Mathematical modelling of semi-active control with
application to building seismic protection

Ana Maria Mitu, Iuliana Popescu and Tudor Sireteanu

Abstract. In this paper the semi-active control is achieved by a base iso-
lation system. The magnetorheological dampers (MRD) hysteretic force
is described by models based on nonlinear differential equation Bouc-Wen.
The Bouc-Wen model is able to capture, in an analytical form, a range
of shapes of hysteretic cycles which match the behavior of a wide class of
nonlinear systems. In order to reduce the seismic response of protected
structure, the ”balance logic” control strategy is proposed. The benefits of
using semi-active base isolation systems are illustrated by a comparative
numerical analysis of passive and semi-active control strategies, applied to
a structure acted on by a synthetic seismic excitation derived from a given
design response spectrum. For numerical simulation a Matlab-Simulink
computer program was developed.
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1 Introduction

A memory-dependent relation between force and deformation, i.e., hysteresis, is of-
ten observed in structural materials and elements, such as steel, base isolators and
dampers. Many mathematical models have been developed to efficiently describe such
behavior for use in time history and random vibration analyses. One of the most pop-
ular is the Bouc-Wen class of hysteresis models and has been extensively used in the
current literature to describe mathematically components and devices with hysteretic
behaviors. The model essentially consists in a first-order non-linear differential equa-
tion that relates the input displacement to the output restoring force in a hysteretic
way. By choosing a set of parameters appropriately, it is possible to accommodate the
response of the model to the real hysteresis loops. This problem has stirred a lot of
research effort due to its difficulty being nonlinear and nondifferentiable. Some identi-
fication methods have been proposed with a rigorous analysis of the convergence of the
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parameters to their true values, while others relied on numerical simulations and ex-
perimentation: least-squares based identification, Kalman Filter based identification,
genetic algorithm based identification, Gauss-Newton iterative based identification,
Bootstrap Filter based identification, Simplex method based identification The model
has the advantage of computational simplicity, because only one auxiliary nonlinear
differential equation is needed to describe the hysteretic behavior [8]. Likewise a va-
riety of control algorithms has been proposed over the years. These include sliding
mode control [13] reliability-based control [4], fuzzy control [1] and other non linear
control techniques. A survey can be found in Spencer et al. [17, 18]. A spring cancela-
tion control algorithm using semi-active control of friction dampers has been applied
by Stammers and Sireteanu [19,20 and 21]. The principle of this control strategy is
to reduce the total force transmitted through the base isolation system by totally or
partially balancing the elastic and dissipative forces when these forces act in oppo-
site direction and by maximally reducing the dissipative force when these forces have
same direction. This approach the authors call ”balance logic” [11, 22]. The objective
of seismic isolation systems is to decouple the building structure from the damaging
components of the earthquake input motion, i.e. to prevent the superstructure of the
building from absorbing the earthquake energy. A variety of base isolation semi-active
techniques have been investigated over the years in order to control structural seis-
mic response. Controlled friction forces can be used to limit building response to an
earthquake. Fujita studied a system in which a friction damper is positioned between
the base and the ground [5]. Feng [2, 3] used sliding bearings to achieve base isolation.
Nishitani, Nitta and Ishibashi [10] carried out scale model experiments using variable
friction dampers. This work investigates the feasibility of using MRD for base iso-
lation of buildings by applying ”balance logic” control strategy. It should be noted
that the damping level achieved by the conventional system must be minimized so as
not to limit the possibilities of controlling the energy dissipation through MRD. A
comparative analysis of base isolation systems with controllable damping and passive
lead-rubber bearing systems showed a notable decrease in base drifts over comparable
passive systems with no accompanying increase in base shears or in floor accelerations
[15].

2 The mathematical model of a structure with
semi-active base isolation

The mechanical model used in this paper to analyze the seismic response of a shear
building with semi-active base isolation is the discrete oscillating system with n de-
grees of freedom, represented in Fig.1 [9]. The elastic and dissipative characteristics of
the conventional base isolation system are assumed linear, with total stiffness k1 and
total damping constant ¢;. The total force developed by the MR-dampers, placed in
semi-active base isolation system, is denoted by Fj. The relation between the lateral
displacements x; of the building floors and their relative displacements y; (inter-storey
drifts) can be written as

i
(2.1) Yi = Xy — Ti—1, xi:ZijrJ?o, 1=1,....,n
j=1
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Fig.1 - The mechanical model of the base isolated structure.

The structure response to the ground seismic motion x,(t) is described by the follow-
ing system of differential equations

M@y + ciyr + kryr + Fi(yn, 91, w) — cate — kay2 = 0,

MyZyn + cnin + knyn = 0.

Introducing the following notations

k; Ci o ki Ci .
i = a0 S — ) 1:7721127 :1a2a"'a
(2 3) w Mz C 2lel s Mz Cw Mz ! "
- Mi+1 ki+1 2 Ci+1

W= = ~ FYier p =2piwip1, 1 =1,2,...,n—1

and using notations (2.1), the equations of motion (2.2) can be written in the following
form

1= —wiyi + pwiye — 2Cwitn + 2u1 (el — aFpra(y, y,u) — &o
G2 = wiyi — (1+ p)wiyz + pewiys + 2G w1t — 2u Gwale
+2u2(3wsys + aFmra(y, ¥, u)

Ui = w?_lyi—1 -1+ ,ui—1)wi2yi + ,U«iwi2+1yi+1 + 2Ci—1wi—1Yi—1
=21 4 pi—1)Gwi¥i + 2p:Cir1wit1Yit1, 1 =3,...,m—1

yn = Wiflyn—l 7(1 + ,un—l)w'y%yn + 2Cn—1wn—1yn—l 72(1 + ,UJn—l)annyn7

where Fiuqa(y1,91,u) is the force developed by a single magnetorheological damper
and a = Fy/(M1Fp,rq) is a coefficient that depends on the number of employed
dampers and on the concentrated mass of the first level.
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In the mathematical modeling of the seismic behavior of structure, this coefficient
acts as a weighting factor, its value being chosen according to the seismic safety
criteria, formulated in terms of inter-storey drift and floor absolute acceleration. In
case of an uniform structure, the following parameters are introduced in the equations
of motion (2.4)

H1 = K, M2:M3:---:Mn—1:17 W1 =Wwp, W2 = ... =Wp =W, <1:C07

2.5
( ) C2::Cn:<-7

®  (alculated values
Analytical aproximation
164 T/T=r tan

] »=0.32231, a =0.63569

0 2 4 6 8 101214 16 18 20 22 24 26 28 30
Number of storeys

Fig.2. The variation of period ratio T7 /T versus number of building storeys

Denoting by T' = 27 /w the natural period of the SDOF system corresponding to
one storey and by T}, the period of k" vibration mode of the uniform structure without
base isolation, one can establish relationships of almost linear dependence between
the ratio Ty /T and the total number of building storeys. Fig.2 shows the linear
fitting curve for the first vibration mode. This diagram is very useful for numerical
simulations because it allows the determination of the parameter w of the uniform
structure model, for an imposed value of the first vibration mode of unprotected
structure.

3 The mathematical model of the dynamic response
of magnetorheological dampers

A MRD is a device consisting of a fixed-orifice damper filled with a MR fluid having
magnetic coils mounted on the piston head. A MR fluid is a particular type of oil
which contains in suspension micron-sized particles of ferromagnetic material [13]. By
applying a magnetic field (via a current supplied to the coils) to the fluid, ferromag-
netic particles form chains, thus changing the value of yield stress. As a consequence
the rheological properties of the MR fluid change and the fluid passes from liquid state
to semi-solid state. Hence, by varying the current supplied to the coils it is possible
to produce variations of the damping force according to the applied control strategy.
This creates a controllable damping action, without taking recourse to valves or any
moving mechanical part. MRD are fail-safe since damping is generated even in the
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passive mode. The mechanical system is highly reliable. The MRD requires only a
battery and not mains power (which is often lost in an earthquake).

The mechanical model of an MR-damper, shown in Fig.3, consists of binding
in parallel a linear viscous damper of damping constant with a hysteretic element
described by the Bouc-Wen model [15].

. L
Bouc-Wen

Y

€y

Fig.3. The mechanical model of an MR-damper

The force developed by the MR-damper is function of the relative displacement
and velocity y; and g; and the control voltage u is given by the equation

(31) FamT(y17y17u) = CO(’U,)’yl + a(u)z(yhyl)

where the internal variable z, describing the hysteretic behavior, satisfies the Bouc-
Wen differential model

(3-2) 2=[A—|2["(B+ vsen (251))ln

and the coefficients c¢o(u) and «(u) have a linear variation with respect to the control
voltage u:

(3.3) co(u) = coa + coptt,  ap(u) = apq + @opu.

The delay introduced by the control system is described as the response to a first
order filter modeled by equation

(3.4) = —n(u—v),

where v(t) is the voltage applied to the control circuit, and 1/7 is the filter time
constant.

The values of the model parameters are determined by inverse methods based on
experimental data obtained by recording the force-displacement and/or force-velocity
characteristics for different types of relative motions imposed between the mounting
ends of MRD and different types of control voltage signals [6]. In the present work
were employed the values given in Tablel, obtained by Yoshida and Dyke through
the identification of the analytical model of a MR-damper prototype for seismic ap-
plications, built at Washington University [22]. The maximum force of this damper
is 1000kN for a maximum value of the control voltage of 10V.

Table 1
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Coa 0.44kNs/m A 1.2
cop | 4.4kNs/(mV) | B | 300m=!
Y
n

aoe | 10872kN/m 300m 1
oy | 49616EN/(mV) 1
n 505!

In Figs. 5 and 6 are shown the force-displacement and force-velocity characteristics
of magnetorheological damper, obtained by using equations (3.1)-(3.4) for an imposed
harmonic motion with frequency 1Hz and amplitude 0.1 m, and for different constant
values of control voltage.
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5v 800+
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E f ny. ov 400+
g o = 5 £ 1%
9 Q 04 ov
w 2
=00 ) £ 00/
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Displacement [m] Velocity [m/s]

Fig. 4 Force-displacement characteristics Fig. 5 Force-velocity characteristics

4 The mathematical model of the ”balance logic”
semi-active control strategy

In order to reduce the seismic response of semi-active base isolation, the present
paper considers the ”balance logic” control strategy which aims to reduce the dynamic
forces transmitted from the ground seismic motion to the first floor of building. The
principle of this semi-active control strategy is to reduce the total force acting on the
first floor by totally or partially balancing the elastic forces, developed by passive
devices or structural elements with the dissipative forces developed by the MRD, in
those sequences of the ground-first floor drift motion in which these forces act in the
opposite direction and by maximally reducing the force developed by MRD, when
these forces have the same direction [21]. Absolute acceleration of the base structure
is obtained from the first equation of system (2.4) as

(4.1) i1 = —wiyr + pwsys — 2G Wit + 2powale — aFamy (Y, ¥, u)

Therefore, the ”balance logic” semi-active control strategy can be modeled by the
following variation law of control voltage during seismic motion

Al —wiyr + pwiys| i (—wiys + pwiye)ga(t) > 0
0 if  (—wiyr + pwiy2)in(t) <0

where ) is a weighting coefficient to be determined so that the peak or r.m.s. values of
the first floor acceleration #; are as low as possible and the absolute accelerations of

(4.2) v(t) = {
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the other floors and the inter-storey drifts displacements between levels are within the
acceptable limits of buildings seismic response (floor accelerations less than 3 —4m /s?
and inter-storey drifts below 0.5 % storey height). Equations (4.2) can be written in
a compact form as

(4.3) v(t) = 0.5M|(—wiys + pwsys)|[1 + sgn ((—wiys + pwiy2)in (t))]

which is more convenient for numerical simulation.

The control strategy, expressed by the above relations, involves real-time measure-
ment of relative displacements y(t), y2(¢) and determination of sign of the relative
velocity speed ¢ (t). The entire control scheme can be implemented very simply with
resistive displacement transducers and with DSP modules to generate the voltage
command signals.

5 Numerical simulation results

The complete mathematical model for response analysis of structures with semi-active
base isolation with magnetorheological damper and control strategy of ”balance logic”
type is described by the set of equations (2.4), (3.1)-(3.4) and (4.3). In general,
the seismic actions for which the structures are designed are represented by seismic
acceleration time histories compatible with an imposed design response spectrum. To
illustrate the application of the previously developed model for the study the seismic
response of structures with semi-active base isolation, a uniform structure with four
floors (first floor and three storeys) was considered. In this case, by using relations
(2.4) and (2.5), the equations of motion of the considered structure are obtained as

i1 = —wiyr + pw?ys — 2(owoit + 2wz — aFamr (y, 9, u) — o

o = wiyr — (1 + p)w?ys + w?ys + 2Cowotn — 2(1 + p)Cwya + 2¢3wys+
(5.1) +aFomr(y,9,u)

iz = w?ys — 2w?ys + wys + 20w — 4wYs + 2GWia

fia = w?ys — 2wy + 2Cw?Ys — ACwaa.

The seismic ground acceleration was numerically synthesized such as to be com-
patible with a given velocity response design spectrum [14]. The synthetic acceleration
time history is plotted in Fig.6. The imposed and simulated design response spectra
are comparatively shown in Fig.7.

For numerical simulation a Matlab-Simulink computer program was developed
such as to easily allow modifications of model parameters and of semi-active control
system, as well as to quickly evaluate the effects of these changes on the building
seismic response. For the parameters of structure and of base isolation system, the
following set of values was considered :

(5.2)  p=1, wy=27rad/s, w=2m-3.3Trad/s, (o = =0.02, a =0,01Kg .

The value of parameter w was chosen from the diagram given in Fig.2, such as the
period of the structure first vibration mode to have the value Ty = 0.67s (f1 = 1.5Hz).
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Fig. 6 The synthetic seismic ground notion Fig. 7 The target and simulated design
acceleration spectra

As expected, the maximum lateral accelerations of the structure were obtained on
the last floor of the building, while the maximum inter-storey drift occurred between
first and second floor. In Fig. 8 and 9 are represented the variation of r.m.s. and
maximum values of these outputs versus the gain coefficient \.
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Fig. 8 Variation of r.m.s. and peak values of absolute acceleration
of 4*" floor versus gain \
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Fig. 9 Variation of r.m.s. and peak values of drift between
15t and 2"¢ floors versus gain \
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It follows from these diagrams that the values of coefficient A can be chosen in
the range 0.55-0.85 Vm™!s2, so that maximum values of the acceleration are below
3.5 ms~2 and those of the relative displacements between levels do not exceed 10mm,
meaning less than 0.5% of the usual floor height of a building. To illustrate the seismic
response of structure and the demanded control voltage for semi-active base isolation,
the results obtained for A = 0.65Vm~!s? are presented in Fig. 10.

To assess the efficiency of proposed semi-active control strategy, the seismic out-
put of same structure with hysteretic BIS passive devices [7], used for base isolation
system, was numerically simulated. Fig.11 shows comparatively the maximum floor
acceleration and inter-story drift, obtained for optimal configurations of semi-active
and passive base isolation systems.
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Fig. 10 The time histories of seismic input, output and of control voltage
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Fig. 11 The time histories of 4*" floor acceleration m/s? and of inter-story drift [m)]
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6 Conclusions

The results presented in this paper prove the effectiveness of base isolations with semi-
active control, realized with passive devices, mounted in parallel with controllable
magnetorheological dampers.

The ”balance logic” control strategy, proposed in this paper, is convenient for
practical applications since only a few relative displacement transducers are required
to measure the building response, regardless of its number of floors. The processing
of measured signal can be easily achieved by employing specialized DSP modules in
order to supply the voltage signal for practically real time control the forces that must
be developed by magnetorheological dampers.

The comparative study of semi-active and passive control of base isolation system
showed that the semi-active base isolation system can provide a better seismic pro-
tection than the passive one. Moreover, the semi-active control with MRD can be
easily adapted to specific seismic inputs by changing the gain factor A in the ”balance
logic” equation. This implies only a suitable modification of the control software and
there is no need to modify any mechanical parts of the base isolation system as in the
case of passive isolation solutions.
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