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ABSTRACT: Due to the advantages of semi-active control methods over passive and active methods,
the development and performance of these methods to control the structural response under dynamic
lateral loads has been widely considered. Magneto-Rheological (MR) Dampers are among the widely
developed devices for semi-active control of buildings. Various models are proposed to simulate MR
Dampers dynamic behavior. The present paper summarizes the results obtained through studying a
10-story linear shear building exposed to 28 far and near-fault earthquakes in MATLAB. A MR Damper
with Clipped Optimal Control Algorithm was considered to control the vibrations of the structure. In
addition to the effect of actuator saturation, the actuator’s dynamics were also considered using the
Modified Bouc-Wen model. Moreover, the positioning the damper at three different configurations of
lower, middle and upper stories were investigated. A statistical study was carried out under different
types of near and far-fault records. Results obtained through this study suggested the best performance,
in terms of minimizing the roof displacements, while placing a MR damper at the first floor. Results
show that the investigated control system has the best performance under near-fault records without
pulse, with an average reduction of 21% in the structural response.
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1. Introduction

The use of passive control devices is already a well-
appreciated and common practice among different control
approaches, and many studies have tackled this topic.
Despite their widespread use, the performance of passive
control methods needs to be improved due to incompatibility
issues and their deficiency under wideband excitations [1].
Active control is also rejected by some researchers because
of its disadvantages. The well-known shortcomings of these
systems are their high energy consumption, possible power
failure during operation, as well as the possibility of unstable
structures due to adding energy in the structure [2]. The
idea of employing semi-active dampers for car suspension
systems was first emerged in the 1970, [3]. the semi-active
control system is a development of a passive control system;
however, it has compatibility to adjust its parameters based
on input vibrations. additionally, active control approaches
require a large power source (from tens of kilowatts to several
megawatts) while semi-active control methods require a
small amount of power (up to a few watts and on the order of
a normal battery) [4].

In this numerical study, a linear model of a benchmark
10-story shear building is semi-actively controlled by MR
damper under 28 earthquake records. Clipped Optimal
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Control (COC) algorithm is employed to calculate the control
force, and a linear quadratic regulator algorithm is employed
to calculate the optimum control force.

To distinguish this research from previous studies,
statistical seismic performance assessment of the MR damper
under real records is studied while many different aspects are
considered simultaneously as summarized below. (1) Using
a good number of records with different features (28 records
with 4 different properties) for statistical seismic performance
assessment of MR damper to control different structural
responses. (2) Since conventional methods of processing
ground motions (filtering and base line correction)...”
eliminate the fling step (FS) effect, unprocessed records
are used. (3) The actuator dynamic is taken into account.
(4) Saturation of the control force is included as one of the
limitations of implementing active and semi-active control
systems. (5) Three different configurations for the damper
placement at building height are investigated to determine
the effect of damper location on its performance. (6) The
dimensionless answers are reported so that they can be
generalized to different numerical problems.

2. Modeling and analysis

A well-known 10-story shear building with the same
mass, stiffness, and damping for all stories is investigated
as a numerical problem. The main frequency of the studied
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Fig. 1. Mean and standard deviation of normalized maximum
roof displacement for the 1* alternative of the controlled
structure (i.e., damper at the first floor) under near-filed record
sets earthquakes.

structure is 1.02 Hz. For the semi-active control of the above
structure, MR damper with 3kN capacity and a modified
Bouc-wen model is used. Furthermore, the well-studied
COC algorithm is selected to calculate the required voltage.
Three different alternatives are also examined to investigate
the effect of damper location at building height on its control
performance:

* Case [: MR damper at the 1% floor. (Lower floors).

¢ Case II: MR damper at the 5" floor. (Middle floors).

e Case III: MR damper at the last floor. (Upper floors).

The responses of COC controlled buildings are compared
with the uncontrolled, Passive-On (P-ON), and Passive-Off
(P-OFF) controlled building.

The steps for modeling the building and controlling its
vibration in MATLAB and SIMULINK software are as
follows: mass, stiffness, and damping matrices are first defined
and uncontrolled state-space matrices are formed afterward.
Consequently, uncontrolled structural response is obtained
under different records by employing appropriate blocks in
SIMULINK. Next, the state-space matrices of the controlled
structure are constructed based on the selected alternative
of the MR damper location. Then, using linear quadratic
regulator algorithm, the optimum force values are determined
and compared with the force generated by the damper, thus
calculating the required voltage for the MR damper at each
moment. Finally, the control force is computed and applied to
the structure by feeding the displacement and velocity of the
stories and the calculated voltage to the controller.

3. Results and Discussion

Fig. 1 presents the mean and standard deviation of the
controlled to uncontrolled maximum roof displacements for
the first alternative (i.e., damper at the first floor). Two near-
fault record sets, i.e. with fling step and forward directivity
(FD), are presented in this figure. Although the roof
displacement is decreased appropriately under all applied
record sets, the minimum roof displacement is calculated
under near-fault earthquakes with the fling step (FS) effect.
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Fig. 2. Mean and standard deviation of normalized maximum
roof displacement for the 3" alternative of the controlled
structure (i.e., damper at the fifth floor) under near-filed

record sets earthquakes.

The maximum roof displacement of the controlled
structure is decreased by 7%, 14% and 22% under near-
fault earthquakes with fling step effect with the P-Off,
COC, and P-ON controlled methods respectively. However,
the structural response is declined by 6%, 11%, and 18%,
respectively, under near-fault records with forwarding
directivity.

Fig. 2 presents the results obtained for the 2™ alternative of the
MR damper location. Analogous to Fig. 1, the P-OFF and P-ON
control methods have the highest and lowest standard deviations
respectively. However, the performance of the MR damper using
all examined control methods is exacerbated compared to the
first alternative e.g., under near-fault record with fling step effect
and with COC method, the response reductions of 14% and
9% were observed for tthe 1* and 2™ alternatives respectively.
A summary of the maximum and root mean square (RMS) of
different performance criteria for the preferred configuration
(i.e., damper at the 1* floor) is provided in Table 1.

Table 1. Normalized criteria for best performances for the 1
alternative of the controlled structure (i.e., damper at the first

floor)
Recod  Mommalized - p opp poN coc
parameter
Max Disp. 0.90 0.77 0.76
Max Vel. 0.90 0.73 0.81
Max Acc. 091 0.73 0.74
FS Max Base Shear 0.84 0.67 0.76
1 RMS Disp. 0.87 0.42 0.52
RMS Vel. 0.89 0.35 0.41
RMS Acc. 0.87 0.46 0.55
RMS Base Shear. 0.85 0.35 0.53
Record  Nomalized - p Gpe poN coC
parameter
Max Disp. 0.92 0.74 0.82
Max Vel. 0.92 0.76 0.83
Max Acc. 0.92 0.76 0.95
FD Max Base Shear 0.90 0.66 0.81
13 RMS Disp. 0.92 0.65 0.66
RMS Vel. 0.94 0.66 0.64
RMS Acc. 0.93 0.69 0.68
RMS Base Shear. 0.90 0.57 0.69
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4. Conclusions

The MR damper performance was evaluated for three
different configurations of damper location at story height.
Reduction in the maximum roof displacement was investigated
as the output. Moreover, three different control methods were
assessed to determine the control voltage. Results show the
remarkable performance of MR dampers in controlling the
structural vibration and reducing different local and global
performance criteria. Using the COC algorithm with the 1st
alternative of the damper location, the mean of maximum
displacement and acceleration responses were decreased by
20% to 40% for all examined record sets.
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Fig. 1. Graphical representation of COC algorithm [12]
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Table 1. Mechanical models of the MR damper
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Table 2. Modified Bouc-Wen model parameters
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Table 3. Parameters of modified Bouc-Wen model for the 3kN MR damper

Parameter Value Parameter Value
Coa 21.0 N.sec/cm Oy 140 N/ cm
Cob 3.50 N.sec/ cm.V oy 695N /cm.V
kg 46.9N/cm Y 363 cm™2
Cla 283 N.sec/cm B 363 om”2
Clp 2.95N.sec/cm.V A 301
k) 5.00N/cm n 2
*0 14.3cm N 190sec”]

yovy



V0% B VAYY dois VFe e Jlo oF o)loud DY 0,95 puS ol )]y wnigo 4y il

S oy oS ol 4 Gl sl 4 by gl o
slade ar Ll o gl @ g) s plucea b Suop ojex sleo S
U L Seszojem slasysS) a5 o wigd o | S0 j20
OLES &Sty 0 y0 i (g)lade 4 095 Sloj a5 gletl yo
Sl 6lan,sS, 5 Sut¥l né 5 Suile Llals sl )

6&&4&]&05@&2@—7
Coo @ ol dluse J=> &g,y 5l el jglate 4 izw opl yo
dolol jo 5wl wales aisls,y Jdod By, 5 sileJow (oo

A anlgs 00ls b anlllas ol o ad 5 O jse (55l Joe

(SR Coo —\-F
Y oojle (o g giloow oy, (P Coro jelaie 4
ol 485 18 ()2 3 90yl 5 SGls allie )5 39250 ails
esload ools HLas ¥ S jo a5 jebylen ail Y o3l ol [1¥V]

6&@% Le) .b}').a Sladlas B as Mbsa IR uuLo.D.n QSIM

g
<
) \./
-1-
1 -
é
&
Z
on
>
0
] -
g
g
=
\bﬂ
=
0
Time
(a)

039 Soalil; 5 Wedi oo e S 5l j90 5 a5 IS
@ gy Crducaz b (b Sl hls aiws a4 093 S
0357 o )sS, a5 bl | s oo el 410 (3 5 sl
bl 1 gl oo ol JuS 5l je0 S ojlail o] jo g0
Oeed 0yl S o ol il ol )y g iis Cuo B o)) e
4 Cod (G509 (ol B Slgie j90 055> slao S, o
IS e 05s> sl sS
0)9> .))55) 9o ‘S:L‘>¢DL'> 9 u.c).m ‘ul—h—ﬁh’ GLQJJL Y Jiw 5
s dg) Grdiuzr b S eje 5 (@) Lbp SIL Sy
Sl peShe polie 4y a0 )50 sl s .Cslonds &5l )
4 Q‘?"QSA Y J&w oo line Lu sloads MKS’ ks'l}d.il} 9 u.cru
s Slagime ;3 a5 5,55, £55 55 (nl O Sl 0 5 el
Suop oje soyeS, oy ol cdalin LB obal>
Sy 5 (Sop e ) v b (b sl (B ST
oysS, & Jb o sis ey jemme Ao b Cude iSu
ik 90 50 Gl 5l OlSy (e Ghlo sl gy s pdiiua b

@ azg b ien aiblce G jomme Bie g Cude i

Acceleration

¢~ gmax

L nn
|

1_

: /\

£

e

Z,0

’ \/
-1

-

Time

(b)

ez b S35 0592 395 (D) (2l p F1L Qo35 6592 95955 (A) oud dry 2 (owgiomw S I (2o Y S
[Y¥] ol 0 9, 520
Fig. 2. Idealized sinusoidal pulses: (a) fling-step (Type A), (b) forward-directivity (Type B)(Note: curves are normalized
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Fig. 3. Schematic illustration of the studied structure by
Dyke and Spencer [31]
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Table 4. Comparison of the results of this study and the benchmark study

SC,[;);Z;II Response Type S](?s;ze Value
Roof Dyke & Spencer 0.962

Uncontrolled Displacement Calculated 0.945
(cm) Error (%) 1.76

Roof Dyke & Spencer 0.455

Passive-OFF Displacement Calculated 0.461
(cm) Error (%) 1.31

Roof Dyke & Spencer 0.306

Passive-ON Displacement Calculated 0.285
(cm) Error (%) 6.86

. Roof Dyke & Spencer 0.219
gggﬁf ;11 Displacement Calculated 0.218
(cm) Error (%) 0.45
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Fig. 4. Schematic illustration for the studied 10-story linear shear building in the first configuration case
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Table 5. Ground motion database

a . » PGA PGV PGD Fling
No  year Earthquake Mw Mech Station Comp Source (@) (cm/sec) (cm) Disp.
(a) Near-Fault Records (Fling- Step)
1 1999 Kocaeli SS Yarimca(YPT) EW 3 0.23 88.83 184.84 145.79
2 1999 Chi-Chi 7.6 TH TCUO052 NS 4 0.44 216.00 709.09  697.12
3 1999 Chi-Chi 7.6 TH TCU068 EwW 4 0.50 277.56 715.82 601.84
4 1999 Chi-Chi 7.6 TH TCUO074 EW 4 0.59 68.90 193.22 174.56
5 1999 Chi-Chi 7.6 TH TCU084 EW 4 0.98 140.43 204.59 161.82
6 1999 Chi-Chi 7.6 TH TCU102 EW 4 0.29 84.52 153.88 73.66
7 1999 Chi-Chi 7.6 TH TCU128 EW 4 0.14 59.42 91.05 49.88
(b) Near-Fault Records (Forward- Rupture Directivity)
8 1992 Cape Mendocino 7.1 Petrolia 90 1 0.66 90.16 28.89 -
9 1994 Northridge 6.7 TH Olive View 360 1 0.84 130.37 31.72 —
10 1992 Erzincan 6.7 SS Erzincan EwW 1 0.50 64.32 21.93 -
11 2004 Parkfield 6.4 SS Fault Zone 1 FN 5 0.50 64.15 12.64 -
12 1984 Morgan Hill 6.1 SS Anderson Dam 340 2 0.29 28.00 12.19 -
13 1987 Superstition Hills 6.4 SS Parachute Test Site 315 1 0.45 112.00 52.46 —
14 1979 Imperial-Valley 6.5 SS Brawley Airport 225 1 0.16 35.85 22.39 —
(c) Far-Fault Records
15 1952 Kern County 7.5 TH/REV Taft 111 1 0.18 17.50 8.79 -
16 1979 Imperial Valley 6.5 SS Calexico 225 1 0.27 21.24 9.03 -
17 1989 Loma Prieta 7.0 OB Presidio 00 1 0.10 12.91 4.32 -
18 1994 Northridge 6.7 TH Century CCC 90 2 0.26 21.19 7.85 -
19 1994 Northridge 6.7 TH Moorpark 180 2 0.29 20.97 5.48 -
20 1994 Northridge 6.7 TH Montebello 206 1 0.18 9.41 1.51 -
21 1971 San Fernando 6.6 REV Castaic 291 1 0.27 25.90 4.87 -
(d) Near-Fault Records (Without Pulse)
22 1979  Imperial Valley-06 6.5 SS Bonds Corner 140 1 0.59 46.75 20.21 —
23 1979  Imperial Valley-06 6.5 SS chihuahua 12 1 0.26 24.80 9.29 -
24 1994 Northridge-01 6.7 REV Saticoy 90 1 0.34 31.43 8.95 -
25 1989 Loma Prieta 7.0 OB/REV Capitola 00 1 0.51 38.02 7.06 —
26 1966 Parkfield 6.2 SS Array #3 50 1 0.24 11.30 5.07 —
27 1987 Superstition Hills 6.4 SS Superstition Mtn 45 1 0.58 24.41 2.29 —
28 1994 Northridge-01 6.7 REV Rinaldi 228 1 0.87 150.86 42.68 -

2 Faulting Mechanism = TH: Thrust; REV: Reverse; SS: Strike-slip; OB: Oblique
b Data Source = 1: PEER (http://peer.berkeley.edu/smcat)

2: COSMOS (http://db.cosmos-eq.org)
3: ERD (http://angora.deprem.gov.tr/)

4: (http://scman.cwb.gov.tw/eqv5/special/19990921/pgadata-asci0704.htm)

5: CSMIP (http://www.quake.ca.gov/cisn-edc/idr/parkfield 28Sep2004/idr_dist.htm)
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Fig. 5. Mean and standard deviation of normalized maximum roof displacement for the 1* alternative of the controlled
structure (i.e., damper at the first floor)
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Fig. 6. Mean and standard deviation of normalized maximum roof displacement for the 2" alternative of the controlled
structure (i.e., damper at the fifth floor)
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Fig. 7. Mean and standard deviation of normalized maximum roof displacement for the 3" alternative of the controlled
structure (i.e., damper at the last floor)
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Fig. 8. Mean of normalized maximum displacement of building floors under different record sets and 9 different cases
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