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SUMMARY

The paper is concerned with linearized characterization of a magnetorheological fluid (MR) damper. Two basic
damping models, the equivalent viscous damping and the complex modulus, were used to linearize MR damper
behaviour. The relationships between the parameters of the damping models were investigated experimentally in
terms of the current applied to the damper coil and the maximal piston velocity.
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LINEARYZACJA TLUMIKA MAGNETOREOLOGICZNEGO

W artykule przedstawiono dwa modele ttumienia; rownowazny wspolczynnik ttumienia wiskotycznego oraz modut
zespolony. Pierwszy z modeli reprezentuje tlumienie wiskotyczne, ktore jest zwiqzane z rozpraszaniem tej samej
energii, jaka odpowiada faktycznemu mechanizmowi rozpraszania podlegajqcemu pomiarom. Drugi z modeli re-
prezentujqcy rozne mechanizmy tlumienia ogdlnie opiera sie na racjonalizacji okreslenia ttumienia wiskotycznego
wynikajqcego z teorii sprezystosci. Oba modele wykorzystano do linearyzacji tumika MR, ktorego cechujq silnie
nieliniowe charakterystyki, wynikajqce ze specyficznych wlasciwosci cieczy MR wypelniajqcej tiumik. Modele te
umozliwiajq linearyzacje tlumika MR, dzieki czemu moze on byé reprezentowany przez tlumik idealny w kazdych

warunkach pracy.

1. INTRODUCTION

The accurate modelling of damping leads to nonlinear terms
and/or frequency, and temperature dependent ones that ren-
der the models difficult to use in vibration analysis. For this
reason equivalent’ linear viscous models have been deve-
loped which express the energy dissipated accurately, how-
ever, they do not capture the same physical behaviour.

In the study we focused on two damping models (equiva-
lent viscous damping and complex modulus) that leads us to
linearized models [2]. The equivalent viscous damping fac-
tor represents that level of viscous damping that dissipates
the same energy as the actual mechanism which is being
measured [1]. The complex modulus approach to various
damping mechanisms is generally based on rationalization
of viscous damping term that can be found in elasticity.
These models are employed to linear characterization of
MR damper whose inherent feature are high nonlinear cha-
racteristics being the result of special properties of MR fluid
filling the damper [3]. This fact prompts many researchers
to such MR damper model seek that makes its behavioural
prediction possible. The explanation for these nonlinearities
as well as MR damper models with various rheological
structures has been widely discussed in the literature [8, 11].
The complexity of those models guarantees a reliable pre-
diction of MR damper characteristics, however it makes the
fast system evaluation quite a difficult task. For this reason,
in the study, the MR damper is approximated by an ideal
dashpot via introducing the coefficients of equivalent visco-
us damping and complex modulus. That allowed us to pre-
dict the damping and stiffness of the MR damper at every
operating condition with a reasonable accuracy.

2. MR DAMPER

The force produced by a linear MR damper depends on ma-
gnetic field induced by the current in the damper coil and
a piston velocity (Fig. 1). The damper operates in the flow
mode and this means that the produced force is controlled
by the flow resistance of MR fluid portion contained in the
gap. As a magnetic field is applied to MR fluid in the dam-
per, the damping characteristics of the fluid increase with
practically infinite precision.

In the research program we used the MR damper of
RD-1005-3 series manufactured by Lord Corporation (see
Fig. 2). This damper is a small, compact shock absor-
ber with simple electronics and low voltage, and currents
demands that allow real-time damping adjustment [7].
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Current MR d Force
(Magnetic amper
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Fig. 1. Diagram for a MR damper

Fig. 2. RD-1005-3 damper
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The damper has £25 mm stroke. The input voltage is 12 V
DC. The input current can be varied from 0 A to 2 A. The
response time (dependent on amplifier and power supply) is
less than 25 ms (time to reach 90% of maximal level during
a0 Ato | A step input at velocity 51x 103 m/s). The maxi-
mum extension force should be kept below 4448 N and ope-
rating temperature of the outer body should not exceed
71°C. The RD-1005-3 damper is particularly recommended
for suspension in driver’s seats in trucks, buses and farm
tractors.

It was mentioned before that the inherent feature of MR
damper are high nonlinear characteristics. This is illustra-
ted in Figure 3, by experimental plots of force-displacement
loops and force-velocity loops for RD-1005-3 damper me-
asured at sine displacement excitation in the current range
(0.0, 1.0) A [9]. Note that under this sine displacement exci-
tation, the maximal piston velocity is 63x 107 my/s.
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Fig. 3. Experimental data plots measured at sine excitation (fre-
quency 1 Hz, amplitude 10x1073 m), current: 0.0 A, 0.2 A, 0.4 A,
0.8A,1.0A

It is readily apparent that:

— the force is not centered at zero (the effect of an accu-
mulator containing high-pressure nitrogen gas),

— the greater current level, the greater force,

— the force increases much more for lower current levels
(the effect of magnetic field saturation).
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Fig. 4. Experimental data plots measured at sine excitations (fre-
quency 1 Hz, amplitude 10x 1073 ) and (frequency 4 Hz, amplitude
1.5%x1073 m), current: 0.0 A, 0.4 A

Let us compare the plots obtained under various sine
excitation for two current levels 0.0 A and 0.4 A (see Fig. 4).
Observing the plots we see that for each current, the peak
to peak values of the force under sine excitation with fre-
quency 4 Hz and amplitude 1.5x107> m (note that under
this excitation, the maximal piston velocity is 38% 102 m/s)
are less than that under frequency 1 Hz and amplitude
10x107° m. It appears that at fixed current levels, the force
varies due to maximal piston velocity which is a result of
simultaneous change of frequency and amplitude of the
applied excitation. This feature, equivalent to the capacity
of the electro-hydraulic system of the vibrating testing ma-
chine restricts our considerations. For this very reason the
introduced coefficient could not be investigated in terms of
the excitation frequency and amplitude separately.

3. LINEARIZED CHARACTERIZATION
— THEORETICAL BACKGROUNDS

To characterize MR damper we used the models of the equi-
valent viscous damping and the complex modulus which
linearize the MR damper behaviour to be an ideal dashpot at
every operating condition.
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3.1. Equivalent viscous damping

When introducing the equivalent viscous damping we assu-
me that the velocity of the MR damper piston x(¢) is pro-
portional to the restoring force F(7), as given by the formula

F(1) = coqx(t) (1)

where ¢, is the equivalent viscous damping coefficient.

The coefficient c,, is calculated using the energy dissipa-
ted by the MR damper over one cycle E. This energy can be
found within the area enclosed by the force-displacement
loop for the particular applied current and piston displace-
ment. In the first approximation this area can be estimated,
as the product of the peak to peak values of the piston di-
splacement and the produced damping force, see the formu-
la (2).That is because the obtained force-displacement plots
are nearly rectangular in shape (see shaded area in Fig. 5).

E =2-(Fpax —Fnin) X )

Plots in Figure 3 reveal that a greater energy dissipated
(a larger force-displacement loop) results from a higher le-
vel of applied current and the similar regularity is found for
higher piston velocities.

Assuming sine displacement excitation x(f) = Xsin ¢
(o — driving frequency, X — amplitude), the energy dissipa-
ted by the MR damper over one cycle is given more precise-
ly by the area enclosed within the hysteresis cycle given by
following integral

21/ ®
E=§Fdx= [ F@Oi()dt 3)
1 0

The integral in the formula (3) corresponds to the grey
area in Figure 5.
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Fig. 5. Representation of energy dissipation by a MR damper
over one cycle

An equivalent damping coefficient enables us to compa-
re the damping performance of the MR damper with that of
a viscous damper by equating the energy dissipated over
one cycle

2n/ o® 2 21/
E= J Coq [ %(1)] dt = J € oq(@X cos or)>dr =
0 0 4)
= ceqnsz
and hence ¢,, can be found as
E E
Ceq = )

T rox? X (eX)

The formula (5) implies that the equivalent viscous coef-
ficient is a function of applied current and maximal piston
velocity X, assuming that the excitation amplitude is fi-
xed. Results achieved in experimental investigation of the
relationship (5) are discussed in Subsection 4.2.

3.2. Complex modulus

When introducing the complex modulus we assume that
both the force and displacement time histories are sinuso-
idal. The complex stiffness of the MR damper k" has two
components and can be written as

k" =k + jky (6)

The first component k;, being an in-phase component
(the real part of complex stiffness), is the storage stiffness.
The second one k,, being out of phase component (imagina-
ry part of complex stiffness), is the loss stiffness. The com-
ponents k; and k, can also be referred to as the effective
stiffness and effective damping (damping modulus). The re-
lationship between equivalent viscous coefficient ¢,, and
effective damping k, is not equivalent. That is because the
effective damping involves only one harmonic frequency .
The coefficients ¢, and k; are related by the following for-
mula [4]

Ceq =

g |

(7

The effective stiffness and effective damping can be cal-
culated from the force produced by the damper F(¢) and the
piston displacement x(f). Assuming that

F(t) = F sin(ot) + F, cos(wt) (8)
and
x(t) = X sin(ot) +X . cos(wt) )

where F, F,, X;, X, are Fourier coefficients of the force and
the displacement x(7) respectively.

146



MECHANICS Vol.24 No.2 2005

The force-displacement relationship can be written as

F(t) = kgx(t)+ %x(r) (10)

Substituting F(¢) and x(¢) in the formula (10) and equa-
ting the coefficients of sine and cosine terms, yields the
effective stiffness and the effective damping:

F,X,+F.X
R (11)
X2+Xx2
F.X,~F.X
k2= C ; 5‘2 C (12)
xX2+x?

The relationships (11) and (12) were investigated experi-
mentally in terms of the applied current and the maximal
piston velocity. The obtained results are discussed in Sub-
section 4.2.

4. LINEARIZED CHARACTERIZATION
— EXPERIMENTAL INVESTIGATIONS

In order to investigate the relationships introduced in the
previous section, the dynamic responses of the RD-1005-3
damper were measured under various sine displacement
excitations in the current range (0.0, 1.0) A. The measure-
ments were performed in the experimental setup described
below.

4.1. Experimental setup

The schematic diagram of the experimental setup with the
computer-controlled vibrating testing machine of Instron
(model 8511.20) in which the RD-1005-3 damper was exa-
mined is depicted in Figure 6. The measurements were per-
formed by the data acquisition system based on a PC with
software provided by Instron. The RD-1005-3 damper
ready for experiments is shown in Figure 7.

Piston displacement and force data at each assumed ope-
rating condition were acquired with a sampling frequency of
200 Hz for one cycle (a cycle is assumed as a full, up and
down piston displacement), at the room temperature 22°C.
Velocity data were computed by numerical differentiation.
The capacity of the electro-hydraulic system of Instron ma-
chine was too small to change the excitation frequency at
fixed amplitude and vice versa. Accordingly the relation-
ships between equivalent viscous damping, effective stiff-
ness and effective damping could be investigated only in
terms of the applied current and the maximal piston velocity.

4.2. Results and discussion

Experimental data yield the relationships of equivalent viscous
damping, effective stiffness and effective damping in terms
of the applied current and the maximal piston velocity. Re-
sults of relevant computations are provided in Figures 8—13.

The relations in Figures 8 and 9 reveal that the coefficient
Coq Increases with the increase of current (while the maximal
velocity was kept fixed) and decreases with the increase of
maximal velocity (while the current was kept fixed). In the
first case the coefficient c,, assumes its highest value when
the maximal velocity is the lowest, the second case — when
the applied current is the greatest. It seems that no matter
what the value of velocity, there is a linear relationship be-
tween c¢,, and the applied current in the range (0.0, 0.2) A.

Figures 10 and 11 show the coefficients of effective stiff-
ness and effective viscous damping vs. current (the maxi-
mal piston velocity was kept fixed). The relations reveal
that the coefficients k; and k, increase with the increase of
current and they take larger values at higher values of maxi-
mal velocity. It seems that no matter what the value of velo-
city, there is a linear relationship between k&, and &, and the
applied current in the range (0.0, 0.2) A.

Figures 12 and 13 illustrate the coefficients of effective stiff-
ness and effective viscous damping vs. maximal velocity (current
was kept fixed). The relations reveal that the coefficients k; and
k, decrease with the increase of velocity and they take larger
value for higher levels of current. Note that at higher velocities
the coefficients of effective stiffness and effective viscous
damping depend on the current level in a minor degree only.

LVDT Hydraulic cylinder
Data acquisition system
% A PC RD-1005-3
%l Displacement Window s damper
Force mktron software
Load-cell
d
N Current DC
RD-1005-3 ( power supply
damper
Instron

testing machine

Fig. 6. Diagram of the experimental setup

Fig. 7. RD-1005-3 damper in the Instron
machine
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Fig. 12. Effective stiffness vs. velocity

5. CONCLUSIONS

Two basic damping models which linearize the MR damper
behaviour were discussed in the study. The MR damper was
approximated by an ideal dashpot at every operating condi-
tion. That allows us to predict its damping and stiffness with
a reasonable accuracy. The introduced coefficients (equiva-
lent viscous damping, effective stiffness, effective dam-
ping) were investigated experimentally in terms of the ap-
plied current and maximal piston velocity. Although the
linearized characterization does not accurately portray hy-
steresis behaviour, these coefficients can be useful in vali-
dating a quasi-state model of a MR damper [10]. The deter-
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mined values of equivalent viscous damping for RD-1005-3
damper are consistent with observations and comments ha-
ving relevance to reports announced in [5] where the pro-
totype model of RD-1005 damper was examined. Similar
results were also provided in [6] where the model of RD-
1005-1 damper was investigated. Note that results reported
in [5] and [6] were obtained in terms of current, excitation
frequency and amplitude.

Unfortunately the vibrating testing machine of Instron
series available at the current research stage did not allow us
to perform similar investigations and for this reason results
reported in the study are presented strictly in terms of
applied current and the maximal piston velocity.
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