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Abstract

The magnetorheological (MR) damper is considerdaetone of the most promising semi-active control
devices for reduction of structural vibration. Dieethe damper’s nonlinear characteristic, its iseer
dynamics model is difficult to obtain. In this pape simplified approach, namely the Simplified énse
Dynamics (SID) model, has been developed for bla¢thBingham plasticity model and the Bouc-Wen
hysteresis model. SID models have then been usedltolate the optimal fluid yield stress or input
current, in order to realize the desirable corfimotes obtained from various optimal control algunis.

For each model, a piston velocity feedback (PVFoalhm and a damper force feedback (DFF)
algorithm have been formulated. The proposed mddel been shown to be applicable to both
small-scale and large-scale MR dampers. Also, miffe configurations of MR dampers, such as,
different dimension, coil resistance, type of MBidl, have been employed to show the generic nature
SID model. The effectiveness of force tracking gsgiD model has been demonstrated through a series
of numerical simulations. A multi-storey frame stiure with MR damper-brace systems, using a
large-scale 20-ton MR damper, has been adopted eNcah results show that the MR damper with the
proposed SID model can produce forces very clogbeaoptimal control forces, and that the response
reduction is very close to the case of fully actbemtrol. Also, equally high accuracy of force g

for different shaking levels and frequency contesftsground motions can be observed. The results
demonstrate that SID model can be a simple, yefcfe, tool for both research and application

purposes.

Keywords: magnetorheological (MR) fluid damper; simplifietverse dynamics (SID) model,
semi-active control; piston velocity feedback (P\akgorithm; damper force feedback (DFF) algorithm;

optimal input current



1. Introduction

Semi-active structural control [1, 2] has receivedsiderable attention in recent years becausieitso
the adaptability of active control devices withaatjuiring the associated large power sources, while
potentially it also offers the reliability of passi devices. Semi-active control devices are defiagd
having properties that can be dynamically variedgtmally reduce the responses of a structurakgys
without increasing the mechanical energy in bothdtructure and the device. In contrast to fullijvac
systems, semi-active control devices do not haee pbtential to destabilize the structural system.
Examples of such devices include electrorheologiE®t) [3, 4] and magnetorheological (MR) fluid
dampers [5-7], variable orifice dampers [8], alamith variable stiffness devices [9]. Amongst aksle
dampers, the use of MR fluid dampers is particylattractive, in terms of simplicity of applicatioas

well as their reliability and robustness.

MR dampers usually consist of a hydraulic cylindentaining micron-sized magnetically polarizable
particles suspended within a fluid. The essentiaracteristic of MR fluids is their ability to renggbly
change from free flowing, linear viscous liquidsgemi-solids having a controllable yield strength i
milliseconds, when exposed to a magnetic field.yTéie capable of generating large resisting forces,

offer highly reliable operation at a modest cost] eequire very little power.

In the field of civil engineering, extensive resgaion MR fluid dampers has been conducted since
mid-1990s. The results of various experimental andlytical studies [5, 6] have indicated that these
devices are very promising for civil engineeringpligations. Large-scale MR damper has firstly been
developed at the University of Notre Dame (lateansferred to the University of lllinois at
Urbana-Champaign in 2002) and they demonstratet ttiese devices are capable of providing the
resisting forces required in large-scale structoaaitrol applications [10, 11]. Full-scale applioatwas
subsequently introduced to structures in 2001 éducing wind and seismic responses. One successful
case is its application in the cable-stayed bricigssing the Dongting Lake where it meets the Yangt

River in southern central China [12]. A total of23MR fluid dampers have been installed on 156 staye
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cables to suppress wind-rain-induced cable vibmnattocomprehensive state-of-the-art literature eewi

of the development of MR fluid dampers in civil @mggering application can be found in Ref. [7].

With the input of structural responses, varioustadralgorithms [13] have been developed to achieve
the optimal damper forces. As the ideal semi-adiieeice can only produce a dissipative controldorc

in addition to the intrinsically nonlinear and clgaable damping nature of MR dampers, development of
control strategies that are practical to implenant that can fully utilize the semi-active capaieis of
these devices is particularly important. Exampléssiech control strategies [14] are the bang-bang

controller, the clipped-optimal controller and th&npunov controller.

Chang and Zhou [15] successfully tackled this probby employing a neural network (NN) emulation
of inverse dynamics in the realization of the opiintontrol force. Recurrent NN models were
constructed based on a few previous time stepsspfatement, damper force, voltage signal, and the
optimal damper force. It was shown to be benefiaral essential to develop an inverse dynamics model
to obtain the required input voltage or currenttfee MR damper to produce forces as close as pgessib
to the optimal ones. Yet, it seems that generdiig inverse dynamics model using NN may be too

complicated and difficult to implement.

In this study, a simplified approach, namely then8ified Inverse Dynamics (SID) model, has been
developed in Section 2, for both the Bingham ptistimodel and the Bouc-Wen hysteresis model. SID
models are employed to obtain the optimal inputentrfor the MR fluid damper, in order to emulate t
optimal force. For each model, a piston velocitydieack (PVF) algorithm and a damper force feedback
(DFF) algorithm have been formulated. The propasediel has been shown to be applicable to both
small-scale and large-scale MR dampers. Also, miffe configurations of MR dampers, such as,
different dimension, coil resistance, type of MBidl, have been employed to show the generic nature
SID model. The effectiveness of force tracking gs8iD model has been demonstrated through a series
of numerical simulations. A multi-storey frame sfure with MR damper-brace systems [16], as
illustrated in Section 3, excited by 1940 El Cerdra 1994 Northridge earthquake ground motions, has

been adopted. Linear quadratic regulator (LQR)H®en employed to obtain the optimal damper forces,
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which has been introduced in Section 4. Also, amxyiof force tracking for different shaking levelsd

frequency contents of ground motions has been dstradad in Section 5.

2. Simplified Inverse Dynamics (SID) Model

2.1 MR Damper Constraints

The SID model has been designed for semi-activeflMiB dampers, with the purpose of changing their
dynamic characteristics in real time to provideaage of dissipative control forces. The optimaltomn
force can be obtained by various control algorithsukh as the Linear Quadratic Regulator (LQR), the
Linear Quadratic Gaussian (LQG), the Instantangdptimal Prediction Control, and so forth [13].
Basically, there is no restriction on what typecohtrol algorithm should be used. But, there are tw
intrinsic constraints due to the characteristicshef MR dampers, namely, the passivity constraict a

the limitation constraint.

211 Passivity Constraint

In active control, forces can be produced in antheffour quadrants in the force-velocity graphjlevh

semi-active devices can only produce forces infits¢ and third quadrants (Figure 1a), at which the

Fopima 1) 5 Fopima (1) (1) >0

1
0 i Fopums OF1)=0 .

forces are dissipative, givenas F(t) = {

wherevg(t) is the piston velocity and:Optimaj (t) is the optimal damper force obtained by any chosen

control algorithm.
As the actual damper resisting forde, (t) will have the same sign as the piston velouify) at
time t, the optimal damper force=q; ., () obtained can be compared wih,, (t) . Hence,

Fopima (1) is realizable provided that



Sgr{FOptimeJ (t)] = Sgr{FActual (t)J (2)

2.1.2 Limitation Constraint

In addition to the passivity constraint, thererisupper and lower limit on the force that the MRnger

can produce, which is dependent on the motionepikton, i.e.
[Foin (0] = |Fopsirms ()] < [Fra 1) )
|Fmax.(t)| and |Fmin_(t)| are, respectively, the magnitude of the maximurd axinimum damper

forces that can be achieved at titm{igure 1b), which are controlled by the pistofoedy vy(t) at time

Based on the two constraints above,FFBpﬁma, (t) is realizable by the MR damper, implying that it

satisfies both Equations (2) and (3), the SID maoday be employed to obtain the optimal input curren
or voltage and produce the desirable damper f@tgerwise, the input voltage or current should & s

at either zero or the maximum achievable level.

2.2 Bingham Plasticity Model

A simple Bingham plasticity model is effective irestribing the essential field-dependent fluid
characteristic. Phillips [17] derived a quintic atjan, which can govern the pressure gradienterfldw

of a Bingham fluid. Gaviret al. [3, 4] extended the idea, based on the simplellphpdate model, for
describing the force-velocity behaviour of cylindER dampers. Various researchers [16, 18] have
successfully employed this simple, yet sufficiergtbcurate, model to investigate the possibilityisihg

MR dampers for civil engineering applications.

Based on the parallel-plate model further develope®penceet al. [10], the total damper force~

may be decomposed into a controllable forbe due to controllable yield stres§, and an

uncontrollable forcd~,.. The uncontrollable force includes two parts, aceous forceF, and a



constant friction forcé, . Therefore, the total damper force may be expresseEquation (4) and

illustrated in Figure 1b.

F:FT+F,7+Ff 4
127LA
where  F, =1+ 0|2 (5)
2A, ) wh
T, LA
and F, =c-> - ® sgrlv,) (6a)
o 1 : : o
in which c= 207+ ——— is bounded to the interval [2.07, 3.07], dhi$ defined as
1+04T
2
T= _wh'r, (6b)
12A Vv,

Equation (6a) can be rewritten as

12A LA
F = { 207+ Vo . j ° " sgrlv,) @)
12A,v, + 04whr, | h

whereL is the effective axial pole length, is the cross sectional area of the pistoiis the width of the
rectangular plateh is the gap width between two parallel plates, is the Newtonian viscosity and’,

is the fluid yield stress.

2.2.1 Piston Vel ocity Feedback (PVF) Algorithm

It Fopima (t) is realizable based on the two constraints stateBection 2.1, then, the optimal fluid

yield stress7,(t) may be calculated as follows

wh 127LA
F,(t)=C, DV (t) where C, = (1+ Z_APJWP") A, (8)
t)L
g 0= 20" sy, 0] )
12 t
where c(t) =| 207+ AT 5 (9b)
12A1v, (t) + 04wh?7,(t)



12 t
=| 207+ AT Z denoted byC(t) (9c)
12A,v, (t) + 04wh?7, (t — At)

As the fluid yield stress is expected to vary cmmbiusly with time, the approximation of(t) by

C(t) is expected to be sufficiently accurate whAdn— 0.

It is noted that all three components of the danfipere always possess the same sign, hence, eguatin
the magnitude of the optimal damper forbéﬁptimal (t)‘ to the sum of the magnitudes of the three

damper force components gives

~ .\ To()LA,
[Fopuna (] = 80 = =2 +C v (0)] + F, (10)

h
Rearranging, T,(t) = uFOptimal (t)‘ _Cq |V0 (t)| -F, ]

C(t)LA,

(11

The above SID model may be used to obtain the etbsmb(t), and hence, the optimal damper force
FOptimaj (t) may be realized. To achieve this, an extra vefosinsor for the damper is required.

However, due to reasons such as cost effectivearassnstallation difficulties, the velocity sensoay
not be readily available. Hence, a further algonithas been developed in the next section in oaler t

overcome this limitation.

2.2.2 Damper Force Feedback (DFF) Algorithm
Although the damper velocity, (t) may not be available for feedback, it can be axiprated by the
measured damper for€e,, , (t) . Equating the magnitude of the actual damper fdlrcgcwa, (t)| to

the sum of the magnitudes of the three damper fowogponents gives

_ T(t—At)L
Fraa =50 0 U 4 0]+ F, (122)
t—ALA
= c(t - At) TO(—h)” +C, Vo ()] + F (12b)

It is noted that time-continuity property af(t) has also been employed in Equation (12b).



1 I, (t—At) LAp
Rearranging, Vo (t)] = | |Faga (1) — C(t - At) ————"—F, (13)
C, h
Substituting Equation (13) into Equation (11), $i® model becomes
t)= t—1+uF t) —|F t]—h 14
70(8) = 760t +{ o O] =[P Olf 5 (14

For practical applications, the input parametettiier dampers should be either the voltage or thecu
Yang [19] has showed that there are specific mtatiips between fluid yield stress and current for
different configurations of MR fluid dampers, whichn be explicitly established. It is observed that
fluid yield stress can be modelled by an exponéfiiaction [Equation (15)]. The comparison between

the proposed model and the experimental resulfshHd®been shown in Figures 2(a) and 2(b).

7,(t) =k, —k,e ™V 20 (15)

wherek;, k, andks are constants. The modelling accuracy is excelksgecially for larger yield stress,
of which the accuracy is more important. Hence,draposed SID model can provide a simple, generic
and efficient tool to obtain the required input remt, so as to vary the magnetic field inside the M

damper and hence provide the desired damper force.

2.3 Bouc-Wen Hysteresis Model

Although the Bingham plasticity model is useful srakily implemented, it is not sufficient to deberi
the dynamic behaviour of the MR dampers. Spertat. [20] proposed a mechanical model for MR
dampers based on the Bouc-Wen hysteresis model [21his model, the total damper forde is
given by

F=az+c,(Xx—y) +ky(x=y) + Kk (X=%;) =,y +k; (X=X;) (16)

wherez andy are governed by

2= ~yx=¥142"" - B(x-y)|4" + AX-Y) 17)



1
V = az+c. X+ Kk, (xX— 18
y co+cl{ X+ Ky (x = y)} (18)

in which x is the displacement of the dampeiis the internal pseudo-displacement of the danmpey;
the evolutionary variable that portray the hysierdéehaviour of the dampek; is the accumulator
stiffness;cy is the viscous damping at large velocitiesis the viscous damping for force roll-off at low
velocities;ky is the stiffness at large velocities; agds the initial displacement of the sprikg a is the

evolutionary coefficient; ands , v, n andA are the shape parameters of the hysteresis loops.

Spencer [22] showed that the upper bound of théuggoary variablez, that is the ultimate hysteretic

strengthz, is

1
_( A"
& _(y+ﬁj 4o

As the stiffness forces of the MR damper are snfiatl,simplicity, they may be neglected as in the

following derivation. Substituting Equation (19)tanEquation (18) and then into Equation (16), the

upper bound of the damper fordleg may be simplified as

F, :ﬂsgn(f() +£>‘<= F +F, (20)
CtC C*tC

The controllable yield forceF, due to the controllable yield stres,, which in turn is controlled by
the input current, is included in the functions af, ¢, and c;. The viscous forcl;:” , different from the
Bingham model, is also dependent on the input atirrevhich is included in the functions of and c;.

It is emphasized that, because of the above appgediin, errors exist in the pre-yielding part ire th
force-velocity graph (when the velocity is smaljowever, higher accuracy can be achieved for larger

damper force, which is more important for an ineedgnamics model.

2.3.1 Piston Vel ocity Feedback (PVF) Algorithm

It Fopina (t) is realizable, that is it satisfies the passivtyd limitation constraints described in
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Section 2.1, then the optimal input currei{t) may be calculated as follows

_caMa(t)z, :
As F.(t) = —Co O+ sgnfx(t)] (21)
_ G (t)cl(t) . ~ Co (t - At)C1(t - At) . enote —
and F, t= —Co O+ X(t) o (t = At) + ¢, (T — Af) X(t) denoted by F, (1) (22)

The input current is expected to vary continuouwgith time, and hence the above approximation only
affects the accuracy of the viscous force coefficigradient of the post-yielding part of force-agty

graph). In fact, since the gradient would not vaeyy much in a short time interval as the current i
continuously changing, the approximation &, (t) by IE” (t) is considered sufficiently accurate

whenAt - 0.

By using the above approximation, the optimal yfeitte can be calculated as
F, () = Fopuma (0] =|F, (1) (23)
which is expected to be bounded By, (min) and F,(max).

Due to the complexity of the functid (t), large computational effort must be expended ttepto
obtain the optimal input current. Hence, anothercfional form of F, (t) has to be developed. As
F, (t) is the force component that is mainly varied witle fluid yield stress, the same form of

exponential function is proposed herein fbt. ®):
F (t)=k,—ke >0 (24)

wherek,, ks andks are constants. Similar to the case of modellirejdystress [refer Equation (15)],
different configurations of MR dampers would rednldifferent parameterk/, ks andkg) in Equation
(24). The comparison between the proposed modeltlaacexperimental results for large-scale MR
dampers [19] has been shown in Figures 2(c) and Zfek modelling accuracy is similar to the case of
modelling yield stress, with higher accuracy fagkr yield force. It is observed that the exporisrihe
same in modelling yield stresis) and yield forceks), for the same damper, implying that the curvature

of the two relationships are the same. This findiag further verify the appropriateness of extegdie
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proposed yield stress modelling of Equation (15)ietd force modelling of Equation (24).

Furthermore, the generic nature of the proposedrexptial function has been further extended and
reaffirmed by comparing with a small-scale MR dampezently proposed in Ref.[23] in 2005. The
accuracy of the proposed model has been shownguard-i2(e). Figures 2(a) — 2(e) can therefore
ascertain the suitability and the generic naturthefproposed exponential functions [Equations €t}
(24)], as an alternative to model the MR fluid glistress and the controllable yield force of MR gam

Hence, it can then be employed for the develop&stD model for Bouc-Wen Hysteresis Model.

Substituting Equation (24) into Equation (23), tpeneral SID model for obtaining the optimal input

current i(t) becomes

PR RN

(25)
6 k5

2.3.2 Damper Force Feedback (DFF) Algorithm

In Equation (25), IEU (t) is required for obtaining the optimal input cutréft), and hence the piston

velocity is required. As discussed above, an altitre procedure employing damper force feedback

(DFF) would be more straightforward to implement.
Noting P, (0] =|F s ()] [, (£ = 1) (26)

And substituting Equation (24) into Equation (26§dahen into Equation (25), gives

(0=~ ki | [Frcua ) ;\Fopﬁm O, o
6 5

(27)

3. Sructure-damper-brace System M odel

For frame structures, one feasible way to implenMRtdampers is to place them between the chevron
brace and the floor diaphragm, as shown in Fig(ag Xuet al. [16] derived a mathematical model for

the damper-chevron brace system, giving considerato the stiffness of the chevron brace. In
12



considering the damper and the chevron brace asnpel and spring connected in series [Figure 3(b)],

the spring force in the brace is equal to the famc¢he piston of the damper, and hence

F = C,7j m/oj + Frj Sgn@oj) = KBJ- (X = X4 —d;) (28)
wherex; is the displacement f floor, d; is the piston displacement j&tfloor andKg; is the horizontal
stiffness of the chevron bracej4tfloor.

The equations of motion for aN-degree-of-freedom frame structure withh dampers subjected to

ground accelerationi(g are given by

M+ [l + (k] + [HIK [HT{M - [HI Ko Hd} = -, 29)

where M] is the structure’s mass matrixG][is its damping matrix, and] is its stiffness matrix;Kg] is
the m x m diagonal stiffness matrix for the chevron braoejs the number of storeys having MR
dampers; H] is theN x m matrix converting the brace stiffness matrix itlie global co-ordinate system;
{X},{)'(}, and {X} are theN x 1 displacement, velocity and acceleration vegtoespectively, of the
structure; I} is the m x 1 piston displacement vector of the MR dampansl {1} is an index vector

with all its elements equal to 1.

Equations (28) and (29) can be rewritten in thtestpace form as

{2 =[Afi7+[BfF}+{D}, (30)

{z}=ﬁ2ﬂ[01 [A]{—{[Ou}ﬂ[?]lm e @
el )

4. LQR Optimal Force Control

The LQR algorithm has been employed both for actiwstrol [13] and for semi-active control [24].

Using this algorithm, the optimal control for Opﬁma,} for {F} given in Equation (30) may be

13



obtained by minimizing the following scalar perfante index

3=[" (& QN +{FY [RYF e @

The time interval ff, t] in the integral Equation (32) is defined to bader than that of the external
excitation. Also, Q] is a 2N x 2N positive semi-definite matrices([ = 0), and R] is anm x m positive

definite matrix (R] > 0).

[Q] and [R] are weighting matrices and their values are setedepending on the relative importance
given to the different terms in their contributiotts the performance indeX Large values of ()]
represent the desire of keeping the state veadsedb the origin during the minimization intery&| t;,

whilst large values off] imply a moderate level of control.

Solving the optimal control problem with defined by Equation (32) subjected to the constrain
represented by Equation (30), results in a corfoude vector{Fopﬁm} regulated only by the state

vectorz, such that

{Fouma}={RI[B] [P =[c}2 (33)

where matrix 5] represents the gain matrix; and matrl [is the solution of the classical Riccati

equation given by

[PI[A]+[Al'[P]-[P][B]RI"{B]"[P] +[Q] = 0 (34)

Upon substituting Equation (33) into Equation (38 behaviour of the optimally controlled struetis

described by
{z=(Al+[B]c){z +{D}x; (35)

It is evident from Equation (35) that the effect dbsed-loop control becomes one of structural
modifications, whereby the system matrix is chan@eun [A] (open-loop system) toA]+[B][G]

(closed-loop system).
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5. Numerical Simulations

In this section, the effectiveness of force tragkirsing SID model has been demonstrated through a
series of numerical simulations, for both the Biaghplasticity model and the Bouc-Wen hysteresis
model. A three-storey building model configured hwia single large-scale MR damper, connected
between the ground and the first floor, has beaptd. The large-scale 20-ton MR damper developed
in Ref.[11] has been chosen, as they have providiettie essential details for simulation purposee T
building is subjected to the 1940 EI Centro and 419orthridge, California earthquake ground
excitations, of which the frequency contents affedint. The strong-motion duration of the two stde
ground motions has been taken as 10 seconds [Bid@a¢ and 4(b)], which is sufficiently long foreth

desired purpose.

Three simulations have been carried out in ordeshtmwv the robust performance to different shaking
levels and frequency contents of ground motion fiiist one is the 1940 El Centro earthquake ground
excitation, without modification, with peak grouadceleration (PGA) of around 0.2 g [Figure 4(a)] —
Simulation 1; the second one is the 1994 Northridgehquake ground excitation, with ground motion
amplitude multiplied by four, in order to achieveP&A of around 0.4 g [Figure 4(b)] — Simulation 2;
and the third one is the 1940 El Centro earthqugiceind motion, with ground motion amplitude

multiplied by three, in order to achieve a PGA df § [not shown] — Simulation 3.

As the PVF and DFF algorithms for Bingham plastigitodel are slightly different, the application of
both algorithms would be demonstrated. However, RM&= and DFF algorithms for the Bouc-Wen
hysteresis model are essentially identical, asunihvér modification has been made for DFF algorjthm
hence only a single demonstration has been prekedtethe other hand, as the performance of the two
models is not expected to vary much with the fregyecontent and shaking level of the ground
excitation, hence, only Simulation 1 would be perfed for Bingham plasticity model, whilst all three
simulations would be carried out for Bouc-Wen hyessés model.

It is emphasised that the effectiveness of SID rhshleuld be demonstrated based on the force trgckin

accuracy, for which results have been shown forsiafiulations. However, for more information, the
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comparison of response reduction with other endiggipation systems would also be demonstrated for
one selected case — Simulation 1 for Bouc-Wen hgsiee model. The reason for not showing the
comparison for all simulations is that this studynbt intended to show the effectiveness of setiieac

control using MR damper, over other energy disgipagystems.

The structural matrices are given as

50 0 0 40 -20 O )
[M]=| 0 50 0 |x10°kg [K]=|-20 40 -20 ><103FN (36) and (37)
0 0 50 0 -20 20

The structural damping ratio is assumed to be 1%rit€al (lightly damped) and Rayleigh damping is
assumed. The ratio of the chevron brace horizamiffhess to the structure horizontal stiffness basn

selected as three. The weighting matrix for stnattresponse has been defined as

100 0 0 0 0 O
0 10 0 0 00
o] = 0 10 0 00 -
0O 0 0 100 0
0 0 0 010
0 0 0 0 0 1]

As the parameters for the two types of damper nsofbidscribed above) give different force-velocity
relationships, individual parametric studies on weighting coefficients ] have to be conducted, in
order that large ranges of optimal yield stressfinpurrent variation may be demonstrated. It issdot
that, in practice, the weighting coefficief®][should be determined based on the local seigmiuénce,

different [R] is expected for different shaking levels. Theg:ar

For the Bingham plasticity model:

[R] = 1x10™ for Simulation 1 (39a)

For the Bouc-Wen hysteresis model
[R] = 3x10% for Simulation 1 (39b)
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[R] = 4x10% for Simulation 2 (39c)
[R] = 6x10%? for Simulation 3 (39d)

The integration time step has been set as 0.0@Rish is sufficiently small to minimize the integjian

error, while the sampling time step has been sbtGs.

5.1 Bingham Plasticity Model

A numerical simulation employing the Bingham pleis§i model has been demonstrated using the model

parameters provided in Yamgal. [11]. Asummary of the model parameters has béangn Table I.

5.1.1 PVF Algorithm

Figure 5(a) confirms that very good tracking of tatimal force with minimal discrepancy can be

expected when the optimal control force obtainedrnzller than the off-state force, that is when
‘Fopnmaj (t)‘ <|me_(t)|. The MR fluid yield stress variation and the fortcacking error have been

shown in Figures 5(b) and 5(c), respectively. kxpected that the tracking error is large only mvtiee
yield stress is low, and hence higher accuracybeanbtained for larger damper force, for which high

accuracy is more important.

Furthermore, another way to investigate the effectéss of force tracking when employing the progose
SID model is to compare the peak response redubgbmeen active and semi-active control using MR
damper, as given in Table Il. As the active confootes are exactly the optimal control forces that

MR damper is intended to produce, the close vahighe response reduction between the two cases

indicate very good force tracking when employing 81D model.

On the other hand, the displacement and accelerétiwe histories of uncontrolled and semi-actively

controlled cases for the first and third floors édeen shown in Figures 6 and 7, respectively.
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5.1.2 DFF Algorithm

Similar to the previous section, Figure 8(a) shtivet the force tracking employing the DFF algoritism
also very good. The force tracking error is shownFigure 8(b), with somewhat larger error in
comparison with the PVF algorithm. It is noted tha variation of MR fluid yield stress is very slan

to that using PVF algorithm, so, such figure has heen shown for this case. Moreover, the
effectiveness of response (displacement, velocityacceleration) reductions using the DFF algorithm

also very similar to those using the PVF algorithm.

5.2 Bouc-Wen Hysteresis Model

For the large-scale 20-ton MR damper developed @i.[R], the functional dependence of the
parametersa, ¢, and c; on the input current has been assumed to haveotime 6f a third-order

polynomial. The equations far, ¢, and c; are as follows

a(i) =16566° —87071% +168326 +15114 (40a)
¢, (i) = 437097° —1545407 +1641376+ 45774 (40b)
c,(i) = 9363108’ + 5334188 + 48788640 2791630 (40c)

and the remaining parameters have been given ite Téb It is noted that the form of these three
equations is only the assumption made in Ref.[fb]capturing the properties of the MR fluid used i
their study, whilst different assumptions can baleyauch as in Ref.[23]. Hence, this would notrietst

the application of the SID model developed in gtigdy.

The relationship between the viscous force coefficand the input current has been shown in Figure
It is observed that the viscous force coefficieaties smoothly with the input current; especiallyen
the input current is greater than 0.5 A. Hence sih@lification made in Equation (22) is consideted

be sufficiently accurate, as the input currentqseeted to vary continuously with time.

It is noted that there is an obvious decrease ®fvihcous force coefficient with the increase qfun

current for small input current (< 0.1 A). By intigating Equation (22), the viscous force coefiities a
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function of ¢, and c; [Equations (40b) and (40c)], which were determinedividually by optimal
identification by Yanget al. [11]. The negative values of the coefficiemtcomputed for input current
smaller than 0.057 A would account for the decrezfsthe viscous force coefficient for small input

current.

Regarding the relationship between the yield fosoel the input current, the proposed exponential
function has been obtained for this large-scale déRper, whereirk, andks have both been chosen

as1.5x10°, andks as 1.5, giving
F () =15x10°[1-e™"] (41)

It is seen in Figure 10 that the proposed expoakfithction [Equation (41)] can fit very well witthe
actual functiorf, (t) [Equation (21)], whilst higher accuracy within thegion of larger yield force is
imposed. The latter feature is especially imporfantan inverse dynamics model. It is noted that, f

better fitting, the optimal input current has bsehto zero when the calculated value is less @hib.

By Equation (25) and Equation (27), the SID modsddimes

. 2 ‘FOptimal (t)‘ _‘IE;] (t)‘
i(t)=—=In|1- 42
H="3 15x10° “42)
: 2 |FActual (t)|_‘FOptima] (t)‘ _15i(t-
i(t)=-=In +g oA 43
! ="3 15x10° (“43)

The PVF [Equations (25) and (42)] and DFF [Equatié®7) and (43)] algorithms for the Bouc-Wen
hysteresis model are essentially identical, asunihvér modification has been made for DFF algorjthm

hence only a single demonstration has been preséteach of the three simulations.

Simulation 1 is the 1940 El Centro earthquake gdoercitation, without modification, with PGA of
around 0.2 g. Figure 11(a) shows good trackindiefdaptimal control force. A discrepancy, similatthe
Bingham model, can be expected when the optimataioforce is smaller than the off-state force. The
input current variation and the force tracking emave further been shown in Figures 11(b) and)11(c

respectively. It is expected that the tracking eisolarger when the input current is zero, andckea
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higher degree of accuracy can be obtained for latgmper force.

On the other hand, the comparison of peak respathection between active and semi-active control
using MR damper has been presented in Table IV. dbse values of the peak response reduction

between the two cases indicate very good forc&itigavhen employing the proposed SID model.

Further comparison of response reduction with of#margy dissipation systems has been done here. The
first one is a control system with an actuator mimg a constant force of 70 kN, which is deterndine
based on the time-average optimal force calcultethe active and semi-active control systemsejef

the optimal force time history as shown in Figut€a)]. The second one is a passive control systaim w

a linear viscous damper, connected between thendrand the first floor, designed to give a damping
ratio of about 20 % of critical. The displacementd aacceleration time histories, together with the
uncontrolled and semi-actively controlled cases tfa first and third floors have been presented in
Figures 12 and 13, respectively. The peak respoedaction ratio of the two additional energy

dissipation systems has been presented in Table V.

Simulation 2 is the 1994 Northridge earthquake gdowexcitation, with ground motion amplitude
multiplied by four, so as to achieve a PGA of a4 g. Figure 14(a) shows excellent force tragkin
whilst input current variation and force trackingog have also been shown in Figures 14(b) and)14(c
respectively. Finally, Simulation 3 is the 1940@8ntro earthquake ground motion, with ground motion
amplitude multiplied by three, in order to achie#ePGA of 0.6 g. Figures 15(a) — 15(c) show,
respectively, the force tracking, input currentiaion and force tracking error. The peak response

reduction ratio of the two simulations has beers@néed in Table VI.

The results presented above have shown that thmged SID model is a simple, yet powerful, tool to

emulate the optimal control force. The generic ratf SID model has been verified by its applicasio

to different earthquake scenario of different freiey contents, and also to a wide range of ground
shaking intensity, with PGA from 0.2 to 0.6 g. Téigectiveness of response reduction using MR fluid

damper with SID model has been shown to be alnuesitical to the case of active control, which is

undoubtedly much better than other passive dissipatystem or an actuator producing a constant
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control force.

6. Conclusions

In this study, simplified inverse dynamics (SID) aets for MR fluid dampers have been developed with
respect to both the Bingham plasticity model anel Bouc-Wen hysteresis model, based mainly on
time-continuity properties. SID models are employ@dbtain the optimal input current for the MRidlu
damper, in order to emulate the optimal force. #@r Bingham plasticity model, the proposed SID
model is primarily used to calculate the optimalidl yield stress. Together with the proposed
exponential relationship between the MR fluid yislless and the input current, the desirable cbntro
forces obtained from any optimal control algorithcas be realised. Regarding the Bouc-Wen hysteresis
model, the optimal input current could be obtaimsihg the proposed SID model, with the proposed
exponential function for the controllable yield derof the MR damper. The generic nature of the two

proposed exponential functions have been explidiégonstrated.

For each model, the piston velocity feedback (P\djorithm and damper force feedback (DFF)
algorithm have been formulated. The effectivendderae tracking using SID model has been evaluated
through a series of numerical simulations. A msitirey frame structure with MR damper-brace systems
using a large-scale 20-ton MR damper, has beentedlofumerical results show that the MR damper
can produce forces very close to the optimal cofdree and the response reduction is very clogbeo
case of fully active control. It has been shown tha proposed SID model is a simple, yet powerful,
tool to emulate the optimal control force, yet aaming little computational effort. The generic natwf

SID model has been verified by its applicationglifterent frequency contents, and also to a widgea

of ground shaking intensity. The effectivenesseasfponse reduction using MR fluid damper with SID

model has been shown to be almost identical tadlse of active control.

As mentioned in the introductory section, MR fluidan reversibly change from free flowing, linear
viscous liquids to semi-solids having a controkalield strength, when exposed to a magnetic field.

Hence, a time delay should be expected betweemskent that a decision is made to develop a certai
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current computed by SID model, to developing theremt, and finally to developing the desired
damping force. To improve the response time, R&ffihs proposed a back-driven current approach, and
experimentally shown to be effective. The back-eivcurrent strategy is activated when the desired
force is not dissipative and the error betweemtieasured and desired forces is large. This techragn
forcibly reduce the magnetic field by applying aagve current, and hence, the damper responskecan
improved significantly. It has been shown that tise of the back-driven current approach requirss le
than 0.1 sec to command the damper force from 18.% the off-state force of 7.85 kN, whilst alful

second is required if no back-driven current isligpp Further details can be obtained in Ref.[19].
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Figure Captions

Figure 1(a). Semi-active MR damper dissipativeecidt

Figure 1(b).Semi-active MR damper realizable fdncts.

Figure 2. Comparison between the proposed exphdahctions [Equations (15) and (24)] and the
experimental results: (a, b) MR fluid yield stresk the four different configurations of
large-scale MR dampers [19]; (c, d) Controllablelgiforce of the four different configurations
of large-scale MR dampers [19]; (e) Controllablelgiforce of small-scale MR damper [23].

Figure 3(a). Schematic diagram of a three-storéidimg model with damper-brace system [16].

Figure 3(b).Mechanical model of damper-brace sy4tb].

Figure 4. (a) Simulation 1 — 1940 El Centro; (bh&@ation 2 — 1994 Northridge (amplitude multiplied

by 4), California earthquake ground excitations.

Figure 5. Bingham model — Simulation 1 — Pistoro®ity Feedback (PVF) Algorithm: (a) Force
tracking; (b) MR fluid yield stress variation; (€jacking error.

Figure 6. Bingham model — Simulation 1 — Uncoréwland semi-actively controlled displacement
time histories: (a) First floor; (b) Third floor.

Figure 7. Bingham model — Simulation 1 — Uncoréwland semi-actively controlled acceleration
time histories: (a) First floor; (b) Third floor.

Figure 8. Bingham model — Simulation 1 — DampercEoFeedback (DFF) Algorithm: (a) Force
Tracking; (b) Tracking error.

Figure 9. Bouc-Wen hysteresis model - Viscous FdoefficientCy versus Current (Large-scale
MR damper) [11].

Figure 10. Bouc-Wen hysteresis model - Yield Fdtceersus Current(Large-scale MR damper) [11].

Figure 11. Bouc-Wen hysteresis model — Simulatioga)l Force tracking; (b) Input current variati¢o)
Tracking error.

Figure 12. Bouc-Wen hysteresis model — Simuatior Uncontrolled and semi-actively controlled
displacement time histories: (a) First floor; ()il floor.

Figure 13. Bouc-Wen hysteresis model — Simulattor Uncontrolled and semi-actively controlled

acceleration time histories: (a) First floor; (H)ifd floor.

Figure 14. Bouc-Wen hysteresis model — Simulatioap Force tracking; (b) Input current variatiga)
Tracking error.
Figure 15. Bouc-Wen hysteresis model — Simulatio@B Force tracking; (b) Input current variatiga)

Tracking error.
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Table I. Model parameters of the large-scale 20M&hdamper (Bingham model) [11].

8.4 cm 2 mm 0.632m 271ém 1.3Pa-s 6.34 kN 62 kPa 0.05 kPa

Table Il.  Comparison of the reduction of peak reses of Simulation 1 between active and

semi-active control using MR damper (Bingham madel)

Floor Active (%) * Semi-active (%) * Difference (%
Displacement 1 445 45.3 0.8
2" 48.4 49.4 1.0
3¢ 49.8 51.3 15
Acceleration i 48.1 43.7 -4.4
2 49.3 49.2 -0.1
3¢ 48.1 51.4 3.3

* Values are the peak responses of the controlisd compared with the uncontrolled case.

# Positive values indicate better performance uadgve control than by semi-active control.
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Table Ill. Model parameters of the large-scale @0MR damper (Bouc-Wen model) [11].

A J; 1% n

2679.0 Mt 647.46 nt 647.46 mt 10

Table IV. Comparison of the reduction of peak reses of Simulation between active and

semi-active control using MR damper (Bouc-Wen mpdel

Floor Active (%) * Semi-active (%) * Difference (%
Displacement 1 26.6 28.2 1.6
2" 33.1 35.0 1.9
3¢ 35.5 37.3 1.8
Acceleration i 34.6 32.4 -2.2
2 34.1 40.5 6.4
3¢ 38.5 40.2 1.7

* Values are the peak responses of the controlisd compared with the uncontrolled case.

# Positive values indicate better performance uadgve control than by semi-active control.
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Table V. Reduction of peak responses of Simulatiofthe two energy dissipation systems.

Floor Constant force 70 kKN (%) *  Passive 20 %iCalt(%) *

Displacement 1 43.7 73.1
2" 43.8 73.8
3¢ 44.2 74.3
Acceleration i 64.8 69.3
2 60.6 73.7
3¢ 51.8 69.8

* Values are the peak responses of the controied compared with the uncontrolled case.

Table VI. Reduction of peak responses of Simulatidmand 3 using MR damper (Bouc-Wen

model).
Floor Simulation 2 (%) * Simulation 3 (%) *
Displacement 1 27.9 36.1
2" 33.1 40.2
3¢ 34.4 42.0
Acceleration i 39.9 34.1
2" 48.1 39.9
3 40.6 42.0

* Values are the peak responses of the controlisd compared with the uncontrolled case.
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Figure 1(b). Semi-active MR damper realizable fdirets.
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Figure 2. Comparison between the proposed exp@idatictions [Equations (15) and
(24)] and the experimental results: (a, b) MR flyield stress of the four different
configurations of large-scale MR dampers [19]d)cControllable yield force of the
four different configurations of large-scale MR daers [19]; (e) Controllable yield

force of small-scale MR damper [23].
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Chevron Brace

Figure 3(a). Schematic diagram of a three-storélging model with damper-brace

system [16].

Figure 3(b). Mechanical model of damper-brace sygts].
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Figure 6. Bingham model — Simulation 1 — Uncon&dland semi-actively controlled
displacement time histories: (a) First floor; ()irfl floor.
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Figure 12. Bouc-Wen hysteresis model — Simuatieriuhcontrolled and semi-actively
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40



@ 1.2
@ .
c L
=) ¥ F'.
ol :
[} ..
8 ‘d 'V{
0 I
N w' i "
o] {} :
o | LY
T W
v . . kT
LE —— Passive (20% Critical Damped)
—— Constant Damping Force = 70 kN
— Semi-Actively Controlled
-1.2 1 1 1 1
0 2 4 6 8 10
Time (sec)
(b) 1.2
@ L 3§ I
c
A=l
® - .
o :
< 0 WV,
o] ' I
S "
[ - i
E z'
= Yoo
= i SRV
-1.2 1 1 1 1
0 2 4 6 8 10
Time (sec)

Figure 13. Bouc-Wen hysteresis model — Simulatienncontrolled and
semi-actively controlled acceleration time histeri@) First floor; (b) Third floor.

41



—~
&
i
o
o
p——

Damper Force (KN)
o

— Actual Damper Forc ”

|

- - --Optimal Damper Force

-400

0 2 4 6 8 10
Time (sec)
(b) 2.0 N
< 15
5
5 1.0
@)
5
o
c
~ 05 f l
0.0 ! 1
0 2 4 6 8 10
Time (sec)
(c) 400
'Z‘ [
é L
é |
i,
> O
c
%
s
|_
-400 | 1 1 1 1
0 2 4 6 8 10
Time (sec)

Figure 14. Bouc-Wen hysteresis model — SimulatiofaPForce tracking; (b) Input

current variation; (c) Tracking error.

42



~~
&
N
o
S

Damper Force (kN)
o

: — Actual Damper Forcey
r - - - -Optimal Damper Forc
-700 1 1 1 1

0 2 4 6 8 10
Time (sec)

2.0

—~
O
~

Input Current (A
[EE
o

05

0.0 1 !

~~
o
N
~
o
o

Tracking Error (KN’
o

-700 1 1 1 1
Time (sec)
Figure 15. Bouc-Wen hysteresis model — SimulatiofaBForce tracking; (b) Input

current variation; (c) Tracking error.

43



