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Abstract: Due to the high viscosity of magnetorheological
(MR) fluid, eliminating air pockets dissolved in the fluid is
very difficult, which results in a force lag phenomenon. In
order to evaluate the performance of a semi-active control
system based on the MR damper considering the trapped air
effect, a performance test on a MR damper is carried out
under different loading cases, and the influence of the input
current, excitation amplitude and frequency on the force lag
phenomenon is analyzed. A concise and efficient parametric
model, combining the simple Bouc-Wen model and a spring
with small stiffness, is proposed to portray the experimental
characteristics of the MR damper with force lag, and then the
response analysis of the semi-active controlled single-degree-
of-freedom ( SDOF) structure is performed using the classic
clipped-optimal control strategy based on acceleration
feedback. Numerical results show that the trapped air in the
MR fluid can weaken the control effect of the MR damper,
and the performance of the semi-active control system will be
reduced more obviously and become close to the passive-off
control with the increasing content of air trapped in the MR
fluid.
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ver the past several decades, much attention has
been given to the vibration control in civil engi-
neering structures subjected to earthquakes and winds.
Various semi-active control systems, which combine the
best features of both passive and active control systems,
have been proposed and studied. Among the semi-active
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control devices, the magnetorheological ( MR) damper
has become one of the most promising control devices for
vibration mitigation in civil engineering, automobile engi-
neering and other areas, due to its advantages of low
power requirement, quick response and large damping
force. Recognizing the significant potential of the MR
damper, a number of researchers have undertaken this to
study'" ™.

To evaluate the usefulness and control effect of MR
dampers in structural response reduction, a mathematical
model of the MR damper should be established. In recent
years, many high fidelity models have been proposed,
which can be generally classified into two categories. The
first kind of models are deduced based on the constitutive
model of MR fluid and the Navier-Stokes equation. These
models can be used to calculate the damping force conven-
iently””™ , but they cannot describe the force-velocity hys-
teretic characteristics. Also, the yield shear stress of the
MR fluid under different magnetic fields should be known
first. The other kind of models are the hysteresis operator-
based parametric models'”""', of which the parameters can
be identified using the performance test data on the MR
damper. These models are comprehensively summarized
and compared by Wang and Liao'™, and they can effec-
tively portray both the force-displacement and force-veloci-
ty hysteresis characteristics with high predicting accuracy.
Many of them have been employed in practical vibration
reduction engineering using the MR damper.

However, due to the relatively high viscosity of the
MR fluid, eliminating air pockets in the MR damper and
the air dissolved in the MR fluid is very difficult, and the
trapped air in the MR fluid will reduce the compressibility
of the MR fluid and result in a force lag in MR damper
responses. This phenomenon was first found by Yang!",
yet information is very limited and there is no additional
analysis on the trapped air effect on the MR damper. In
order to account for the compressibility of magnetorheo-
logical fluid due to the trapped air, Guo et al. "™ pro-
posed a physical model by establishing the flow rate equa-
tions for two chambers, which can be used to simulate the
force lag phenomenon due to the trapped air, and it is
verified using the experimental data'®'. However, the
derivation process is very complex and the model is not
convenient for use in the semi-active control system to
evaluate the control effect considering the trapped air in
the MR fluid.
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In this study, the performance test on a MR damper is
carried out to acquire the performance characteristics un-
der different loading cases, unexpectedly to find the same
force lag phenomenon in the force-displacement and
force-velocity hysteresis curves. The influences of the
loading cases, including current, displacement amplitude
and frequency, on the force lag phenomenon are dis-
cussed in detail. Also, a concise and efficient parametric
model, combining the simple Bouc-Wen model and a
spring with small stiffness, is proposed to capture the
force-lag phenomenon of the MR damper, and the param-
eters are identified using the experimental data of the MR
damper. As the trapped air will deteriorate the damper’ s
performance, a single-degree-of-freedom ( SDOF) struc-
ture is employed to evaluate the performance of a semi-
active control system based on the MR damper consider-
ing trapped air effect, and the dynamic responses of the
semi-active controlled SDOF are calculated based on the
acceleration feedback control strategy.

1 Experimental Setup and Sinusoidal Response
1.1 Experimental description

The MR damper employed in this study is in mix mode
with five coils, and the schematic of the damper is shown
in Fig. 1. The whole length of the damper is 1 150 mm,
and the main cylinder has an inner diameter of 160 mm
and an outer diameter of 194 mm. The main cylinder
houses the piston, the magnetic circuit and MR fluid, and
the damper has a =50 mm stroke. The damping gap is
2 mm and the effective damping length is 250 mm.

Fig.1 Schematic of MR damper

To acquire the damping characteristics of the MR
damper, the performance test is carried out to obtain the
force-displacement and force-velocity hysteresis curves
under sinusoidal excitation. In each test, the hydraulic
actuator was driven with a sinusoidal signal and a fixed
frequency, amplitude and current. A wide range of cur-
rents, frequencies and amplitudes are considered in this
study. The input currents are 0, 0.6, 1.2, 1.8, 2.1 and
2.4 A, respectively; the displacement amplitudes are 10,
20, 30 and 40 mm, respectively; the excitation frequen-
cies are 0.1 and 0.2 Hz.

1.2 Result and analysis

The displacement and force data were sampled and col-
lected, and the velocity response was calculated from the
measured displacements via differential approximation.
Based on the experimental data, the hysteresis character-

istics are discussed in detail. Fig.2 shows the experimen-
tal results for 0. 1 Hz sinusoidal excitation with an ampli-
tude of 20 mm under different input currents. It can be
seen that the damping forces increase with the increase of
input currents. The maximum and minimum damping
forces are 128. 2 and 12. 23 kN when the current ranges
from 0 to 2.4 A, respectively, which shows the good ad-
justability of the MR damper. It can be also seen that
there is a force lag phenomenon in the force-displacement
and force-velocity hysteresis curves when the piston be-
gins to move in the reverse direction, which is caused by
the trapped air in the MR fluid according to the research
of Yang'”'. Also, the force lag will be more obvious
when the content of air increases. Due to the content of
air trapped in the MR fluid being comparatively smaller in
this experiment, the force lag phenomenon is less obvious
than that in the experimental results of Yang'”'. Specific-
ally, the stiffness is larger and the distance is smaller in
the force lag part. From Fig. 2, it can be also seen that
the stiffness and distance are nearly the same under differ-
ent input currents, and these two parameters can be used
to describe the force lag characteristics.
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Fig.2  Experimental result for 0. 1 Hz sinusoidal excitation
with an amplitude of 20 mm under different currents. (a) Force-
displacement curves; (b) Force-velocity curves

Fig. 3 shows the experimental results for 0. 1 Hz sinu-
soidal excitation with a current of 1.2 A under different
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Fig.3 Experimental result for 0. 1 Hz sinusoidal excitation a
current of 1.2 A under different amplitudes. (a) Force-displace-
ment curves; (b) Force-velocity curves

displacement amplitudes. It can be seen that the damping
force increases slightly with the increase in amplitude.
The distance and the stiffness in the force lag part vary
very slightly and they are nearly the same when the am-
plitude ranges from 10 to 30 mm. The force lag is a little
more obvious when the amplitude is 40 mm, that is, the
stiffness becomes smaller and the distance becomes lar-
ger. These results show that the displacement amplitude
influences the force lag phenomenon very slightly. Fig. 4
shows the experimental results for 10 mm sinusoidal exci-
tation with a current of 2.4 A under different frequencies.
It can be seen that the maximum damping forces are al-
most nearly the same when the frequency ranges from 0. 1
to 0.2 Hz, with a maximum damping force of 115.7 and
117.1 kN, respectively.

2 Modelling of MR Damper Considering Trapp-
ed Air Effect

To evaluate the control effect of the MR damper in re-
sponse reduction of civil structures subjected to the seismic
excitation considering trapped air effect, a model should
be established to describe the characteristics of the MR
damper. According to the above discussion of the MR
damper, there is a force lag compared with the common
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Fig.4  Experimental result for 10 mm sinusoidal excitation
with a current of 2.4 A under different frequencies. (a) Force-
displacement curves; (b) Force-velocity curves

experimental results. From the force-displacement hystere-
sis curves, the force lag part works as a spring with small
stiffness, and the other part is the same as common experi-
mental results and can be described using the widely used
dynamic model, such as the Bouc-Wen hysteresis operator-
based dynamic model™ ™. Thus, the hysteresis character-
istics considering trapped air effect can be simulated by
combining the spring with the widely used dynamic para-
metric model properly. Herein, a simple Bouc-Wen model
is employed, of which the force is given by

F=az+cx (D
where the evolutionary variable z is governed by
2= —ylxle [z -px 2] + A (2)

By adjusting the parameters of the model y, 8 and A,
one can control the shape of the hysteresis loops for the
yielding element. Then, the parameters are identified by
using the nonlinear least squares optimization method.
According to the identified results, the input current has a
great influence on the parameters o and ¢, yet the ampli-
tude and frequency affects the parameters only slightly
and this is ignored in this study to avoid too many coeffi-
cients. Due to a 0.1 Hz sinusoid with an amplitude of 20
mm, the correlation between the two parameters and the
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current is identified, as shown in Fig. 5. It can be seen
that the values of « and ¢ increase with the increase in cur-
rent and then almost maintain the same when the current
exceeds 2.1 A. Thus, to account for the dependence of the
force on the current, the following equations are suggested:

a=o, I +o,] +a, (3)
c=c, I +c,1+c, (4)

where [ is the current applied to the MR damper. The pa-
rameters of the model are chosen to be y =1200 m >, B
=1200 m™>, A=800, n=2, ay = — 3. 824 x 10°
N/(m-T), a,=1.749 x10° N/(m - 1), oy =1.876 x
10°N/m, ¢, = =1.7x10*(N - s)/(m - I*), ¢, =8.387
x10°(N-s)/(m-1), ¢; =3.964 x 10" N/(s -+ m). A
comparison between the predicted responses and the corre-
sponding experimental data is provided in Fig. 6. It can be
seen that the model can predict the force-displacement and
force-velocity curves well disregarding the force lag part.
In order to consider the trapped air effect, a spring with
small stiffness is employed to simulate the force lag part,
and then the key point is to define the scope that the spring
works, that is, to determine the starting and ending condi-
tion. According to the tested results, the spring works when
the piston of the damper achieves the maximum displace-
ment and starts to move in the reverse direction, and the fol-
lowing equation can be used to determine the start time,

F()F(i-1)<0 (5)
where F (i) represents the current damping force of the

damper calculated by using the simple Bouc-Wen model ;
F(i-1) represents the damping force of the final step.
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From the experimental results, it can be also seen that
the spring only works in a limited distance before all the
air bubbles closed. Herein, the force lag distance is
adopted to determine the end time. If the piston keeps
moving in the same direction, then the end time within
that the spring works can be defined when the piston dis-
placement satisfies the following equation ;
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Fig.6  Comparison between predicted and experimentally ob-
tained responses for the simple Bouc-Wen model with a 0.1 Hz
sinusoidal excitation and an amplitude of 20 mm under different

currents. (a) Force-displacement curves; (b) Force-velocity curves
|x—x(i) |=d (6)

where x(i) is the latest displacement value when the pis-
ton starts to move in the reverse direction; x is the dis-
placement of the current step; d is the force lag distance.
Thus, the damping force can be calculated linearly
using the following equation when the spring works:

F=k(x-x(i)) (7)

A comparison between the predicted and experimental
results is shown in Fig. 7. It can be seen that the proposed
model can effectively portray the force lag phenomenon.
Herein, the stiffness & is chosen to be 2 x 10°, and the
force lag distance d is chosen to be 3.5 mm. Note that
the two parameters, that is the stiffness and force lag dis-
tance, change with different contents of the trapped air.
The more the air trapped in the MR fluid, the longer the
force lag distance and the smaller the stiffness value.
Thus, the values of the two parameters can be adjusted to
evaluate the performance of the semi-active control sys-
tem considering different contents of trapped air.

3 Numerical Example

The influence of the trapped air on the semi-active control
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tained responses for the proposed model considering the trapped
air effect with a 0. 1 Hz sinusoidal excitation and an amplitude
of 20 mm under different currents. (a) Force-displacement curves;
(b) Force-velocity curves

effect is evaluated through numerical simulation. For a
semi-active controlled structure subjected to external exci-
tation, the motion equation can be written as

Mx + Cyx + Kx = - MIx, + Hu (8)

where M, C,, K are the mass, damping and stiffness ma-
trix of the structure; x is the displacement vector;x, is the
external excitation; H is the location matrix of the control
device; u is the control force vector. For convenience of
using the state space method to solve the equation, the
above equation can be rewritten in the state space form

as™

£ =A£ +Bu +Ex, (9)
z=C¢ +Du + Fx, (10)
y=é§+ﬁu+ﬁ§ (11)

where £ = {x",x"}" is the state vector; z is the output
vector; y is the measurement vector; ¢ is the measured
noise vector.

In practical vibration reduction, the absolute accelera-
tion is easy to measure, but the accurate measurement of

the displacement and velocity are difficult to achieve.
Thus, the LQG controller >/ is adopted here to reduce
the structural responses, in which the performance index
is given as

J:j (£"0f +u"Ru)dt (12)
0

where Q@ and R are the weighting matrices and can be
used to adjust the controller to obtain the desired control
effect.

The control force can be written as'*’

u=-Kg& (13)

where K| is the full state feedback gain matrix; ._fA is the
state vector predicted by using the Kalman filter, which
can be written as

A

£=(A-LC)£ +Ly + (B -LD)u (14)

where L is the observer gain matrix of the stationary Kal-
man filter.

However, differing from the active control system, the
control force provided by the MR damper can only be
changed through the input current and cannot generate the
optimal control force at any time. Thus, the classical
clipped-optimal control strategy'>’ is adopted, which can
be expressed by the following equation :

=1, H{(fi =N}

(15)
where [ is the maximum input current; H{ -| is the
unit step function; f, is the optimal control force; fis the
current control force provided by the MR damper. The
strategy shows that the current will remain the same when
the control force provided by the damper is equal to the
optimal control force; if the provided force is smaller than
the optimal control force in the same direction, the cur-
rent will be increased to the maximum current to increase
the damping force.

Herein, a semi-active controlled SDOF structure is em-
ployed to evaluate the control effect considering the
trapped air in the MR fluid. The structural parameters are
3 x10* kg of the mass and 1.5 x 10’ N/m of the stiff-
ness. The damping ratio is selected to be 5% . The band-
limited white noise is selected as the external excitation,
of which the power spectrum density is 0. 2. The dynamic
responses are calculated using Matlab/Simulink, and the
flow chart of the Simulink model is shown in Fig. 8.
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The time responses for the displacement, velocity and
acceleration of the controlled and uncontrolled SDOF
structure are shown in Fig. 9, where semi-active 1 uses
the proposed model considering trapped air effect for
semi-active control; semi-active 2 uses the simple Bouc-
Wen model for semi-active control. The proposed model
is employed to consider the trapped air effect and the pure
simple Bouc-Wen model is employed for comparison. It
can be seen that the MR damper can effectively reduce the
dynamic responses of the structure by using the clipped-
optimal control strategy, and the responses considering
the trapped air is a little larger than that without consider-
ing trapped air, which shows that the trapped air can
weaken the control effect of the MR damper. Quantita-
tively, the peak displacement and acceleration of the un-
controlled structure are 0. 022 3 m and 11. 184 5 m/s”,
respectively, and the corresponding peak values of the
semi-active control are 0.010 6 m and 5.748 1 m/s’ with
a reduction of 52.47% and 54.51% . However, if con-
sidering the trapped air effect, the peak responses value
are 0.011 7 m and 6.336 7 m/s’, achieving a reduction
of 47.53% and 43.34% of the displacement and acceler-
ation responses, respectively. The semi-active control
effect is reduced by 4.94% and 11.17% . This is mainly
because the damper cannot generate enough damping
force in the force lag part due to the trapped air in the MR
fluid.

Additionally, with the increasing air content, the force
lag displacement d will increase and the stiffness k will
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decrease to a much smaller value. Thus, to show the in-
fluence of varying air content on the semi-active control
effect, structural responses with different input parameter
values are calculated. In order to show the trapped air
effect quantitatively and more clearly, the following per-
formance indices are employed to evaluate the control
effect .

ag
Jo=1-
g

un,

i=1,2,3,4 (16)
where o, and O'.m,(i =1,2,3,4) define the maximum dis-
placement, maximum acceleration, root mean square
(RMS) of displacement and RMS of acceleration respon-
ses of the controlled and uncontrolled structure, respec-
tively.

As shown in Tab. 1, Case 1 represents the control
effect with no trapped air for comparison, and Case 2 to
Case 4 represent the control effect with different air con-
tents. Due to the reason that the accurate relationship be-
tween the trapped air content and the parameter value is
unknown, the varying parameters from Case 2 to Case 4
just show an increasing trend of trapped air content. It
can be seen that the performance of the semi-active con-
trol system is reduced more obviously with the increasing
content of air trapped in the MR fluid. Considering the
results in Case 4 with parameters k =2 x 10*, d =8 mm,
the four performance indices decrease from 52.61% , 48.
61% , 56.69 and 43.05 to 32.76% , 28.99% , 34.42%
and 26. 24% , respectively, which shows that the semi-
active control effect is greatly reduced due to the trapped
air in the MR fluid.

Tab.1 Performance index under semi-active control %

Control Case 2 Case 3 Case 4
cases Case 1 (k=2x10°, (k=2x10*, (k=2x10*,
d=3.5 mm) d=6 mm) d=8 mm)
J 52.61 47.40 38.25 32.76
J, 48.61 43.34 34.20 28.99
J3 56.69 47.20 38.10 34.42
A 43.05 38.01 29.62 26.24

The performance index value under passive-off control is
also shown in Tab.2. It can be seen that the control effect
is reduced when considering the trapped air effect, but it is
not obvious compared with the results of semi-active con-
trol. Taking the maximum displacement for example, the
response is reduced by 38.03% in Case 1 disregarding the
trapped air effect, and the corresponding value in Case 4 is
30.11% . The control effect is weakened by 7.92% under
passive-off control, which is smaller than that of the semi-
active control with a value of 19.85% . On the other hand,
the control effect of semi-active control is much better than
that of passive-off control when there is no air trapped in
the MR fluid. However, the control effect becomes very
close between these two controllers with the increasing
content of trapped air, as shown in Case 4.
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Tab.2 Performance index under passive-off control %

Control Case 2 Case 3 Case 4
cases Case |  (k=2x10°, (k=2x10*, (k=2x10*,
d=3.5 mm) d=6 mm) d=8 mm)

J 38.03 35.59 32.14 30. 11

J, 34.31 31.85 28.36 26.31

Js 41.45 37.78 33.09 31.27

Jy 35.74 31.00 25.62 23.76

4 Conclusions

1) Due to the high viscosity of magnetorheological
(MR) fluid, eliminating air pockets dissolved in the fluid
is very difficult, which will result in a force lag phenome-
non.

2) A spring with small stiffness can be used to simulate
the force lag part, and combining the simple Bouc-Wen
model and the spring properly can well portray the experi-
mental results of the MR damper with force lag.

3) The trapped air in the MR fluid can weaken the
control effect of the MR damper, and the performance of
the semi-active control system will be reduced more obvi-
ously and become close to the passive-off control with the
increasing content of air trapped in the MR fluid.
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