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ABSTRACT: In this study, a real-time adaptive control framework with a two-layer architecture
is proposed for mitigating the seismic responses of tall buildings exhibiting nonlinear behavior. The
proposed structure consists of a baseline adaptive controller and a supervisory hyper-adaptive layer
that adjusts the adaptation parameters online using a filtered extremum-seeking algorithm. The baseline
controller generates the control signal based on output-feedback adaptive laws, while the hyper-adaptive
layer determines the direction and rate of updating the controller gains by estimating the instantaneous
approximate gradient of the performance function. This mechanism, without relying on an accurate
structural model or prior identification, enables dynamic adaptation to sudden or gradual changes in
system dynamics, nonlinear behaviors such as hysteresis, and structural uncertainties. The iRT-SAC
framework is designed to guarantee boundedness of the adaptive parameters and closed-loop stability
under challenging operating conditions, while minimizing the need for manual retuning or remodeling.
To evaluate its performance, the proposed method is implemented on the 20-story benchmark structure
of Ohtori et al. and compared with reference controllers including LQG, H_, fuzzy control, and
Clipped-LQG. The results demonstrate approximately 60% reduction in interstory drift and preservation
of closed-loop stability in the presence of severe uncertainties and nonlinear behavior. Overall, iRT-
SAC represents a model-free, robust, and practically deployable adaptive control framework for tall and
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complex structures.

1- Introduction

Severe seismic events pose persistent threats
to civil infrastructure, causing excessive responses
and economic losses, and driving the development
of advanced vibration mitigation technologies [1].
Structural control systems are typically categorized as passive,
active, semi-active, and hybrid [2]. Passive systems offer
simplicity and energy independence but lack adaptability,
while active systems provide stronger reduction capacity
yet depend on precise models and control parameter tuning,
which limits robustness under uncertainties [3].

Intelligent control methods wusing neural networks,
fuzzy logic, or data-driven learning have shown improved
adaptability but still face difficulties such as noise sensitivity,
heavy computation, and demanding training, hindering real-
time operation [4]. Adaptive control schemes can handle
nonlinear and time-varying structural behavior; however,
most employ constant learning rates, slowing convergence
under strong excitations [5].

*Corresponding author’s email: Rasoul.Sabetahd@jiau.ac.ir

Extremum Seeking (ES) enables model-free online
optimization through direct performance feedback. Building
upon this concept, this paper proposes an intelligent real-time
self-adaptive control (iIRT-SAC) strategy combining the SAC
framework with a meta-adaptive ES layer. The proposed
controller simultaneously adjusts learning rates and multi-
objective weighting factors (tracking accuracy, control effort,
and adaptive-parameter variation), enabling robust, model-
free, and computationally efficient seismic response control.

2- Methodology

The proposed iRT-SAC framework extends the Simple
Adaptive Control (SAC) paradigm for real-time mitigation
of seismic responses in nonlinear structures with uncertain
dynamics. Controller gains are updated directly from tracking
errors without explicit system identification, enhancing
robustness and practical applicability.

To further improve adaptability, a meta-adaptive
Extremum Seeking (ES) layer is integrated into SAC. This
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Fig. 1. Block diagram of the SAC adaptive controller.

layer continuously tunes learning rates and weighting factors
of'a multi-objective cost function incorporating RMS tracking
error, control energy, and adaptive-parameter variation. The
ES algorithm executes model-free optimization by injecting
small perturbations for gradient estimation based solely on
measured outputs, ensuring low computational demand and
stable adaptation.

The controller’s performance is verified using a
nonlinear 20-story benchmark model and compared with
reference methods. Results confirm low computational cost
independent of structural size, with per-step runtime well
below the sampling interval, thereby ensuring feasibility for
real-time implementation on standard control hardware.

3- Numerical Study

The proposed iRT-SAC controller is examined on a
nonlinear 20-story steel moment-resisting benchmark
structure equipped with an active tendon system, representing
severe seismic conditions with stiffness degradation, plastic
hinges, and local damage effects. Analyses follow the
benchmark protocol in the north-south direction using a
20-DOF reduced-order model, where floor displacements
denote main response coordinates. Modal damping ratios of
2% are assigned to the first and fifth modes. Accelerometers
are placed at Floors 4, 8, 12, 16, and 20, and actuators rated at
1000 kN are distributed along the height.

Nonlinear time-history analyses are performed using
the Newmark-£ scheme with a 0.005 s time step, ensuring
unconditionally stable computations. Performance is
evaluated through normalized benchmark indices (/| —J,,)
related to displacement, acceleration, device efficiency, and
control effort—values below unity reflect improvement
over the uncontrolled case. Four historical earthquakes
(El Centro 1940, Hachinohe 1968, Northridge 1994,
and Kobe 1995) under multiple intensity levels are considered
to verify robustness across both linear and nonlinear response
regimes.

In the ES layer, the perturbation frequency is kept
at 8 Hz—beyond dominant structural modes—for proper
time-scale separation, with amplitude below 0.1% of
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Fig. 2. Maximum interstory drift and absolute accelera-

tion of the structure under uncontrolled and iRT-SAC

controlled cases, based on the El Centro earthquake

record scaled by a factor of 1.5 relative to the original
recorded motion.

adaptive gains. The controller runs via matrix multiplications
and direct adaptive updates, requiring neither inversion
nor optimization routines. The average computation time
per step is 0.5 ms, well below the 5 ms sampling interval,
confirming real-time compatibility for DSP/FPGA-based
implementations.

4- Results and Discussion

The effectiveness of the dual-layer iRT-SAC controller
was validated through nonlinear simulations of a 20-story
benchmark structure with active tendons. By integrating an
ES-based meta-adaptive layer into the SAC framework, the
system enables continuous online parameter tuning without
a precise structural model, even under nonlinear stiffness
degradation. Performance was compared against LQG [6],
fuzzy control [7], Clipped-LQG [8], semi-active MPC [8],
semi-active H_, and OSAC [9] controllers using standard
benchmark data.

Under the El Centro record, both maximum interstory
drift ratios and absolute floor accelerations (Figure 2) were
markedly reduced compared to the uncontrolled structure. The
consistent reduction pattern across floors indicates effective
redistribution of control forces, avoiding local damage
concentration. Notable improvements in lower stories reflect
enhanced global vibration suppression, attributed to adaptive
learning-rate and cost-function optimization.

The iRT-SAC controller achieves simultanecous mitigation
of displacement and acceleration while maintaining actuator
forces within practical limits. The extremum-seeking meta-
adaptive layer continuously refines controller parameters,
ensuring stable performance across varying seismic
intensities. Integrating model-free optimization with adaptive
control improves robustness against modeling uncertainties
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and nonlinear effects, confirming the framework’s suitability
for real-time structural applications.

5- Conclusions

The proposed dual-layer iRT-SAC controller was tested
on a 20-story benchmark structure under four historical
earthquakes. It outperformed conventional controllers (LQG,
fuzzy, H_ . Clipped-LQG, OSAC, MPC) by achieving over
60% reduction in structural responses, while keeping actuator
demands and plastic deformations within safe limits. Through
its meta-adaptive layer, iRT-SAC adjusts learning rates
and cost weights online, ensuring stability and model-free
adaptation. The approach provides a simple, efficient, and
reliable solution for real-time seismic control of high-rise
structures.
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Fig. 1. Block diagram of the SAC adaptive controller.
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iRT-SAC Clipped- Semi- Semi- Fuzzy )
(eoleidon) OSAC [vy] LQG [rv] Active Active el LQG [y#] S
by H, [¥Y]  MPC [ry]
s Jus Jldaes Jldass Jldass Jus Jus Jrs eg
2Yg
[PERAYPVS [PERK YN [PERK YN
Je Ju MR sl.. MR s,.. MR 5. Je Jlosy) Jled Slae oobicil 390 ySlas
J‘o%‘ Jlo..\il Jlo..\.g_‘
2l bogio a; bste bste 3l a; G35 Jowo 4 3L
(e o ool H,-norm oy e ool &gy 2l
wlyole;
| g Sob 4
5,00 ool ool ool ool asls oot 6 "’Cf
&5
(Y g3) o,ls (GYSG) o,ls 5, 5, 5, Sgdxe 3, 8lg loy 50 Guubes
. . TG99 s . .
STIATEOS TS99 Sgazme Sgazme g ’ J > gumdaw 4 3L
Ty (Full-State)
. . . . . Silwesly colild
Vb sl <o oo o9 o9 by o9 _.
&)éy.z
9 ‘Hyjé )LL">LH; SAC LQGU_‘S ;D%LLQ l)_la
wpe ol bt MR ok . by Bl , >l )9l
s Ry 3 Kalman—  Sgoome e 2k,

Bucy

3o ol L 9ty 1y i (i o 555 Jo
s drogi )3 e (o (g Slie oS J5S cnl egpenl 5

g 4yl slaojle (gly SO kel (glaoaiS J S b0

O lp @St gl g 298 Cguome (Jad i (Sl

D9l walyd (odse s

it (oS JyuS S5 slppl Sl (o o)l jolateds
M);‘.wf\ S>> g SAC sy 9 u.’l.wbu dlg‘ ‘_',la)' dRT-SAC
Intel Core i7- (gonjlyy 65y MATLAB R2023a e ,»
b3 WS alsblone 3,0 Sy b)) o) A (spSejlsl 11800H
SAC &Y s o walyd 895 clagilwodly p ezl 5y90 Sl
Olej Sle sl Soarp3 jild G g dnpS G ile o A ol
ol iy S 45y Beyree o |

11 =0.14ms , tg,. =0.11ms

d 5 Sl i (S sS pugizn S5 Jas! Jols BS 4¥

(38 Jdo 4y (Sl Bls g Slwbre (Solw s eud (60500
o e @l (VL SO (giluodly cublB g (oaae (ol
rbg) B sbgy sl 4 Cand L IRT-SAC (5 9l55 335 (50050 g
By 3l 0wl )b dny Juad (o30e o il (sl gl 5 450
gy ;| lgas & Clipped-LQG 5 OSAC plas pges o clagsts,
Cly )2 WS oo odliul e b sliwl (23059 9 ol 650k
&b olps g Gubed slagy (imeh opl > adlaswyg IRT-SAC
Higdi oo s3Seil BS aY by 5poM g (lojen ©jgots aiyjo
prolSe o> Hliilo 5,45 L IRT-SAC (solgiiy (oaiS Jyus o
Solw bas e diwlgloy dudad cdiia 1 g 6,5 5l,8
S 5 VL SO 2l g o33 (sluk sl 3B ¢ o5l
23 &)l g pe slagydy) plo 4
oot kg (Hy LLQG wib) Juo p (iee slagig) S35 5 @
slil=Jde &gt IRT-SAC MR (¢la 3100 40 dtanly Jlnbdons

Y+



YA LYV dsio VF-F Jlo Y o)lesd @Y ¢S ool lpos suodie 4 53

‘_gl.a.wl) P9 S OHgod D)'Lu: JJ}U e u:l 2
w2l ) ao e Sladllas b puiiine duslio Sl 5 0399 ASCE-IASC
opize ole Gldllas (3 Juo cpl @ 0058 bl 5 edlawl S o
S lde Ja.sl)w sl ‘C"L’ Meijl Oi L;.\.ai)lf 9 Hlael g0yl
S opg seiysl Gl Gl b)) lajlixe sl 5 dilaiate
V] cwl gloj)

S loss g0l 5l oolawl (gLl =Y Y
S oje slaginghy p3 3)luliel Sileaey Jae Gl ool

23,1 ol yos 4 (63420 (6Ll5e ol

e J 5Sore ) 85l i 5 ol st
il gla by om dmalie 3 Jted g cpine g oddaB LS
olSdmegy plo bwg gl Wil sl mls kel 15
Dgud 50

S ylooy sl Yo Jdo 105l HLd, aib],S &8l oloil Y
FSpoAl (6 il ot (ot pd glaylid) 385 (gloand b
diloe wal )3 oS ]S 5 Shoe (bl sl (Blg

5 oloy @dlal Jao jl ookl 1 iyt palo 4 9248 o Y
gy 35 a5 g 03y (Bl |y e (gileJse 4 bgye slads o
il e Solase (J S slais 5] d9s2 9 drwgs 2

Lulyd (g ol 1 iy (S (W9) Samwgs 5l Sty £
SLpisSl iloaise 5 halej] Sl ey 4 S5 5 ggte
Dl oo Lo dlaiel B g &l S Jae o1y J S

Vsans laae cpl jisle 1 ol sWodldy p i &lyb .0
Coge & Blas S S5 e Sl s el Sledbl 4l

g oo Bojle Jos byl i b (gilwand ols sl )38l

By bl uly 53 (o338 (slo e g5 Y Y
wlge a5 laojle gy » Al slagile)l 42 S
Jes 0 Ll ainy @l JuS slapius 3Ses 1 a8 slaoaly
(B S Vbl loanie der I i ool L
G ySoyng coycplil i dnlas sll slacudgisn 5 (degl Cllas e
99y Olgea «Silezy laojle I edlatul 5 odae (giluJse

9 ) 62500 (Jod BB e8> hld g i) peul d pody g5

Sl 2l 5l Jitane ol laslne (Saio 48 conl JISl Gl )il6
bl plp Y cpl gl gloy il e ol (635
trs =0.05ms ,t,c =0.04ms
b ol ply (JpuS adls 5 Slwlre ploj dpier ggene
the =0.19ms <At =5ms

total

) s opises ol ¥/ 51 a8 Sluslone )b JS amaoa olis oS
A e Jll

oSt Sl clles 5z IRT-SAC ksl 5 o byl
9 3,5 2939 Sy olal b slaolKiuws Jo b o pile (g3l yeyly pulis
Slslomo )l sl O (1) g9 31 5 b o) IS Sllome 450
Ui 398 zuli lo o (Bb ojlw (ol a3 3l Jius Sloj 5 ya 4
g 039,55k Mals S5 M Slel P b (golgiig 0aiS' J yuS 4 amd oo
2) DSP p ie simiio sl 5iS (59, 0 paiine (g loosly cubld
gt Slojlo b yles g oS B)laie 5y paiges oy )
3 ks oSl o8 conl o [Sly @ls ol 298 Ll Sl g ol
2 SO Cow slacudgise b i Jes Hla 5l asl oSG ,en las
Ll )lf)’L.: Lg‘o)')l bl

8o addlao -Y
o Y g o oz ol sl =) ¥

HI s @0 jome Sleosty (gedbo Yo (gojb Sl im0l 52
35 s (1 F) S 55 p5ing) o s oS
9 ASCE (44008 lawg ow) Ojgods Jho opl ol o oalitul
Hello 3yl Slazey plyieas Mol a8 Mol ezs
le g odd ok (bl g Jb JyuS slapn )l b)) sl
Saa Lol cul cunl ojo cnl ) pine laginghy Al sanlie
cod Vg (et OB Sy (s g SLISEly ) alesil
i gt )18y ol (il e 3l ons sl s (o) SIS o
oSl 5 (dge (Sl (B Sl dapgi 5 by
Iy Jde ol &8 oo Sig ol osds bld 385 & ygods Iin]  Seoalid
1y Ll 5 5 (sloi 3Skae i)l sl o5
S oo s 5l

1. Ohtori
2. International Association for Structural Control; IASC

yeay



YA LYV doxin VFF Jlo VY 0)lous @Y 0553 ¢S ool (lpo suoito & pis

sdl; 5l il e wad Gl cov ol S &S LK
Al 5 glita lagusly 4 e yol () & A3 L 35 5l s i
Jeolas sbul g ol slael pulud Jlsy (g5lodnsd jolaiods Dgd o (Jos
2 a8 (Y S) ol oaid odlainl (Jadgd s Jdo | Sizuwdly
oy 4y Iyt Jlasl o s ol b5 )3 13,8 c¥lasl o
S ol Sty Jeolie iS5 lSel o8 o sl o (lisS ey

Jleel 5l i (ooljl amyd AF Jolis ojles algl sgamme (cljn) Jo
Ay il Bua b g Sleo Hlidle b illas Lol ccasl (6550 348
ol oS Cunl o 48,5 S @ (ooljl s 3 Yo widly ialS Jie piamas
Dgdge 48)5 45 )3 B Olil s lgieds Al ya (Bl e s
JFS S 15 (o) ISl Sy 53 i (03,505
35l e ol 1y 3,15kl ldllae b b aliuaie duslio 5

e S LSl gy 5l ooliel L ojle s e Ssliyd b
Gloyall 15 pbol [¥0] MATLAB Le o [¥¥F B S logs
(V- o8) s 5 soging) et Szt b (plae (55 055
Qb (Sl Uiy b lie Sy = 1 /3:% s ol
S5 Sl o pB iz byd (iga: il o348 Jlai 5l g 035 "l
Sjloomis (oolpiudy 03530 )3 &S b 48)S Jla 35 0.005 L Ll
Salon 0.8 1S gyl pdiges E5 b g 3yl 41,8 (0.015-0.001)
MATLAB 3 S" gb & ygoa— B S ylogss vy (g lworly .ol
opl 5,5 olojl s, IDARC2D Jljéls 5 gl b oy s g 1 plool
Lylyd b g odgy yuixe g ylul (edis Juloo &S wiad o liebsl cileudass
Sl ol x> 0

cos ol (Seelud U8y obj)l Baa L edigjludnd Js
SIMULINK. Lye 5 coul 005 sl slalj)j cilisen slagsli
caes (pl )3 cunl 85 )15 o3lil 3590 (gilwdnnd (Lol i plgiea;
(IS slaylos wile) (295 5 (1S wle) (939)5 slaSol
sobdy s (gloj ) Laylpd 53 (S s 3 Shee U Silosds iy pa3
P9d 2bj) gel>

Silezsy oy iy ilae Sy B J) 00 Sles sl adls
CanS yp 1oly Mo dnsles (Y+¥) oan g oysimgl syt

Gops 187 s LS sy oad Cnpd ol (Sujd

1. Constant Average Acceleration Method
2. S-Function

yeay

bl el 5,9, ol Dg)s0 Jloiids drwgi g B Jolye )3 yiixe
Ui g adlo wal 8 1) cloj ) calizee (glagy lw o J S lapiumw

A8 oo o (loj)) J ST (659l8 g G (genmg 13 (5 550

Gl Ve Sl plale —F Y
dyg0 (830 (JyiS Gliasd 5 iy sSl @islS slaanmd >
oslhae Gl (dos (slod )5 &) s plaSy0 a5 G145 )18 )
Glaal Ll dbpiuw Cpl dwslis (gl Siwd 295 B bl oyl
Jlossl Sogy 8,5 )13 aise (o0,lulil l)jhe 5 pasutie (g3,
By oo > She slaptalefl il dagts ol 2L Gl
s Jss jloslaiwl ¢ Jlo g o) cacusgize o 4 (s opl b el
ol 9o (G e g cuslio gl 5 (S loamiy lagpleidlo (Jidos
Lulyd o1y (I8 e sl gy amlie 5 silodund Sl b s
Ailon wal olass
Sl B0yl | (oolodin (edad (GouS S 1S (g cnl
S 005 ) o Y S oy gl (s 1o 55, 2 5308
(SMRF) 13,8 c¥lasl b (3Y g8 QB & yguods &S Jdo oyl SV JS5)
et lo oplds S1.cawl onds g lo o udos] ) s (glys ods s ko
)l asbipp] Sblil L gilas o shb wuts abls cosdly
by )3 wlad gy gl ojles sl ok plogl lojy) o (ool ol
Rl led po (1200 b ()8 By Sl 3 dled b g (g Jled
oo VA5 Slgd Clab ¢ o O/ (aSen dids elas)l .ol o £V L
Seeld il e Aol 48,5 )5 53 0 YIFD (unjj adib 5
B e jles 2R Ly Jlod sl 3 gangd OB sl »
w5 Jol dse (ol Comd 9 003 plonil lojy) 5o o2 e
Oty Slidks By )5 sloj) po ol sl ods (28 1Y byl
w2355 U pod wlab H/FY X Ve? kg ol dib tilodd iy yai
SBgd Slab g OAF X VP KE wiu aib H/VD X V- KE 218 yn
o, Slee 5 b Sus Slasuie (pizmen b o VY X VY kg
M S7 Cpnlas Gl bgwolis & Slodd Ciy 5 gligSay s
issskS Ve Sy g g Jlasl B 535 #1352 AN
cuad Yo g V8 AY A K olib o e Gysods bpiwolis cwl
2 s 9d (S dbb (0 das s Jold cui i S e g Wilend

St Olab plo )0 2de SO g pow 5 ped Glads I plaS



YIVALYVA docio AFF Lo Y 0)lad OV (S pool pos undigee &y 53

20th, 152 (133 (134) (135) waixso, (361 (37)
Te_ -+ |8
2 2 i
N R - ) (129) W24x62 | (1300 (3| T
19th | |0 Sig » o
=
E
Gm’t L A A A L
1Bth] Tuzn Tozz) (123) (124) [ (125) ze)]
£ P
g = Blg
T | s ¥ o) () [118) W27x84 | (119) nz0)| 5
_T_?L|!+_ |
e — 0
E =
23 3 : : :
6th] | (109 (1) (i) (112) a1
E
=
_1_5_m_m (103) o e (105) (106) (107) )|
» Cq|p < g
E = Bk
2 N 2|5
14th] |07 ) (99) (100)W24x131 | (lo1)  (102)
14th, — X
E
= 4 L L L L
5 Y y v v y
_1“331; [91) (92) 93) (94) (95) (96)
E
2
_‘1,21_h,”+ (85) o | (86) #7) (8) ) ool
= 4
E 5 u|E
2 & =l b
utfh; (79] Z | oo (81) (82) W30x99 | (83) (84)
E
35 4 A A A L
5 " "y
10th] Toa MED) (75) T (7e) T ) ]
E
2
_?!L;_ R - K (69 (7o) 1) 72) )
o E
£ g HE
= ™~ 215
8ih ‘”+_ (61) = | (63) (64) (65) ()| &
E
21 ] v : :
th ‘”#" (55) (56) (57) (58) (59) (60)
7th S «
E
= o
@‘lﬂ{v (49) o |50 (s1) (s2) (53} (54) E
E & )
Bt
2 = gL
- :F_ — N (46) w3ox108 | (47 (48)
N e e — p—WI0X108
E
R r 3 3
i_l.h_.m+_‘ 7 T ) (29 [ s0) [ 1) 2]
&
=
}Eﬂ_.m+_ kil o2 G3) (34) (35) (36)
» e =551 —
£ z N7 .
o~ . 2
7 G G 5| 2
2nd t{r (25) e — GLE D | (29 o | &
2nd .
) = ¢t
B A A L 4
] E H m - v
_l_—‘.l_:’r‘ (19) gl —0| (23) (24 | 183myp
% AN
L .| €
< 8 Zl g
b g dE
Ground
Ground : 2
b (13 (14) [18) an 18] <ﬂ
&
3
ﬁ,—,l,; U] ) w30x99 | (1) (12)
£
8
B2 |w (2) 3 C (5 (6)

F—6.10m—*—6.10m——F—6.10m—+F—6.10m——+F—6.10m—+

Building Plan

P

B

S8 4

N

P—QP—!P—!P—QP—I

Bt

AT e A

/ NOTES \
Beams (248 MPa):

B-2 _ 4th level W30x99;

5th _ 10th level W30x108;

11th _ 16th level W30x99;

17th _ 18th level W27x84;

19th level W24x62;

20th level W21x50.
Columns (345MPa):

column sizes change at splices
corner columns and interior columns the
same, respectively, throughout elevation;
box columns are ASTM A500(15x15 indi-
cates a 0.38 m (15 in) square box column
with wall thickness of t).
Restraints:
columns pinned at base;
structure laterally restrained Ground level.
Splices:
denoted with # ;
at 1.83 m (6 ft) w.r.t beam-to-column joint
connection:
—»— indicates moment resisting connection.
— — indicates a simple (hinged) connection.
Dimensions:
all measurements are center line;
basemen level height 3.65m(12'-0");
Ground level height 5.49m (18'-0");
1st - 19th level heights 396m (13'-0");
bay widths (all) 6.10 m (20'- 0").
Seismic Mass:
includes steel framing, for both N-S MRFs;

Ground level 5.32x10 ’kg;
1st level 5.63x105kg;
2nd - 19th level 5.52x10°kg;
20th level 5.84x10°kg;

\ entire structuer(above ground)1.11x10" kg. /

D Yo S Jloads ot lur U Lu ¥ S

Fig. 2. Structural configuration of the 20-story benchmark building.
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Fig. 3. Bilinear hysteresis model for flexural behavior
of structural members.

@bdhob‘bbw”&am Wf)ﬂa&u&a).«.ng Con> 3
Ll 05 Oy wl)lﬁ.o.m 9 6)9:-‘2’9] Alie ) ojlw onis ‘_J)‘.Af

Cygo & (il Jloy (Jl —J14) o5l (93 Sas sla sl (ol
Sl 4 wunl i posl S el Hlade & old S lade Cans
sl e s ilends zlyzcil J4S el ojle Zul | xo e polis &S
Glle plie ygo 4 g iledley gt (Vis=J 1) &)lples
dnogh ¥ Jede 53 oad oy ol (ol onlply Wodoe ()5S
Ole gl 0aiiS 58S g 0 ySdas oaimdlid V jl jieS ke 09
Sl gy Billae 5 (asuin (S8 sladsly glyls snd Jloypue

Obtimm 9 L5)9Lmﬂ LS)QQ}Q () )tﬁL» b L&Uﬁﬁ ;Cmﬁ?&h
ool () el ol 09,5 ez 55 J B, slopaili YY)
Slall (3) 9 IS ol 3,Slas () w0l cuml () wjlo
Hgd e gkl (JyuS gl

Ldeqb }‘cLy25L3 » 43]0%)@. Ls4y»tXA )9E$A¢g¢¢mZ§AQ
Sl el Jdos lojse ;Slat o )3 a5 casl o oslatul (YY)
Voo b plejose yyg g angialy ]l gdlj sy



YA LYV dsio VF-F Jlo Y o)lesd @Y ¢S ool lpos suodie 4 53

b Ve Sl

o ot lw gl b5, bas s F Jous

Table 4. Evaluation indices for the 20-story benchmark building.
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Fig. 4. PGA values corresponding to time histories in near-field and far-field records.
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Fig. 5. Time histories of displacement and absolute acceleration at (a) the first story and (b) the twentieth story
under the El Centro earthquake record scaled by a factor of 1.5 relative to the original record.
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Fig. 6. Time histories of displacement and absolute acceleration at (a) the first story and (b) the twentieth story
under the Hachinohe earthquake record scaled by a factor of 1.5 relative to the original record.
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Fig. 7. Time histories of displacement and absolute acceleration at (a) the first story and (b) the twentieth story
under the Northridge earthquake record with the recorded intensity.
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Fig. 9. Maximum structural drift and absolute acceleration in uncontrolled and iRT-SAC controlled cases based on
four earthquake records: El Centro and Hachinohe scaled by a factor of 1.5 relative to the original records, and Kobe
and Northridge scaled by 1.0 (recorded intensity). (Continued)



YA LYV dsio VF-F Jlo Y o)lesd @Y ¢S ool lpos suodie 4 53

—&— IRT- SAC Controller —©&—iRT- SAC Controller
— —% — Uncontrolled Structure — —% — Uncontrolled Structure

Story Level
Story Level

10

Max. Accel (m/s?)

—©— iRT-SAC Controller —©S—iRT- SAC Controller
— —%- — Uncontrolled Structure — —%- — Uncontrolled Structure

20

18

16

-
N

10

Story Level
Story Level

10

Max. Drift (cm) Max. Accel (m/s?)

455 (o)

1ol 05 0 a0 9,595 5 o (wlw! 33 ART-SAC gouiiS J 568 b o J 4S9 oawii J piS Sl 93 40 03l (gllao Ol g Sy 40 (giuwing A JSU5
(33555 Bl ) Ve wlio o L g 5599 5 55 9 8l Cud 3,55 ) &1 Cnnd 1/ (olile (o 1 b Adgiir b 9 9 i

Fig. 9. Maximum structural drift and absolute acceleration in uncontrolled and iRT-SAC controlled cases based on
four earthquake records: El Centro and Hachinohe scaled by a factor of 1.5 relative to the original records, and Kobe
and Northridge scaled by 1.0 (recorded intensity).
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Fig. 10. Numerical stability evaluation of the iRT-SAC controller based on the free vibration re-
sponses of the structure after initial excitation.
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Table 5. Comparison of indices J, —J,, and simulation characteristics of the controllers.
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Table 6. Performance evaluation indices of the 20-story benchmark structure under various controllers, including LQG
[16], fuzzy control [31], Clipped-LQG control [32], semi-active MPC control [32], semi-active H_ control [32], OSAC
controller [33], and the proposed iRT-SAC controller, based on four representative earthquake records.(Continued)

[Pl i @59 a5 o
el IRty Jeity

R

(0.5) (1.0) (1.5) (0.5) (1.0) (1.5) (0.5) (1.0) (0.5) (1.0)

LQG 0.747 0.748 0.748 0.883 0.887 0.907 0.859 0.942 0.816 0.728 0.942

Fuzzy 0.9574 0.9588 0.9424 0.9509 0.9686 0.9876 1.0233 1.0605 1.0141 0.8582 1.0605

Clipped-LQG control 0.6957 0.6450 0.6007 0.7867 0.7707 0.8180 0.691 0.906 0.5495 0.5324 0.906

A Semi-active MPC 0.6704 0.6628 0.6632 0.7832 0.7891 0.8114 0.7487 0.8741 0.5996 0.5990 0.8741
Semi-active Ho, 0.5870 0.5883 0.5896 0.7581 0.7576 0.8085 0.6648 0.9209 0.5016 0.5360 0.9209

OSAC 0.596 0.598 0.597 0.706 0.710 0.746 0.693 0.708 0.645 0.669 0.746

iRT-SAC 0.417 0.419 0.418 0.494 0.497 0.522 0.485 0.496 0.452 0.468 0.522

LQG 0.648 0.646 0.664 0.746 0.743 0.833 0.807 0.904 0.702 0.839 0.904

Fuzzy 0.8911 0.8576 0.8687 0.9454 0.9395 0.9349 0.9678 0.9386 0.9771 0.8882 0.9771

Clipped-LQG control 0.6149 0.5568 0.6156 0.8171 0.7673 0.8175 0.7167 0.8195 0.6228 0.741 0.8195

J2 Semi-active MPC 0.617 0.6334 0.6493 0.7572 0.7561 0.8518 0.7427 0.8266 0.5411 0.77 0.9271
Semi-active Ho, 0.5129 0.5093 0.5235 0.5235 0.5275 0.5996 0.6208 0.7866 0.4315 0.6561 0.7866

OSAC 0.518 0.516 0.530 0.599 0.596 0.694 0.665 0.791 0.558 0.721 0.791

iRT-SAC 0.378 0.377 0.387 0.437 0.435 0.507 0.485 0.577 0.407 0.526 0.577

LQG 0.780 0.782 0.909 0.977 0.982 1.009 0.885 0.969 0.925 1.066 1.066

Fuzzy 0.9933 0.9947 1.0590 0.9812 0.9915 1.0013 0.9938 0.9683 0.9398 0.9313 1.0590

Clipped-LQG control 0.8145 0.8283 0.9612 1.0519 1.0507 1.0623 1.0019 1.0777 0.766 1.0793 1.0793

J3 Semi-active MPC 0.857 0.8197 0.9306 1.0907 1.0466 1.0733 0.9373 1.0136 0.9629 1.0378 1.0907
Semi-active Ho, 0.7061 0.7063 0.8266 0.9923 0.9884 1.0194 0.9320 1.0302 0.7246 1.0430 1.0430

OSAC 0.623 0.625 0.726 0.778 0.782 0.819 0.717 0.856 0.771 0.990 0.990

iRT-SAC 0.486 0.488 0.566 0.607 0.610 0.639 0.559 0.668 0.601 0.772 0.772

LQG 0.662 0.663 0.670 0.885 0.884 0.903 0.724 0.929 0.648 0.230 0.929

Fuzzy 0.9502 0.9615 0.9623 1.0011 1.0064 1.0227 0.9474 1.0216 0.9881 0.3118 1.0227

Clipped-LQG control 0.5568 0.5261 0.5206 0.7761 0.7553 0.7649 0.4557 1.1881 0.3563 0.1716 1.1881

Ja Semi-active MPC 0.569 0.557 0.5866 0.7928 0.7994 0.8198 0.5814 1.0175 0.4762 0.1867 1.0175
Semi-active Ho, 0.5247 0.5232 0.5277 0.7512 0.7526 0.7697 0.4862 1.0809 0.3771 0.1427 1.2809

OSAC 0.530 0.530 0.536 0.708 0.708 0.725 0.580 0.526 0.482 0.292 0.725

iRT-SAC 0.376 0.376 0.381 0.503 0.503 0.515 0.412 0.373 0.342 0.207 0.515
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Table 6. Performance evaluation indices of the 20-story benchmark structure under various controllers, including LQG
[16], fuzzy control [31], Clipped-LQG control [32], semi-active MPC control [32], semi-active H_ control [32], OSAC
controller [33], and the proposed iRT-SAC controller, based on four representative earthquake records.(Continued)

LQG 0.563 0.560 0.578 0.658 0.652 0.661 0.592 0.637 0.579 0.713 0.713

Fuzzy 09483 09538 09512 10132 10113 10274 09806 09098 09560  0.9246 10274

Clipped-LQG control ~ 0.5656 04833 0462 0.6647 0.59 05699 04043 04909 04237 0548 0.6647

Js Semi-active MPC 04786 04815 04328 07025 06348 05525 04739 05401 05342 05717 07025
Semi-active Ho, 03255 03251 03351 04571 04576 04689 03508 04513 03080  0.4448 0.4689

0SAC 0.452 0.449 0.463 0.529 0.522 0.536 0.480 0.573 0.469 0.625 0.625

RT-SAC 0.330 0.328 0.338 0.386 0.381 0.391 0.350 0.418 0.342 0.456 0.456

LQG 0.724 0.723 0.729 0.849 0.848 0.858 0.776 0.841 0.689 0.840 0.858

Fuzzy 09758 09759 09779 09886 09903 09947 09353 09136 09835  1.0068 10068

Clipped-LQG control ~ 0.6733  0.6303  0.6179  0.823 0784 07831 05091 07429 04395  0.6352 0.823

Js Semi-active MPC ~ 0.6693  0.6516  0.6568 07946 07749 07848 06261 07984 05845 07626 07984
Semi-active H, 05865 05847  0.5889 07456 07462 07580 05146 07295 04545  0.6498 0.7580

0SAC 0.581 0.580 0.584 0.681 0.679 0.691 0.633 0.797 0.562 0.732 0.797

iRT-SAC 0.424 0.423 0.426 0.497 0.496 0.504 0.462 0.582 0.410 0.534 0.582

LQG 0.772 0.773 0.722 0.955 0.959 0.943 0.728 0.978 0.688 0.688 0.978

Fuzzy 10201 10264 10545 09901 09950 09848  1.0490  1.0618 08907  0.8142 10618

I, Clipped-LQG control ~ 0.6992 07098 0.6533 09569 09367 08999 06837 09276 04292 0.4985 0.9569
Semi-active MPC ~ 0.6747  0.6689  0.6253 09245 09231 08789 06603 09012 05763  0.6818 0.9245
Semi-active Ho, 0.6830  0.66847  0.6399 09310 09303 08969 07174 09423 04193 05606 09423

0SAC 0.61 0.612 0.57 0.763 0.767 0.706 0.555 0.717 0.517 0.672 0.767

RT-SAC 0.439 0.441 0.410 0.549 0.552 0.508 0.400 0.516 0.372 0.484 0.552

LQG - - 0.372 - - 0.714 0.220 0.548 0.144 0323 0.714

Fuzzy 0 0 10145 0 0 08746 12530 10613 11241 0.8094 12530

Js Clippec LQG - - 0 - - 02567 00351 02546 0 00719 02567
Semi- active MPC - - 0 - - 02422 00254 03936 0024 01109 03936

Semi- active He, - - 0 - - 02548 00561  0.3065 0 0.0983 0.3065

0SAC - - - - - - - 0.385 - 0.148 0.385

iRT-SAC - - - - - - - 0.160 - 0.061 0.160

LQG - - 0.372 - - 0.791 0.542 0.906 0.308 0.810 0.906

Fuzzy 0 0 0.8605 0 0 1000 09583 10313 1.0769 09881 1.0769

Io Chpé’:i'mlfQG - - 0 - - 03256 02083  0.6979 0 05833 0.6979
Semi- active MPC - - 0 - - 04186 02202 08021 01538 07024 0.8021
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Table 6. Performance evaluation indices of the 20-story benchmark structure under various controllers, including LQG
[16], fuzzy control [31], Clipped-LQG control [32], semi-active MPC control [32], semi-active H_ control [32], OSAC
controller [33], and the proposed iRT-SAC controller, based on four representative earthquake records.(Continued)

Semi- active Hy, ; ; 0 ; ; 03256 02917  0.6354 0 03810 0.6354
0SAC ; ; ; - ; ; ; 0.677 ; 0.631 0.677
RT-SAC ; ; ; ; ; ; ; 0.487 : 0.454 0.487
LQG 0733 0733 0656 0847 0847 0890 0632 0944 0777 0227 0.944
Fuzzy 09904 09932 11688 09997 09999  0.9997 08356 10857 10512 03435 11688
J1o Clipped- 1QG 0.6136 05875 05137 07519 07288 08343 03858 12044 03394 0207 1.2044
Semi- active MPC  0.6324  0.6426 05793 07632 07716 08125 04821  1.0805 04919 02522  1.0805
Semi- active H,,  0.5847 05832 05207 07350 07360 07990 03976 12573 03871  0.1447 12573
0SAC 058 058 0524 0679 0678 0685 049 0560 0495 0367 0.685
RT-SAC 0422 0422 0377 0489 0488 0493 0357 0410 035 0264 0.493
LQG 1.68 335 5.01 1.92 355 5.06 6.71 818 4.97 891 891
Fuzzy 0.60 1.80 3.40 0.70 1.50 3.10 370 6.60 4.70 6.60 6.60
Clipped. LQG 2,092 3.82 5435 2315 4333 6.041 6.47 90429  7.067  9.408 9.429
]11
%103  Semi- active MPC 17 33 44 1.7 33 43 44 6.9 46 8.4 8.4
Semi- active He, 16 32 48 17 33 49 51 0.90 45 9.0 9.0
0SAC 1.35 2.69 4.02 1.6 2.89 4.19 5.47 731 4.09 7.91 791
RT-SAC 0.97 1.94 2.89 115 2.08 3.02 3.94 5.6 2.94 570 570
LQG 00722 00721 00725 00754 00756  0.0805 00781 01031 01261  0.1142  0.1261
Fuzzy 00974 00989 00890 00754 00767  0.0781 01018 01088 01509  0.1346  0.1509
Clipped- LQG 0.07083 007125 007095 007562 007395  0.07793  0.07372 009833 008558 008767  0.09833
; Semi- active MPC  0.0667  0.0655 00661 00739 00737  0.0781 00742 0095 01113 0109 01113
12
Semi- active H,,  0.0680  0.0680 00687 00746 00746 00792 00792  0.1036  0.0947  0.1030  0.1036
0SAC 0057 0057 0058 0.06 0.06 0064 0062 0083 0102  0.105 0.105
RT-SAC 0041 0041 0042 0043 0043 0046 0045 0060 0073 0076 0.076
LQG 1.26 247 3.88 0.83 1.69 2,60 4.03 5.2 4.03 881 881
Fuzzy 0.60 1.40 270 0.50 1.20 2.10 3.60 8.80 3.60 8.40 8.80
Clipped- LQG 0009  0.009 0.01 0011 0011 0012 0009 0.01 0011 0013 0.013
]13
x10-3  Semi- activeMPC  0.065 0033 0023 0066 0033 0024 0018 0015 0023 0016 0.066
Semi- active Hy, 0065 0033 0023 0066 0033 0024 0018 0015 0023 0016 0.066
0SAC 0.82 1.59 25 0.52 1.06 171 265 432 2.68 6.09 6.09
RT-SAC 0.42 0.81 1.28 027 0.54 0.87 1.35 220 1.37 31 3
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Table 6. Performance evaluation indices of the 20-story benchmark structure under various controllers, including LQG

[16], fuzzy control [31], Clipped-LQG control [32], semi-active MPC control [32], semi-active H_ control [32], OSAC
controller [33], and the proposed iRT-SAC controller, based on four representative earthquake records.(Continued)
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Jia Fuzzy 0.04 0.05 0.08 0.03
x 1073
Clipped- LQG 0.001 0.001 0.001 0.001
control
Semi- active MPC  0.065 0.033 0.023 0.066
Semi- active He, 0.065 0.033 0.023 0.066
0SAC 0.035 0.066 0.103 0.026
{RT-SAC 0.019 0.036 0.056 0.014

0.073 0.113 0.079 0.122 0.077 0.145 0.161
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0.033 0.024 0.018 0.015 0.023 0.016 0.066
0.033 0.024 0.018 0.015 0.023 0.016 0.066
0.047 0.074 0.052 0.097 0.051 0.11 0.11
0.025 0.040 0.028 0.052 0.028 0.059 0.059
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