aerodynamics loading model used to generate wind excitati

based on the quasi-steady and strip theories. Its details will be discussed in Chapter

ure 4.13 shows the power spectral density of the modeled wind velocity and the presc

spectrum. It can be seen that the target and the simulated spectra have a good agre

Figure 4.14 shows a sample time history of wind velocity at the top level of the build

M

4.5e5 0 0 0 0

0 4.5e5 0 0 0

0 0 4.5e5 0 0

0 0 0 4.5e5 0

0 0 0 0 4.5e5

=

K

8.77e6 8.77e6– 0 0 0

8.77e6– 1.75e7 8.77e6– 0 0

0 8.77e6– 1.75e7 8.77e6– 0

0 0 8.77e6– 1.75e7 8.77e6–

0 0 0 8.77e6– 1.75e7

=

C

3.41e4 1.99e4– 4.40e3– 1.75e3– 6.80e2–

1.99e4– 4.96e4 1.72e4– 3.33e3– 1.07e3–

4.40e3– 1.72e4– 5.05e4 1.66e4– 2.65e3

1.75e3– 3.33e3– 1.66e4– 5.15e4 1.55e4–

6.80e2– 1.07e3– 2.65e3– 1.55e4– 5.40e4

=
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Figure 4.13Comparison of the simulated and target PSD of wind
velocity at 5-th level.
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Figure 4.14Time history of wind velocity at 5-th level
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4.16.
The semi-active TLCD is set up on the top level and the MPC with constrained sch

is employed to reduce the building motion in the alongwind direction. The struct

response under different control schemes are listed in Table 4.4. The results of no co

passive TLCD, SATLCD using MPC constrained scheme, and semi-active TLCD u

LQR are compared. On the one hand, SATLCD using MPC constrained scheme res

17% and 14% more reduction in displacement and acceleration, respectively, than th

sive control. On the other hand, it utilizes a 16% smaller damping force while reducing

displacement 5% more than the clipped LQR scheme. In conclusion, the SATLCD u

MPC constrained scheme can deliver better performance for the multi-story building

the SDOF examples.

Figure 4.15 shows the displacement response of the top level under passive co

clipped LQR and SATLCD using MPC constrained scheme. The damping forces g

ated by the clipped LQR and the SATLCD using MPC scheme are displayed in Fig.

The difference between the two control forces is clear as noted in Table 4.4.

Table 4.4 Responses of the five-story building

ControlScheme  (cm)  (cm/s2)  (kN)

Uncontrolled 15.21 25.62

Passive Control 11.22 20.18

Clipped LQR 9.15 17.17 90.3

SATLCD(MPC
constrained)

8.74 16.72 74.5

yrms ẏ̇rms urms
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Figure 4.15Comparison of displacement responses under passive control,
clipped LQR, and constrained MPC
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Figure 4.16Control forces under clipped LQR and
constrained MPC scheme
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To sum up, SATLCD based on the MPC constrained scheme shows good perform

and provides an optimal solution to the semi-active controlled tuned liquid column da

ers. This control scheme considers the limits on the head loss of the orifice, which ar

to the physical limitation of the valve opening, and converts these to the constraints o

control force. By using MPC with time-varying constraints on the control force, an o

mal control force is generated and good control effects are obtained.

4.3 Summary

In this chapter, the MPC constrained scheme was studied for application to the

active control devices. The damping force variation mechanism in the semi-active sys

was simplified and expressed in terms of time-varying constraints. An optimal co

design was achieved through the application of an MPC scheme subjected to const

An SATMD and SATLCD were implemented in a single-degree-of-freedom (SDO

building model and their performances were evaluated. An SATLCD was then empl

in a building modeled as a five degree-of-freedom (DOF) system. From the SDOF b

ing study, it can be seen that there is an optimal value of the maximum head loss c

cient that results in the best control performance. However, the changes in the max

value of head loss coefficient does not have a dramatic improvement on the control p

mance. In both building models, the semi-active device based on the constrained

delivered better performance than the clipped LQR scheme. It shows that the const

MPC offers more effective control design strategy for the semi-active systems

restrained damping force.
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CHAPTER 5

MPC USING ACCELERATION FEEDBACK

Most of the control strategies utilize displacement and/or velocity response mea

ments of the structure as a feedback. However, directly measuring these response c

nents can be quite difficult because the displacement and velocity are not abs

measurements, i.e. they need a fixed reference frame. In addition, during an earthqu

structure’s foundation moves with the ground, and thus does not provide a conve

fixed reference coordinate system. Therefore, control algorithms based on such me

ments are impracticable for full-scale implementation. As a result, the accelera

response feedback becomes an attractive option. Furthermore, measuring the earth

induced acceleration response at different locations in the structure by means of ac

ometers is relatively convenient (Spencer et al, 1991, 1992; Dyke et al, 1996).

This chapter employs the MPC scheme to reduce structural response of buildings

earthquakes by using acceleration response feedback. The Kalman-Bucy filter in the

observer is used to estimate the system states from the acceleration output feedbac

different examples are employed to demonstrate the effectiveness of the acceleration

back methodology. The first two examples analyze buildings using active tendon dev

and the second set of examples using active mass dampers (AMDs). In each case, t

building is a single-degree-of-freedom (SDOF) system and the second building is a t
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story one. For the SDOF system, the analysis results of the acceleration feedback ar

pared to those obtained from the state feedback. Furthermore, the influence of acce

eter locations on the effectiveness of the controller is also examined in the three-

building example.

5.1 Problem Formulation

In Chapter 2 the equations of the motion are presented. In this Chapter, accelera

the measured output. An overall system model is listed below.

(5-1)

in which  is the measured acceleration output;  is the measurement noise and

(5-2)

, (5-3)

5.2 Acceleration Feedback and State Estimator

As stated earlier, acceleration measurements are more straightforward and conv

than the displacement and velocity responses, which define the states of the system

main assumption for using the Kalman-Bucy filter in the MPC scheme is that the inpu

output disturbances are random with zero mean values (Ricker, 1990). According t

separation principle (Kailath, 1980), the control and estimation problems can be co

x k 1+( ) Φ k( )x k( ) Γu k( )u k( ) Γd k( ) ẋ̇g k( )+ +=

y k( ) Cx k( ) Duu k( ) Ddẋ̇g v+ + +=

y k( ) v

C M 1– K– M 1– C–=

Du M– 1– L= Dd 0=
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:
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ered separately. Therefore, the estimator gain can be obtained independently of the

back gain. The full state vector, , is reconstructed by using an observer to obtai

estimate of the state vector, . It can be constructed in the following manner

(5-4)

where  and  is related to the Kalman-Bucy filter:

(5-5)

where  is the unique, symmetric, and positive definite solution of the Riccati equat

(5-6)

where ; ; when ; and when . It is

assumed that  and  are uncorrelated to each other, i.e. .

5.3 MPC Using Acceleration Feedback

For the acceleration feedback problem, the prediction model can be expressed as

(5-7)

where estimates the state at the future sampling period based on the

mation available at ; estimates the plant output at period based on the i

x k( )

x̂ k( )

x̂ k 1+( ) Φx̂ k( ) Γuu k( ) Γe y k( ) ŷ k( )–( )+ +=

ŷ k( ) Cx̂ k( ) Du k( )+= Γe

Γe PCT CPCT V+( )
1–

=

P

P Φ P PCT CPCT V+[ ]
1–
CP–[ ]ΦT ΓdWΓd

T+=

W E ẋ̇gẋ̇g
T[ ]= V E vvT[ ]= W WT= W 0> V VT= V 0>

ẋ̇g v E ẋ̇gvT[ ] 0=

x̂ k 1 k+( ) Φx̂ k k 1–( ) Γuû k k 1–( ) Γeê k k( )+ +=

ẑ k k 1–( ) Czx̂ k k 1–( )=

ŷ k k 1–( ) Cx̂ k k 1–( ) Duû k k 1–( )+=

x̂ k 1 k+( ) k 1+

k ŷ k k 1–( ) k
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i.e.,

quent

ector

as
mation available at period ; estimates control output vector; ;

the Kalman-Bucy estimator gain matrix; and is the estimated error,

.

Using Eq. (5-7), the process output predicted at the -th time step and at subse

time steps , can be expressed as a function of the current state v

 and the control vector  as follows:

(5-8)

and , wherep is the prediction horizon andλ is

the control horizon. The reference output can be written

.

Therefore, the objective function is given by:

. (5-9)

By minimizing , the optimal predictive control force is given by

(5-10)

in which

k 1– ẑ k k 1–( ) Cz I= Γe

ê k k( )

ê k k( ) y k( ) ŷ k k 1–( )–=

k

k j+ j 1 … p, ,=

x k( ) u k( ) ûT k k( ) … ûT k λ 1– k+( )
T

=

Ψ k( ) Hu k( ) Yzx̂ k k 1–( ) Yeê k k( )+ +=

Ψ k( ) ẑT k 1 k+( ) … ẑT k p k+( )
T

=

Ψr k( ) zr
T k 1 k+( ) … zr

T k p k+( )
T

=

J
1
2
--- Ψ k( ) Ψr k( )–[ ]TQ Ψ k( ) Ψr k( )–[ ] 1

2
---uT k( )Ru k( )+=

J

u H
T
QH R+[ ]

1–
H

T
Q Yzx̂ k k 1–( ) Yeê k k( )+[ ]=
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. (5-14)

The control variable taken at each time step is . It can be expres

as:

(5-15)

where is the first row of matrix and is the first row o

matrix .

The system and the observer can then be expressed in state-space equations a

below:

H

H1 0 … 0

… … … …
Hλ Hλ 1– … H1

Hλ 1+ Hλ … H1 H2+

… … … …
H p H p 1– … H1 … H p λ–+ +

Hk, CzΦ
k 1– Γu= =

Yz CzΦ( )T
CzΦ2( )T … CzΦp( )T

T
=

Ye CzΓe( )T
Cz I Φ+( )Γe( )T … Cz Φk 1–( )Γe

k 1=

p

∑
 
 
  T

T

=

Q
Q … 0

… … …
0 … Q

R,
R … 0

… … …
0 … R

= =

u k( ) û k k( )=

u k( ) K1x̂ k k 1–( ) K2e k k( )+=

K1 H
T
QH R+[ ]

1–
H

T
QYz K2

H
T
QH R+[ ]

1–
H

T
QYe
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(5-17)

In the following example, MPC formulation presented in the preceding sectio

utilized to demonstrate its applications to building structures.

5.4 Numerical Examples

Four numerical examples are presented below to demonstrate the acceleration fee

scheme presented earlier. This scheme is first applied to two buildings, each utilizin

active tendon device. It is then applied to the same two buildings, each equipped w

AMD. The 1940 El Centro earthquake record is scaled to 0.25 of its maximum inten

and used in this analysis as the input ground motion.

5.4.1 Active Tendon System

The first example below analyzes a building modeled as a single-degree-of-free

(SDOF) system, and the second example analyzes a three-story building.

5.4.1.1 SDOF Building

The SDOF building with the active tendon used in Chapter 2 and shown in Fig. 2.2 is

here. In this example, , ,  and .

x k 1+( )

x̂ k 1 k+( )

Φ ΓuK2C+ ΓuK1 ΓuK2C–

ΓuK2 Γe+( )C Φ ΓuK1 ΓuK2 Γe)C+( )–+

x k( )

x̂ k k 1–( )
+=

ΓuK2Dd Γd+

ΓuK2 Γe+( )Dd

ẋ̇g k( )

y k( ) C DuK2C+ DuK1 DuK2C–
x k( )

x̂ k k 1–( )
Dd DuK2Dd+ ẋ̇g k( )+=

Q I= R 460= p 5= λ 2=
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5.4
The analysis of the SDOF system using MPC with the acceleration feedback is

pared to that using MPC with the state (i.e. displacement and velocity) feedback. I

former case, an observer is used to estimate the states of the system through the me

acceleration output, and the estimator gain is obtained by the Kalman-Bucy filte

described in Section 5.3. Table 5.1 lists the comparison results. Using almost the

control force (the difference is 0.05% in RMS value and 1.2% in the maximum val

these two schemes deliver similar control performance. The magnitude and phase p

the transfer function for the acceleration feedback are shown in Fig. 5.1. The peak v

of the system bode plot show a significant increase in damping after the control for

included. The damping ratio with and without control is found to be 0.182 and 0

respectively. Figures 5.2 and 5.3 show the time histories of the displacement and acc

tion responses of the building with and without the control action, respectively. Figure

shows the variation in control force for this example.

Table 5.1 Comparison Between MPC with State FB and MPC with Acceleration FB

p=5, λ=2 without control
MPC with

state feedback
Percentage

change

MPC with
acceleration

feedback

Percentage
change

(cm) 0.075 0.0201 73.3 0.0202 73.2

(cm/s2) 37.8 14.6 61.3 14.7 61.2

(N) --- 99.2 --- 99.1 - 0.05

(cm) 0.25 0.10 60.0 0.10 60.0

(cm/s2) 135.4 101.5 25.0 101.4 25.1

(N) --- 672.0 --- 663.7 - 1.2

σx

σ ẋ̇

σ f

xmax

ẋ̇max

f max
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Figure 5.1Transfer function from ground acceleration to
floor acceleration
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Figure 5.2Comparison of uncontrolled and controlled displacement
with acceleration FB.
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Figure 5.3Comparison of uncontrolled and controlled acceleration with
acceleration FB.
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Figure 5.4Control force for MPC acceleration FB.
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5.4.1.2 Three-Story Building

In the following example, a three-story building with the active tendon system show

Chapter 2 (Fig. 2.8) is used to implement the MPC scheme using the acceleration

back obtained from different locations. The mass, stiffness, and damping matrices o

building are given in Table 2.4.

In this example four cases are considered. In the first case, the accelerometer is

at each floor. Then these acceleration outputs are fed back to the observer, which es

the states of the system. In the other three cases, the accelerometer is placed at one

a time. Therefore, only one acceleration output is known, which is used as an inpu

the observer to estimate the system states.

Table 5.2 lists the comparison of the top floor acceleration responses. Under thes

feedback configurations, results reveal that if the acceleration feedback is obtained

the first floor, the control force is the lowest. The maximum top floor acceleration obta

from the first floor feedback is slightly higher than that from the third floor feedback

lower than those from the other two cases. Although the observed differences in th

floor acceleration response in the studied cases are small, the control force in each

notably different.

In addition, Table 5.2 also shows that if the accelerometer is placed on the third

the control force is the largest and the observed value of the maximum acceleration

lowest. If the accelerometer is placed on the second floor, the control force value

between those in the above two cases. The control performance for this configurat

not as good as in the other cases. If the all-floor acceleration feedback is used, the
87
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values of acceleration and displacement are found to be smaller than those in the

three cases, but the control force becomes larger. This is because the acceleratio

backs of all three floors contain more information of all three modes of the building.

controller tries to control all three modes. It requires more efforts which leads to

increase in the control force.

In Figs. 5.5 and 5.6, the magnitude and phase plot of the transfer functions from

ground motion to the first and third floor accelerations are shown. Three peaks occur

first three natural frequencies of the structure, which represent the first three modes.

the control action is included, the contribution of these modes are reduced. Figur

gives the time history of the third floor acceleration and Fig. 5.8 shows the control f

generated by the active tendons.

Table 5.2 Comparison of Results Obtained from Various Accelerometer Layouts

3rd floor
response

uncontrolled
3-floor

feedback
1st floor FB 2nd floor FB 3rd floor FB

(cm) 0.162 0.085 0.091 0.087 0.087

(cm/s2) 46.5 22.5 23.6 23.3 23.6

(N) 51.6 47.0 49.2 50.4

(cm) 0.38 0.29 0.31 0.29 0.29

(cm/s2) 154.6 137.0 136.8 141.2 136.1

(N) 173.4 156.7 159.1 183.9

σx

σ ẋ̇

σ f

xmax

ẋ̇max

f max
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Figure 5.5Bode plot of ground motion to the 1st floor acceleration
(All floor feedback).
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Figure 5.6Bode plot of ground motion to 3rd floor acceleration (All floor
feedback).
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5.4.2 Active Mass Damper

In the following examples, a SDOF and a three-story building each equipped wit

active mass damper (AMD) are studied.
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Figure 5.7Uncontrolled and controlled third floor acceleration.
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Figure 5.8Control force using active tendon.
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5.4.2.1 SDOF System

In this example, the building from Sec

tion 5.4.1.1 is analyzed again by puttin

an active mass damper (AMD) on th

top of the building instead of the active

tendon system. The mass, dampin

ratio, and natural frequency of the

AMD are chosen as ,

and . As in Sec-

tion 5.1.1, MPC schemes using both the state feedback and the acceleration feedba

employed. The parameters are chosen as , ,

.

Table 5.3 shows the results. It can be seen that both the state and acceleration fe

schemes perform similarly. The maximum and RMS values of the displacement, acc

tion and control force are comparable. However, the maximum control force demand

the acceleration feedback scheme is significantly larger than that of the state fee

scheme.

The transfer function relating the ground motion to the building acceleration is plo

in Fig. 5.10. The response is greatly reduced around the structure’s natural frequen

the excitation frequency is far from the system’s natural frequency, the control syste

least effective. In addition, the damping ratio is increased from in an unc

trolled case to 0.176 in the controlled case. Accordingly, the response of the system

Figure 5.9SDOF building using
AMD

m1, k1, c1

m2, k2,c2

m2 0.02m1=

ω2 21.6rad s⁄= ζ2 0.1=

R 1= Q diag 500000 10 0 0, , ,[ ]= p 5=

λ 2=

1.24 102–×
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ing
nificantly reduced. The time histories of the uncontrolled and controlled build

displacements are given in Fig. 5.11.

Table 5.3 Comparison between the MPC with state FB and acceleration FB (AMD)

without
control

MPC with
state

feedback

Percentage
change

MPC with
acceleration

feedback

Percentage
change

(cm) 0.08 0.031 59.4 0.034 55.3

(cm/s2) 37.8 20.0 47.2 20.6 45.6

 (N) --- 144.7 --- 152.8 5.52

(cm) 0.27 0.15 44.4 0.16 40.7

(cm/s2) 135.4 126.5 6.6 126.8 6.4

 (N) --- 483.8 --- 820.7 69.6

σx

σ ẋ̇

σu

xmax

ẋ̇max

umax

Figure 5.10Bode plot of ground motion to floor acceleration
using AMD
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5.4.2.2 Three-Story Building

The building analyzed in Chapter 3 Section 3.2.3 is used here with an active

damper placed on top of the third floor. The mass, damping ratio, and natural frequen

the AMD are chosen as , , and , respectively. He

, , , and .

The transfer functions that relate ground motion to the first and third floor accelera

response are shown in Figs. 5.12 and 5.13. As shown in these two figures, the first

response is greatly reduced due to the combined effect of the active control force an

tuning of the AMD to the first natural frequency of the building. The response in the

ond and third modes is slightly reduced as a result of the active controlled mass dam

In Table 5.4, the performance of the controller is observed for different configurat

of the acceleration feedback as in the active tendon example. In the four cases exam

the best control effect can be achieved if the acceleration is measured at all three flo
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Figure 5.11Uncontrolled and controlled floor
acceleration using AMD
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m2 0.02m1= ζ2 0.2= ω2 0.95ω1rad s⁄=

p 5= λ 2= R 0.03= Q diag 10000 10000 50000 10 0 0 0 0, , , , , , ,[ ]=
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only one acceleration feedback is employed, almost the same control effect ca

obtained regardless of the location of the acceleration measurement.However, the c

force is the lowest when the acceleration is monitored at the first floor. Therefore, pla

the accelerometers on the first floor is more effective than placing them at other loca

if only one accelerometer is employed.

Figure 5.12Bode plot of ground motion to the 1st floor
acceleration (All floor feedback using AMD).
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Figure 5.13Bode plot of ground motion to the 3rd floor
acceleration (All floor feedback using AMD).
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Figures. 5.12 and 5.13 show that the overall building performance with an AMD is s

ilar to those obtained using an active tendon. They also demonstrate that the secon

third modes contribute more to the first floor acceleration than to the third floor acce

tion. Therefore, the first floor acceleration feedback more effectively reduces the acc

tion response using a smaller level of control force. However, the relative improveme

one over the other is small.

From above discussing, it is noted that the performance of the proposed MPC sc

using the acceleration feedback is shown to be equally effective as that of the

scheme using the state (displacement and velocity) feedback for the same objective

tion. Changing the location of the acceleration feedback has some subtle influence

controlled response and the control force. Similar trends are noted for both the activ

don device and the active tuned mass damper.

5.5 Summary

In this chapter, an MPC based scheme using the acceleration response feedba

presented for controlling structural response to earthquake induced motions. An obs

Table 5.4 Comparison of Results Obtained Using Various Accelerometer Layouts

3rd floor
response

uncontrolled 3-floor FB 1st floor FB 2nd floor FB 3rd floor FB

(cm) 0.162 0.049 0.050 0.050 0.051

(cm/s2) 46.5 24.2 24.5 24.4 25.8

 (N) 32.6 21.2 28.7 42.5

(cm) 0.38 0.29 0.26 0.27 0.28

(cm/s2) 154.6 136.1 136.4 139.0 140.6

 (N) 180.2 116.1 159.7 171.8

σx

σ ẋ̇

σu

xmax

ẋ̇max

umax
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employing the Kalman-Bucy filter was utilized to estimate the system states from the

sured acceleration output. The performances of a single-story and a three-story bu

equipped with an active tendon and AMD systems were analyzed. In these example

MPC scheme that utilized the acceleration feedback was compared to the MPC sc

with the state feedback. The results suggested that the acceleration feedback sch

comparable to the state feedback approach and at the same time offers convenie

measurements. Furthermore, the acceleration feedback from different floors resulte

rather similar response reduction, but the feedback from the first floor required the

control force.
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CHAPTER 6

REAL-TIME STRUCTURAL CONTROL

Most of the control strategies reported in the literature have been based only o

feedback (FB) control. However, some studies also utilized a feedforward (FF) comp

tor which works in conjunction with a FB loop (e.g., Suhardjoet al., 1990 and 1992;

Yamada and Kobori, 1996; Meiet al.,1998; Wu,et al., 1998, Yoshidaet al., 1998). In this

FF-FB scheme, the equations of structural motion are augmented with an appro

state-space excitation model that is based on a filtered Gaussian white noise proces

FF loops can be formulated with two types of inputs. First, the FF loops can be base

established spectral characteristics of the excitation (e.g., earthquakes, wind, and w

Second, the FF loops can be based on actual measurements and on-line models fi

the data (e.g., the auto-regressive (AR) model). These loops are then used in conju

with the equations of motion to determine both FF and FB gains. Suhardjoet al.

(1990,1992), and Suhardjo and Kareem (1997) presented the frequency domain o

control of earthquake, wind, and wave excited structures using FF-FB control sche

Yamada and Kobori (1996) used an AR model to fit on-line measurements of gro

acceleration into a state-space excitation model and used the LQR control to obta

FF-FB gains. Their results demonstrated that the FF-FB strategy enhanced the p

mance of the controller.
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In this chapter, MPC is employed in conjunction with the FF-FB strategy to red

structural response under earthquake excitation. First, the Kanai-Tajimi earthquake m

is used for the FF component of the FF-FB control. Next, a formulation of MPC with

AR model embedded in the FF loop is presented. In this manner, a real-time FF li

included to introduce predictive and adaptive features to account for seismic events

unusual dynamic features. The AR model in the FF loop is based on initial observatio

the ground motion. The model is constantly updated with new information. The t

series based model is then used to represent the state equations of the excitation.

the structural system equations are augmented with the excitation model to include

time earthquake input.

A single-story and a three-story building examples are used to demonstrate the me

ology. The MPC-AR controller is shown to be effective in reducing structural respo

under a host of earthquakes that contain distinct spectral and transient features. The

of the MPC analysis are also compared with those of the LQG based control schem

6.1 Feedforward Model

6.1.1 Pre-Established Earthquake Model: Kanai-Tajimi

The earthquake signal can be modeled as filtered white noise process. The filter d

is based on a prescribed spectrum of ground motion, e.g., the Kanai-Tajimi model (Cl

and Penzien, 1993). In this discussion, the Kanai-Tajimi spectral description of the gr

motion is used as:
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where , and are parameters which depend on the site soil characteristics an

mic intensity. The transient or non-stationary feature of the earthquake is introd

through an amplitude modulating function (Deodatis and Shinozuka, 1988).

The transfer function is then decomposed to get the state-space realization of the

quake signal. The state-space representation can be expressed as:

(6-17)

where is a two-dimensional vector containing the states of the seismic excita

model; is a stationary Gaussian vector white noise process; and is a t

varying vector that includes non-stationary excitation in this model. The matrices in

excitation model are given by:

, , . (6-18)

where is a modulating function chosen to reflect the transient nature of the t

dependent ground acceleration. This dynamic earthquake model can then be com

with the state-space model of the structure to derive an augmented state-space eq

which is used to perform FF-FB control.

S ω( ) S0

ωg
4 4ωg

2ζg
2ω2+

ω2 ωg
2–( )

2
4ωg

2ζg
2ω2+

------------------------------------------------------=

ζg ωg S0

r k 1+( ) Arr k( ) Brer k( )+=

d k( ) Cr k( )r k( )=

r k( )

er k( ) Cr k( )

Ar

0 1

ωg
2– 2ζgωg–

= Br
0

1
= Cr k( ) g k( ) ωg

2– 2ζgωg–=

g k( )
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6.1.2 Real-time Model of Earthquake

The ground acceleration time history can be introduced through a time-varying a

regressive (AR) model to reflect the non-stationary features of ground motion. At

time instant , aq-dimensional AR model is formulated by the Yule-Walker equ

tion. The simulated seismic excitation at time is defined as . The error betwee

measured and the modeled excitation, , is then obtained at each step. The AR

is expressed in the state-space form and is subsequently embedded into the overall

state-space equations as follows:

(6-19)

where

(6-20)

, ,

, (6-21)

 are obtained from the AR model at time .

tk k∆t=

tk d k( )

er k( )

r k 1+( ) Ar k( )r k( ) Br k( )er k( )+=

d k( ) Cr k( )r k( ) Dr k( )er k( )+=

r k( ) dT k q–( ) dT k q– 1+( ) … dT k 2–( ) dT k 1–( )
T

=

Ar k( )

0 1 … 0

… … … …
0 0 … 1

aq k( )– … … a1 k( )–

= Br k( ) 0 … 1=

Cr k( ) b0 k( ) aq k( ) … a1 k( )–= Dr k( ) b0 k( )=

aq k( ) aq 1– k( ) … a1 k( ) b0 k( ),, ,, tk
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6.2 Structure-Excitation Model

The building model described in Chapter 2 and the earthquake model given in the p

ous section are then combined to establish an augmented overall system model. Fro

(2-3) and (6-19), the following augmented state-space representation is obtained:

(6-22)

in which

(6-23)

For the Kanai-Tajimi model .

6.3 Model Predictive Control Scheme with Feedfoward-Feedback Link

As illustrated in Chapter 2, the MPC scheme is based on an explicit use of a pred

model of the system response to obtain the control action by minimizing an obje

function. For the FF-FB control, an earthquake model is formulated. The informa

obtained from this model is forwarded to the controller and the measured outputs ar

back to the controller as shown in Fig. 6.1. Both of them are included in the predic

model for the MPC based control design.

As decribed in Chapter 2, the state-space equations of the system are expressed

z k 1+( ) Φ̂ k( )z k( ) Γ̂u k( )u k( ) Γ̂d k( )er k( )+ +=

z k 1+( ) x k 1+( )
r k 1+( )

Φ̂ k( ), Φ ΓdCr k( )
0 Ar k( )

Γ̂u k( ), Γu

0
Γ̂d k( ), ΓdDr k( )

Br k( )
= = = =

Dr k( ) 0=
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(6-24)

where ; , , and could be combined

into a single unmeasured disturbance variable entering at the plant output. The un

sured disturbance terms, , , and  are set equal to zero.

When a structure-excitation model with an embedded AR model is used, the ov

system states are increased. The prediction model is then expressed as:

(6-25)

(6-26)

where estimates the state at a future sampling period, , by using the in

mation available at time step ; estimates the structural output at time b

Figure 6.1FF-FB control system
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T k( ) wu

T k( ) wT k( ) wz
T k( )

T
= wu k( ) w k( ) wz k( )

wu k( ) w k( ) wz k( )

ẑ k 1 k+( ) Φ̂ẑ k k 1–( ) Γ̂uû k k 1–( ) Γ̂der k k( ) Γ̂eê k k( )+ + +=

ŷ k k 1–( ) Cẑ k k 1–( )=

ẑ k 1 k+( ) k 1+

k ŷ k k 1–( ) k
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the
on the information at ; ; is a constant estimator gain matrix; a

 is the estimated error defined as .

Using Eq. (6-22), the process output predicted at the -th and the subsequent time

, can be expressed as a function of the current state vector and

control vector  as follows:

(6-27)

, (6-28)

The reference output can be written as , wherep is

the prediction horizon andλ is the control horizon.

The control objective function is given by:

(6-29)

By minimizing , the optimal predictive control force is given by

(6-30)

in which , , , ,  and  are given as follows:

, (6-31)

k 1– C I 0= Γ̂e

ê k k( ) ê k k( ) y k( ) ŷ k k 1–( )–=

k

k j+ j 1 … p, ,= z k( )

u k( )

Ψ k( ) Hu k( ) Yzẑ k k 1–( ) Yder k( ) Yeê k k( )+ + +=

Ψ k( ) ŷT k 1 k+( ) … ŷT k p k+( )
T

= u k( ) û k k( ) … û k λ 1 k–+( )
T

=

Ψr k( ) yr
T k 1 k+( ) … yr

T k p k+( )
T

=

J
1
2
--- Ψ k( ) Ψr k( )–[ ]TQ Ψ k( ) Ψr k( )–[ ] 1

2
---uT k( )Ru k( )+=

J

u HTQH R+[ ]
1–
HTQ Yzẑ k k 1–( ) Yder k( ) Yeê k k( )+ +[ ]=

H Q R Yz Yd Ye

H

H1 0 … 0

… … … …
Hλ H

λ 1– … H1

Hλ 1+ Hλ … H1 H2+

… … … …
H p H p 1– … H1 … H p λ–+ +

Hk, CΦ̂k 1– Γ̂u= =
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(6-32)

, (6-33)

, and (6-34)

, , . (6-35)

The MPC formulation presented above is then utilized in the following example

demonstrate its application to building structures.

6.4 Numerical Examples and Analysis

The SDOF building with the active tendon used in Chapter 2 shown in Fig. 2.2 is u

here. An actuator can be used to introduce tension in cables to obtain the desired c

force. The earthquake input to the building can be formulated in two ways. One appr

involves modeling earthquake using the Kanai-Tajimi spectral model. The other uti

the actual measurements to model the real-time excitation through an AR model. D

of both are discussed in the following sections.

6.4.1 MPC/Kanai-Tajimi Control Scheme

In this section, the kanai-Tajimi spectral model is applied to generate the earthq

excitation and used in the MPC scheme to reduce structural response. Details are g

Yz CΦ̂( )T
CΦ̂2( )T … CΦ̂p( )T

T
=

Ye CΓ̂e( )T
C I Φ̂+( )Γ̂e( )T … C Φ̂k 1–( )Γ̂e

k 1=

p

∑
 
 
  T

T

=

Yd Hν1
T Hν1

T Hν2
T+ … Hνk

T

k 1=

p

∑
T

Hνk, CΦ̂k 1– Γ̂d= =

Q
Q … 0

… … …
0 … Q

R,
R … 0

… … …
0 … R

= = Q I 0

0 0
= R I=
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previous sections. The prediction and control horizons are chosen to be 5 and 2, re

tively. The weighting matrices are  and .

Figure 6.2 compares the displacement responses without control (dashed line) an

MPC control using the Kanai-Tajimi model (solid line). Figures 6.3, 6.4 and 6.5 comp

the displacement, acceleration, and control force using MPC control alone (dashed

and MPC control using the Kanai-Tajimi model (solid line). It is noted that the FF-FB c

(MPC plus Kanai-Tajimi) performs better than the FB case (MPC alone). Table 6.1

numerical values obtained by the MPC FB and MPC FF-FB schemes. Apparently th

FB control of MPC is better than the FB control alone. Using almost the same co

force, the MPC FF-FB control produces a higher response reduction than the MP

control.

Q I 2 2×( )= R 100=

Figure 6.2Displacement response without control and with MPC/
Kanai-Tajimi scheme.

0 5 10 15
−0.01

−0.008

−0.006

−0.004

−0.002

0

0.002

0.004

0.006

0.008

0.01

time(second)

di
sp

la
ce

m
en

t(m
)

W. CONTROL

W/O. CONTROL

time (second)

D
is

pl
ac

em
en

t (
m

)

105



Figure 6.3Displacement response using MPC/Kanai-Tajimi
and MPC schemes.
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Figure 6.4Acceleration using MPC/Kanai-Tajimi model and
MPC schemes.
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The prescribed spectral model can be implemented either off-line or on-line, w

requires that the spectral density of the earthquake excitation be known a priori. This

practical, and may only be effective in cases where the earthquake characteristics

the prescribed spectral model, e.g., the Kanai-Tajimi model. The effectiveness of the

Table 6.1 Comparison between the MPC/Kanai-Tajimi model and MPC

(cm) (cm/s2) (kN) (cm) (cm/s2) (kN)

Without
control

0.31 141.5 --- 0.94 447.7 ---

MPC 35.4 0.453 0.19 181.1 2.297

Percentage
change

88% 75% --- 80% 60% ---

MPC/
Kanai-
Tajimi

25.8 0.455 0.16 129.3 2.334

Percentage
change

90% 82% 0.38% 93% 71% 1.6%

Figure 6.5Control forces using MPC/Kanai-Tajimi model and
MPC schemes.
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trol action could be reduced if the earthquake characteristics either differ from the K

Tajimi model or change rapidly. In order to overcome this shortcoming, a real-time m

based on actual measurements is utilized in the following case.

6.4.2 MPC-AR Control Scheme

The FF based on AR modeling provides a practical way to apply the FF-FB con

scheme more effectively. The 1940 El Centro earthquake record (Fig. 6.6) is scaled to

of its maximum intensity and used in this analysis to excite the example building. Fig

6.7 and 6.8 show the displacement and acceleration without control (dashed line

those using the MPC-AR model (solid line). Both the displacement and acceler

responses are significantly reduced in the presence of the controller.
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Figure 6.61940 El Centro earthquake
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Figures 6.9 and 6.10 compare the displacement and acceleration response ob

using MPC alone (dashed line) with those obtained using MPC-AR (solid line). The co
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Figure 6.7Comparison of displacement response without control
and with MPC-AR scheme.
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Figure 6.8Comparison of acceleration response without control and
with MPC-AR scheme.
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n the

and

than
sponding control forces are given in Fig. 6.11. Table 6.2 lists comparisons of the resp

under no control, MPC alone, and MPC-AR schemes. The results show that whe

MPC-AR model is used, the control performance is better than that using MPC alone

furthermore, the control force is smaller. Clearly, the FF-FB control is more effective

the FB control scheme

.

Table 6.2 Comparison between the MPC-AR model and MPC

(cm) (cm/s2) (kN) (cm)
(cm/

s2)
(kN)

without control 37.8 --- 0.25 135.4 ---

MPC 14.6 0.099 0.10 101.5 0.672

Percentage change 73.3% 61.3% --- 60.0% 25.0% ---

MPC-AR 13.4 0.083 95.1 0.622

Percentage change 78.3% 64.4% -15.6% 68.8% 29.7% -7.37%
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Figure 6.9Comparison of displacement response between MPC-AR
and MPC schemes.
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Figure 6.10Comparison of acceleration response between MPC-AR
and MPC schemes.
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Figure 6.11Comparison of control forces between MPC-AR and
MPC schemes.
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In addition, the performance of MPC-AR scheme is compared to that of the LQG

control strategies. As shown in Fig. 6.12, the MPC-AR scheme shows a slightly bette

formance than LQG-AR. On a Sun UltraSparc-30 workstation, the computational tim

the MPC-AR scheme is 0.015 seconds per time step and for the LQG-AR scheme

0.060 seconds per time step. For the AR model system identification, 0.011 secon

time step are needed. For the MPC-AR scheme, most of the time is consumed in ide

ing AR model from the ground motion. However, for the LQG-AR model, most time

used in solving the Riccati equation.

Finally, the Kobe and Hachinohe earthquake acceleration time histories are us

inputs to assess the effectiveness and robustness of the MPC-AR control schem

shown in Table 6.3, Figs. 6.13 and 6.14, the structural responses are significantly re

when the MPC-AR scheme is employed. These results suggest that the MPC-AR mo

effective in controlling a wide range of ground accelerations with their own distinct f

tures.

Table 6.3 Performance of MPC-AR scheme under Kobe and Hachinohe earthquake

(cm) (cm/s2) (kN) (cm) (cm/s2) (kN)

Kobe
earthquake

without
control

0.13 68.8 0.67 466.9

MPC-AR 0.054 40.4 0.28 0.35 307.5 2.3

Percentage
change

56.9% 41.3% 47.8% 34.1%

Hachinohe
earthquake

without
control

0.09 45.8 0.21 106.3

MPC-AR 0.03 16.7 0.07 0.10 71.2 0.28

Percentage
change

69.6% 63.6% 52.4% 33.0%

σx σ ẋ̇ σu xmax ẋ̇max umax
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Figure 6.12Control performance of LQG-AR and MPC-
AR with different prediction and control horizons.
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Figure 6.13Displacement under Kobe earthquake without control
and with MPC-AR scheme.
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6.4.3 Analysis of A Three-Story Building Using the MPC-AR Model

In this example, the three-story building in Chapter 2 (Fig. 2.8) is used to demons

the MPC-AR scheme using the state feedback obtained from each floor of the buil

The mass, stiffness and damping matrices of the building are given in Chapter 2. In

example, the stiffness of the active tendon is and . T

active tendon is installed at the first floor. In this example, ,  and

The comparison between the MPC and MPC-AR schemes is listed in Table 6.4 w

shows both the RMS and maximum values of the displacement and acceleration of th

floor, and the control force. The weighting matrix is chosen as for the MPC

for the MPC-AR model. Different values ofR are used to ensure that a compar

ble control force is generated in both cases. Table 6.4 shows that with a smaller co

force, the MPC-AR scheme offers a better control action than MPC alone. Both the R

and maximum response values obtained using MPC-AR are lower than those obt
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Figure 6.14Displacement under Hachinohe earthquake
without control and with MPC-AR scheme.
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using MPC alone. This further points to the superiority of the FF-FB control using M

AR over MPC with FB only.

The controlled responses of the structure are shown in Figs. 6.15-6.18. Figures 6.1

6.16 show the displacement of the first and top floors of the building, respectiv

whereas, Figs. 6.17 and 6.18 show the acceleration of the first and top floors of the

ing, respectively. The dashed lines represent the uncontrolled case, and the solid line

resent the controlled response using the MPC-AR scheme. Figure 6.19 shows the c

force needed in this example.

Table 6.4 Comparison of MPC-AR and MPC Schemes Using a Three-Story Building

Third floor
Response

(cm) (cm/s2) (kN) (cm) (cm/s2) (kN)

Uncon-
trolled

0.16 46.5 --- 0.38 154.6 ---

MPC
0.060

(62.4%)
22.1

(52.4%)
0.106

0.26
(32.4%)

143.2
(7.4%)

0.52

 MPC-AR
0.052

(67.6%)
17.7

(61.9%)
0.092

(-14.3%)
0.22

(43.0%)
138.4

(10.5%)
0.44

(-14.7%)

σx σ ẋ̇ σ f xmax ẋ̇max f max
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Figure 6.15Comparison of first floor displacement between no control
and MPC-AR scheme.
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Figure 6.16Comparison of top floor displacement between no
control and MPC-AR scheme.
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Figure 6.17Comparison of first floor acceleration between no
control and MPC-AR scheme.
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This example has demonstrated how the MPC-AR model can effectively control m

degree-of-freedom systems. On a Sun UltraSparc-30 workstation, the three-story bu
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Figure 6.18Comparison of top floor acceleration between no
control and MPC-AR scheme.
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Figure 6.19Control force using MRC-AR scheme.
time (second)

C
on

tr
ol

 F
or

ce
 (

N
)

117



r each

most

ient

tional

tua-

which

reme

as

cheme

esent

d the

MPC-

were

was

F-FB

cing

he FF-

ajimi

h FB
took 0.002 seconds for each time step if MPC was used alone and 0.019 seconds fo

time step for MPC-AR model. Because the AR model is estimated at each time step,

of the time is taken up by the identification of the ground motion model. More effic

AR identification schemes need to be considered to further reduce the computa

efforts for the digital experimental implementation. The availability of high speed ac

tors and computers has made it possible to explore the potentials of MPC scheme

promises to enhance our ability in improving the performance of structure under ext

loads.

6.5 Summary

In this chapter, a real-time Model Predictive Control with feedforward linkage w

applied to reduce structural response under earthquake induced loads. The MPC s

including both the FB and FF was formulated. Two types of inputs were used to repr

the FF loop in this study. First, the Kanai-Tajimi model was used, which represente

FF loop based on the established earthquake spectral characteristics. Second, the

AR scheme was introduced in which actual real-time measurements obtained on-line

utilized to model the FF component. The FF model using these two methodologies

then augmented with the equations of motion of the structure to determine the F

gains.

This study clearly demonstrated the effectiveness of the MPC-AR strategy for redu

structural response and associated load effects under earthquake loads. MPC with t

FB components clearly enhanced the performance of the controller, e. g., the Kanai-T

model provided an improved reduction in the response when compared to MPC wit
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puts.

MPC
only. However, since this method depends on a prescribed spectral model of earthqu

may not always yield satisfactory performance results for earthquakes with feature

differ from those captured in this model. This shortcoming can be alleviated by an M

AR based FF-FB scheme, which can be employed in real-time for any earthquake in

The results obtained using the MPC-AR scheme showed further improvement over

with only FB.
119



ruc-

verall

is a

sition

load-

and

d Li

n the

sition

po-

sub-

r non-

ompo-

pectrum

func-

tion
CHAPTER 7

FEEDFORWARD-FEEDBACK CONTROL OF WIND-EXCITED STRUCTURES

Wind loads play an important role in the design of tall buildings and other flexible st

tures. Strong winds can result in occupant discomfort and even may cause local or o

failure of structures. Therefore, reduction of structural response under wind loads

major structural design issue.

This chapter presents the development and application of the stochastic decompo

approach to the simulation of random processes and modal space reduction of wind

ing. The concept of stochastic decomposition as applied to probabilistic dynamics

digital simulation of multivariate random processes was advanced in Kareem an

(1988), and Li and Kareem (1993 and 1995). This approach is theoretically based o

Karhunen-Loeve expansion which is also known as proper orthogonal decompo

(POD), or principal component analysis (PCA). Central to this technique is the decom

sition of a set of correlated random processes into a number of component random

processes. Statistically, any two decomposed processes are either fully coherent o

coherent. Hence, each process is viewed as a summation of mutually non-coherent c

nent sub-processes. Each random sub-process is characterized by a decomposed s

that is related to conventional spectral description, e.g., the power spectral density

tion (PSD), or cross-power spectral density function (XPSD). Any linear transforma
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that relates a set of random processes also describes the corresponding decompos

tral descriptions of these processes. In this study, this concept has been extended to

space realization of excitation which can be used for direct simulation of wind-related

cesses or to model wind excitation in a state-space format needed for structural c

problems involving a feedforward link. The decomposed spectral matrix is used to m

component processes as auto-regressive (AR) models, which are then expressed in

space format (Kareem and Mei, 1999).

This wind velocity description is then employed in structure control design to ad

feedforward link to the MPC approach discussed in Chapter 2 for earthquake resp

control. A model reduction technique is employed for the wind state-space model for

putational efficiency. In this chapter, the wind description is combined with MPC

reduce the response of a TV tower under wind excitation. The MPC based feedforw

feedback (MPC/FF-FB) control scheme is then compared with passive control and

without the feedforward link.

7.1 Proper Orthogonal Decomposition of Wind Loading

Fluctuating wind velocity is generally modeled as a stationary Gaussian proces

cross spectral density function related to the fluctuating wind velocity at different hei

is defined as . The(i, j)th element of  can be expressed as:

, (7-1)

S f( ) S f( )

Sij 4K0Vr
2 χ

nf 1 χ2+( )
5 6⁄---------------------------------

2c1 f hi hj–

Vi V j+
---------------------------------– 

 exp= χ 1700f
Vr

---------------=
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where is a constant that depends on the surface roughness of the ground; is t

erence mean wind velocity at 10 m above the ground; is an experimental constant

ficient; n is a nominal constant; is the frequency inHz; and are the heights of

floorsi andj, respectively; and are mean wind velocities at the corresponding flo

which can be obtained by:

(7-2)

where  is a constant value; and  is the reference height.

The PSD matrix can be decomposed utilizing a modal or Schur type decom

tion at each frequency .

(7-3)

where is a matrix whosei-th column is thei-th eigenvector of and is a

diagonal matrix whose elements are the eigenvalues of .

For this study, a correlated wind field for a four story building is employed as an ex

ple. The parameters in Eq. (7-1) are characterized as , ,

, , and . The dependence of eigenvectors and eigenva

on frequency is shown in Figs. 7.1 and 7.2. Figure 7.1 details the elements of the

eigenvectors of the power spectral density at different frequencies. It indicates tha

eigenvectors of the PSD of the wind velocity change slowly with respect to the freque

Figure 7.2 describes the eigenvalues of the wind velocity power spectral density at d

ent frequencies. It also reveals that the first eigenvalue is the dominant one, especi

lower frequencies. Similar observation have been made by Paola (1998). From

K0 Vr

c1

f hi hj

Vi V j

Vi Vr

hi

hr
---- 

  α
=

α hr

S f( )

f

S f( ) ψT f( )Λ f( )ψ f( )=

ψ f( ) S f( ) Λ f( )

S f( )

Vr 30m s⁄= K0 0.04= c1 8=

α 0.3= n 2.065= h 0 5 10 15=
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results, a method for simplifying the simulation of the wind load using state-space re

sentation can be derived.

Figure 7.1Elements of first eigenvector at different frequencies
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Figure 7.2Eigenvalues of XPSD at different frequencies
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(7-5)

from
7.2 Autoregressive (AR) Model

An autoregressive (AR) model of orderq can generate a random process at tim

 from its previous time history and corresponding excitation as follows:

(7-4)

where , , , and are the coefficients of the AR process, and is a w

noise process.

If the power spectral density (PSD) of the stochastic processy(t) is known, the auto-cor-

relation function can be derived from:

(7-5)

where is the cut off frequency and is the time difference. For one-side PSD, Eq.

can be recast as:

(7-6)

Using the Yule-walker equation, the coefficients of the AR model can be obtained

the following

(7-7)

where  is the auto-correlation function at time instant , and

y k∆t( )

k∆t

y k( ) ai y k i–( ) b0w k( )+
i 1=

q

∑–=

a1 a2 … aq b0 w k( )

R τ( ) S f( ) 2πfτ( )exp fd
f– c

f c

∫=

f c τ

R τ( ) S f( ) 2πfτ( )cos fd
0

f c

∫=

R 0( ) R 1( ) … R q 1–( )
R 1( ) R 0( ) … R q 2–( )
… … … …

R q 1–( ) R q 2–( ) … R 0( )

a1

a2

…
aq

R 1( )
R 2( )
…

R q( )

=

R i( ) i∆t
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For the single-input-single-output (SISO) process, the AR model can be expressed

state-space form as follows (Kay, 1993)

(7-9)

where

(7-10)

, ,

, (7-11)

7.3 State-Space Model of the Wind Field

In Eq. (7-3), the eigenvalue matrix, , is a diagonal matrix which can be expre

as:

(7-12)

b0 R 0( ) aiR i( )
i 1=

q

∑+=

r k 1+( ) Arr k( ) Brw k( )+=

y k( ) Crr k( ) Drw k( )+=

r k( ) yT k q–( ) yT k q– 1+( ) … yT k 2–( ) yT k 1–( )
T

=

Ar

0 1 0 … 0

… … … … …
0 0 … 0 1

aq– … … a2– a1–

= Br 0 … 0 1=

Cr b0 aq … a1
–= Dr b0=

Λ f( )

Λ f( )

Λ1 f( ) 0 … 0

0 Λ2 f( ) … 0

… … … …
0 0 … Λn f( )

=
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Each diagonal element of the matrix is a function of frequency and can be treated

PSD of a stationary autoregressive process. Therefore, by using the method descr

Section 7.2, a state-space model for , can be obtained. These s

space models are defined by , , , , . By replacing these matr

as thei-th diagonal sub-matrix of matrices , , , , respectively, the state-sp

model of the eigenvalue matrix  can be obtained:

,

(7-13)

in which

(7-14)

, (7-15)

, (7-16)

, are independent Gaussian white noise generated by Matlab 5.2(1998).

The eigenvalue matrix can also be expressed as a product of the transfer fun

of the modeled system

(7-17)

in which  is the transfer function of the wind model and

Generally the eigenvectors of the XPSD change very slowly with respect to the

quency. Therefore, an eigenvector matrix at a certain frequency is chose

Λi f( ) i 1 2 … n, , ,=

Ai Bi Ci Di i 1 2 … n, , ,=

Av Bv Cv Dv

Λ f( )

x k 1+( ) Avx k( ) BvV k( )+=

v k( ) Cvx k( ) DvV k( )+=

V k( ) w1
T k( ) w2

T k( ) … wn
T k( )

T
=

Av diag A1 A2 … An, , ,( )= Bv diag B1 B2 … Bn, , ,( )=

Cv diag C1 C2 … Cn, , ,( )= Dv diag D1 D2 … Dn, , ,( )=

wi i 1 … n, ,=

Λ f( )

Λ f( ) HHT=

H Cv sI Av–( ) 1– Bv Dv+= s jω=

ψ0 f 0( ) f 0
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further consideration. By multiplying this eigenvector matrix at the left side of the

 matrices, the new matrices for the wind velocity can be obtained.

, (7-18)

The XPSD of the wind velocity field  can then be approximated as:

(7-19)

7.4 Wind Field For a Four-Story Building

The four-story building example used in Section 7.1 is employed here using the pre

ing method. The , , and matrices of the state-space representatio

obtained as below:

, (7-20)

, (7-21)

Cv

Dv

Cnew ψ0
T f 0( )Cv= Dnew ψ0

T f 0( )Dv=

S f( )

S f( ) ψ0
T f 0( )Λ f( )ψ f 0( )=

Av Bv Cnew Dnew

Av

0.5800 0.0606 0 0 0 0 0 0

0.0606– 0.0882– 0 0 0 0 0 0

0 0 0.6126 0.0156– 0 0 0 0

0 0 0.0156 0.0248– 0 0 0 0

0 0 0 0 0.7242 0.0310– 0 0

0 0 0 0 0.0310 0.0667 0 0

0 0 0 0 0 0 0.9545 0.0193–

0 0 0 0 0 0 0.0193 0.2204

=

Bv

0.9518 0 0 0

0.0505 0 0 0

0 1.1178 0 0

0 0.0171– 0 0

0 0 1.4446 0

0 0 0.0683– 0

0 0 0 2.1122

0 0 0 0.4363–

=
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, (7-22)

. (7-23)

Figure 7.3 gives the time history of the processes whose spectral matrix is

eigenvalue matrix of the XPSD . The magnitude of the time history associated

the fourth eigenvalue is much larger than the others. After the eigenvectors at frequ

is multiplied to generate and , the time histories of the wind velocity

shown in Fig. 7.4, whose XPSD is described by . The simulated XPSD

be obtained from the time history usingMatlab (1998). In Fig. 7.5 (a), (b), (c) and (d), the

XPSD of the first row of the matrices and are compared. The dashed lin

for the target XPSD, and the solid line represents the simulated XPSD, .

apparent that the simulated XPSD matches the target XPSD.

Cnew

0.1908 0.0101– 0.5983– 0.0092– 1.0003– 0.0473– 0.9300 0.19921

0.5214– 0.0277 0.6522 0.0100 0.3885– 0.0184– 1.1318 0.2338

0.6804 0.0361– 0.3520 0.0054 0.4459 0.0211 1.1464 0.2368

0.3671– 0.0195 0.5850– 0.0090– 0.8583 0.0406 1.0006 0.2067

=

Dnew

0.3682 1.1375– 1.8230– 1.6006

1.0062– 1.2400 0.7080– 1.9478

1.3129 0.6693 0.8126 1.9731

0.7084– 1.1121– 1.5642 1.7220

=

Λ f( )

S f( )

f 0 Cnew Dnew

S f( ) Sww f( )

S f( ) Sww f( )

S f( ) Sww f( )
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Figure 7.3Time histories of the processes whose PSDs are the
eigenvalues of the wind velocity XPSD, S(f)
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Figure 7.4Time histories of wind velocity at 1st, 2nd, 3rd and 4th
floors generated by the state-space approach.
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To measure the accuracy of the approach, the variance of the wind velocity at each

is obtained using three approaches. The first approach comes from the the integra

the wind spectral density function:

(7-24)

The second method employs the simulated power spectral density as follows

(7-25)

The third method is to obtain the covariance using the time history of wind velocit

follows

Figure 7.5XPSDs of the target and the simulated velocities. (1) 1-1 floor XPSD.
(2) 1-2 floor XPSD. (3) 1-3 floor XPSD. (4) 1-4 floor XPSD.
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The  values generated by these three methods are listed in Table 7.1.

The results show good comparison between the simulated signals obtained from

space representation and those from the target spectral density.

7.5 Wind Load Model For Nanjing Tower

This example analyzes the wind field around the Nanjing Tower. It is a 310-meter

TV tower built in 1993 in Nanjing, China. The tower is described in Fig. 7.6. The w

model described earlier is also used here. A simplified model of the tower consistin

sixteen lumped masses at different levels is used. The height of each level is at 10.1

58.6, 80.2, 101.8, 119.8, 137.8, 158.6, 171.8, 185.8, 199.2, 240.4, 270.1, 286.1, 299

310.1 meters, respectively. The following parameters for the wind field in Eq. (7-1)

used: , , , , and .

Table 7.1 Comparison of  values Using Different Estimation Methods

Methods

1st 12.00 12.00 12.00 12.00 11.08 10.41

2nd
10.72

(10.66%)
12.27

(2.25%)
12.38

(3.15%)
11.22
(6.5%)

10.78
(2.7%)

9.59
(7.9%)

3rd
10.69

(10.94%)
11.98

(0.17%)
12.03

(0.28%)
10.86
(9.5%)

10.66
(3.8%)

9.41
(9.6%)

σxy
1

N 1–
------------- xi x–( ) yi y–( )

1

N

∑=

σ

σ

σ1 σ2 σ3 σ4 σ12 σ14

K0 0.008= Vr 20.7m s⁄= α 0.16= n 1.976= c1 7.7=
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The elements in the first row of the cross-power spectral density matrix of the w

velocity are plotted in Fig. 7.7. This figure shows that the diagonal elements of the X

are much larger than the off-diagonal elements, especially at higher frequencies. Th

ther the elements are from the diagonal, the smaller is the magnitude of the cross-

spectrum. Element , which is the XPSD of wind velocity at the first and the s

teenth level, is much smaller than , the PSD of wind velocity at the first level o

This difference occurs because the first and sixteenth levels are so far apart that the w

the first level is much less correlated with the wind at the sixteenth level than with

wind at the lower levels, especially at higher frequencies. Therefore, the higher the s

ture is, the less is the correlation of the wind at the first and top levels. As shown in th
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Figure 7.6Nanjing Tower --- lumped 16
degree of freedom representation.
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7.7, the XPSD approaches zero above 0.1 Hz for and above 0.5 Hz for

lower frequencies, the magnitude of the XPSDs is in the order of . This means

most of the wind loading energy lies in the lower frequencies. Furthermore, the dom

frequency of the tall, flexible structures is in the low frequency range, therefore, matc

of the model in the lower frequency range is the primary focus of this exercise.

7.5.1 State-Space Realization of Wind Velocity

The POD and state-space methods discussed in Section 7.2 and 7.3 are used

model wind fluctuations. A state-space realization with 32 states is obtained for the a

wind velocity. Sixteen independent white noise precesses are generated as the input

state-space equation. The XPSDs of the system outputs under these white noise inp

then obtained. The simulated XPSDs of the wind velocity for the Nanjing Tower

shown in Figs. 7.8-7.11, which are the (i, i)-th (i= 3, 6, 14, 16) element of the cross powe
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Figure 7.7First row of XPSD, S(f).
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spectral density matrix, respectively. The dashed lines represent the target spectra

lated from Eq. (7-1) and are the diagonal elements of the matrix . The solid lines

resent the simulated spectra which match the target XPSD quite well.

S f( )

Figure 7.8Comparison between the target XPSD S3-3(f)
(dashed line) and the simulated XPSD Sww3-3(f) (solid line).

10
−4

10
−3

10
−2

10
−1

10
0

10
0

10
1

10
2

10
3

Frequency(Hz)

S3
3

target S(−−) and simulated psd(−) Sww 3−3

Figure 7.9Comparison between the target XPSD S6-6(f) (dashed
line) and the simulated XPSD Sww6-6(f) (solid line).
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Figure 7.10Comparison between the target XPSD S14-14(f)
(dashed line) and the simulated XPSD Sww14-14(f) (solid line).
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Figure 7.11Comparison between the target XPSD S16-16(f)
(dashed line) and the simulated XPSD Sww16-16(f) (solid line).

10
−4

10
−3

10
−2

10
−1

10
0

10
0

10
1

10
2

10
3

Frequency(Hz)

S1
61

6

target S(−−) and simulated psd(−) Sww 16−16
135



ese

ensi-

fre-

very

iffer-

each

. The

igher

due to

,

is

ding

since

t to the

ries at

t the
Some off-diagonal elements of the matrix are shown in Figs. 7.12-7.16. In th

figures, the dashed lines are the target cross spectra , , , , and .

The solid lines are the simulated cross-power spectral densities , , ,

, and . Herei-j means thei-th row andj-th column of the matrices

and , which represent the XPSDs of wind velocities at thei-th andj-th levels. The

simulated XPSDs of wind velocities show a good agreement with the target spectral d

ties. The XPSD of the first and the sixteenth levels matches at lower

quencies. At higher frequencies, approaches to zero, while goes to a

small number close to zero. Therefore, the log-log plot in Fig. 7.16 shows a larger d

ence than the linear coordinate plots (Fig. 7.17). However, and match

other in linear coordinates. In fact, all values are close to zero at higher frequencies

results show that when the distance between the levels is large, the simulation at h

frequencies is not as good as when the distance between the levels is small. This is

the exponential term in the wind velocity model . If

and become large, the exponential term becomes very small. For example, if

, and , this term is and the target cross-power spectrum

, which for all practical purpose can be treated as zero. The correspon

simulated cross-power spectrum is . These numbers are almost negligible

both the target and simulated spectra are on the order of  at lower frequencies.

As mentioned before, sixteen independent white noise processes are used as inpu

state-space equation system. The output consists of sixteen wind velocity time histo

sixteen levels. Figure 7.18 shows the time histories of the wind velocity fluctuations a

first, fifth, tenth and sixteenth levels.

S f( )

S1 2– S1 3– S2 3– S5 10– S1 16–

Sww1 2– Sww1 3– Sww2 3–

Sww5 10– Sww1 16– S f( )

Sww f( )

Sww1 16– S1 16–

S1 16– Sww1 16–

S1 16– Sww1 16–

2c1 f hi hj– Vi V j+( )⁄( )–( )exp hi hj–

f i 1=

j 16= f 0.5Hz= 3.7928 10× 17–

4.4202 1017–×
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Figure 7.12Comparison between the target XPSD S1-2(f)
(dashed line) and simulated PSD Sww1-2(f) (solid line).
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Figure 7.13Comparison between the target XPSD S1-3(f)
(dashed line) and simulated PSD Sww1-3(f) (solid line).
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Figure 7.14Comparison between the target XPSD S2-3(f)
(dashed line) and simulated PSD Sww2-3(f) (solid line).
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Figure 7.15Comparison between the target XPSD S5-10(f)
(dashed line) and simulated PSD Sww5-10(f) (solid line).
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Figure 7.16Comparison between the target XPSD S1-16(f) (dashed line)
and simulated XPSD Sww1-16(f) (solid line) in log-log coordinate.
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Figure 7.17Comparison between the target XPSD S1-16(f) (dashed
line) and simulated XPSD Sww1-16(f) (solid line) in linear coordinate.
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Table 7.2 lists the values of wind velocity. Three different approaches mentione

Section 7.3 are used. The simulation results use the full state-space representation

has 32 states. The RMS value of the target spectral density using Eq. (7-24) is calc

as, for the Nanjing Tower. Using Eq. (7-25) and the simulated sp

tral density, the RMS values are calculated and listed in Table 7.2. The difference bet

target and simulated values varies between 0.41% and 3.29%. The RMS values calc

using Eq. (7-26) are also listed in Table 7.2. The difference between the target and

lated values varies between 0.01% and 3.75%.

σ

σ 4K0Vr
2 3.685= =

Figure 7.18Time histories of wind velocity at 1st, 5th, 10th and 16th
levels of Nanjing Tower generated by state-space representation.
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In addition, the square root of covariance between the wind velocity at the first an

2nd level is 3.267, and the simulated value using Eq. (7-25) is 3.199 which results in

ference of 2.09%. Using the time history method the simulated value is 3.419 with a

ference of 4.65%. The square root of covariance between the wind velocity at the firs

Table 7.2  Values of Wind Velocity Using Full State-Space Representation (32
States)

Eq.
(7-24)

 Eq.
(7-25)

Diff.
%

 Eq.
(7-26)

Diff.
%

Eq.
(7-24)

Eq.
(7-25)

Diff.
%

 Eq.
(7-26)

Diff.
%

3.685 3.670 0.41 3.643 1.16

3.685 3.658 0.75 3.625 1.63 3.267 3.199 2.09 3.419 4.65

3.685 3.693 0.20 3.651 0.93 3.010 2.940 2.31 3.269 8.63

3.685 3.734 1.32 3.686 0.01 2.861 2.796 2.24 3.152 10.19

3.685 3.775 2.42 3.720 0.93 2.740 2.687 1.93 2.994 9.28

3.685 3.796 2.99 3.739 1.45 2.655 2.611 1.64 2.808 5.79

3.685 3.808 3.32 3.750 1.75 2.579 2.529 1.95 2.749 6.61

3.685 3.805 3.25 3.747 1.67 2.501 2.452 1.95 2.690 7.56

3.685 3.778 2.52 3.722 1.00 2.456 2.402 2.19 2.636 7.34

3.685 3.784 2.68 3.732 1.25 2.411 2.360 2.13 2.540 5.33

3.685 3.807 3.29 3.753 1.83 2.371 2.318 2.25 2.469 4.11

3.685 3.788 2.80 3.737 1.39 2.261 2.171 4.00 2.392 5.81

3.685 3.699 0.37 3.649 0.97 2.192 2.074 5.36 2.288 4.38

3.685 3.641 1.21 3.591 2.55 2.157 2.025 6.13 2.169 0.55

3.685 3.619 1.81 3.574 3.01 2.130 1.983 6.93 2.005 5.90

3.685 3.664 0.58 3.623 1.68 2.109 1.948 7.64 1.830 13.2

σ

σ1

σ2 σ1 2–

σ3 σ1 3–

σ4 σ1 4–

σ5 σ1 5–

σ6 σ1 6–

σ7 σ1 7–

σ8 σ1 8–

σ9 σ1 9–

σ10 σ1 10–

σ11 σ1 11–

σ12 σ1 12–

σ13 σ1 13–

σ14 σ1 14–

σ15 σ1 15–

σ16 σ1 16–
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the sixteenth level is 2.11. For the simulated spectrum using Eq. (7-25) it is 1.948 w

difference of 7.64%. Using the time history method it is 1.83 with a difference of 13.2%

is noted that the difference between the target and simulated values increases w

increase in the distance between the two location. This may be attributed to num

errors or the truncation introduced in the modeling of off-diagonal terms.

7.5.2 Model Reduction of State-Space Representation

In Fig. 7.2 the eigenvalues of the XPSD matrix were presented. It was noted tha

first several eigenvalues were much larger than the others. These eigenvalues are th

inant factors of the XPSD matrix. This suggests a model reduction technique. If only

first six eigenvalues are considered in the Nanjing Tower wind velocity XPSD matrix,

total number of states in the state-space representation would be reduced to 12 fr

states. This would significantly simplify the computation effort. Table 7.3 lists the res

of this model reduction technique using the largest 6 eigenvalues in the state-space

sentation, and the RMS values of wind velocity fluctuations using different calcula

procedures. Note, the number of states is reduced from 32 to 12. This simplifies the c

lation significantly and makes the applications using this model more conveniently re

able. Furthermore, Table 7.3 also demonstrates that the simulated wind velocity obt

from the reduced state-space representation provides a good approximation of the

wind velocity with prescribed wind velocity XPSD.
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Once the wind velocity is obtained from the state-space representation, the wind

ing can be derived according to the strip and quasi-steady theories (Simiu and Sc

1985; Kareem, 1987). The alongwind force on a structure per unit height is given as b

Table 7.3  Values of Wind Velocity Using Six-Eigenvalue State-Space
Representation (12 States)

Eq.
(7-24)

 Eq.
(7-25)

Diff.
%

 Eq.
(7-26)

Diff.
%

Eq.
(7-24)

Eq.
(7-25)

Diff.
%

 Eq.
(7-26)

Diff.
%

3.685  3.531 4.19  3.497 5.12

3.685 3.401 7.70 3.359 8.87 3.267 3.357 2.77 3.479 6.47

3.685 3.503 4.95 3.452 6.33 3.010 2.946 2.10 3.388 12.6

3.685 3.552 3.63 3.494 5.19 2.861 2.724 4.79 3.220 12.6

3.685 3.564 3.28 3.501 5.01 2.740 2.630 4.03 2.928 6.85

3.685 3.637 1.30 3.571 3.10 2.655 2.612 1.60 2.783 4.83

3.685 3.633 1.41 3.565 3.26 2.579 2.577 0.08 2.764 7.18

3.685 3.618 1.83 3.551 3.66 2.501 2.473 1.14 2.739 9.53

3.685 3.650 0.98 3.585 2.74 2.456 2.393 2.54 2.689 9.49

3.685 3.661 0.67 3.600 2.32 2.411 2.330 3.36 2.562 6.27

3.685 3.621 1.74 3.564 3.30 2.371 2.280 3.83 2.447 3.20

3.685 3.649 0.99 3.603 2.23 2.261 2.164 4.27 2.358 4.28

3.685 3.517 4.58 3.474 5.75 2.192 2.068 5.63 2.286 4.32

3.685 3.481 5.53 3.438 6.70 2.157 2.000 7.28 2.202 2.06

3.685 3.531 4.20 3.488 5.36 2.130 1.952 8.40 2.016 5.39

3.685 3.527 4.31 3.485 5.43 2.109 1.913 9.26 1.776 15.8

σ

σ1

σ2 σ1 2–

σ3 σ1 3–

σ4 σ1 4–

σ5 σ1 5–

σ6 σ1 6–

σ7 σ1 7–

σ8 σ1 8–

σ9 σ1 9–

σ10 σ1 10–

σ11 σ1 11–

σ12 σ1 12–

σ13 σ1 13–

σ14 σ1 14–

σ15 σ1 15–

σ16 σ1 16–
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, 8.86,
(7-27)

where is air density, is drag coefficient, is width of the building, is mean w

velocity, and is the fluctuation of wind velocity. Usually the fluctuation of wind veloc

is relatively very small compared to the mean wind velocity. Therefore, the fluctua

along-wind force at each level is then given by:

(7-28)

where is level height. The wind load can be generated from the state-space repre

tion of wind velocity as given below:

,

(7-29)

where , , , , and represents th

fluctuation wind load.

7.6 Feedforward-Feedback Based Controller Design for Nanjing Tower

The following example compares the MPC based feedforward-feedback control w

passive control and feedback based MPC (MPC/FB) scheme. In this example, the Na

tower is modeled as a lumped mass MDOF system (Kareem et al, 1998). The AM

attached at the VIP lounge on the 12th level. The structural properties are listed in

7.4. The natural frequencies of the tower are 0.20, 0.62, 1.26, 1.83, 2.51, 4.71, 5.03

Fwh
1
2
---ρCdB V v+( )2

=

ρ Cd B V

v

Fw ρCdBhVv=

h

xw k 1+( ) Awxw k( ) BwV k( )+=

yw k( ) Cwxw k( ) DwV k( )+=

Aw Av= Bw Bv= Cw ρCdBhVCnew= Dw ρCdBhV Dnew= yw k( )
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ping
9.40, 14.21, 20.25, 26.20, 36.20, 47.60, 53.40, and 64.18 Hz, respectively. The dam

ratio in each mode has been estimated by using:

(7-30)

(Kareem, 1981) and the stiffness matrix has been given by Reinhorn et al. (1995). .

The equations of motion are expressed in the following:

(7-31)

Table 7.4 Geometric Properties of Nanjing Tower

Level Mass(t)
Elevation

(m)
Story Height (m) Width (m) Area (m2)

1 3992.9 10.1 10.1 28.56 413.24

2 3186.7  32.2 22.1 24.35 536.02

3 2820.1 58.6 26.4 20.23 469.50

4 2319.8 80.2 21.6 18.75 387.18

5 1917.9 101.8 21.6 17.10 323.73

6 1624.5 119.8 18.0 15.45 271.35

7 1628.1 137.8 18.0 14.70 277.38

8 1322.3  158.6 20.8 13.95 233.65

9 3395.3 171.8 13.2 13.42 182.51

10 5678.6 185.5 14.0 13.42 183.85

11 1512.4 199.2 13.4 13.42 213.51

12 1254 240.4 41.2 6.0 175.58

13 165.1 270.1 29.7 3.5 66.38

14 18.7 286.1 16.0 1.8 21.55

15 12 299.1 13.0 1.1 11.28

16 4 310.1 12.0 0.75 4.13

ζn min 0.01 ζ1 1 0.38
ωn

ω1
------ 1– 

 + 
 , 

 =

Mẋ̇ t( ) Cẋ t( ) Kx t( )+ + Fw z t,( ) Lf t( )+=
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where , , are the mass, damping and stiffness matrices including tower and A

is the wind load at different levels, is the control force due to AMD, and

the matrix representing the AMD location

Equation (7-31) can be reformulated in the state-space form as:

(7-32)

whereA is the system matrix,B is the control location matrix,E is the excitation influence

matrix, W is the wind load, andU is the control force. The control output vectorz and

measured output vectory can be expressed as:

(7-33)

(7-34)

By assuming , the wind load state-space model (Eq. (7-29)) and the struc

model (Eq. (7-32), (7-34)) are combined to form the augmented state-space system

(7-35)

Then MPC scheme is implemented on this augmented system. The designed c

force includes the wind load information in the feedforward loop and the struct

response in the feedback loop. A TMD and a MPC/FB scheme using Eq. (7-32) are

applied to control the tower response. Figures 7.19-7.21 show the power spectral d

M C K

Fw z t,( ) f t( ) L

Ẋ t( ) AX t( ) BU t( ) EW t( )+ +=

z CzX DzU FzW+ +=

y CyX DyU FyW+ +=

W yw=

Ẋ t( )
ẋw t( )

A ECw

0 Aw

X t( )
xw t( )

B

0
U t( ) EDw

Bw

w t( )+ +=

y t( )
yw t( )

C FyCw

0 Cw

X t( )
xw t( )

Dy

0
U t( ) FyDw

Dw

w t( )+ +=
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function of the acceleration at the 10th, 12th and 16th levels, respectively. There are

types of lines used in these figures. The dotted line represents the uncontrolled ca

dash-dot line denotes the passive control case, the dashed line is MPC/FB scheme,

solid line describes the MPC/FF-FB case. Figure 7.22 shows the power spectral d

function of the control force using MPC/FB and the MPC/FF-FB schemes.

The RMS values of the displacement, velocity and acceleration at levels 10, 12, 1

the active mass damper from different control schemes are listed in Table 7.5. The

values of control force are also given in Table 7.5. The passive control using a TMD h

to reduce the acceleration of level 12 by over 20%. The active mass damper using

FB scheme reduces the acceleration of the same level by 34% with the RMS value o

trol force of 121.89 kN. The MPC/FF-FB scheme further improves the active control

formance. The acceleration of the 12th level in this case is reduced by over 36% whi

control force is only 96.55 kN, which is 21% smaller than that for the MPC/FB scheme

addition, the MPC/FF-FB scheme is also effective in reducing the displacement, vel

and acceleration responses at the other levels. The displacement of AMD using MP

scheme is 185.54 cm while it is only 132.92 cm using the MPC/FF-FB scheme, whi

28% smaller.

To sum up, MPC/FF-FB control is relatively more effective than the passive control

MPC/FB scheme. With a smaller control force, it can reduce the tower response more

the MPC/FB scheme. Its superior effectiveness results from its feedforward-feed

based information which improves the efficiency of the control design.
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Figure 7.19Acceleration PSD at the 10th level.
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Figure 7.20Acceleration PSD at the 12th level.
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Figure 7.21Acceleration PSD at the 16th level.
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Figure 7.22Control force PSD.
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7.7 Summary

This chapter presented the formulation and application of stochastic decompositio

the simulation of multi-variate processes, e.g., wind velocity fluctuations, and modal s

reduction in the wind-induced response analysis of structures. The proposed state

wind model provides an accurate description of wind velocity, especially for correl

wind processes. This is very important for designing high-performance controllers.

state-space based simulation describing the fluctuating nature of wind loading was i

Table 7.5  Tower Response Under Different Control Schemes

uncontrolled
TMD (passive

Control)
MPC MPC(FF-FB)

 (cm) 9.55 8.10 7.84 6.69

 (cm) 15.31 12.93 12.62 10.73

 (cm) 27.54 23.75 23.26 19.73

 (cm) 46.28 185.54 132.92

 (cm) 9.34 6.89 6.04 5.73

 (cm) 15.21 11.26 9.99 9.38

 (cm) 32.58 22.97 22.93 21.87

 (cm) 56.66 207.23 152.55

 (cm/s2) 11.86 8.88 7.47 7.45

 (cm/s2) 20.97 16.64 13.76 13.34

 (cm/s2) 124.77 122.68 102.54 94.24

 (cm/s2) 70.56 241.02 185.92

 (kN) 121.89 96.55

σx10

σx12

σx16

σxm

σ ẋ10

σ ẋ12

σ ẋ16

σ ẋm

σ ẋ̇10

σ ẋ̇12

σ ẋ̇16

σ ẋ̇m

σu
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mented in the MPC/FF-FB control scheme to effectively reduce the response of stru

under wind excitations. The numerical example using Nanjing Tower in China dem

strated the effectiveness of the MPC/FB and MPC/FF-FB schemes. This also showe

the MPC/FF-FB scheme could effectively deliver a better control performance than

passive control and the MPC/FB scheme. In summary, the wind loading state-space

ization and MPC based schemes provide a reliable and convenient strategy to c

structural motions under wind excitation.
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CHAPTER 8

EXPERIMENTAL VERIFICATION OF MODEL PREDICTIVE CONTROL

MPC based schemes have been shown to be effective in structural response con

computer simulations in previous chapters. In this chapter, MPC based scheme

employed experimentally to reduce response of buildings under earthquake exci

using acceleration feedback. A Kalman-Bucy filter is used in the state observer to est

the state of the system from the acceleration feedback. The operations of a small

shaking table are tailored to simulate different ground motions. Scaled El Centro and

earthquakes are used as the input ground motions. A two-story flexible building is us

the experimental model. A DC motor-driven moving cart acts as the AMD actuator.

control force is implemented in real-time using Matlab Real-Time Workshop and Win

software and MultiQ data control board. The MPC using acceleration feedback is firs

ified experimentally for different weighting matrices. Then the effect of accelerom

locations is studied. Finally, the real-time MPC-AR and constrained MPC schemes (C

ter 3 and 6) are verified by means of a pseudo real-time control approach.

8.1 Experimental Setup

The tests are conducted in the NatHaz Modeling Laboratory, University of Notre Da

The test equipment includes a small-scale shaking table, a steel column building mod
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active mass damper (AMD), a MultiQ data acquisition I/O board, a signal spectrum

lyzer, accelerometers, and a computer.

The small-scale shaking table

built by SMI technologies Inc. is

used for simulating ground exci-

tation. It consists of an electric

powered servo motor at a maxi

mum capacity of 6000 RPM. A

flat table ( ) is

mounted on a linear high-accu

racy driving shaft and two 64cm-

long sliding tracks. A standard

encoder at a resolution of 1000

count/rev. and 2.6667e-4 cm

count measures the displaceme

of the table.

The test building employed in the experiment is a flexible small-scaled model.

structure is configured to have 2 floors. Each floor is 490mm high and has two stee

umns with the dimension of mm3. The mass of each column is 0.227kg. Th

mass of the first floor is 4.8kg, and the mass of the second floor including AMD is 5.0

An accelerometer with the sensitivity of 1.96 (m/sec2)/V and the bandwidth of 50 Hz is

installed at each floor.

Active Mass

Accelerometer

Shaking Table

Figure 8.1Experiment building and
Active Mass Damper

Damper

Sensors

46cm 46cm×

2 108 490××
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The AMD is a direct drive linear motion cart operated by a high torque DC motor.

cart position is measured by an encoder with a resolution of 2048 counts/rev. and 4.8

4 cm/count.

A MultiQ-3 I/O board is used for data acquisition and conversion. The terminal con

board has 8 single ended analog inputs (13-bit A/D), 8 analog outputs (12-bit D/A), 16

of digital inputs and outputs, and 8 encoder inputs, etc. It is used to obtain the mea

responses from sensors and to send control signals to the shaking table and AMD.

The MPC scheme based controller is first designed by Simulink (1998). Then the

ulink program is converted into C code through Matlab’s Real-time Workshop

Quanser’s WinCon software. Through WinCon server-client interface, the control sch

are realized and the measured data and control commands are transferred through th

tiQ-3 I/O board.

In addition, Siglab 3.0 package is applied as the spectrum analyzer. This PC-ba

input/2 output Siglab package has a Matlab interface and is used in system identific

and response analysis. All these devices are run by a 200 Mhz Pentium Gateway

computer with 32 Mb RAM.

8.2 Design of Shaking Table Operations

A closed-loop PID controller is designed for displacement controlled small-scale s

ing table used in the experiment (Fig. 8.2). The desired displacement is sent to th

motor as a voltage change of current. The PID controller generates control signal

makes the actual displacement of the table track the desired displacement signal.

ond-order system model is used for the shaking table. The pole placement techniq
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applied to design the closed-loop displacement controller. Assume the desired p

mance of the shaking table specifies a peak time and a damping ratio , and the

natural frequency of the desired system can be calculated by:

(8-1)

and the characteristic polynomial is equal to . A peak time of 0.03 seco

and a damping ratio of 0.7 are selected. Then using the pole-placement method, the

feedback matrix is obtained such that the shaking table system’s poles are set

roots of the characteristic polynomial.

As shown in Figs. 8.3 and 8.4, a test for the shaking table is done. A step function a

sinesoid wave function are chosen as the desired displacements. The dashed lines

sent the measured table displacement, which follows the desired displacement in

lines with satisfactory dynamic features.

However, for the earthquake, ground acceleration is usually measured by accelero

For the shaking table, the displacement control method cannot employ the desired g

acceleration directly. Therefore, an inverse transfer function method is used to obta

desired ground acceleration signals. Assuming that the shaking table can be modele

linear system over the frequency range of interest. This system identification test is c

out by Siglab 3.0 spectrum analyzer. The shaking table transfer function, , from

control command to the table acceleration is obtained and shown in Fig. 8.5 as the m

tude and phase plots. The dashed line is for the transfer function obtained experime

The solid line is for the analytical model obtained by curve-fitting. Once the transfer fu

t p ζ

ω0
π

t p 1 ζ2–
-----------------------=

s2 2ζω0s ω0
2+ +

k

Hau
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ence
tion is established, it can be written in the numerator and denominator form and

inverse, , can be easily derived.

The concept of inverse transfer function strategy is demonstrated in Fig. 8.6, w

demonstrates that a simulated earthquake signal can be generated. Figure 8.7 sho

displacement command for a 10% scaled El Centro earthquake signal and Fig. 8.

plays the corresponding El Centro simulated earthquake signal which is the mea

table acceleration. The original 10% scaled ground motion shown in Fig 8.9 has a

value of 0.0449, and the simulated one has a RMS value of 0.0569. The differ

between the two is 26%, which is relatively large.

Hau
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Output.
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k(1)
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150s

s+150
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Figure 8.2 PID design for shaking table
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Figure 8.3 Shaking table response with step displacement command
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Figure 8.4 Shaking table response with sinesoid wave displacement command
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Figure 8.6Diagram for shaking table design to get desired acceleration
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Figure 8.7 Displacement command for El Centro earthquake ground
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Figure 8.8 Measured shaking table acceleration simulating the 10%
scaled El Centro earthquake using inverse transfer function
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In order to increase the tracking accuracy of the shaking table, a transfer function

tion approach (Spencer and Yang, 1998), which is based on the inverse transfer fu

method, is used. The iteration is employed because the shaking table is not a comp

linear system. According to the transfer function iteration an initial command signa

first calculated as a fraction of the command signal. After the initial command sign

sent to the shaking table, the response can be measured. Then the error signal is o

to generate the differential signal. The sum of weighted initial command and the diffe

tial signal makes up the updated command signal to the shaking table. This proc

repeated until the satisfactory result is achieved. Figure 8.10 describes the transfer

tion iteration procedure.

Figure 8.11 shows the scaled El Centro earthquake acceleration record (dashe

and the measured acceleration of the shaking table (solid line). The RMS value o

scaled El Centro is 0.062 and the RMS value of the measured acceleration of shaking

Figure 8.9 The 10% scaled El Centro earthquake (target)
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at of
is 0.064. Using this scheme, the difference is only 3%, which is much smaller than th

the inverse transfer function approach.

Figure 8.10 Diagram for shaking table design using transfer function iteration
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Figure 8.11 10% scaled El Centro earthquake signal and Simulated El
Centro earthquake ground acceleration using transfer function iteration
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8.3 System Identification

An important dynamic feature in structural control problems concerns control-struc

interaction (CSI), which is often neglected by most researchers. Dyke et al. (1995) n

that CSI is a critical factor in design and application of high performance controllers.

the flexible building used in our experiments, AMD is set up on the top of the build

which has its own dynamic features (Battaini et al. 2000). A PID controller is designe

drive the AMD to the desired positions. Therefore, it is important that the dynamics of

PID close-loop controller are taken into consideration. The entire system consists o

AMD, building and AMD-building interaction as displayed in Fig. 8.12.

To obtain an accurate mathematical model for this system, the input-output resp

are measured and used in system identification. This input-output model has been

to be effective for the design of high performance controllers that include control-struc

interaction (Dyke et al, 1995; Battaini et al, 2000).

Structure

Interaction

AMD
u

x

x

.. x
..

g a

rd

PID

Figure 8.12 Diagram of AMD, Structure and AMD-Structure
interaction as a whole system
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The transfer functions from the system’s inputs to outputs are experimentally d

mined as shown in Fig. 8.12. The two inputs include the ground acceleration an

command signal . The outputs are the measured acceleration of the structure a

relative displacement of AMD with respect to the top floor. The number of measu

acceleration outputs depends on the number of accelerometers installed. For this 2

building, accelerometers are placed at each floor for acceleration measurements.

fore, the transfer function for the system is described by a  matrix.

The Siglab’s Spectrum analyzer is utilized to obtain the experimental transfer funct

Each of the transfer function is curve-fitted and modeled by a Laplace function in the

lowing form.

(8-2)

where is Laplace variable and ; is frequency; is the numerator poly

mial; and is the denominator polynomial. This system is a multi-input and multi-o

put system (MIMO). As a result, the MIMO state space realization is needed for

transformation from the Laplace formed transfer function to the state space represen

This realization process is accomplished by curve-fitting (Dyke, 1996), left matrix f

tion, and eigen-system realization algorithm (Juang, 1994) as explained below.

The first step to get the analytical state space representation of the system fro

experimentally obtained transfer function is curve-fitting. A Matlab functioninvfreq is

used to curve-fit each individual term of the transfer function matrix . For the MIM

system, two separate systems are first formed as a result of two inputs. Each of thes

responds to a single-input-multi-output system. Subsequently, both are realized in a

ẋ̇g

u ẋ̇a

2 3×

H s( ) N s( )
D s( )
------------=

s s iω= ω N s( )

D s( )

H s( )
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space representation and are stacked together to frame the state-space representati

MIMO system. However, both sub-systems contain some common dynamic featur

the structure, thus, simply stacking these together introduces redundancy in this re

Therefore, the following scheme is introduced to arrive at the needed minimal realiz

of the system.

Once curve-fitting is completed, the left matrix-fraction method is used to obtain

Markov parameters, which are commonly used as the basis for identifying mathem

models for linear dynamic systems (Juang, 1994). The Markov parameters, , are d

as:

, , , (8-3)

where , , and are matrices for the state space representation. The left matrix-fra

assumes that the transfer function matrix can be expressed as:

, (8-4)

where  and  are polynomials with matrix coefficients.

, (8-5)

(8-6)

By multiplying  on both sides of Eq. (8-4) and re-arranging

. (8-7)

Yk

Y0 D= Y1 CB= Y2 CAB …,= Yk CAk 1– B=

A B C

H s( ) Q 1– s( )R s( )=

Q s( ) R s( )

Q s( ) I m Q1s 1– … Qps p–+ + +=

R s( ) R0 R1s 1– … Rps p–+ + +=

Q s( )

H s( ) Q1H s( )s 1–– …– QpH s( )s p–– R0 R1s 1– … Rps p–+ + + +=
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With , Eq. (8-7) becomes a linear equation. is obtained from the curve-fit

model when ( ). Now, there are linear equations available. T

yields,

(8-8)

where

(8-9)

(8-10)

(8-11)

Eq. (8-8) is a linear algebraic equation from which an estimated real value of ca

obtained by:

(8-12)

where  denotes pseudo-inverse and  indicates the estimated value.

By comparing similar terms, and ( ) can be obtained from . It

known that

H s( ) H sk( )

sk jωk= k 0 … n 1–, ,= n

Π ΘΩ=

Ω

H s0( )s0
1– H s1( )s1

1– … H sn 1–( )sn 1–
1–

… … … …

H s0( )s0
p– H s1( )s1

p– … H sn 1–( )sn 1–
p–

I m I m … I m

s0
1– I m s1

1– I m … sn 1–
1– I m

… … … …

s0
p– I m s1

p– I m … sn 1–
p– I m

=

Θ Q1– … Qp– R0 … Rp
=

Π H s0( ) H s1( ) … H sn 1–( )=

Θ

Θ̃ Π( )real

Π( )imag

Ω( )real

Ω( )imag

⊥

=

⊥ ˜

Qi Ri i 0 … p, ,= Θ̃
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Eq. (8-4) can be written as:

(8-14)

Therefore, the Markov parameters can be obtained as:

(8-15)

, (8-16)

, (8-17)

In order to obtain a minimal state-space realization of the transfer function ma

eigen-system realization algorithm (ERA) is applied here (Juang, 1994). Hankel ma

 and  are defined as:

, (8-18)

where is the degree of the least common denominator of all nonzero entries o

 matrix . Then using singular value decomposition,  is written as:

(8-19)

H s( ) Y0 Y1s 1– Y2s 2– …+ + +=

Qis
i–

i 0=

p

∑
 
 
 

Yis
i–

i 0=

∞

∑
 
 
 

Ris
i–

i 0=

p

∑=

Y0 D R0= =

Yk Rk QiYk i–
i 1=

k

∑–= k 1 … p, ,=

Yk QiYk i–
i 1=

p

∑–= k p 1+ … ∞, ,=

T T̂

T
Y1 … Yr

… … …
Yr … Y2r 1–

= T̂
Y2 … Yr 1+

… … …
Yr 1+ … Y2r

=

r

l m× H s( ) T

T K Σ 0

0 0
L K1ΣL1 K1Σ1 2⁄( ) Σ1 2⁄ L1( ) VU= = = =
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where are the singular value matrix of , denotes the first c

umns of , denotes the first rows of , , and . Let and

denote pseudo-inverses of  and  as:

(8-20)

Accordingly, the state space matrices of the system can be obtained as:

, , , (8-21)

Here is defined as the first columns of , and is defined as the first rows o

which yields a minimal realization ofH(s) (Antsaklis and Michel, 1997).

An expression for the transfer function can be obtained from

The experimental (dashed lines) and analytical (solid lines) transfer functions are sho

Figs. 8.13-8.16. Figure 8.13 shows the transfer function from the ground accelerati

the second floor acceleration. Figure 8.14 shows the transfer function from the gr

acceleration to the first floor acceleration. The transfer function from the actuator c

mand to the second floor acceleration is displayed in Fig. 8.15. In Fig. 8.16, the tra

function from the actuator command to the relative displacement of AMD is plotted.

these figures show that the structural model obtained using preceding approach

well with the experimental data.

The final state space realization including the structure and AMD is expressed as

(8-22)

(8-23)

Σ diag λ1 … λq, ,( )= T K1 q

K L1 q L K1
TK1 I q= L1L1

T I q= V⊥ U⊥

V U

V⊥ Σ 1– 2⁄ K1
T U⊥, L1

TΣ 1– 2⁄= =

A V⊥T̂U⊥= B UIm mr,
T= C Il lr, V= D Y0=

B m U C l V

H s( ) C sI A–( ) 1– B D+=

ẋ Ax Bu Eẋ̇g+ +=

y Cx Du F ẋ̇g v+ + +=
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trices,
where is the state vector of the system; , which is the vector of m

sured responses; matrices , , , , , and are the realized state space ma

and  is the noise in the measured signals.

x y ẋ̇a2 ẋ̇a1 xrd

T
=

A B C D E F

v

Figure 8.13 Transfer function from ground acceleration to
the second floor acceleration
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Figure 8.14 Transfer function from ground acceleration to the first floor acceleration

0 1 2 3 4 5 6 7 8 9 10
−40

−20

0

20

40

Frequency (Hz)

M
ag

ni
tu

de
 (d

B)

Ground acceleration to the 1st  floor acceleration

0 1 2 3 4 5 6 7 8 9 10
−350

−300

−250

−200

−150

−100

−50

0

Frequency (Hz)

Ph
as

e

Ground acceleration to the 1st floor acceleration

curve−fit 
experiment
168



n
Figure 8.15 Transfer function from the AMD command to the second floor acceleratio
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Figure 8.16Transfer function from the AMD command to its displacement
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8.4 MPC Using Acceleration Feedback

A control system is designed for the combined AMD and the structure system by u

MPC scheme discussed in previous chapters. It is first modeled in Simulink, and

transformed to a C code by Quanser’s WinCon software and Matlab’s Real-Time W

shop. A MultiQ control board is used for finalizing the real-time control operations. T

sampling time is fixed at 0.001 seconds using MultiQ board’s digital timer.

The MPC based control scheme discussed in Chapter 5 is used in this experimen

the transfer functions are measured in the frequency domain. Figure 8.17 shows the

fer function from the ground acceleration to the second floor acceleration. In Fig. 8.18

transfer function from the ground acceleration to the first floor acceleration is prese

Three versions of transfer functions, i.e., uncontrolled, experimentally controlled,

simulation based controlled are displayed. As shown in these two figures, the respo

first and second modes is greatly reduced and the simulated and experimental result

a good agreement.

In the following, typical time histories obtained experimentally are presented.

model building is subjected to the El Centro earthquake (10% scaled) with weigh

matrices and . Figure 8.19 shows the time histories of

uncontrolled and controlled second floor acceleration. The dashed and solid lines

sent the response of the uncontrolled system and controlled system, respectively.

8.20 compares the experimental and simulated acceleration of the second floor. Sim

Fig. 8.21 displays experimental time histories of the first floor acceleration under El ce

earthquake with and without control. Figure 8.22 compares experimental and simu

Q 1.8e6 4e5 0= R 2e5=
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both

tion
acceleration of the first floor of the controlled system. The control forces generated in

the experiment study and the simulation by MPC are shown in Fig. 8.23.

Figure 8.17 Transfer function from ground acceleration to the second floor accelera
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Figure 8.18 Transfer function from ground acceleration to the first floor acceleration
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Figure 8.19 Comparison of uncontrolled and controlled
second floor acceleration with acceleration FB (R=2e5)
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Figure 8.20 Controlled second floor acceleration with acceleration FB (R=2e5
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Figure 8.21 Comparison of uncontrolled and controlled first
floor acceleration with acceleration FB (R=2e5)
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Figure 8.22 Controlled first floor acceleration with acceleration FB (R=2e5)
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Table 8.1 summarizes the results presented in the preceding figures. The tab

results include RMS and peak response of the uncontrolled system and controlled s

based on experiments and simulation. As noted in Fig. 8.19, the experimentally mea

second floor acceleration is significantly reduced. This is further supported by the da

Table 8.1. For the experimental data, when R is equal to 200000, the RMS value o

controlled response of the second floor acceleration is 0.241 m/s2, which is 43.9%

than the uncontrolled case. Similarly, for the peak value, the reduction over uncontr

case is 33.3%. Furthermore, the difference between the experimental control and th

ulated control results can be observed from Figs. 8.20, 8.22 and 8.23 and verified in

8.1. The difference between these two is 8% for the RMS value and 3% for the peak

of the second floor acceleration response. As regards to the control command, the

ence between the experiment and simulation is 10% for the RMS value and 5% fo

peak value.

Figure 8.23 Control command of AMD. (R=2e5)
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If the weighting of the control force is adjusted, a better control result can be obtai

In this case, the Q matrix remains the same, but R is changed from 200000 to 5000

ures 8.24 displays the uncontrolled and controlled second floor acceleration respo

Figures 8.25 and 8.26 show the experimental and simulation results of the second

acceleration and the control command, respectively. The RMS and peak values of ac

ations and control command are listed in Table 8.1. For the second floor acceleratio

RMS response is reduced by over 66% and the peak response is reduced by over 4

the experiment. The difference between the experimental and simulation results of th

ond floor acceleration is 14% for the RMS value and 5% for the peak value. The differ

for the control command is 9.5% for the RMS value and l0.1% for the peak value.

The differences between the simulation and experimental results basically come

two sources. Firstly, there are some mismatches between the actual structure and the

tural model used for control design. The cut-off frequency for the structural model i

Hz. As a result, the high-frequency structural properties are neglected. Furthermor

frequencies lower than 0.5 Hz, the structural model is contaminated by noise be

accelerometers used in this study cannot provide accurate measurement at very lo

quencies. Secondly, it is assumed that, for the simulation model, there is no noise

control operation and acceleration feedback. However, during experiments all kind

unpredictable disturbance such as loose connections, friction and cable vibration

occur, which can negatively impact the experimental results.
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Table 8.1 Structure Acceleration Response

(m/s2) (m/s2) (Volt) (m/s2) (m/s2) (Volt)

Uncontrolled 0.429 0.378 1.397 1.211

R=2e5
 experiment 0.241 0.219 0.052 0.931 0.952 0.220

simulation 0.222 0.186 0.047 0.906 0.880 0.209

R=5e3
 experiment 0.144 0.153 0.158 0.713 0.663 0.792

simulation 0.124 0.111 0.143 0.679 0.674 0.791

σ ẋ̇a2 σ ẋ̇a1 σu
max ẋ̇a2( ) max ẋ̇a1( ) max u( )
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Figure 8.24 Comparison of uncontrolled and controlled
second floor acceleration with acceleration FB (R=5000)
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Figure 8.25 Controlled second floor acceleration with acceleration FB (R=5000)
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Figure 8.26 Control command of AMD. (R=5000)
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8.5 Placement of Accelerometers

In the experiment, the number and locations of accelerometers are also varied to

ine their effects on the control results. As mentioned before, each floor of the two-s

building has one accelerometer attached. Three cases are considered. In case I, bot

erometer feedbacks are used. In case II, only the accelerometer on the first floor is us

case III, only the second floor accelerometer is used in the observer design. The purp

the experiment is to see which case can provide the best solution as well as to pro

simple simulation of the scenario where limited number of sensors are available.

Table 8.2 lists the acceleration responses and control command under these cas

can be seen, Case I gives the smallest control response using the least control force

II, in which the accelerometer is attached to the first floor, delivers better performance

case III, in which the accelerometer is attached to the second floor. Table 8.2 also

pares the experimental and simulation results. The differences between the simulate

experiment results are less than 15%. These results further reinforce the discussion

tion 5.4.1.2 and Section 5.4.2.2 of Chapter 5, i.e., feedback from the all-floor acceler

provides the best control effect, but if the number of accelerometers is limited, placin

accelerometer on the first floor is more effective than placing them at other locations
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8.6 Feedforward-Feedback Control

In this section, the control performance of the MPC-AR scheme is investigated ex

mentally. As discussed in Chapter 6, MPC-AR scheme uses a real-time measurem

earthquake for the design of improved controllers. Such a scheme, as demonstra

Chapter 6, is very robust for a host of different earthquakes with their own salient feat

However, due to the limitations on both hardware and software, it is not easy to imple

the scheme in real-time at this time. Therefore, to test the control effects of MPC

scheme, a simple method referred to here as the pseudo real-time MPC-AR scheme

posed. Based on this method, the ground motion generated by the shaking table is

sured first. Then the MPC-AR control scheme is designed and the simulation resul

obtained on the computer. Consequently, the simulated control force is recorded and

directly in the AMD control command under the same ground motion excitation exp

mentally.

Table 8.2 Structural Acceleration Response with Different Accelerometer Locations

No
control

Case I Case II Case III

exp. sim. exp. sim. exp. sim.

(m/s2)
0.429 0.214 0.181 0.214 0.189 0.215 0.207

 (Volt) 0.075 0.064 0.075 0.066 0.075 0.072

(cm/s2)
1.397 0.840 0.754 0.869 0.845 0.924 1.010

(Volt)
0.340 0.369 0.354 0.353 0.379 0.414

σ ẋ̇a2

σu

max ẋ̇a2( )

max u( )
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The experimental results under the pseudo-real-time MPC-AR method are show

Figs. 8.27-8.29, where MPC and MPC-AR are compared. Table 8.3 provides a sum

of the comparison. It is noted that the peak and RMS values of the control force u

MPC-AR are 3% and 17.0% smaller than those under MPC scheme, respectively. In

tion, the peak values of the second and first floor acceleration using the MPC-AR sc

are 15% and 16%, respectively, smaller than those under the MPC scheme. As far

agreement between the experiment and simulation results is concerned, the peak

shows a better agreement than the RMS values. For example, for the second floor a

ation, the difference between the experiment and simulation is 13% for the RMS valu

8% for the peak value. For the MPC-AR scheme, the same control force is used i

experiment and simulation. These results demonstrate that, as a FF-FB control sc

MPC-AR scheme can provide better control results than the MPC as noted in Chapt

Table 8.3 Structure Acceleration Response under Scaled El Centro Earthquake
(Pseudo Real-Time MPC-AR)

(m/s2) (m/s2) (Volt) (m/s2) (m/s2) (Volt)

Uncontrolled 0.429 0.378 1.397 1.211

MPC (experiment) 0.181 0.191 0.098 0.850 0.860 0.493

MPC (simulation) 0.155 0.132 0.084 0.840 0.753 0.486

MPC-AR
(experiment)

0.172 0.170 0.081 0.720 0.724 0.480

MPC-AR
(simulation)

0.149 0.127 0.081 0.776 0.721 0.480

σ ẋ̇a2 σ ẋ̇a1 σu
max ẋ̇a2( ) max ẋ̇a1( ) max u( )
180



Figure 8.27The second floor acceleration responses using MPC and
MPC-AR schemes under scaled El Centro earthquake
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Figure 8.28The first floor acceleration responses using MPC
and MPC-AR schemes under scaled El Centro earthquake

0 10 20 30 40 50 60
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

time (second)

Fir
st 

Flo
or 

Ac
ce

ler
ati

on
 (m

/se
c2 )

MPC   
MPC−AR
181



arth-

In the

ound

on
Another discussion in Chapter 6 is that MPC-AR can be used under different e

quakes. As signified in the above experiments, scaled El Centro earthquake is used.

following experiment, the Kobe earthquake signal is applied to the shaking table as gr

Figure 8.29The control command using MPC and MPC-AR schemes
under scaled El Centro earthquake
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Figure 8.305% scaled Kobe earthquake signal and measured table accelerati
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motion. Figure 8.30 shows the 5% scaled record data and the measured acceleratio

the shaking table. The peak measurement of the table acceleration is 0.4140 m/s2 and

RMS value is 0.0780 m/s2. The peak scaled Kobe earthquake is 0.4168 m/s2 and RMS

value is 0.0736 m/s2. The difference between the two is 1% for the peak value and 6%

the RMS value.

Table 8.4 shows a comparison of experimental and the simulation results under s

Kobe earthquake. For the experiment, the maximum control force of the MPC-AR sch

is 8.5% smaller than that of the MPC scheme. The peak acceleration response of th

ond floor under the MPC-AR scheme is 8.7% smaller than that under MPC scheme

the MPC-AR scheme, the difference between the experiment and simulation result

second floor acceleration is 12% for the RMS value and 8% for the peak value. T

show a relatively good agreement between the experiment and the computer simu

More importantly, the results prove the MPC-AR scheme has the adaptive feature

cater for the seismic events with unusual and unexpected characteristics.

Table 8.4 Structure Acceleration Response under Scaled Kobe Earthquake (Pseud
Real-Time MPC-AR)

(m/s2) (m/s2) (Volt) (m/s2) (m/s2) (Volt)

Uncontrolled 0.3735 0.3473 1.3783 1.510

 MPC (experiment) 0.223 0.204 0.222 0.960 0.902 0.954

 MPC (simulation) 0.201 0.176 0.218 0.899 0.756 0.956

MPC-AR
(experiment)

0.214 0.198 0.215 0.876 0.866 0.873

MPC-AR
(simulation)

0.188 0.161 0.209 0.807 0.745 0.907

σ ẋ̇a2 σ ẋ̇a1 σu
max ẋ̇a2( ) max ẋ̇a1( ) max u( )
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Figure 8.31The second floor acceleration responses using MPC and
MPC-AR schemes under scaled Kobe earthquake
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Figure 8.32The first floor acceleration responses using MPC
and MPC-AR schemes under scaled Kobe earthquake
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8.7 Constrained MPC Scheme

Having tested the MPC using acceleration feedback and MPC-AR scheme, this se

is to verify the constrained MPC as discussed in Chapter 3. The pseudo control met

used to in the experiment. First, the constrained MPC is simulated on the computer

the approach presented in Chapter 3. Then the control force is recorded and used

experiment to drive the AMD.

Two experiments are conducted to test the robustness of constrained MPC sc

under different seismic events. The first one uses the scaled El Centro earthquake a

tation and the maximum voltage of the control command is set to be 0.4 Volt. Firs

scaled El Centro earthquake is used as excitation. Figures. 8.34-8.36 show the accel

response and the control command. In the second one, the scaled Kobe earthquake
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Figure 8.33The control command using MPC and MPC-AR schemes
under scaled Kobe earthquake
185



8.39

der the

lts. It

other

oth

ive in
as excitation and the maximum control command is limited to 0.6 Volts. Figures 8.37-

compare the acceleration responses and control command under no control and un

constrained MPC scheme.

Table 8.5 compares the results of these two experiment with the simulation resu

appears that the experimental and simulation results are quite consistent with each

for both cases. The maximum control command remains within the required limits. B

experiments arrive at the same conclusion, i.e., the constrained MPC is quite effect

the reduction of the acceleration responses with its constrained control command.

Figure 8.34The second floor acceleration responses using
constrained MPC scheme under scaled El Centro earthquake ( )u 0.4≤
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Figure 8.35The first floor acceleration responses using constrained
MPC scheme under scaled El Centro earthquake ( )u 0.4≤
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Figure 8.36The control command using constrained MPC scheme
under scaled El Centro earthquake ( )u 0.4≤
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Figure 8.37The second floor acceleration using constrained MPC
scheme under scaled Kobe earthquake ( )u 0.6≤
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Figure 8.38The first floor acceleration using constrained MPC
scheme under scaled Kobe earthquake ( )u 0.6≤
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Table 8.5 Structure Acceleration Response using Constrained MPC

Scaled El
Centro

EQ.

Uncon-
trolled

0.429 0.379 1.397 1.211

Constrained
MPC

(experiment)
0.153 0.162 0.126 0.713 0.852 0.400

Constrained
MPC

(simulation)
0.124 0.113 0.124 0.711 0.869 0.400

Scaled
Kobe
EQ.

Uncon-
trolled

0.374 0.347 1.378 1.510

Constrained
MPC

(experiment)
0.233 0.231 0.208 0.928 0.981 0.600

Constrained
MPC

(simulation)
0.211 0.182 0.208 0.932 0.888 0.600
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Figure 8.39The control command using constrained MPC scheme
under scaled Kobe earthquake ( )u 0.6≤

σ ẋ̇a2 σ ẋ̇a1 σu max ẋ̇a2( ) max ẋ̇a1( ) max u( )
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8.8 Summary

In this chapter, experimental studies of several MPC based schemes using accele

feedback were presented for controlling structural response under earthquake load

experimental system consisted of a two-story building which was controlled by A

devices, accelerometers and computer control system. MPC controller was designe

implemented experimentally for the whole system made up of the AMD, building

AMD-building interaction. First, the MPC scheme using acceleration feedback was

fied under two different weighting parameters. Then the influence of the number an

locations of accelerometers on control design was studied. Using the pseudo-rea

control method, the effectiveness of MPC-AR was then tested with two different ea

quake excitations. Finally, the constrained MPC scheme was applied to the experim

building under different earthquakes.

In these experiments, two models were developed. First involved the design of sh

table operation which was used and controlled to simulated the desired ground m

The other was concerning the model of the AMD, building and AMD-building interact

structural system. The system identification method used for this structural system

shown to be effective and a minimal realization of the system was obtained. MPC sc

using acceleration feedback was employed to study structural control and it was fou

be effective. For the response control implementation, the acceleration feedback

indeed convenient in practice and could be used in the structural control design. W

accelerometer attached to each floor, better control results can be achieved. In additi

MPC-AR scheme used both the feedforward and feedback information from sensor

showed better control performance than the MPC scheme. Furthermore, the robustn
190
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f the

help
MPC-AR scheme under different earthquakes was demonstrated. The constrained

did limit the control force within the design value. This helped prevent the controller fr

exceeding its capacity. Overall, the experimental results demonstrated the ability o

MPC based schemes in controlling motion of small-scale structures. This feature will

to promote their future consideration and implementation in full-scale structures.
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CHAPTER 9

BENCHMARK PROBLEM FOR WIND EXCITED TALL BUILDINGS

A wide range of control devices and schemes have been proposed and implemen

structures as described in Chapter 1. However, it is very difficult to evaluate their rel

effectiveness because each represents a different structure with different control d

and different design criteria. In 1995, the ASCE Committee on Structural Control initia

a benchmark study in structural control. The benchmark study proposed evaluation

performance of different control strategies and devices with the prescribed design o

tives. The first generation benchmark problem considered two benchmark structures

were scaled models of a three-story building, employing an active mass driver (A

controller and an active tendon controller, respectively. In 1998, the “second genera

benchmark studies were developed at the Second World Conference of Structural C

(SWCSC). One of these related to an earthquake excited building by Spencer et al. (1

the other concerned a wind-excited building (Yang et al., 1998). After the SWCSC (19

additional research work modification related to the benchmark problem were under

and subsequently the third generation benchmark problems were proposed. One of t

an earthquake-excited nonlinear building (Ohtori et al., 2000) and the other is a w

excited tall building (Yang et al., 2000).
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This chapter investigates the third generation benchmark problem of a wind-excite

building. In this version of the benchmark problem, the wind loading time history w

obtained from a wind tunnel study in Sydney University to facilitate the time domain a

ysis. A reduced order model for the 76-story concrete building is controlled by MPC u

an active tuned mass damper (ATMD). The MPC provides an alternative simple co

method with the convenience of handling problems with prescribed constraints (Mei e

2000). Two cases are considered here. First is MPC only, which does not include

scribed physical constraints in the objective function. The constraints are satisfie

choosing weighting matrices. The second involves MPC with physical constraint

which an optimal solution is sought in the constrained space. The inequality constrain

the maximum control force and mass damper displacement are included in the opti

tion objective. At each time step, MPC reduces to an optimization problem subjecte

inequality constraints. A quadratic programming algorithm is used to obtain the opt

control force. An optimal solution is found in this constrained space. Accordingly,

control forces and mass damper displacement remain within the prescribed const

space.

9.1 Problem Description

The benchmark problem in Yang et al. (2000) involves a 76-story and 306-meter

crete office tower subjected to alongwind or acrosswind excitation. An active tuned

damper (ATMD) was installed on the top floor. The actuator dynamics and contro

structure interaction were neglected. An evaluation model with 48 states was obt
193
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through a model reduction scheme. These procedures simplified the computational

The equations of motion were expressed in a state space form:

(9-1)

(9-2)

(9-3)

where is the 48-dimensional state vector,

; u is the scalar

control force; and W is the wind excitation vector of dimension 24; a

are control output vector and measured output vector of the evaluation m

in which , ; is a vector of measured

noise; is the relative displacement of the mass damper with respect to the top

Matrices , , , , , , , and were provided in Yang et al. (2000) and ha

appropriate dimensions.

The wind force data acting on the benchmark building were determined from wind

nel tests. The prototype scale for the building was 1:400 and the velocity scale wa

which result in a time scale of 1:133. Twenty-seven seconds of wind data were reco

and corresponded to an hour of prototype data. For the performance evaluation of c

systems, only the first 900 seconds of acrosswind data were used for the computat

building response.

The time domain analysis was conducted on this evaluation model subjected to th

seconds of wind loading. There are 12 evaluation criteria defined for the time do

ẋ Ax Bu EW+ +=

z Czx Dzu FzW+ +=

y Cyx Dyu FyW v+ + +=

x x ẋ,[ ]
T

= x x3 … xi, ,[ ]=

i 6 10 13 16 20 23 26 30 33 36 40 43 46 50 53 56 60 63 66 70 73 76m, , , , , , , , , , , , , , , , , , , , , ,=

z z ż ż̇, ,[ ]T
=

y ż ż̇,[ ]T
=

z x1 … xi, ,[ ]= i 1 30 50 55 60 65 70 75 76m, , , , , , , , ,= v

xm

A B E Cz Dz Fz Cy Dy Fy
194



6-story

hese

-

-

tive

imi-
response analysis. Both the RMS values and the peak response values of the 7

building are defined quantities to be calculated and to derive the evaluation criteria. T

criteria are:

(9-4)

(9-5)

(9-6)

(9-7)

where and are RMS displacement ofi-th floor with and without control, respec

tively, and are RMS acceleration ofi-th floor with and without control, respec

tively.

(9-8)

(9-9)

where is the RMS displacement value of actuator’s stroke, is the RMS rela

velocity of the actuator to the top floor, and denotes the RMS control power. The l

tation on the RMS values of control force and actuator stroke are kN and

cm for acrosswind.

(9-10)

J1 max σ ẋ̇1 σ ẋ̇30 σ ẋ̇50 σ ẋ̇55 σ ẋ̇60 σ ẋ̇65 σ ẋ̇70 σ ẋ̇75, , , , , , ,{ } σ ẋ̇75o⁄=

J2
1
6
--- σ ẋ̇i σ ẋ̇io⁄( ) i,

i
∑ 50 55 60 65 70 75, , , , ,= =

J3 σx76 σx76o⁄=

J4
1
7
--- σxi σxio⁄( ) i,

i
∑ 50 55 60 65 70 75 76, , , , , ,= =

σxi σxio

σ ẋ̇i σ ẋ̇io

J5 σxm σx76o⁄=

J6 σp
1
T
--- ẋm t( )u t( )[ ] td

0

T

∫= =

σxm σ ẋm

σp

σu 100≤ σxm 30≤

J7 max ẋ̇p1 ẋ̇p30 ẋ̇p50 ẋ̇p55 ẋ̇p60 ẋ̇p65 ẋ̇p70 ẋ̇p75, , , , , , ,{ } ẋ̇p75o⁄=
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(9-11)

(9-12)

(9-13)

where is the peak displacement ofi-th floor with control, is peak acceleration ofi-

th floor with control, and  is the peak displacement ofi-th floor without control.

(9-14)

(9-15)

where is the peak stroke of the actuator, and is the peak velocity of the act

and is the peak control power. The actuator capacity constraints include the fo

ing: the maximum control force kN and the maximum strok

.

Ten design requirements for ATMD are imposed on the proposed control design. S

standards include the following: maximum 6 sensors can be set up on the building

sampling time is 0.001 second; one step time delay; and measurement noise has

sided spectral density of  m2/sec3/Hz; the actuator capacities are as described abov

J8
1
6
--- ẋ̇pi ẋ̇pio⁄( ) i,

i
∑ 50 55 60 65 70 75, , , , ,= =

J9 xp76 xp76o⁄=

J10
1
7
--- xpi xpio⁄( ) i,

i
∑ 50 55 60 65 70 75 76, , , , , ,= =

xpi ẋ̇pi

xpio

J11 xpm xp76o⁄=

J12 Pmax max ẋpm t( )u t( )= =

xpm ẋpm

Pmax

max u t( ) 300≤

max xm t( ) 95cm≤

10 9–
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9.2 Results and Discussion

In this study, three accelerometers are placed on the top two floors and on the AT

The Kalman-Bucy filter is used to obtain the feedback gain of the observer. It is obta

from

(9-16)

where  is the unique, symmetric, and positive definite solution of the Riccati equati

(9-17)

and , , , , , and . and are

assumed to be independent.

In the following examples, the MPC schemes used in Chapters 2 and 3 are emp

The MPC based controllers are designed for the 76-story building with designed stiff

which is referred to as the nominal building. Furthermore, to show the robustness o

controller, the uncertainty of building stiffness is considered. The controller obtained

the nominal building is applied to buildings with+15% variations in the stiffness matrix

The peak and RMS response quantities and evaluation criteria for these three buildin

presented and compared to the LQG control design.

9.2.1 Nominal Building

First the nominal building with designed stiffness is studied using MPC scheme wit

consideration of the hard constraints. The limits on the control force and ATMD’s

placement are satisfied by adjusting weighting matrices Q and R. Here the weight

Γe PCy
T CyPCy

T V+( )
1–

=

P

P Φ P PCy
T CyPCy

T Rv+[ ]
1–
CyP–[ ]ΦT ΓyQwΓy

T+=

E WWT[ ] Qw= E vvT[ ] V= Qw Qw
T= Qw 0> Rv Rv

T= Rv 0> W v
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control force is chosen as 55. Then MPC considering constraints on the control forc

ATMD displacement is applied to this nominal building. Table 9.1 gives performance

teria under different control schemes including passive control (TMD), LQG, MPC1 (with

no constraints) and MPC2 (with constraints). Table 9.2 shows the peak values of the d

placement and acceleration at different floors under different control schemes. Tab

lists the RMS values of the displacement and acceleration response at different

under different control strategies.

It has been noted by Rodellar(1987), Mei and Kareem (1998) that the MPC1 (with no

constraints) scheme has equivalent control effectiveness as the LQG control desig

shown in the performance criteria in Table 9.1, MPC scheme is better than TMD a

similar to LQG. Under MPC1 scheme the peak control force is 118.1 kN while it is 118

kN under LQG. The RMS value of the control force is 32.23 kN under MPC1 and 34.07

kN under LQG. Most of the criteria are a little smaller under MPC1 except that (related

to average peak displacement reduction) and (peak value of control power) are sm

under LQG. The controlled top floor acceleration 9.26 cm/s2 is smaller than that of LQG,

which is 15.89 cm/s2 as listed in Table 9.2. Similar results are obtained for the RMS val

in Table 9.3. For example, the RMS values of the 76-th floor acceleration under MP1 is

43% smaller than that of the LQG control.

Following the unconstrained case, the controlled response is evaluated using

strained MPC. The weight R on control force is chosen as 50 so that the maximum co

force is 128 kN if not constrained. The range of the control force is chosen

in this example. The constraint on the output is the limit on the ATM

displacement, which requires the maximum displacement to be 95 cm. The maxi

J8

J12

118kN– 118kN
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control force reaches the constraint (118 kN) and an optimal solution within the boun

is obtained from the constrained MPC scheme. The results for MPC2 (with constraints)

are shown in Tables 9.1, 9.2 and 9.3. Under MPC2 scheme the criteria to , and to

are smaller, which means better response reduction, while , , and

larger, which implies larger AMD stroke and more control power. This leads to m

response reduction than the MPC1 and LQG schemes while the peak control force rema

118 kN as prescribed.

9.2.2 Buildings with+15% of Original Stiffness

To show the robustness of the controller, the uncertainty of building stiffness is ta

into consideration. In addition to the “nominal building”, two additional buildings a

taken into account. One case is with a +15% higher stiffness of the building and the

with a -15% lower stiffness, which are referred to as the +15% building and the -1

building, respectively, in the benchmark problem. The stiffness matrices for the two b

ings are obtained by multiplying each element of the stiffness matrix of the nominal b

ing by 1.15 and 0.85, respectively. The controller designed previously for the nom

building is applied to the+15% buildings. The performance criteria of the+15% buildings

are presented in Table 9.4. The peak and the RMS values of displacement and accel

of the two buildings are listed in Tables 9.5 and 9.6.

As noted from these tables, MPC1 and MPC2 designed for the nominal building resul

in reducing the response of the+15% buildings. As observed from the results of Tables 9

and 9.6, like the LQG case, the acceleration response quantities are robust for the

schemes. In comparison with the nominal structure, the displacement of the 75-th

stroke, active control force, and control power for the -15% building under MPC1 increase

J1 J4 J7

J10 J5 J6 J11 J12
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by about 24.2%, 12.8%, 16.4% and 19.9%, respectively. Under MPC2, they increase by

24.7%, 14.0%,16.8% and 18.8%, respectively. For the +15% building, The displacem

stroke, active control force, and control power in comparison with the nominal build

are reduced by 16.6%, 16.7%, 6.2% and 18.6% by MPC1, respectively. Using MPC2, the

reductions are 16.1%, 17.4%, 8.4% and 21.2%, respectively. For MPC2 scheme, the maxi-

mum absolute control force is always limited to be less than 118 kN for both the +

and the -15% buildings. With a lager control power, the response reduction is better

those of MPC1 and LQG. The RMS value of the ATMD displacement and the peak va

of ATMD displacement both remain within the prescribed limits.

Figures 9.1 and 9.2 compare the changes in the displacement of the 75-th floor, ac

stroke, control force, and control power under LQG, MPC1 and MPC2 schemes when the

structural stiffness has variations of+15%. Compared to the LQG scheme (Yang et

2000), for the+15% buildings, the displacement of 75-th floor under MPC schemes

little more sensitive to the stiffness uncertainty than that under the LQG scheme. How

the required actuator capacity (stroke, control force, and control power) under M

schemes is much less sensitive to the stiffness uncertainty than those under the

scheme (Yang et al., 2000). These trends demonstrate that the MPC schemes ar

robust to the uncertainty in the structural stiffness.
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To sum up, from the numerical examples, MPC exhibits effectiveness similar to

LQG method. The+15% changes in the stiffness of the building does notably affect

Figure 9.1Comparison of sensitivities of different control
schemes to the +15% change in stiffness
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Figure 9.2Comparison of sensitivities of different control
schemes to the -15% change in stiffness
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controller performance. MPC based schemes show more robustness in the event of

tainty in the structural model. The MPC scheme can also address control under cons

more effectively. Simulations show that for the ATMD, MPC with constraints can rest

the control force within the prescribed limits and generate optimal control force at e

time step. The damper displacement is also limited within the required range. Abov

the MPC scheme can accommodate practical civil engineering problems and provi

more effective way to handle physical constraints.

9.3 Summary

In this chapter, the MPC scheme was employed to reduce the response of the b

mark problem under wind excitation with input/output inequality constraints imposed

the structure and the control device. At each time step, MPC reduced to an optimal

lem subjected to certain constraints on the input and output. This led to a quadratic

gramming problem with inequality constraints. The numerical results for a build

demonstrated the effectiveness of the MPC scheme with or without consideration o

constraints. Two building with+15% stiffness uncertainty revealed the robustness of

MPC based schemes. The constraints for the control actuator were satisfied in both

ings with uncertainty. The results demonstrated the effectiveness and robustness

MPC based schemes for full-scale structural applications.
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Table 9.1 Evaluation criteria for across-wind excitations

RMS response (∆K=0%) Peak Response (∆K=0%)

Eval.
Criteria

LQG MPC1 MPC2 Eval.
Criteria

LQG MPC1 MPC2

0.369 0.363 0.346 0.381 0.381 0.349

0.417 0.410 0.391 0.432 0.438 0.428

0.578 0.572 0.563 0.717 0.716 0.712

0.580 0.574 0.565 0.725 0.725 0.720

2.271 2.260 2.410 2.300 2.282 2.400

11.99 11.96 14.52 71.87 79.59 88.37

(kN) 34.07 32.23 36.95 118.24 118.1 118.0

(cm) 23.03 22.90 24.44 74.29 73.37 77.52

Table 9.2 Peak Response using Passive (TMD), LQG and MPC schemes

No Control Passive (TMD)

LQG Control

kN

MPC1

kN

MPC2

kN

Floor
No. cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2

1 0.053 0.22 0.044 0.21 0.041 0.23 0.041 0.24 0.040 0.25

30 6.84 7.14 5.60 4.68 5.14 3.38 5.14 3.92 5.11 3.77

50 16.59 14.96 13.34 9.28 12.22 6.73 12.21 7.09 12.14 6.77

55 19.41 17,48 15.54 10.74 14.22 8.05 14.21 8.15 14.12 8.09

60 22.34 19.95 17.80 12.69 16.27 8.93 16.26 8.86 16.16 8.92

65 25.35 22.58 20.10 14.72 18.36 10.06 18.35 10.13 18.24 10.1

70 28.41 26.04 22.43 16.77 20.48 10.67 20.46 10.79 20.33 10.5

75 31.59 30.33 24.84 19.79 22.67 11.56 22.64 11.55 22.50 10.5

76 32.30 31.17 25.38 20.52 23.15 15.89 23.13 9.26 22.99 16.3

md 42.60 46.18 74.27 72.64 73.70 78.81 77.52 80.31

J1 J7

J2 J8

J3 J9

J4 J10

J5 J11

J6 J12

σu max u t( )

σxm max xm

umax 118.2= umax 118.1= umax 118.0=

xpio
ẋ̇pio xpio

ẋ̇pio xpio
ẋ̇pio xpio

ẋ̇pio xpio
ẋ̇pio
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Table 9.3 RMS Response using Passive (TMD), LQG and MPC schemes

No Control Passive (TMD)
LQG Control MPC1 MPC2

Flo
or

No. cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2

1 0.017 0.06 0.012 0.06 0.010 0.06 0.010 0.06 0.010 0.06

30 2.15 2.02 1.48 1.23 1.26 0.89 1.24 0.92 1.23 0.89

50 5.22 4.78 3.57 2.80 3.04 2.03 3.01 2.00 2.96 1.92

55 6.11 5.59 4.17 3.26 3.55 2.41 3.51 2.36 3.46 2.28

60 7.02 6.42 4.79 3.72 4.08 2.81 4.03 2.75 3.97 2.66

65 7.97 7.31 5.43 4.25 4.62 3.16 4.57 3.10 4.50 2.99

70 8.92 8.18 6.08 4.76 5.17 3.38 5.11 3.30 5.03 3.16

75 9.92 9.14 6.75 5.38 5.74 3.34 5.67 3.31 5.58 2.97

76 10.14 9.35 6.90 5.48 5.86 4.70 5.80 2.68 5.71 4.70

md 12.757 13.86 23.03 22.40 22.90 24.60 24.43 24.48

Table 9.4 Evaluation criteria for across-wind excitations

RMS response Peak Response

Eval.
Criteria

∆K=15% ∆K=-15%
Eval.

Criteria

∆K=15% ∆K=-15%

MPC1 MPC2 MPC1 MPC2 MPC1 MPC2 MPC1 MPC2

0.345 0.335 0.390 0.376 0.386 0.381 0.461 0.451

0.389 0.379 0.439 0.425 0.432 0.430 0.537 0.529

0.477 0.472 0.710 0.702 0.607 0.611 0.780 0.751

0.479 0.474 0.711 0.704 0.614 0.618 0.788 0.760

1.883 1.992 2.548 2.748 1.840 1.931 2.702 2.750

9.732 11.440 14.34 17.25 61.69 70.43 99.04 96.54

(kN) 30.23 33.86 37.50 43.16 112.5 118.0 135.5 118.0

 cm 19.08 20.19 25.83 27.86 59.44 62.35 87.26 88.83

σu 37.99KN= σu 32.23KN= σu 36.95KN=

σxi
σ ẋ̇i σxi

σ ẋ̇i σxi
σ ẋ̇i σxi

σ ẋ̇i σxi
σ ẋ̇i

J1 J7

J2 J8

J3 J9

J4 J10

J5 J11

J6 J12

σu max u t( )

σxm max xm
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Table 9.5 Results of MPC for +15% building

MPC1

kN
MPC2

kN
MPC1

 kN
MPC2

kN

Floor
No. cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2

1 0.034 0.24 0.034 0.24 0.01 0.06 0.01 0.06

30 4.34 3.77 4.37 3.71 1.04 0.92 1.03 0.91

50 10.33 6.54 10.40 6.62 2.51 1.91 2.49 1.86

55 12.03 7.83 12.11 7.79 2.93 2.25 2.91 2.20

60 13.77 8.96 13.87 8.90 3.37 2.61 3.34 2.56

65 15.54 10.01 15.66 10.20 3.81 2.95 3.78 2.89

70 17.33 11.13 17.46 10.75 4.26 3.15 4.22 3.07

75 19.19 11.71 19.32 11.55 4.73 3.08 4.68 2.93

76 19.60 17.49 19.74 17.17 4.83 4.54 4.79 4.54

md 59.44 68.58 62.35 72.48 19.08 20.87 20.19 22.10

Table 9.6 Results of MPC for -15% building

MPC1

kN
MPC2

kN
MPC1

 kN
MPC2

kN

Floor
No. cm cm/s2 cm cm/s2 cm cm/s2 cm cm/s2

1 0.044 0.228 0.043  0.23 0.012 0.058  0.012  0.059

30 5.59 3.77 5.39 3.75 1.54 0.99 1.53 0.96

50 13.26 7.98 12.79 7.89 3.72 2.15 3.68  2.08

55 15.44 9.98 14.88 9.89 4.35 2.54 4.30 2.48

60 17.67 11.20 17.03 11.11 5.00 2.97 4.95 2.90

65 19.96 12.72 19.23 12.46 5.67 3.34 5.60 3.26

70 22.27 13.98 21.45 13.68 6.34 3.56 6.27  3.44

75 24.66 13.88 23.75 13.52 7.04 3.42  6.96  3.21

76 25.20 20.10 24.27 19.84 7.20 5.15 7.12  5.16

md 87.25 82.63 88.83 82.96 25.83 23.83 27.86 25.41

umax 112.5= umax 118.0= σu 30.23= σu 33.86=

xpio
ẋ̇pio xpio

ẋ̇pio σxi
σ ẋ̇i σxi

σ ẋ̇i

umax 135.5= umax 118.0= σu 37.50= σu 43.16=

xpio
ẋ̇pio xpio

ẋ̇pio σxi
σ ẋ̇i σxi

σ ẋ̇i
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CHAPTER 10

CONCLUSIONS

In this study, MPC based control schemes to mitigate the earthquake or wind ind

load effects were developed. Active and semi-active controls based on MPC scheme

attractive opportunities to reduce damage and loss of serviceability caused by earthq

and hurricanes. The advantages offered by MPC lie in its ability to handle multivari

processes, constraints and disturbances. MPC can optimize the control effort and ye

vide a high level of performance with a minimum set of measurements.

The basic concept and general formulation of MPC were outlined. The MPC schem

based on an explicit use of a prediction model of the system response to obtain the c

action by minimizing an objective function. Optimization objectives include minimizat

of the difference between the predicted and reference response and minimization

control efforts subjected to prescribed constraints. The effectiveness and the conve

in the use of the MPC scheme were also compared to the  control scheme.

The hard constraints were conveniently taken into account by the MPC based sc

and were written as inequality constraints. The optimization problem was recast as a

dratic programming problem subjected to inequality constraints. This simplifies the

straint issue and calculates the optimal control force in the presence of constraints. A

time step, the MPC based scheme presented an optimal solution which resulted in

H2
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controller design. Buildings equipped with active tendon and active mass damper

studied to demonstrate the effectiveness of MPC. The constraints on the controller, s

the maximum control force, maximum force variation at each time step and maximum

placement of the damper, were incorporated in the controller design. Using this appr

very effective, economical and practice-oriented controller designs can be achieved.

Structural control using semi-active devices was also investigated. In this study, a

active viscous fluid damper and a semi-active Tuned Liquid Column Damper were im

mented in the example structures. The MPC scheme was employed to control the po

of the damper valve to adjust the volume of fluid passing through it. This adjustment h

to control the damping force based on the variations in the external excitation. This s

simplifies the modeling of the damping force variation in semi-active systems and re

sents it in terms of time-varying constraints. This format facilitates achieving an opt

control design by introducing the constrained MPC scheme. It is shown that the

strained MPC offers a better design for semi-active devices than the customary clip

LQG control.

This study also investigated the use of acceleration feedback to advance the impl

tation of this scheme for structural application. An observer based on the Kalman-

filter was designed to estimate the states of the system and to obtain the estimato

Potential sensor locations were examined to obtain the most effective and optimal p

ment. To demonstrate this scheme, an active mass damper and an active tendon

were introduced as active control devices. Numerical results showed that the accele

feedback control based MPC scheme offered performance that was comparable to th
207
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feedback framework. This scheme is a more practical and convenient form of feed

which is natural for practical applications.

MPC based feedforward-feedback control was employed adaptively to contro

response of structures under earthquakes. The real-time modeling of ground motio

accomplished by using an AR model which was fitted based on the previously mea

ground motion records and the difference between the measured and modeled outpu

AR model matrices were updated at each time interval and subsequently expres

terms of the state space representation and augmented to the equations of motion

structure. It was shown that this approach of real-time modeling of ground motion off

adaptability and robustness in describing ground motions featuring a wide range of

acteristics. The MPC-AR control performance index and the control force were updat

each time interval. This resulted in providing a real-time feedforward link to the con

design which enriched this scheme with predictive and adaptive features to essen

mitigate the effects of seismic events with unusual and unexpected characteristics.

Besides earthquakes, wind also influences both the serviceability and safety of hig

buildings and towers. The MPC scheme was also investigated for application to co

wind effects on structures. In order to cast wind loading model in terms of the state-s

format, a simulation approach based on stochastic decomposition was proposed

approach helped in capturing the target spectral characteristics of wind load fluctua

which have not been successfully achieved previously for a general description of s

time correlation structure of wind loads. A state space representation of the wind field

then obtained and a reduced order model was used. This model was added to the eq

of motion of the structure to implement the feedforward link in the MPC based feedb
208
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control. The Nanjing Tower in China was used as an example. An active mass dam

the VIP lounge floor was used to control wind induced motion. The feedforward-feed

controller design based on the MPC scheme showed better control performance th

control based only on feedback.

Experiments were conducted to verify the effectiveness of the MPC based scheme

electro-mechanical shaking table was programmed to simulate a host of ground m

records. A small-scale two-story building with an active mass damper was assemble

excited by simulated ground motions. System identification was carried out by curv

ting and an eigen-system realization algorithm. The actuator’s inherent dynamic fea

and the controller-structure interactions were included in the design of the co

schemes. Acceleration feedback was employed in this study. The experimental r

showed significant response reductions using MPC based schemes and its effective

controlling structural motions under earthquakes. Pseudo real-time MPC scheme pr

some validation of the real-time based MPC.

Finally, the MPC scheme was employed in a full-scale building to reduce struc

response under wind excitation when the structure and control device were subjec

inequality constraints. An optimal solution was found within the prescribed limits for

controller design. Numerical results involving ATMD demonstrated the effectivenes

the MPC scheme in the presence of constraints. This was also verified experime

using a pseudo constraint scheme. The MPC constrained scheme provides a reliab

computationally convenient way to study and design devices for full-scale structural

trol under constraints.
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In closing, it has been demonstrated that MPC for civil engineering applications o

inherent computational expediency, natural extension to real-time applications, intr

convenience in the treatment of constraints, and great potential for future extension

implementation in full-scale applications.

A list of recommendations for future extension of the study is given below.

Firstly, in this study, the systems are assumed to be in the linear elastic range. In

tice, the buildings may show non-linear inelastic behavior during strong earthquakes

controller may also have non-linear dynamics. Therefore, future studies should con

the non-linear dynamic properties of the structures and/or controller.

Secondly, most structural control designs use only one actuator which is either a

sive, active, or semi-active control device. If it fails during earthquake, then the struc

control design will not function. A new proposal would include more control devices

the same structure to ensure some redundancy. A combination of passive, active and

active devices would not only reduce the size of each, but also increase the reliabil

the structural control system thus gaining acceptance from the design professionals.

ever, in this multiple controllers design, it is important not to ignore the dynamics of

control devices.

Furthermore, with the advanced software and hardware available in the near futur

real-time MPC-AR scheme could be validated experimentally on-line by using upd

information at each time step. Utilizing advanced chips which can integrate the data

A/D and D/A convertor and algorithms on one chip, the computation speed can be gr

increased. Also more efficient AR identification schemes need to be considered to fu

reduce the computational efforts for the digital implementation.
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