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ABSTRACT

Magnetorheological dampers have raised as promising devices for structural seismic protection since they have
many attractive features such as small power requirements, reliability, and relatively low cost. These devices
have strongly nonlinear behaviour which is very difficult to characterize. For this reason, the modelling of MR
dampers has been an active field during the last years and has produced several models by combining a physical
insight with a black-box approach. Among them, the so called “viscous + Dahl model” has been introduced as a
particular case of the normalized version of the Bouc-Wen. Viscous + Dahl model is indeed significantly simpler
than some other approaches and has well established conditions to ensure its physical and mathematical
consistency.

This work deals with the modelling and identification of a small scale MR damper which is described by the
viscous + Dahl model. The obtained model is validated experimentally into a real time hybrid test (RTHT)
configuration where the MR damper is working as the seismic protection of a civil structure. The results show a
good match between experimental and predicted forces.
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1. INTRODUCTION

Magnetorheological dampers have raised as a promising devices for seismic protection since they have
many attractive features such as small power requirements, reliability, and relatively low cost. These
devices have a controllable fluid composed of suspensions of micron-sized, magnetizable particles
dispersed in an appropriate carrier liquid. In the presence of a magnetic field the MR fluid becomes
semisolid exhibiting a viscoplastic behaviour whose resistance depends on the magnitude of the
applied magnetic field. Thus, through this transformation MR dampers can provide civil structural
systems with adjustable additional damping which can be driven through an external input voltage.

The modelling of these devices from the laws of physics leads to models too complex to be used in
control applications. For this reason, alternative models have been developed by combining a physical
insight with a black-box approach (Savaresi et al. (2005)).

One of these models that has been used to describe MR dampers is the Dahl model (Dahl (1968))
which consists of a first-order nonlinear differential equations that approximates experimentally
observed hysteresis loops. It has been used, among others, in references Zhou et al. (2006), Ikhouane
and Rodellar (2007), Ikhouane and Dyke (2007) and Rodriguez et al. (2009) to describe the MR
dampers behaviour.

The objective of this work is to model and identify a small scale MR damper described by a modified
version of the Dahl model. Results are validated by a real time hybrid test (RTHT) where the MR
damper is working as the seismic protection of a small scale civil structure. By doing this, the MR
damper device is provided with realistic displacement and voltage signals, and thus a more appropriate
validation of the model is obtained.



2. MODELLING AND IDENTIFICATION OF MR DAMPER

This section deals with the MR damper description using the viscous + Dahl model referred to in
Ikhouane and Dyke (2007). This model has been derived as a match point of the normalized version of
the Bouc-Wen model (Ikhouane and Rodellar (2007)) and the Bingham model (Spencer Jr et al.
(1997)) used to characterize MR dampers behaviour.

The model is formulated as:
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where X, (t) denotes the damper piston velocity, Vv(t) the voltage input command, f(t) is the

damping force, w describes the nonlinear behaviour of the damper, and t refers to time. The viscous
friction coefficient x, , the dry friction coefficient x,, and the parameter p may be voltage dependent.

The identification methodology used in this paper is based on the results of Ikhouane and Rodellar
(2007) and Ikhouane and Dyke (2007) where the input signal is chosen to be periodic as depicted in
Fig. 2.1. In this case, the output force f(t) of Eqn. 2.1 approaches asymptotically a periodic

function ?(t) .

Figure 2.1. Input signal X, (t)

The identification procedure assumes the knowledge of the hysteresis loop (?(r), x(r)) parameterized
with the variable 7 € [0,T ].

In that references it is shown that the hysteresis loop has a plastic region when the displacement is
large enough. This region is characterized by w(z) =1. In this case, Eqn. 2.1 becomes

fO) = VO O+, VO] (2.3)
This equation is linear in X, (t) so that constants x, and x,, can be determined by a linear regression.

Then, the parameter p is computed as:

a
p=— (2.4)
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Where constant a can be computed as explained in Aguirre et al. (2010).

Then, the identification results referred to in Aguirre et al. (2010), show that o is a voltage

independent parameter so that it is taken as the mean value ; =47.95 (cm™).



Parameters x, and x, are voltage dependent in the form

(2.5)
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with &, =9.78(Nscm™),x, =40.75(Nscm™V™), x, =60.11(N) and «, =344.78(NV™)
so that the MR damper model is obtained as:
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Finally, it is important to point out that the MR damper inputs (displacement X, (t) and voltage v(t))
are strongly related to the structural system response which the MR damper is attached to.

With this in mind, next section is devoted to the description of a civil structure which is provided with
a MR damper for seismic protection. By doing so, we are obtaining realistic data for the MR damper
displacement and voltage inputs to be used in the validation of model 2.7 — 2.9.

3. SEMIACTIVE CONTROL OF A STRUCTURAL SYSTEM USING THE MR DAMPER

The structure under study is the 2-story building shown in Fig. 3.1 which is equipped with a MR
damper between the ground (fixed base) and the first floor.
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Figure 3.1. 2-story building equipped with a MR damper

Assuming that the structure is provided by a control force adequate to keep the response of the system
in the linear region, equations of motion can be formulated as:

MQ +CQ + KQ = —MIX, + Af (3.1

where Q =[x, X, X, ', Q=[X, %, X, and Q=[%,%,,...% |, correspond to the
displacement, velocity and acceleration relative to the base, X is the ground acceleration relative to
an inertial reference frame and f corresponds to the MR damper force.

Matrices M, K and C represent the mass, stiffness and damping of the structure respectively.
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Vector I'= [1,1]T defines the influence of the external excitation X, over the entire structural system

and matrix A = [—1,0]" sets the placement of the damper in the structure.

Egn. 3.1 can be represented in the state space form as:

X = AX +B,f +EX, (32)
y=C,X+D,f (3.3)
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where X = [xl,xz,.. Xps Xy Xgpeey X ]T is the state vector of the system and Yy is the regulated
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output vector (absolute accelerations of all floors). Variables X;,X; and X; are the displacement,

velocity and acceleration of the floors respectively, all of them relative to the base.

It can be seen that in this case the MR damper displacement corresponds to the relative one of the first
floor so that X, (t) = x,. The voltage signal v(t) is computed from the “clipped optimal control”
algorithm which is implemented with the objective of regulating the absolute accelerations of the
structure. This strategy has been very often used in the literature for semiactive structural control

applications as evidenced, among others, in Dyke et al. (1996), Yoshioka et al. (2002), Shook et al.
(2007) and Johnson et al. (2007).

As a conclusion, Fig. 3.2 illustrates schematically the real application of the MR damper when
working as the seismic protection of the structural system shown in Fig 3.1.
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Figure 3.2. Semiactive control configuration

4 REAL TIME HYBRID TESTING (RTHT)

Real-time substructure testing is a method for establishing the dynamic behaviour of structural
systems. The method separates a complex structure into physical and numerically modelled
substructures, which interact in real-time allowing time-dependent nonlinear behaviour of the physical
specimen to be accurately represented (Benzoni (2001), Sivaselvan et al. (2004)).

In our case, we need to describe the behaviour of the MR damper inside the system shown in Fig. 3.2.
The experiment has been suited so that the numerical part simulates the structural system along with



the command voltage rule and the physical one corresponds to the MR damper which is the
component we are interested in.

The experiment works by the exchange of information between the numerical and physical part as
follows: The displacement of the first floor X, and the voltage signal v are computed from the

numerical part and imposed via actuator device and voltage source on the MR damper. Then, the
reaction force f generated by the MR damper is fed back to the numerical part to cycle again. This is
illustrated in Fig. 4.1.
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Figure 4.1. Configuration of the real time hybrid testing (RTHT)

The key feature of this testing method is the interaction between the numerical and physical
components. Indeed, obtaining reliable results requires accurate compensation of the delayed response
of the actuator, otherwise instability of the feedback loop is likely to occur (Carrion and Spencer
(2006), Darby et al. (2002)).

To avoid this difficulty, a delay compensator is introduced into the transfer system as shown in Fig.
4.1. Then, signal X, is feed into the transfer system where the delayed compensated signal X', is

established as the set point for the controller so that the actuator output z tracks the demand signal X;
as close as possible. Thus, the idea of the delay compensation is that once X', get into the transfer

system it will be delayed again to get z =X, . In our case, the delayed compensated signal X', is
obtained by the forward prediction technique referred to in Wallace et al. (2005).

5. EXPERIMENTAL SETUP

Fig. 5.1 illustrates schematically how a real time hybrid test (RTHT) works. An electromechanical
actuator commands displacement signals to the MR damper which at the same time is fed with a
voltage signal from a voltage source which is driven by the command voltage rule. Then, the MR
damper force is measured by a load cell and this signal is sent to the numerical part to compute the
new displacement and voltage signals to cycle again.

Signals go from the numerical model to the physical one and the opposite by an acquisition system.
The numerical components are written in the Matlab Simulink environment and run in real-time on a
DSP using a dSpace DS1104 Controller Board. The experiment is conducted at the University of
Bristol at BLADE laboratory using the experimental setup illustrated in Fig 5.2.

The transfer system is a linear electro-mechanical actuator attached to a centralizing plate which is
free to run via linear bearings on two guide rails. The MR damper is the RD-1005-3 damper which is
manufactured by Lord Corporation (http://www.lord.com/). It is 15.5 cm long, has an available stroke

of 5.3 cm. It can generate damper forces (peak to peak) of > 2224N (0.05 ms™ at 1 Amp) and <



667N (0.20 ms™ at 0 Amp) and can operate till a temperature of 71°C. The damper's accumulator can

accommodate a temperature change in the fluid of 27°C.
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Figure 5.2. Experimental set-up

6. EXPERIMENTAL RESULTS

To trigger the test indicated in Fig. 5.2, the structural system of Eqgn. 3.1 is subject to an external
excitation X, which corresponds to “El Centro” earthquake illustrated in Fig. 6.1 This excitation

makes the MR damper to work due to the induced displacement and voltage inputs.
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Figure 6.1. “El Centro” earthquake

Fig. 6.2.a illustrates the comparison between the desired MR damper displacement X, which comes
from the numerical model of the structure (relative first floor displacement) and the actual position of



the MR damper z. it can be seen that the actuator delay has been successfully compensated since
signals X, and z are in very good agreement. Fig. 6.2.b shows the corresponding synchronization plot
which is not far from perfect synchronization which would yield a straight diagonal line.
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Figure 6.2. Compensation delay effectiveness. (a) Comparison between MR damper commanded displacement
X, (solid line) and the measured one Z (dashed line). (b) Synchronization plot.

Fig. 6.3 shows the MR damper displacement z , the voltage signal v(t) computed from the semiactive
controller and the comparison between the experimental and predicted force of the MR damper.

The discrepancy between the experimental and predicted force f, and f respectively is measured by

1 ” fe - f” % . . .
the L' normas ¢ =||f—||1 where |g], = I|g(t)|dt. T.and g are the time duration and force time
ell] 0

function for each experiment.

In our case, force responses from Fig. 6.3.c yield an error of & =20.2% approximately which is
acceptable for control applications.
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Figure 6.3. Real time hybrid test results. (a) MR damper displacement. (b) Input voltage. (c)
Comparison between predicted force (dashed line) and experimental one (solid line).



7. CONCLUSION

This work has dealt with the modelling and identification of a small scale MR damper which is described by the
viscous + Dahl model. Results are validated by a real time hybrid test (RTHT) of a small scale MR damper
which is working as the seismic protection of a small scale civil structure. The results show good agreement
between experimental force and the predicted one.
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