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Cost Function Design of Seismic Vibration Control
for Building Function Continuity

SUMMARY OF Ph.D. DISSERTATION

The purpose of this dissertation is to design a cost function of an active seismic
vibration control for the continuity of building functions that considers structural and
nonstructural components and capital equipment. If a building avoids structural damage
during an earthquake, the damage of other capital components can make business or life
continuity difficult. Three evaluation indexes are introduced in this dissertation: damage
reduction, early resilience, and continuous operation. These are evaluated by function
maintenance rate, damping performance, and energy efficiency respectively. Cost functions
are proposed to improve the performance of these indexes. The control performance of the
proposed method is verified through numerical simulation.

Chapter 1 introduces this dissertation and describes its background.

Chapter 2 describes a control design method considering both structural and functional
damage reduction. To reflect the importance of each control objective for multi-objective
optimization, control objectives are expressed as dimensionless numbers using
performance objectives (or reference responses) and vector sizes. The function
maintenance rate, which is calculated using an occurrence probability and an influence rate,
is improved by the proposed cost function. Details on the cost function are included in
Chapters 3 and 4.

In Chapter 3, a variable gain feedback control is designed to improve damping
performance. The control objectives are scheduled in the proposed method and the
maximum control force is estimated on the basis of a modal analysis to efficiently use the
control device during aftershocks. The damping performance is improved by adjusting the
controller feedback gains.

Chapter 4 describes a control that can improve reduction rate of the maximum
response per unit energy to operate control devices continuously without recharging. An
energy optimal control that considers the dissipation of energy, control objectives, and
energy consumption in its cost function is applied for building vibration control. The
dissertation confirms that the proposed controller can be designed clearly, and then reduce
both energy and response in comparison with the Linear Quadratic Regulator considering
energy consumption.

The conclusions are provided in Chapter 5.
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Table 1-2 Evaluation items for Building Function Continuity.

Evaluation index Evaluation item Chapter
(1) Damage reduction Functional maintenance rate Maximum response  Chapter 2
(2) Early resilience Damping performance RMS value Chapter 3
(3) Continuous operation Energy efficiency Consumption energy  Chapter 4
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Chapter 1
Introduction
The purpose of this dissertation is to design a cost function of an active seismic vibration control
for the continuity of building functions
that considers structural and nonstructural components and capital equipment.

Chapter 2
Damage reduction
Control objectives are expressed as dimensionless numbers using performance objectives (or
reference responses) and vector sizes to reflect the importance of each control objective for
multi-objective optimization and to improve functional maintenance rate.

Chapter 3 Chapter 4
Early resilience Continuous operation
Control objectives are scheduled and the An energy optimal control is applied
maximum control force is estimated to for building vibration control
efficiently use the control device during to improve reduction rate of the maximum
aftershocks. response per unit energy.
I |
|
Chapter 5
Conclusion

Figure 1-4 Overview of this dissertation.
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Figure 2-1 Analysis model.
Table 2-1 Physical parameters.
Parameter Symbol Value Unit
Layer height h 4 m
Number of layers of the building N 10 —
Fundamental period of the isolation layer T 4.0 ]
Fundamental period of the building T, 1.2 s
Damping factor of the building ¢, 0.02 -
Damping coefficient of the isolation layer ¢ 4.3x10° NUs/m
Mass of the n-th layer of the building my, 1x10° kg
Mass of the isolation layer m 1x10° kg
Position of the equipment J 4 -
Capacity of control force Upmax 1x10° N
Table 2-2  Stiffness coefficient of building.
Layer 1 2 3 4 5 6 7 8 9 10
[10°N/m] 14.75 1434 1376 1299 12.04 1089  9.53 7.95 6.08 3.83
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Table 2-3  Natural periods and damping factors.

Mode 1 2 3 4 5 6 7 8 9 10 11
Natural
. 413 068 037 025 020 0.16 0.14 0.12 0.11 0.10 0.09
period [s]
Natural

frequency 0.24 147 272 393 509 620 728 833 937 1040 11.44
[Hz]
Damping

0.11 0.06 008 0.10 0.13 0.15 0.18 020 023 0.25 0.28
factor
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Table 2-4 Performance objectives.

Response Symbol Performance objective
o Interstory drift Pha 1/300 rad
Building ) ]
Isolation layer drift Pi 0.5m
Equipment  Absolute acceleration Pea 1.0 my/s*

Table 2-5 Uncontrolled maximum responses and reference maximum responses.

Average value of
Reference
Response uncontrolled Symbol _
) maximum response
maximum responses

o Interstory drift 0.00156 rad Fog 0.00156 rad
Building ) ]
Isolation layer drift 0.348 m Ty 0.348 m
Equipment  Absolute acceleration 1.05 m/s’ T 0.105 m/s>
Table 2-6 Ratio of maximum response to reference maximum response.
Building Equipment
Interstory drift Isolation layer drift ~ Absolute acceleration
Uncontrolled 1.02 1.02 10.2
Building & equipment control 0.857 0.857 8.92
Building control 0.806 0.774 9.40
Table 2-7 Ratio of maximum response to performance objective.
Building Equipment
Interstory drift Isolation layer drift ~ Absolute acceleration
Uncontrolled 0.475 0.712 1.07
Building & equipment control 0.401 0.597 0.937
Building control 0.377 0.539 0.987
Table 2-8 Ratio of RMS value to reference maximum response.
Building Equipment
Interstory drift Isolation layer drift ~ Absolute acceleration
Uncontrolled 0.281 0.373 3.27
Building & equipment control 0.236 0.304 2.70
Building control 0.231 0.268 3.02
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Table 2-9 Ratio of maximum response to reference maximum response.

Building Equipment
Interstory drift Isolation layer drift ~ Absolute acceleration
Uncontrolled 1.02 1.02 10.2
Building & equipment control
) 0.857 0.857 8.92
(with D(z))
Building & equip. control
. 0.850 0.843 9.32
(without D(z))
Building control 0.806 0.774 9.40
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Figure 2-8 Analysis model.
Table 2-10  Physical parameters.

Parameter Symbol Value Unit
Layer height h 4 m
Number of layers of the building N 10 -
Fundamental period of the building To1 1.2 S
Fundamental period of the isolation layer Tel 3 S
Damping factor of the building & 0.02 -
Damping factor of the isolation layer I 0.20 -
Mass of the n-th layer of the building M, 1 x10° kg
Mass of the isolation layer and the equipment me 1.5 x 10° kg
Position of the equipment j 4 -
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Figure 2-9  Frequency responses of building (with D(z)).
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Figure 2-11 Frequency responses of building (without D(z)).
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Figure 2-12  Frequency responses of isolation layer (without D(z)).
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Table 2-11 Natural periods and damping factors.

Mode 1 2 3 4 5 6 7 8 9 10 11
Natural
. 3.00 120 047 029 021 0.17 014 0.12 0.11 0.10 0.09
period [s]
Natural
frequency 033 0.83 2.15 343 465 582 694 8.04 9.12 1020 11.30
[Hz]
Damping
020 0.02 0.05 0.08 0.11 0.14 0.17 0.19 022 024 0.27
factor
Table 2-12  Uncontrolled maximum responses.
Response Average value of uncontrolled maximum responses
o Interstory drift 0.00177 rad
Building ) 5
Absolute acceleration 2.23 m/s
) Isolation layer drift 0.0627 m
Equipment ) 5
Absolute acceleration 0.337 m/s
Structure (S) Equipment (E)  Event probability (Pr) Influence rate (F«)
0 0 Pso X Pro 0
1 Pso X PE1 FE
1 1 Ps1 X PE1 max(Fs, FE)
DB =1 Re =1-2 (BFy)
k k
Figure 2-13  Event tree and functional maintenance rate of building.
Table 2-13  Influence rate!™.
Degree of damage Interstory drift Recovery Time Influence rate
[rad] [day] Fy
Structure Little damage 0.0025 1 0.0
Medium damage 0.005 30 0.5
Large damage 0.015 300 1.0
Collapse 0.04 800 1.0
Equipment Collapse - - 1.0
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Table 2-14  Functional maintenance rate of building.

Functional

Psi P Fe maintenance rate
Uncontrolled 0 0.70 1.0 0.30
Building & equipment control 0 0.17 1.0 0.83
Building control 0 0.24 1.0 0.76
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Figure 3-1

Traction sheave

Analysis model.

Table 3-1 Physical parameters.

Parameter Symbol Value Unit
Layer height (twice of the story height) h 8.0 m
Number of layers (half of the number of stories) N 30 -
Fundamental period of the building T 5.8 s
Damping factor of the building - 0.01 -
Mass of the n-th layer of the building my, 2.0 x 10° kg
Mass of the traction sheave m, 1.9 x 10* kg
Stiffness between the traction sheave and the top layer of the

k, 3.0x10°  kg/s®
building
Damping coefficient between the traction sheave and the top layer of .

C, 4.7 %10 kg/s
the building
Mass of the elevator cage m, 7.5 % 10° kg
Line density of the elevator rope pA 1.7 kg/m
Stiffness between the elevator cage and the building k, 27x10°  kg/s®
Damping coefficient between the elevator cage and the building C, 9.0x10°  kg/s
Damping factor of the elevator rope ¢, 0.008 -
Division number of the elevator rope N; 29 -
Position of the elevator cage (layer number) Jj 1 -
Distance between the Ni-th layer and the traction sheave - 0 m
Length of the elevator rope L 232 m
Number of the elevator ropes Nrope 5
Gravity acceleration g 9.8 m/s’
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Table 3-2  Stiffness coefficient of building.

Layer 1 2 3 4 5 6 7 8 9 10
[10*N/m] 1032 1029 1024 10.18 10.11 10.02 991 9.78 9.64 9.47
Layer 11 12 13 14 15 16 17 18 19 20
[10°N/m] 930 9.10 888 8.65 8.40 8.13 7.84 7.53 7.20 6.84
Layer 21 22 23 24 25 26 27 28 29 30

[10°N/m] 647 6.07 565 519 471 4.19 3.63 3.02 2.34 1.52
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Table 3-3 Natural periods and damping factors.

Mode 1 2 3 4 5 6 7 8 9 10

Natural period [s] 5.82 4.69 234 222 156 138 1.17 1.05 1.00 093

Damping factor
0.997 0.801 0.403 2.608 0.278 4.213 0.326 9.739 5.815 0.236
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Table 3-4 Parameters for variable gain.

ST
i

Figure 3-10 Feedback gains.

Symbols Value Symbol Value

8u>8u 1.0x107 R, 1.0x107

Zoit>&m 1.0 Ry 1.0x10°°

4 0.00, 0.02, ...,1.00 B 0.00, 0.02, ...,1.00
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Figure 3-11 Variable gain feedback control system.
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Figure 3-12  Flowchart of algorithm [J .

Table 3-5 Parameters for Algorithm O .
Parameter Symbol Value Unit
Time step of analysis At 0.005 s
Threshold value for switching control objectives Xipr hx107 m
Capacity of control force Uy 5%x10° N
The initial value of & O 0.000 —
The initial value of B B 0.500 -
Updating weight of « Ao 0.002 -
Updating weight of 3 AB 0.010 -
Updating interval - 0.1 s
Evaluating time of responses and control force At 3.0 s
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Table 3-6 Displacement gains and velocity gains.

Building Elevator rope
. _ Velocity gain . _ Velocity gain
Displacement gain Displacement gain
" [10° N/m] [10 N-s/m] " [10° N/m] [10° N-s/m]
1 -1.0 0.4 31 30.0 -2.8
2 2.1 0.6 32 -4.9 -1.7
3 24 0.7 33 -9.4 -2.9
4 2.6 0.9 34 -13.1 -3.4
5 2.6 1.0 35 -15.5 -3.2
6 23 1.1 36 -16.4 -2.6
7 1.8 1.2 37 -15.6 -1.9
8 2.2 1.4 38 -13.4 -1.6
9 -2.8 1.5 39 -10.5 -1.4
10 -3.3 1.6 40 7.7 -1.5
11 -3.4 1.7 41 -5.1 -1.8
12 -2.8 1.9 42 -2.7 -2.3
13 3.2 2.0 43 -2.0 -2.8
14 5.1 2.1 44 -1.7 -3.3
15 7.2 2.1 45 2.9 -3.6
16 11.1 2.1 46 2.9 -3.8
17 16.8 2.2 47 2.1 -3.7
18 22.1 23 48 -1.5 -3.5
19 24.5 2.6 49 -1.8 -3.1
20 20.9 3.0 50 -1.8 -2.8
21 -17.2 -4.1 51 -1.6 2.4
22 -37.5 4.8 52 -1.4 -2.1
23 -64.6 6.5 53 -1.2 -1.7
24 -105.2 9.0 54 1.0 -1.4
25 -131.7 14.6 55 1.3 -1.1
26 -90.9 21.6 56 1.6 -0.8
27 231.0 29.5 57 1.8 -0.6
28 427.2 -15.4 58 1.6 -0.4
29 1440.2 -103.5 59 1.0 -0.2
30 -1667.9 125.4 60 16.4 2.9
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Figure 3-16 Displacement response spectra (Damping factor 0.01).
(KiK-net record of the 2011 off the Pacific coast of Tohoku Earthquake)
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Table 3-7 Parameters for Algorithm O .

Parameter Symbol Value Unit
Time step of analysis At 0.005 s
Threshold value for switching control objectives X hx107° m
Capacity of control force Uy 5x10° N
The initial value of « o, 0.000 -
The initial value of S B 0.500 -
Updating weight of o Ao 0.002 -
Updating weight of /3 ApB 0.001 -
Updating interval At 0.1 s
Evaluating time of responses and control force At 1.0 ]
Evaluating time of ground acceleration At 6.0 s
Threshold value for switching method Sotim 0.1 m
Number of considered modes s 3 -
Safety factor for control force P, 0.9 -
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- The average of controlled RMS value in height direction 378
"M The average of uncontrolled RMS value in height direction (3-78)
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Figure 3-17 Central frequency and peak acceleration of ground motion.
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Figure 3-20 Calculation value of control force.

Table 3-8 Response ratios of maximum responses and RMS values.

Response ratio [%]

Wave Response Algorithm [ Algorithm U
Max RMS Max RMS
. ) Absolute acc. 82.4 70.7 61.3 45.7
Design ground motion ]
) Interstory drift 84.8 72.6 69.7 48.6
(Phase: Hachinohe 1968 NS) ]
Rope distance 84.9 72.1 62.0 46.2
. ) Absolute acc. 913 66.0 78.5 50.9
Design ground motion ]
Interstory drift 93.9 69.4 81.7 54.5
(Phase: JMA Kobe 1995 NS) ]
Rope distance 95.7 66.9 73.1 443
Absolute acc. 90.9 78.1 87.9 71.1
El Centro 1940 NS Interstory drift 96.0 82.0 92.1 75.5
Rope distance 91.7 82.4 84.9 72.4
Absolute acc. 99.8 86.3 91.1 74.1
Taft 1952 EW Interstory drift 99.5 88.5 91.5 717.2
Rope distance 95.4 85.1 79.5 69.4
Absolute acc. 90.7 80.6 93.1 76.1
Hachinohe 1968 NS Interstory drift 96.5 87.9 101.4 87.1
Rope distance 98.7 82.2 105.5 84.0
Absolute acc. 74.0 46.4 73.1 442
K-NET Shinjuku 2004 EW  Interstory drift 76.3 47.5 74.8 45.9
Rope distance 68.5 44.8 67.9 42.5
Absolute acc. 93.4 84.3 88.8 78.6
KiK-net Osaka 2011 NS Interstory drift 95.6 85.2 90.3 79.8
Rope distance 81.5 71.7 76.8 63.8
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Table 4-1 Physical parameters of seismic floor isolation model.

Parameter Symbol Value Unit
Mass of the seismic floor isolation and equipment m, 5%10? kg
Stiffness ke 4.0x10° N/m
Damping coefficient Ce 5.7x10° N/(m/s)
Fundamental period[1 13] T, 1/0.45 S
Damping factor!'"*! & 0.20 -
Position of the seismic floor isolation Jj 4 -

Table 4-2 Physical parameters of building model.

(a) Physical parameters.

Parameter Symbol Value Unit
Mass of each story - 1x10* kg
Fundamental period 1, 0.8 s
Layer height - 4 m
Damping factor S, 0.02 -
Number of layers of the building N 10 -
(b) Stiffness.
Layer 1 2 3 4 5 6 7 8 9 10

[10°N/m] 33.9 327 312 29.3 27.0 24.2 21.1 17.5 13.3 8.3
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Figure 4-7 Maximum responses, control force and consumption energy using LQR control.
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(a) Laminated rubber bearing. (b) Viscous damper.

Figure A-1 Restoring force characteristics of isolation with viscous damper''*),
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(a) Laminated rubber bearing and Viscous damper. (b) Hysteretic damper.

Figure A-2 Restoring force characteristics of isolation with viscous and hysteretic dampers!''*!.
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Figure A-3 Bilinear model.

Table A-1 Physical parameters.

Parameter Symbol Value Unit

Stiffness coefficient of laminated rubber bearing and hysteretic
kp+k 271x107  N/m

damper.

Stiffness coefficient of laminated rubber bearing k, 1.91x107 N/m
Equivalent stiffness coefficient k, 2.71x10’ N/m
Yield displacement 0, 0.0444 m
Damping coefficient ¢ 4.30x10° NOs/m
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Figure A-4 Viscous damper (Chapter 2).
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Figure A-5 Laminated rubber bearing and viscous damper (Chapter 2).
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Figure A-6 Dampers.
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Figure A-7 Laminated rubber bearing, viscous damper and hysteretic damper.
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Table A-2 Maximum responses.

Building Equipment
Interstory drift Isolation layer drift ~ Absolute acceleration
[rad] [m] [m/s’]
Uncontrolled 0.00172 0.425 1.66
Building & equipment control 0.00124 0.339 1.07
Building control 0.00128 0.320 1.14
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