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ABSTRACT

In recent years, many control strategies have Ipeeposed for earthquake and wind hazard mitigatipn
installing either passive control devices, actiomtool devices, or semi-active control devices phrticular,
semi-active control devices have been shown to lige gffective and robust in reducing the strudtura
responses when subjected to strong earthquakesuBzsemi-active control devices, such as MR danper
have the potential to achieve a majority of thefgremance of fully active systems without requiritige
associated large power sources, many applicatiotis as hybrid-base isolation system, is expectagédace
the excessive base drift of the passive-type tsdation. One challenge in the use of semi-actetinology is
the development of control algorithms that are appate for implementation in full-scale structur@sproper
selection of control algorithm may be dependenttiom available feedback measurements, the number of
devices to be implemented, and the type of nonlityepresented in the semi-active devices and girac This
paper presents the performance evaluation of setivieacontrol of structure through large-scale eipental
studies for earthquake protection during the past years in NCREE Structural laboratory. Throughkstg
table tests (in NCREE, Taiwan) the following expgnts are investigated: (1) Hybrid-base isolatiath w
MR-damper and fuzzy control, (2) Equipment isolatissing MR-dampers: Experimental performance, 8hd (
Decentralized sliding mode control of a buildingngsMR-damper. Based on the results of shakingetadst,
the performance of each control algorithm is diseds

KEYWORDS: Semi-active control, MR-damper, base-isolation system, sliding mode control, , Neuro-Fussy
control, LQR control, Smart control device

1. GENERAL INSTRUCTIONS

In recent years Magnetorheological (MR) dampersehlagen verified with unique ability to create the
resisting force following the change of magnetial dluid field. Due to the sensitivity of MR dampetise
dynamic state of the dampers can be generated lliseoonds. Compared to actuators, MR dampers only
require low power sources to switch on to the devimrces so that no generator was needed to dniwe t
dampers. In past studies, a number of researcbeusdd on MR dampers modeling in order to desdtibe
behavior more completely and correctly, such asnbdified Bouc-Wen hysteresis model (Dyke et &994),
the hysteretic bi-viscous model (Wereley et al9&)9 Follow by numerical study the Bouc-Wen mod&kef,
1976) can be versatile to exhibit a wide varietyhgs$teretic behavior and the Bingham plastic m¢8&nway
et al., 1987) can also predict the hysteretic bighaffectively. Chang et al. (2000) proposed areimse neural
network (NN) model to approximate the commands & MampersGenerally, MR dampers are capable of
reproducing the resisting forces easily but in@rsfrom the damper forces to input signal commaisds
difficult. Besides, for the application of MR dammpédo control the structure good control algorithmast also
be developed. Yang et al. (1986) proposed new @ptiontrol algorithms for structural control usisgndard
guadratic performance and Ricccati equation to igeeeappropriate force. Under this optimal skillanmg
theories related to linear quadratic Gaussian (L@&)e demonstrated to produce the optimal forceluing
H, and H, control algorithms(Limebeer and Anderson, 1994). Another method fomimmization of the
structural response is sliding mode control algonitSMC) (Utkin, 1992 and Moon et al., 2003). Retyon a
specific trajectory, this method was designed avegging plane to optimize the control force withtezral
disturbance. In contrast to SMC, fuzzy sliding madmtrol (Hwang and Lin, 1992) is an intelligentdan
adaptive method using fuzzy principle in the clek®zp control of nonlinear systems. In this studgrious



control algorithms combined with the MR devicesadopted to reduce the seismic response of building
structure through experimental studies.

2. MR-DAMPER BASED CONTROL SYSTEM

MR-damper is used as the control device in thiglstiDepends on control objective MR-damper can be
installed between the equipment and the floor §quipment control) or it can be installed withinsiel
V-brace to transfer the damper force to the filsbif of the structure. MR (magnetorheological) damjs a
nonlinear device, whose damping coefficient carctenged in real-time. The magnetic field that calstthe
viscosity of the MR fluid is generated by the apation of an electrical current to the coil surrding the
damper chamber. Therefore, higher damping coeffisican be attained by the MR damper simply by
increasing the coil current. Since MR damper i®alinear device that must be properly modeled leefbey
can be employed within a structural control systénmumber of parametric models that fully descrthe
force-velocity relationships of MR dampers have rbéermulated [13]. One such parametric model is the
Bouc-Wen model, whose computational tractabilitd amodel flexibility are attractive features. FoetRB0 kN
MR damper, as an example used in this study, afraddBouc-Wen model has been proposed (kiral. 2005).
The force in the MR dampekF, results from an equivalent viscous damper with dlddition of a hysteretic
restoring forcez, is expressed as:

F(t)=c(v)x(t)+ z{t) (1)
Here, the damping coefficien€, is controllable by the damper command voltage, In this study, the
hysteretic restoring force, is defined by a modified Bouc-Wen model [25, 26],

o) = A+ X, o))"+ ) 20) @

where,A, B, y andn are parametric constants ant) is the shaft velocity of the damper. Differentrfrdhe

modified Bouc-Wen model, the modified bi-viscousdaband exponential model can also be used to septe
the mathematical model of MR-damper (Chahgl.2006).

3. DEVELOPMENT OF CONTROL STRATEGIES

Active control has been used against earthquakigaéros in both experimental and numerical studiéarius
control algorithms such as LQR, LQG, sliding modmtcol, fussy logic control, etc. have been propose
Each control algorithm has its own feature. In théxtion some basic control algorithms that weredus
NCREE control testing are introduced.

3.1. Centralized vs. Fully Decentralized Control

In view of traditional structural control four grpsi of control algorithms can be discussed: fullptcadized
control, fully decentralized control, half centead control, partially decentralized control. Fullgntralized
control architecture indicated that each actuatdni¢h corresponds to each row of the gain matexjuires the
full state response to determine its control actiesed on the jtontrol algorithms, one can obtain the control
force which depends on the full-state vector ardRkmatrix (obtained by solving the Ricatti equaYidSince
the full-state cannot be practically acquired irrent structural control systems, the Kalman egihmis used to
transform the measured output vector of the systeman estimated state vector. The control forae be
expressed in following form:

Uk +1] =GZ'¥[k +1] = G(A™ +B[¥G -LC™® - LF/¥G) [ +GLy, [ R

A (1)
=GALZ; K +GL y, {K

where Acsis the modified system matrix in relating to thenrol gain and L . is the Kalman estimator in
relating to measurement.

The difference between the fully centralized anel tfalf centralized control is on the coupling effamong
control forces. The control gain of each controlvide of the half centralized control was developed
independently. The half centralized control aldoritassumes that each column ﬁed to be independent,
which means that to obtain the control gain onlg ¢ocation of control devices is considered. Thaefthe



number of objective functions is in correspondiodgtte number of subsystems as defined. The cdiotreé can
be calculated as follows:

ulKl = <2R+(BFT), P(BFY)) {(BE™T), PAL Z K =Gz K )

whereG; is a row vector with the same length as the fisltesvector, and combine all the control gain ttaob
the system control gain (Ladt al. 2008)

Gnewz[G;I.r’G-;"”'G-r:]T 3

The fully decentralized control emphasizes on thetrol of local system which only the locationsaafmtrol
device and the measurement around the local s@s\ate considered. Therefore, a complete strucsysiém
can be assumed as composition of many sub-systemdseach sub-system contains its own sensor
measurements and control devices in that subsy$tenthe fully decentralized control it is defindtht each
controller constitutes a sub-system which is indejat and no relation to each other. For the demiéred
control the malfunction of individual controller Whot cause the failure of the entire control syst Table 1
shows the summarized the control gain and contrgkffor different control algorithm.

Table 1. Summarized the control gain and contnalddor different control algorithm.
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3.2. Structural Control Using Decentralized Sliding Mode Control Algorithm

The theory of sliding mode control (SMC) is to dgsicontrollers to drive the response trajectory itite
sliding surface, whereas the motion on the slidngface is stable. For linear structures, the redisional
sliding surfaces=0 for r controllers (dampers) can be a linear combinatitthe state variables, i.e.

S=pzZ =0 (4)

where S = [sl s, - S ]T is a r-vector consisting of r sliding variable.j.
and P=[PT PJ--PT-..PT | = (rx2n) matrix ®)
2=[2125...2; Zpwg - Zon]T =[Xg o Xy X oo X ]T (6)

X; is thei™ inter-story drift,n is the total number of DOF®,is a (x2n) matrix to be designed such that the

motion on the sliding surfac&=0, is stable, an®; is the " row vector ofP with a dimension o2n. Let the {'
damper be installed in thd istory unit and let r be the total number of darspier the building. For the

decentralized SMC, th& sliding variableS for the I" damper is chosen as a function Xf; and in , e,

S =0y X ¥ X =0 @)
where o ; is the pole of the sliding surface. For the mottonbe stable on the sliding surface,
should be positive, i.e.a ,; > 0. Consequently, it follows from Egs.(4) and (73ttR;, the i" row-vector of
P, is given by

Pi:[0101”'lqki10101‘” 1110101”'!0] for izlzl.'.lr (8)
where the element€X |; and 1 are at thiocations of ki and ki+n, respectively. Then basedthe sliding
mode control, the Lyapunov function is expressed as

V=1sTs )
The derivative of the Lyapunov function is obtained
V =STS=STPZ =ST(PB)[U + (PB)-1P(AZ +E)] (10)
Let L=STPB and G =—(PB)1P(AZ +E) (11)

Then, it follows from Eq.(10) that
V=a(U-G)=Y"_A 4 -G)=2_ N ui=> NG =V, +V, 12)



where Y=aU=Y_Nu: Vo=-LG=-Y"_\G (12a)
and U; = control force from the"i damper. In Eq. (12)\is the i" element of AT vector (r-vector) and Gs

the " element of the r-column vecto® . Note that v is the derivative of the Lyapunov function for the
structure without control (i.e.U; = 0). Since the structure without control is stable have V,<0-
Therefore, to design the control force, it is neagg to guarantee thaN'/1 <0.

Two different control strategies will be discussEist, To design a sliding mode controller f&tl <0, one
possible design is obtained by minimizir‘l'gl =Zir=1)\i u, in Eqg. (17). Supposed each story is installed with
one damper, i.e., n = r = 6. The vectdr in equation (11) can be obtained fram STPB. Note that the

notations defined previously are n=@; =X; and z;,5 = X;. Further, the row vectorh is different

depending on the damper layout. For example, if one damper was implemented in the first flooenths
can be determinedzx:}/nl(alzl+z7)T . This is defined as the SMC-1. Hence, the minitira of

\'/1 :zirzl)\i u; depends on the signs dﬁi and U;, and the control law is proposed:

(1) If A, >0 andz,,, >0,therp, =p;..; @) If A; >0 andz,;,, <0, thenp, =p;

(3)If A, <0 andz,,, >0, thend; =p; . @ If A\; <O andz;,, <0, thend; = P;min:
Different from SMC-1, the controller is designed goarantee that/ =ZL1>\i (u —G;)<0. Hence, the
control force U; from the " damper (installed in i-th story) is given by

U =G, — A, (13)
in which & >0 is referred to as the sliding margig, is the I" element of the r-vectofG , and )\i is the "
element of the r-vector.” . One can easily show thay = Z)‘i (U -G))= —Z)\izéi < 0. For the 6-story
building structure as an example, the the contad in the 1 floor will be

u, = _rnl(alxl + (XlAt 72 T XAy~ Xo)) —o(ax t% )n];l (14)
in which Adi is the i-|" element of the system matriA . The MR damper installed in the first story regair
the measurement of the earthquake ground acceﬂarét'b in addition to the responses of the first storlgisT
is defined as the SMC-4 in this study.
3.2.1. Decentralized Sliding Mode Control of Building Structure (Lu et al. 2008)

A 1/4-scale 6-story steel frame was designed far structural control research. As shownHFigure 1, the
six-story scale-down structure consists of a sitglg with a 1.0" by 1.5™ floor area and 1.0' story height.
Story height:1000"™, Floor dimension: 100™x 1500™™. The identified first five modal frequencies (usin
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Figure 1. (a) Photo of the 6-story steel strucaé the V-shape bracing system is for the instaiiatf damper,
(b) Control parameters and feedback signals for IIMEMC-4 and LQR control methods



(a) LQR1 (b) SMC1 (c) SMC4

Figure 2.Comparison on performance indicesa teststructure subjected to four different earthquaketations
(EL Centro-100gal, and00ga, Kobe-100gal and 150gal); (a) LQR1 contro), 81C1, c) SMC4

data-driven stochastic subspadentification metho((Wenget al. 2009)are: 1.05 Hz, 3.50 Hz, 6.12Hz, 8.€
Hz and 11.91 Hz and the corresponding modal danmgitigs are: 0.2%, 0.99%, 0%, 0.79% and 1.86¢ A
3kN MR-damper was used and install in th® floor. Four earthquake record&L Centr-100 gal, EL
Centro-200 gal, Kob&00 gal, Kob-150 gal) are selected as input excitatitmexaminethe effect of different
seismic excitations othe performanc of various control algorithms:igure 2 shows the performance indic
of the experimental results for the structure ushe passive-on, LQR, SMQ-and SM(-4 control algorithms.
It is observed that, the variancedloé performance irices for different ground motiorege not significant, and
the control performance based massivi-on, LQR, SMC1 and SMC4 control algorithiare plausible.

3.2.2. Control performance of semi-active equipment isolation system (Fan et al. 2009)

Consider a 3tory steel frame wi light equipment located on the first floor. The test de used in thi
experiment is designed to be ahmost ful-scale prototype building and is subjected to a-dimensional
ground motionThe floor dimension is 2 meteby 3 meters and the total height is 9 metFigure 3 shows the
schematic diagram of this fery model building with the se-active equipment isolation system on the 1
floor. In this experiment, a single N-damper and a frictionless rolling-type lstr are installed between t
equipment and the first floor. The fricn coefficientu is assumed as 0.0he MR damper employed here i
7kN capacity damper with £ 15.0 cm stroke. The mas=ach floor is 6 tons, and the equipment mass n§
Decentralized sliding mode controller is developedhe test structure wi equipment isolation system,
shown in Fig. 3. In this case only one controlieg,, r =1, and the control vectoU =u, is a scalar. For

full-state sliding mode control, tHe&MC-4 algorithm to determine the controrée can be selected
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Figure 3.(a) Photo of the test setup and the Schematicathagif the control test setu;
(b) Lumped mass model of -DOF system with equipment onet first floor

(b)

0.05

= FIX

= Passive on(CV=1.2v)
- Passive off(CV=0v)
= Cv=0.2v

= CV=0.4v

= SMC3

0.04

0.03

0.02

Max. Displacement (m)
Max. Acceleration (mlsz)

0.01

L

ok T i i i ]
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Excitation PGA level (gal) Excitation PGA lewel (gal)

Figure 4. Comparison ofi¢ equipment acceleration and the damper samong different control algorithn (the Chi-Chi
earthquake data from station TCU129 was usemput motion); (a) plot of maximum relative displawent of
equipment w.r.t. excitation level, (b) plot of maxim acceleration of equipment w.excitatior level.



1 =Gy~ A0, (15)
where G= m, EUE?'Q“(XJ —amgXx, + Bm, X, KX, and /11 :(0’ X, t X4 )/ m, (16)
Then the derivative of the Lyapunov function becemg = -)245 < 0. In other word, a sliding mode

controller can be designed based only on the irdition obtained at the damper location. . The cdietrgiven
in Egs.(15) and (16) is referred to as SMC-4. Tlaeeetwo parameters to be adjusted for the perfocmaf the

controller, i.e.,a andd. Note that the measurement of the ground acc'eieraxg is needed for this controller.

Figure 4 shows the comparisons of the control performaricegqaipment among different control algorithms:
Passive-on (1.2 Volt), Passive-on (0.2 Volt), Rassin (0.4 Volt), Passive-off, and SMC-4, for ditfat levels
of ground excitations.

3.3. Control of Hybrid Base I solation System Using Fussy Control (Lin et al. 2007)

In this study, a base-isolated structure with fbigh damping rubber bearings (HDRBs) and a 300kN MR
damper is tested on a shake table. The goal isrify\effectiveness of the hybrid control systenthyphysical
hardware and real-time processing requiremerigure 5 shows a schematic drawing of the experimental
set-up. The isolated structure is constructed wisiteel frame and lead blocks that provide a mb2%,372 kg.
Diameter of each HDRB used in the isolation systerh50 mm. Ends of the 300kN MR damper are securely
attached to the top surface of the shake tabletatiottom of the isolated structure. Design patarseof the
damper are listed in Table I. Displacements anélacations of the base-isolated system are groimedhree
levels: base of the HDRB (DO, A0), top of the igethstructure (D1, Al) and top of the isolated guite (D2,
A2). The semi-active control device used in thigdgtis a 300kN MR damper. Fuzzy logic is used t@ raa
input space to an output space by means of if-tiies. Use of a fuzzy controller is advantageoushat
performance is not overly sensitive to changesha input signal. Components of the input signal are
transformed into linguistic values through a fuizafion interface at each time step. For output rttapped
linguistic values are transformed into numericduea through a defuzzification interface.

PC/Simulink Data Acquisition System
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"‘il‘*i‘,’}‘iw Parameter Value
Maximum load + 300kN
Maximum stroke 240mm ( + 120mm)
Maximum velocity + 0.50m/s
Voltage 0-1V
Current 0-2A
Temperature 0-40C

Figure 5. Experimental set-up of test structure thedtable shows the operational parameters offSOR damper.

Three proposed candidates for semi-active contsobee used to operate the MR damper during assefie
full-scale experiments. For the first controllet, e relative displacement and velocity of tfidaited mass are
selected as input variables while the output of ftiezy logic controller is the command voltage be tMR
damper (seé&igure 6a). There are seven triangular membership functfonsach input and output variable.
Based on numerical simulations, ranges of the iveladisplacement and velocity are selected to b@OR)
0.005 m] and [0.1, 0.1 m/s], respectively. Wherrgut is out of range, the boundary value is udémte that
the magnitude of the output command varies froid td.1.0 V to prevent the undesirable overshoothay.the
second controller, S2, the absolute acceleratiohralative velocity of the isolated mass are selkes inputs,
while the output is the command voltage (§égure 6b). There are seven membership functions for the fir
input, absolute acceleration, and also for theag@toutput. Five membership functions operate ersétond
input, relative velocity. The basic design conckptthis case is to control the absolute accelematf the
isolated mass through adjustment of force in themk that is assumed to be proportional to thetivela
velocity of the mass. Ranges of the absolute aatie and relative velocity are selected to be $&/$] and
[-0.5, 0.5 m/s], respectively. For the third cofign S3, the absolute acceleration and relatigpldcement of
the mass with respect to the base are selectegpatsj and the output is the command voltage Kigure 6¢).
The number of membership functions used for theelacation and displacement inputs are four and six,
respectively, while seven membership functionsuesed for the output. The design approach for thgeds to



control both the absolute acceleration and thetiveladisplacement of the isolated mass. For thistrodler
ranges of the absolute acceleration and relatisplatiement are selected to be [-5, 5°hdad [-0.005, 0.005
m], respectively.

Effectiveness of each control scheme can be detedrirom data collected during testing on the shakée.
Data are presented according to maximum responsker udifferent level of base excitation (ElI Cento
earthquake). In order to facilitate comparisonegults from a large number of experimental caBegjres 7
show both maximum relative displacement at the lohske mass (D1-D0) and the acceleration reductitio
(A1/A0) with passive and semi-active control forckaxcitation and level of PGA. Plots in these fegufor
passive operation of the MR damper indicate ong/ttho extremes of the voltage command levels, fPf
volt' and ‘P-on: 1.0 volt,". First, it is apparefitom these figures that simply attaching the 300MR damper
to the structure significantly decreases the nedatlisplacement of the base-isolation system. fhtiat, the
greater the constant command voltage that is sethiet MR damper in a passive mode, the largerataation

in relative displacement. For semi-active contrases, reductions in the maximum relative displacdraee
similar in magnitude to the ‘P-on’ case that usesmaximum command voltage. Since energy suppigtiet
MR damper can be reduced through use of modulateért, the semi-active control system providesasem
efficient means of control than ‘P-on’ and alsouees the temperature of the MR fluid.
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Figure 6. Fussy inference system for controller®land S3, respectively
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Figure 7. Maximum relative displacement (D1-D0) acdeleration reduction (A1/A0)
for different PGA levels of El Centro.

4. CONCLUSIONS

Very small power consumption, high reliability aadail-safe mechanism make semi-active control afnide
more promising approaches for the mitigation of dgendue to seismic events in civil engineeringcstmes.
This paper presents the lessons learned duringatsitel0 years on the application of MR-damper tarobthe
building structures through large experimental isidFor experimental studied several control atlgors were
also developed which include: H2-LQR, H-infiniteentralized vs. decentralized control, sliding medatrol
and fussy logic control etc. Verification of thentml algorithms were conducted through the shakéfe test
in NCREE using almost full scale structures. Thatsténclude: (1) Displacement control of isolatédictures
with semi-active control devices, (2) Hybrid basekation with magnetorheological damper and fuzaytiol,
(3) Experimental Verification of Wireless Sensingda Control System for Structural Control Using
MR-Dampers, (4) Decentralized Sliding Mode ContoblBuilding Using MR- Dampers, (5) Experimental
performance evaluation of an equipment isolationgu8R- Dampers. Through these studies the applitab
of semi-active control of building structure usikiiR-dampers had been proven as a powerful contnatedo
mitigate the building responses due to seismictations. Based on the experimental studied in NCRitE
following lessons were learned:

(1) In the decentralized control design, only losahsor information has been used to generateahiot
signal that is send to the dampers of each costfodystem. The de-centralized control algorithmtzacarried
out successfully for a large-scale structural syste



(2) A proper design of control algorithms for thens-actively controlled isolation system can redtlee peak
response acceleration of the equipment without tanbially increasing isolator displacement and dini
structural response.

(3) Fuzzy logic control is effective and easily bgg to the semi-active control system. Since epetgpplied
to the MR damper can be reduced through use of fattlicurrent, another benefit is that the semiivact
control system can reduce the temperature of theflM&
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