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Abstract

In the paper, the authors present the results of a numerical study of a magnetorheological (MR)
damper prototype operating in the so-called squeeze mode. The analyzed prototype allows
achieving a symmetrical response in both directions of piston motion. The authors show the
results of magnetostatic analyses of the electro-magnetic circuit of the device and lumped
parameter model using calculations of the control circuit and the damping force output.
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Streszczenie

W artykule przedstawiono wyniki obliczen prototypowej konstrukeji thumika z ciecza MR
dziatajacej w trybie $ciskania. Analizowany prototyp pozwala uzyskac identyczny zakres sit
tlumienia w obu kierunkach ruchu. Autorzy prezentuja osiagi thumika oszacowane na podsta-
wie obliczen polowych oraz obliczen z wykorzystaniem modelu o parametrach skupionych.
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1. Introduction

A magnetorheological fluid (MRF) is a representative of smart materials that links two
separate categories: solids and liquids. The so-called MR effect, discovered by Rabinov [1],
is manifested by changes in the material’s apparent viscosity when exposed to a magnetic
field of sufficient strength. This property has made it attractive for use in the automotive
industry, for example. By considering the manner in which the material has been utilized
in particular devices, MR devices can be categorized as those operating in four categories:
flow mode, shear mode, squeeze mode and gradient pinch mode [2—4]. So far, only the
shear mode and flow mode have been commercialized through rotary brakes, automotive
suspension dampers and powertrain mounts [5—7]. For comparison, the squeeze-mode offers
several benefits over the other operating modes; namely, the ability to build high damping
forces across a relatively small displacement span, large compressive stresses, etc. [8, 9].
Typical squeeze-mode devices feature a relatively small volume of MRF contained between
two planar surfaces [10—12]. The distance between the surfaces is allowed to vary according
to the prescribed displacement or force input. The squeeze-mode devices are outstanding
in the sense that they feature a flow channel of time-varying height. As the surface-to-
surface distance decreases, the fluid is squeezed out of the working volume. In the presence
of magnetic flux, the yield stress of the MRF, which is contained in the working volume,
increases along with its resistance-to-flow. With such an arrangement, the actuators are
capable of producing compressive forces that are larger by an order of magnitude or more
than in extension [13, 14]. However, some vibration control applications may require equal
forces in either direction of the piston motion. So far, little work has been done with squeeze-
mode actuators that produce symmetric forces in compression as well as extension [9, 15].
For example, the actuator of Gong [15] was a single-coil, dual cavity device capable of
producing forces up to 6 kN over a 1.2 mm travel range. Next, in a feasibility study, Stanway
et al. [16] showed the ability to control the transmissibility of a two-way single and coil
squeeze-mode vibration isolator with a simple on-off strategy.

In this paper, the authors briefly examine the concept of a two-way MR actuator operating
in a squeeze-mode. In section 2, the authors present the actuator’s geometry and key details,
and then in section 3, they reveal the results of a magnetostatic study in order to assess
the performance range of the device. In section 4, the analysis is followed by a numerical
evaluation of the performance of the prototype subjected to sinusoidal displacement inputs
for a prescribed range of excitation inputs, incl. electrical characteristics of the coil circuit
and damping force output. Finally, section 5 contains the conclusions and a summary.

2. Damper

The squeeze-mode damper assembly concept is revealed in Fig. 1. Specifically,
Fig. 1a and Fig. 1b show the device in a cross-section view. As illustrated, the motion of
the rod (2) drives the piston (1) displacement. The distance between the lower surface of
the piston (1) and the lower surface of the core (3) constitutes the lower working gap. In
a similar fashion, the distance between the lower surface of the piston (1) and the opposed
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surface of the core 4 constitutes the upper working gap. Both working gap volumes are filled
with MRF. Upon the piston displacement, the fluid may flow through the holes (3) into the
opposite gap volume. In the magnetostatic analysis performed by the authors, the thru-holes
were replaced by a thinner cross-section area of the piston at the location of the holes. The
assembly incorporates two cores (4, 5) located on either side of the piston. In this particular
configuration, the coils (6, 7) are connected in series. They are wound in opposite directions.
The current in the coil induces a magnetic field of the strength H in each core assembly.
Specifically, the magnetic flux that is generated by the current in the control coil (6) travels
through the core (4), into the upper gap volume and into the piston (1), the cylinder (8) and
the cap (9), then to enter the core again. Similarly, the flux induced by the current in the coil
(5) travels through the core (3), the lower gap and into the piston. Next, it enters the outer
cylinder and returns to the core (3) through the lower cap.
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Fig. 1. Squeeze-mode damper cross-section: 1 — piston, 2 —rod, 3 — thru-hole, 4, 5 — cores,
6, 7 — coils, 8 — cylinder, 9 — cap, 10 —ring
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The presence of the flux in each gap alters the MREF’s resistance-to-flow by modifying
its yield stress. The non-magnetic rings (10) surrounding each core assembly eliminate
the magnetic flux leakage directly into the core. Fig. 1 does not reveal several engineering
details that were omitted for clarity; namely, coil wiring, electrical terminals, sealing
systems, and a volume compensating chamber.

The piston is free to move within the cavity, as shown in Fig. 2, across the gap height 4. The
total permitted travel for the piston is 2(k-h_; ), where /. denotes the minimum gap height in
upward (downward) motion to the percent of piston-core contact. All other relevant damper
dimensions are highlighted in Table 1. For the purpose of the presented analysis, the authors

! MRF |

l x(?) : Piston k :>

Y

W

Fig. 2. Working cavity layout, x(#) — piston displacement, / — free gap, MRF — MR fluid

Table 1
Damper dimensions
Parameter Value, [mm]
Piston diameter, Dp 64
Outer diameter (cylinder), D, 73
Rod outside diameter, D, 12
Upper (lower) core surface diameter, D, 56
Coil window height, H, 11
Coil window width, W, 8.5
Core height, H | 19.5
Working gap height, & 2.5
Minimum gap, &_. 0.5




33

assumed the MRF to be of the 26% Fe vol. type. The fluid density was p = 2.6 g/cm’, and
the base viscosity L = 50 cP. Accordingly, silicon alloy (SiFe) steel properties were assumed
for all the ferromagnetic components of the magnetic circuit (cores, piston, cylinder and cap).
The magnetization characteristics of the materials are shown in Fig. 3a, and the yield stress
variation with flux density in Fig. 3b. Each coil window incorporates 90 turns of the 0.6 mm
copper wire. Effectively, the coils’ total resistance was estimated to be 1.94 Q (at 25°C).
Excluding insulation, the effective area of each coil window was 72 mm?. The piston rod
should be made of a non-magnetic material to prevent a magnetic short circuit and flux leakage

directly into the piston.
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Fig. 3. Material properties: a) magnetization B—H characteristics: silicon (SiFe) steel and MRF,
b) MRF’s yield stress vs. flux density, z,~B [21]

3. Magnetostatic analysis

In order to assess the steady-state performance of the magnetic circuit of the actuator,
a 2D-axisymmetric model was developed and analyzed using the software tool FEMM
4.2 [17]. 3D features (thru-holes in the piston assembly) were accounted for in the analysis
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by decreasing the piston cross-section area at the location of the holes — see Fig. 4. The
purpose of this exercise, at this point, was to evaluate the magnetic flux change and identify
problematic areas in the actuator. The analysis was performed within the coil current
range from 0.25 A to 5 A. The results that are shown in Figs. 5a and 5b reveal the usable
current range is rather limited to 4 A due to magnetic saturation at the mid-stroke position
of the damper. The current range is position-dependent due to magnetic saturation. For
comparison, at the minimum working gap condition on either side of the piston, it reduces
to 3 A. The identified bottleneck areas were due to the thru-holes in the piston assembly,
outer cylinder wall, and at either end of the actuator. At this condition, the averaged flux
density in each working gap at the mid-stroke position of the piston approaches 0.5 T (and
0.6 T at a minimum working gap condition — piston-to-core distance is 0.5 mm). In addition,
based on observations of the results in Figs. 5a and 5b, it seems that the active radius of the
actuator extends to approximately 22 mm; the active surface area directly contributes to the
damping force output of the actuator. Specifically, Fig. 5a shows the uniform distribution
of flux density in the working gap region well within the area defined by the active radius,
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Fig. 4. Flux density distribution at mid-stroke position of the piston
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and Fig. 5b reveals the plot of averaged flux density in the working gap at two positions of
the piston (mid-stroke, gap minimum height). Note that this two-coil configuration can be
easily adapted to operate in parallel, i.e. the two coils can be controlled independently of
each other. It can be shown that, with such an arrangement, the magnetic fluxes generated
with the respective coils do not interfere with each other.

Next, flux linkage calculations with respect to current and position change are shown in
Fig. 5c. Additionally, coil inductance is computed using the energy method available in the
FEMM tool [17]:

LC:lIBHdV ©)
2

where the integral is obtained over the entire model domain V" and L denotes the total
inductance of the coil. The result is revealed in Fig. 5d. As shown, all static calculations
reveal strong dependence on the coil inductance, flux density and flux linkage with respect
to both position and current.
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Fig. 5. Magnetostatic analysis results

4. Lumped parameter modeling of the control circuit

In this section, the lumped parameter model of the control circuit, as shown in Fig. 6
has been considered. In the analysis, the model is then coupled with the modified Bingham-
Stefan model of the material to provide a multidisciplinary model of the actuator [10, 12].
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Moreover, based on the results of the previous section, the authors assumed the flux linkage
A depends on the piston position x and the coil current i .

L(x,i)

Fig. 6. Lumped parameter circuit of the control coil [18]

Then, the voltage across the coil terminals is:

di
ue=icRet—- 2)

where R _is the coil resistance. Therefore, Equation (1) can be expanded to obtain:

O die | M) dv
oi. dt o dt

In order to assess the dynamics of the control, the circuit numerical calculations were
carried out using the model given by Equation (2). The results are highlighted in Fig. 7. First,
the model was subjected to ramp displacement inputs and step voltage inputs. For instance,
Fig. 7a shows the control circuit response as the step voltage was switched ON, and Fig. 7b
illustrates the circuit’s response during voltage drop (current decay). The results shown in
Fig. 7 were obtained by stroking the piston downwards from the mid-stroke at the constant
velocity of 2 mm/s. The response time of the coil (defined as the time required to reach 63%
of the peak current value) varies from 47 ms (I A) to 37 ms (5 A). Moreover, the actuator’s
model was subjected to sinusoidal displacement waveforms of the peak amplitude X =2 mm
and frequencies of up to /=30 Hz. Predictably, due to the presence of the velocity—dependent
term in Equation (2), the time history of coil current reveals small, yet finite oscillations
around the average value of 1 A — see Fig. 8. The data were obtained by exciting the coil
with the constant voltage input and cycling the piston according to the prescribed piston
displacement x(¢) = & — Xsin(2xft + @), where @ is the phase shift. It is evident that the current
profile is influenced by both the frequency and the amplitude.

It is also apparent, from the observation of Fig. 8 in particular, that the motional term is
not significant (contribution of less than 2% under most circumstances) and can be omitted
in further investigations.

In order to study the variation of force output with piston displacement (velocity)
and the current applied, the expressions obtained, e.g. by Zhang et al. [10], were used in
developing the hydraulic model of the actuator. The expressions utilize the Stefan squeeze-
flow solution and were extended to include the two-way action of the piston. The model that
was employed by the authors includes the effects of plasticity (due to yield stress), viscous
forces and neglects the inertia effects (due to acceleration). By further neglecting the eddy

©)

Uc= iRt
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current effects, coupling the electrical part and the hydraulic component can be directly
accomplished through the rheological characteristics of the material, and specifically the
(B = Bg) relationship — see Fig. 3b. The simulation results involving the coupled model of
the actuator are revealed in Figs. 9 and 10. In the specific examples shown, the piston was
subjected to sinusoidal displacement inputs of the peak-to-peak amplitude equal to 4 mm
and a frequency of 1 Hz — see Fig 9. The displacement range was designed in such a way to
preserve the minimum 0.5 mm gap on either side of the piston.
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Fig. 7. Coil current response to step voltage input, ramp displacement input: —2 mm/s, /=1 Hz
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Fig. 8. Time history of coil current: constant voltage, sinusoidal cycling X = 1 mm, coil current: 1 A

The displacement range illustrated in Fig. 9 is centered with respect to the middle
position of the piston. Throughout the simulation of the results shown in Fig. 9, the supply
voltage was held at a fixed level corresponding to the current range from 1 AtoSAinl1 A
intervals. It can be clearly seen that the largest variation of force output occurs in the first
and the third quadrants of the force-displacement plane. Moreover, observation of the plot
further confirms that the onset of magnetic saturation occurs already at a current level equal
to 3 A. Furthermore, the transient response of the actuator was examined while subjecting
the piston to ramp displacement (constant velocity) inputs as shown in Fig. 10. While moving
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the piston, the current was applied and the resulting response calculated as shown in Fig. 9a.
For comparison, in the example shown in Fig. 9b, the current was switched off. By far, the
force variation is largest in the case shown in Fig. 9a — the force output is proportional to the
inverse of the gap height and is additionally augmented by the field-induced yield stress of
the material.
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Fig. 9. Force vs displacement loops; sinewave input — X =2 mm, /=1 Hz
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Fig. 10. Damping force time history ramp displacement input: 2 mm/s

5. Conclusions

In this paper, the authors reveal the results of a study concerning a two-way MR damper
operating in squeeze mode. The device is superior to other concepts of a squeeze-mode
damper, as it allows for the realization of vibration control strategies in either direction of the
piston motion and for the generation of a symmetric force, both in compression (squeeze) and
extension. The authors briefly present magnetic field simulation results in order to assess the
device’s steady-state performance range. The finite-element analysis is then followed by the
study of the coupled (electro-hydraulic) control circuit behavior when subjected to voltage
step and displacement inputs. The response of the damper, when subjected to sinusoidal
displacement inputs and ramp inputs, was examined, too. The results have indicated that
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both the piston position and the current have a significant influence on the damping force
output as well as electro-magnetic characteristics of the device incl. flux linkage, coil
inductance, averaged flux density. Specifically, flux density, coil inductance and flux linkage
vary with both position and current. Finally, it was shown the flux linkage motional term has
a little influence on the output of the actuator and could be neglected in further analyses.
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