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Nonlinear Viscoelastic-Plastic Mechanisms-Based Model

of an Electrorheological Damper

Gopalakrishna M. Kamath and Norman M. Wereley
University of Maryland, College Park, Maryland 20742

A combined theoretical and experimental study of an electrorheological (ER) fluid damper is presented. An ER
dashpot damper was built and its dynamic characteristics tested at different electric field strengths and varying
displacement amplitudes. A nonlinear model is proposed that describes the dynamic behavior of the damper. The
model is constructed using a nonlinear combination of linear mechanisms. The mechanisms are chosen based on
the experimentally observed preyield and postyield characteristics of the damper behavior. The model parameters
are estimated from the experimental hysteresis data. The force vs displacement and force vs velocity hysteresis
cycles are then reconstructed using these estimated parameters. The results show that the model captures the
nonlinear damper behavior quite accurately. The importance of the various components in the model is illustrated.

I. Introduction

HERE has been an increased emphasis on reducing the num-

ber of movable parts in helicopter rotor hubs to prolong life
and reduce maintenance costs. This has led to the development of
advanced rotor systems such as hingeless and bearingless rotors.
These soft in-plane rotor systems tend to suffer from aeromechan-
ical instabilities such as air and ground resonances.! These insta-
bilities can be mitigated by augmenting the lag mode damping in
these rotors. Hydraulic dampers and elastomeric dampers, which
use viscoelastic materials, are currently being used for this pur-
pose. However, elastomers are highly nonlinear materials whose
properties are dependent on both frequency and temperature. Their
nonlinear dual-frequency behavior has been shown to reduce damp-
ing and thus cause limit cycle oscillations at low amplitudes.? The
storage modulus (stiffness) and loss modulus (damping) of elas-
tomers are displacement dependent, and the loss modulus is typically
inadequate for small displacements. To overcome this shortcoming,
dampers have been proposed using elastomers in combination with
hydraulic fluids, so that these dampers have storage and loss moduli
that remain relatively constant with amplitude.>* But for accurate
blade tracking, the damper for each blade has to be matched exactly.
Moreover, damping augmentation is required only in certain flight

regimes. These specifications can be met using a damper with adap-
tive properties. Controllable fluid dampers are an attractive choice
for meeting these blade tracking and lag mode damping augmen-
tation specifications in advanced rotor systems. One of the imped-
iments in the application of these dampers is the lack of a suitable
model to predict their dynamic behavior. Helicopter rotor system
dynamics and stability are sensitive to the dynamic characteristics
of the lag mode damper. Hence, it is important to accurately model
damper behavior under harmonic excitation for variable conditions
of load, damper shaft stroke and velocity, and frequency. The model
should contain a small number of degrees of freedom or states,
so as not to severely degrade the execution times of comprehen-
sive helicopter aeroelastic codes, such as the University of Mary-
land Advanced Rotorcraft Code (UMARC).® This paper presents a
theoretical and experimental study of electrorheological (ER) fluid
dampers that serves as a step toward this goal.

Controllable fluids such as ER and magnetorheological (MR) flu-
ids belong to the class of active materials that have the unique ability
to change dynamic yield stress when acted upon by an electric or
magnetic field, while maintaining viscosity relatively constant. ER
fluid applications have so far outnumbered those of MR fluids pri-
marily due to the wider commercial availability of ER fluids.®~8
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MR fluids have captured the attention of researchers only recently.
MR fluids have an order of magnitude higher dynamic yield stress
as compared to ER fluids and a broader operational temperature
range.” This paper focuses primarily on a mechanisms-based ap-
proach for modeling ER fluid damper behavior. But ER and MR
fluids exhibit qualitatively similar rheological characteristics, so
that the model can be applied to MR fluid dampers as well. The
model uses linear mechanisms in conjunction with nonlinear shape
functions to model the various nonlinear effects, such as transition
at yield and coulomb friction effects at low amplitudes. This paper
also describes the experiments that were conducted to support and
validate the mechanisms-basedER damper model. The results show
that the model captures the nonlinear effects quite accurately and,
thus, would provide a valuable tool in the design and performance
prediction of systems incorporating controllable fluids.

ER fluids behave like simple viscous fluids in the absence of an
electricfield, and their behavior can be described by the Newtonian
shear model. When an electric field is applied, the fluid exhibits a
yield phenomenon wherein the material does not flow until the crit-
ical yield stress value is exceeded. This yield stress value nominally
increases as a quadratic function of the applied electric field. An
idealized model to describe this yield phenomenon is the Bingham
plastic model. This model is a good approximationfor the postyield
behavior,and can be used as a starting point for damperdesign.!! 13
The Bingham plastic model can be used for quasisteady loading!!
and dynamic loading.!? But under dynamic loading conditions, the
preyield behavior, which is ignored in the Bingham plastic model,
also plays an important role in determining the overall dynamic
characteristics of the damper. Frequency and amplitude of excita-
tion must also be considered under conditions of dynamic loading,
which are not accounted for in the Bingham plastic model.

Variousmodelshave been proposedto describethe dynamic prop-
erties of ER fluids and ER fluid dampers. Gamota et al.'* proposeda
model based on the Fourier analysis of ER fluid stress response to a
sinusoidal shear deformation of amplitude 0.5 and frequency 10 Hz
as the material was subjected to increasing electric field strengths.
The experimental studies on which this model was based provided
valuable insight into the dynamic behavior of these materials.!> !¢
The authors proposeda nonlinear viscoelastic-plastic model, which
described the preyield and the postyield characteristics of an ER
fluid using a nonlinear network of linear viscoelastic and viscous
elements.!”!® The models of Refs. 14-18 are strictly for describing
ER material behavior. These models depend only on the material
properties.

There are also models that describe controllable fluid damper be-
havior. Apart from the fluid properties, the modeling of a damper
involvesgeometry-dependentpropertiessuch as the damper size and
other builtup damper effects due to rod seals and bearings. Stanway
etal.!”” proposedusing a coulomb elementin parallel with a dashpot
element. The element parameters were estimated using a nonlinear
filtering algorithm. Ehrgott and Masri?’ conductedexperimentswith
a dynamic testing device incorporating an ER fluid. The device re-
sponse was simulated using a nonparametric identification method
based on Chebyshev polynomials. Lou et al.?! used the Bingham
plastic model with factors to account for the frequency effects and
conducted a parametric study to evaluate the performance of differ-
ent configurations. Spencer et al.?? proposed the Bouc-Wen model
to describe MR damper behavior. The current authors extended the
nonlinear viscoelastic-plastic fluid model to describe the behavior
of a mixed mode type of damper.*-** The frequency response of a
mass-spring-ER damper system was shown to be very close to thatof
a proportional coulomb and viscously damped system.2* Makris et
al.?® developeda phenomenologicalelastic-plastic model to account
for the preyield and postyield behavior and used it in conjunction
with a neural network to predict the nonlinear behavior.

This paper presents a combined experimental and theoretical
study of an ER fluid damper. A mixed mode, moving electrode
ER damper was built and tested for different field strengths and
excitation amplitudes. An augmented six-parameter model is intro-
duced that simulates both the force-displacement and the force-
velocity hysteresis cycles, which represents an extension to the
four-parameter viscoelastic-plastic ER flow model from Ref. 18 for

predictingdamperbehavior. The model uses linear mechanisms,and
the nonlinearities are captured using smooth nonlinear shape func-
tions. This makes the model more amenable to numerical imple-
mentation than directly using nonlinear mechanisms such as those
with slope discontinuities. The linear mechanisms are based on the
observedphenomenology of the dampers and containonly a few pa-
rameters thatcan be easily estimated. The augmented six-parameter
model accurately captures the nonlinear coulomb effects and the ef-
fects of fluid inertia that were not entirely accounted for by the
four-parameter viscoelastic-plastic model used in Refs. 23 and 24.

II. ER Damper Experiments

A mixed mode moving electrode ER damper was designed and
built for this study. In this damper configuration, one electrode
moves relative to the other. The resisting force of the damper is
then a sum of the viscous drag due to the relative motion between
the electrodes and the pressure drag force created as a reaction to
the ER fluid being forced through the electrode gap. A sketch of the
ER damper is shown in Fig. 1. The outer shell and the piston head
are made of aluminum, so that they also serve as the two electrodes.
In the damper used for this study, the electrode gap was chosen to
be 0.1 in. The damper has a nominal stroke of 2 in. peak-to-peak.
The other dimensions shown in Fig. 1 were then determined us-
ing the quasisteady Bingham plastic model equations for a moving
electrode damper.'" The ER fluid used was the VersaFlo ER-100
manufactured by Lord Corporation. O-ring seals were used to con-
tain the fluid inside the damper, and linear bearings were used to
align the inner electrode with the outer shell. A steel frame was built
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Fig.1 Sketch of the mixed mode moving electrode ER fluid damper.
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Fig. 2 Experimental setup for dynamic testing of ER fluid dampers.
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Fig.3 Sample set of experimental hysteresis data for different displacement amplitudes and field strengths.
to supportthe outer shell, and the shaft with the piston was free to be 20
connectedto the shaker. The experimental setup for the dynamic test 15
measurements is shown in Fig. 2. A Briiel Kjar 4801T shaker was ExperimentaliData
used to excite the shaft, which is connected to the piston. The shaker 10
had a maximum force output of 85 1b with a displacementrange of Z 50 >
0.5 in. peak-to-peak. A Sensotec load cell with 100-1b range was ~
mounted between the shaft and the shaker to measure the force input § s \
to the damper. A Schaevitz linear variable differential transformer S -3 R— o i B
(LVDT) measured the shaft displacement. The time history signals 100 5/ e
from the load cell and the LVDT were recorded using a Hewlett -
Packard 35665A spectrum analyzer. A sinusoidal signal with a fre- -150
quency of 10 Hz was used to drive the shaker. The force levels and, -209
hence, the displacement levels were changed by varying the gain 80 60 40 -20 0 40 60 80
on the shaker amplifier. The measurements were made for various Velocity (mm/sec)
displacement amplitudes, and each of these measurements was re- a) E =0 kV/mm
peated for varying electric field strengths. The readings from the
load cell were plotted against the LVDT measurements to generate 200
the force vs displacement hysteresis cycles. The periodic displace- 150 sl ks
ment data measured by the LVDT were first filtered to remove the 100 )
high-frequencynoise componentsusing a simple Fourier decompo- \/
sition. The velocity time historiesof the damper were then calculated Z 50 /.
from the respective displacement data using a fourth-order central : 0 ( /
difference scheme. e /
S -5
=
III. Experimental Results -100
A representative set of experimental hysteresis data is plotted in .150_‘@/ Metlized Bingham Plastic Model
Fig. 3. The plot shows the force vs displacement (F vs X) and the 20
force vs velocity (F vs V) hysteresis cycles for the two extreme 0 40 20 0 30 40 60 80

values of electric field, 0 and 3 kV/mm, and for three displacement
amplitudes, 0.5, 1.0, and 3.0 mm.

A. Effect of Electric Field

It can be seen from Figs. 3a, 3¢, and 3e that, as the applied electric
field is increased, the amount of damping that is represented by the
area enclosed by the force vs displacement hysteresis cycle also
increases. The Bingham plastic-like behavior of ER materials can
be seen in the force vs velocity hysteresis cycles (Figs. 3b, 3d, and
3f). If a line is drawn approximately through the center of the F vs
V cycles, a curve is obtained that is at best reminiscent of the force
vs velocity (or shear stress vs strain rate) curves for Bingham plastic
materials (Fig. 4). It can also be seen that the idealized yield force
increases from approximately 20 N for no applied field (Fig. 4a) to
about 50 N for an electric field of 3 kV/mm (Fig. 4b).

Velocity (mm/sec)
b) E =3 kV/mm

Fig. 4 Comparison of force vs velocity hysteresis cycles with the ide-
alized Bingham plastic model for a displacement amplitude of 1.0 mm
for applied electric fields.

B. Effect of Displacement Amplitude

The three amplitudes for which the hysteresis plots are shown
in Fig. 3 were chosen to nominally represent the three rheologi-
cal domains: the preyield, yield, and postyield regions of the ER
fluid behavior. The displacementand velocity time histories for the
three displacementsand an electric field of 3.0 kV/mm are shown in
Fig. 5. The coulomb friction-like behavior is more pronounced for
low amplitudes, and as the amplitudeis increased, the displacement
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Fig.5 Displacementand velocity time histories for E = 3.0 kV/mm and
different displacement amplitudes.

time histories show a more sinusoidal behavior. The nature of these
time histories is similar to those obtained by Stanway et al.!® The
differences in behavior through these three domains are manifested
in a more obvious way in the F vs V hysteresis cycles and in a
subtle way in the F vs X hysteresis cycles, shown in Fig. 3. For
an amplitude of 0.5 mm (Fig. 3b), which is the preyield phase, the
F vs V hysteresis cycles form a single loop traversing in an anti-
clockwise direction (the directions discussed are not obvious from
the hysteresis plots and were determined from the raw experimental
data), which is indicative of a viscoelastic nature. As the amplitude
is increased to 1.0 mm (Fig. 3d), two additional loops appear at the
extremities in which the directionis clockwise. This is indicative of
a viscous nature with fluid inertia effects. Thus, this curve shows the
transition at yield from a viscoelastic behavior to a viscous behav-
ior. As the amplitude is increased further (Fig. 3f), the inner loop
shrinks for £ =3 kV/mm and totally disappears for £ =0 kV/mm.
This shows that the fluid as fully yielded, and its viscous nature
dominates the damper behavior. The elliptical nature of the ' vs X
hysteresis cycles (Fig. 3e) also suggests this viscous behavior, and
the slightnegativeinclinationof the ellipsesdemonstratesthe effects
of fluid inertia.

C. Energy Dissipation and Equivalent Damping

The energy dissipated by a damper over one vibration cycle is a
measure of its damping capacity. This is given by the area enclosed
within the F vs X hysteresis cycle, which is given by the integral

21/ Q2
U:%Fdxz/ Fovdt 1)
0

Energy Dissipated (kJ/m’)
=
W [=3

wp e
S
FEEE]
ga383 |

3.5

Fig. 6 Variation of dissipated energy with electric field for different
displacement amplitudes.
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Fig. 7 Variation of equivalent damping coefficient Ceqy with electric
field for different displacement amplitudes with the Newtonian model
as the baseline value.

where 2 is the excitation frequency and v is the damper shaft ve-
locity. Using the experimental data and integrating numerically, the
dissipated energies were calculated for different field strengths and
displacement amplitudes. To measure the efficiency of a control-
lable fluid damper, it is important to know the amount of damping
achieved for a unit volume of active fluid. In an ER fluid damper
configuration such as the one used in this study, the active fluid
volume is the volume of fluid contained in the annular region be-
tween the two electrodes. Thus, for comparison purposes, it is more
meaningful to calculate the dissipated energy per unit active fluid
volume. These values were calculatedand are plotted in Fig. 6. The
dissipated energy appears to increase as a quadratic function of the
electric field.

To compare the damping performance of a controllable fluid
damper with that of a conventional viscous dashpot damper, an
equivalentdamping coefficient can be determined for the former by
equating the energies dissipated in the two cases. Thus,

U

Cc A
T X2

2)

where U is the dissipated energy as given by Eq. (1) and X, is the
displacement amplitude. The equivalent damping coefficients for
different sets of data are plotted in Fig. 7. It can be seen that for
low amplitudes, where the fluid is in the preyield phase, the value
of C.q rises more rapidly with increase in electric field than for
high amplitudes, where the fluid is in the postyield phase. Thus, to
exploit the adaptivity of the controllable fluid damper, the dampers
have to be operated close to the yield point. For high amplitudes,
the chv curve tends to flatten to a horizontal line (zero adaptivity)
with the C.q, value equal to that of the zero field case, which is
the Newtonian behavior. The dotted line represents the C.q, value
calculated for the zero-field case using a simple Newtonian model,
as explainedin Ref. 11.

IV. Augmented Six-Parameter Damper Model
The experimental results discussed in the preceding section of-
fer a good understanding of the phenomenology of an ER damper.
There are two distinct rheological domains over which the dampers
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Fig.8 Schematic of the augmented six-parameter model network for
ER fluid dampers.

o
Ky
Fve

b) Viscous mechanism L,; and the inertial mechanism L; in the postyield
branch of the model

Fig. 9 Mechanisms used in the model.

operate: the preyield and the postyield regions.!® The preyield re-
gionis characterizedby a strong viscoelasticnature and also exhibits
some stiction properties. The coulomb-like stiction effects are con-
tributed in different measures by the ER fluid and the damper com-
ponents such as the dynamic rod seals. As the amplitude increases,
the stictioneffects appearto be less significant. The postyieldregion
shows a dominant viscous behavior, where the fluid inertia effects
come into play. The stiction and inertia effects are more apparent
in the force vs velocity hysteresis data. The yield point separating
the two rheologicaldomains varies as a function of the electric field
and the displacement amplitude. The overall behavior of the ER
damper, thus, can be simulated by choosing the appropriate linear
shear mechanisms for the two regions and then combining them to
capture the transition between the two regions. A schematic of the
network that accomplishes this is shown in Fig. 8. The network is
similar to a control system block diagram and establishes a rela-
tion between the damper shaft displacement X and its derivatives,
whichis assumed to be the inputand the damper force output . One
branch of the network comprises the preyield components, whereas
the other branch contains the postyieldcomponents. The augmented
six-parameter model describes not only the force vs displacement
data but also the force vs velocity data.

A. Preyield Mechanisms

The three-parameter fluid model shown in Fig. 9a is used as the
mechanical analog for the viscoelastic behavior in the preyield re-
gion. This is represented by the linear operator L,, in the model
network. The force-displacement differential equation of the vis-
coelastic analog in Fig. 9a is given in the time domain by

Fve+p1Fve=q1X+q2X (3)

where F), is the viscoelasticcomponent of the damper force and
G +G —c GG
P = K, q1 = Lo, 9> = X,

If a sinusoidal excitation is assumed, then the differential equation,
Eq. (3), can be written in the frequency domain as

F,, =G'X 4)
where G* is the complex shear coefficient,

G* =G + G, j=~"1

and
;_ KICZZQZ (5)
K+ (C+ G2
G = (o +C2)C1C2Q3+K12CZQ ©)

K2+ (C, + Cy)’Q?

where €2 is the excitation frequency. The stiction effects seen in the
damper behaviorat low velocities are described using the parameter
F, and the shape function S,, which has been chosen as

S. = Ltanh(X /4e,)} @)

where X is the damper velocity and €, is the smoothening factor that
ensures smooth transition from the negative to positive velocities
and vice versa. The parameter €, was chosen a priori based on the
extent of stiction effects observedin the force vs velocity hysteresis
data. The factor of four is included in the shape function so that for
0 < €, < 1, the transition between the extremities of the hyperbolic
tangent function occurs to the full extent and at a reasonable rate,
represented by the slope of the function at the origin. Thus, the
preyield force component is given by

Fh)rsze+Sch (8)

where F,, is given by Eq. (4).

The nonlinear shape function Sy, is the preyield switching func-
tion, which along with S, effects the smooth transition from the
preyield phase to the postyield phase. The functions S, and S,
are dependenton a yield parameter «, thatis chosen during the es-
timation process. The parameter o, represents the yield transition
point in a dynamic cycle and varies with the electric field and the
displacement amplitude. The preyield shape functionis given by

Spy = %{1 — tanh[(« — ) /4€,1} )

where « is the damper shaft velocity nondimensionalized with re-
spect to the amplitude and €, is a smoothening parameter and is
chosen to have a constant value of 0.1. Because the shape functions
perform the task of switching on and off the different mechanisms,
the parameter F, appears only at low velocities and is almost inef-
fective at high velocities, thus producing a stick-slip-type motion
rather than a motion with a constant coefficient of friction.

B. Postyield Mechanisms

The postyieldbranch of the network consistsof the viscous mech-
anism L,; and the inertial component L;. These components can be
combined and represented as shown in Fig. 9b. Thus, the postyield
force componentis given by

F,, = C,X + RX (10)

S,y is similar to the shape function §,,,, where S,, acts as a switch-
ing function to turn on the postyield mechanism when the damper
crosses the yield point. It has been chosen as

Sgy = {1 + tanh[(« — o) /4€,1} (11)

1
2
C. Augmented Model
For a sinusoidal displacement input, the damper force output as
given by the augmented six-parameter damper model is written as

F = S},),F},y + SayFay (12)

where Fy, S,y, F,y, and S,, are given by Egs. (8), (9), (10), and
(11), respectively. Thus, rather than using nonlinear elements, the
augmented model takes the novel approach of using linear mech-
anisms in conjunction with nonlinear shape functions. Moreover,
the mechanisms chosen, the type of shape functions, and the struc-
ture of the model network are based heavily on the experimentally
observed phenomenology of the damper behavior.

D. System Identification
Having established the model structure and the model compo-
nents, the parametersin the model need to be identified. Because the
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parameters €., €,, and «,, are chosen a priori, the only unknown pa-
rameters are the viscoelasticparameters C;, C,, and K ; the viscous
parameter C,; the inertial parameter R; and the stiction parameter
F,. The model uses the displacementas an input, calculates the ve-
locities and accelerations needed for the model, and then gives the
total force, givenby Eq. (12), as the output. Thus, the six parameters
are estimated on the basis of minimizing the error between this force
output F and the actual force F,, obtained from experimental mea-
surements. The error in the model is represented by the objective
function J given by

N

=Y (h-n)

i=1

(13)

where N is the number of data points for each hysteresis cycle, F/
is the force predicted by the model, and F,, is the experimentally

KAMATH AND WERELEY

measured force. To obtain physically meaningful results, the pa-
rameters are constrained to have positive values. The optimization
was done with Design Optimization Tools (DOT),?® which uses the
Broyden-Fletcher-Goldfarb-Shanno algorithmto minimize the ob-
jective functionin Eq. (13). The parameter o, was manually chosen
such that the objective function reached a minimum.

E. Results

Using the parameters estimated from the system identification
process, the force vs displacementand the force vs velocity hystere-
sis cycles were reconstructed and compared with the experimental
data. For the sample data set shown in Fig. 3, the reconstructedhys-
teresis cycles are shownin Figs. 10 and 11. Figures 10 and 11 show
the reconstructed hysteresis cycles for different displacement am-
plitudes for £ =0 and 3 kV/mm, respectively. The plots show that
the model accurately captures the nuances of the experimental data.
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Table1 Parameters and objective function values for two nominal data sets using the four-parameter
viscoelastic-plastic model and the augmented six-parameter model

Case 1, Case 2,
E =0kV/mm, Xy = 0.5 mm E =3kV/mm, Xy = 1.0 mm
Four-parameter Augmented Four-parameter Augmented
Parameters model model model model
C;,N-s/m 3.102¢3 0.785€e3 1.093e4 0.978¢4
Cy,N - s/m 2.025¢4 0.863¢4 1.111e4 1.253e4
K, N/m 1.240e5 1.014e5 1.333e5 1.453e5
Cy,N-s/m 0.900e3 2.426€3 1.928¢3 1.914¢€3
R,N -s2/m _ 0.000 —_ 5.292
F.,N —_ 20.83 R 4.810
ay 0.95 0.95 0.40 0.40
€y 0.10 0.10 0.10 0.10
€ —_ 0.10 R 0.30
J 5.378e4 5.814¢4 1.814e5 1.029¢5
100 T T T T T T T 200 T T T T T T T
150 | = — -Experiment ]
——4 Parameter Model =
501 i 100 i
Z Z soL 4
8 oL J 8 oL 4
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s S 5ok ]
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Fig.12 Comparison of experimental hysteresis data for E = 0 kV/mm,
Xo = 0.5 mm, with the model hysteresis plots.

To emphasize the importance of the stiction and inertial parame-
ters thathave been included in this model, the force vs velocity plots
generated using the augmented six-parameter model are compared
with those generated using the four-parameter viscoelastic-plastic
model presented in Refs. 23 and 24. Two nominal cases are pre-
sentedin Figs. 12 and 13. Results for case 1, which correspondsto a
preyield condition, are shown in Fig. 12 for an applied field, £ = 0
kV/mm, and a displacementamplitude, X, = 0.5 mm. Case 2, which
corresponds to a postyield condition (shown in Fig. 13) represents
results for an applied field of 3 kV/mm and a displacement ampli-
tude of 1.0 mm. Cases 1 and 2 have been chosen to highlight the
effects of stiction and fluid inertia, respectively. The correspond-
ing model parameters for each case are in Table 1. In case 1, the
inertial parameter R is estimated to be zero, so that the stiction ef-
fects are easily isolated. Although the objective function value for
the augmented model is slightly higher than for the four-parameter
viscoelastic plastic model from Refs. 23 and 24, Fig. 12b shows a
qualitatively better correlation with the experimental data as com-
pared to Fig. 12a. Case 2 shows that the augmented six-parameter
model captures the inertial effects as manifested by the loops at
the extremities of the hysteresis cycles seen in Fig. 13b. Figure 13a
shows a distinct absence of these loops. Moreover, the objective er-
ror function decreases in the case of the augmented six-parameter

40 60 80
)
b) Augmented six-parameter model

Fig.13 Comparison of experimental hysteresis data for E =3 kV/mm,
Xo = 1.0 mm, with the model hysteresis plots.

model as seen in Table 1. The model parameters in case 2 do not
change significantly between the two models, in spite of adding two
parameters. This signifies that the stiction effects are not significant
enough at higher amplitudes and that the inertial parameter mainly
adds the loops but the outer envelope of the force vs velocity cy-
cle essentially remains the same. However, in case 1, the model
parameters vary considerably between the two models.

The additional stiction and inertial parameters do not affect the
correlationof the model with the experimentalforce vs displacement
hysteresisdata as significantly as for the force vs velocity hysteresis
cycles. The four-parameter viscoelastic-plastic model is sufficient
to accurately capture the force vs displacement hysteresis cycles
and, hence, deduce the energy dissipation of the damper. Thus, if
the amount of damping is the important criterion, then the four-
parameter viscoelastic-plastic model should give a good estimate.
But if the force vs velocity hysteresis behavioris important for pre-
dicting system behavior, then the augmented six-parameter model
would provide a better prediction.

V. Conclusions
A detailed experimental study of a mixed mode moving electrode
ER damper is presented. The hysteresis data clearly describe the
damper behavior for different displacement amplitudes and varying
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electric field. The stiction effects are important for low amplitudes
when the fluid is in the preyield phase. For large amplitudes, the
fluid is in the postyield phase and the inertial factors become more
important. However, it is difficult to say how much of the observed
behavior can be attributed solely to the fluid and how much to the
various damper components such as bearings and rod seals. An
augmented six-parametermodel for the ER damper is proposed that
derives its structure solely from the phenomenology of the force
vs displacement and force vs velocity hysteresis characteristics
as observed from experiments. The model faithfully captures the
damper behavior for different field strengths and displacement am-
plitudes.

Thismodel representsan importantaspectfor modelingof various
dynamic systems such as aircraft landing gears, isolation mounts,
and helicopter lag mode damping systems in which ER and MR
(magnetorheological) dampers may be implemented. In helicopter
rotor systems, stability is very sensitive to the amount of damp-
ing in the lag mode. Thus, to evaluate rotor systems with active or
semiactive damping systems such as those with ER and MR fluids,
an accurate model is needed that is simple enough to be easily in-
corporated into comprehensiverotor codes. The use of mechanical
analogs in the model presented makes it amenable to codes such
as UMARC. The simplicity of the model also offers advantagesin
terms of controlling devices incorporating ER and MR materials.
Moreover, because the modeling strategy has been adopted strictly
based on the experimentally observed behavior and with a qualita-
tive knowledge of the material properties, this modeling approach
can also be applied to MR fluid devices and, in general, to other
active and semiactive materials and systems.
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