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Abstract

Magnetorheological (MR) fluids are a class of smart materials with versatile applications in various
engineering domains. A MR fluid consists essentially of a carrier medium (e.g. synthetic oil) with
embedded magnetizable particles (e.g., carbonyl iron particles in our case). The concentration of iron
in the carrier medium determines the rheological properties of the MR fluid.

The influence of the iron content in the MR fluid on the inductance of the system should be analyzed.
The measurement technique investigated in our research relies on the analysis of current responses
following a voltage step change which is applied to a coil magnetizing the MR under test in a test
setup involving a magnetic circuit and a chamber containing the sample MR fluid. The evaluation
process is conducted by means of utilizing a physically inspired model featuring lumped elements in
an equivalent electrical circuit. This model is based on the T-equivalent circuit of a transformer
incorporating representations of field induced eddy currents and particle motion within the MR fluid on
the secondary side of the (fictitious) transformer. The model is then used to determine the inductance
and to represent the electrical behavior of the actuator in a step response.

Keywords: magnetorheological fluid (MRF), T-equivalent circuit, physically inspired model, indirect
measurement method, inductance measurement

1 Introduction

Magnetorheological (MR) fluids consist of
small ferromagnetic particles in a carrier fluid,
typically hydrocarbon oil with additives [1-4].
These particles, most commonly carbonyl iron,
range in size from 1 to 10 ym. Without the
presence of a magnetic field, MR fluid has a low
viscosity. When exposed to a magnetic field,
the particles tend to align in chain-like
structures along field lines, increasing viscosity
and shear stress [2,3,5,6]. This alignment
occurs in two stages: first single chains are
formed which then aggregate into longer and
thicker structures [6,7].

Investigations are aimed at improving
particle-based simulations [8], adapting MR
formulations for settling and abrasion problems
[3,4,9-11], optimizing designs for fast force
response [12,13] and characterizing shear
stress response in rotative setups [1,12,14,15].
Experimental work seeks reliable macroscopic
and microscopic MR fluid models [2,16,17] and
investigates the effects of particle size,
distribution, and volume fraction [3,18,19].
Despite these efforts, the application of MR
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technology still remains limited in commercial
products.

While MR fluids are currently used in devices
[20,21], comprehensive models for device
design are still scarcely available due to their
complex response to magnetic and mechanical
forces. Several studies have focused on the
microstructure that influences the rheological
properties of MR fluids, which are affected by
magnetic fields that can lead to phenomena
such as clustering and local alignment of
ferromagnetic particles. This kind of complex
behavior arises from the response of
ferromagnetic materials to external fields,
including non-linear responses, hysteresis and
memory effects (remanence) [22-24].

In previous work [24] we found that in initial
measurements of an actuator filled with “fresh”
MR fluid, smaller shear stresses (for achieving
a particular shear rate) are required compared
to subsequent measurements. Even after
demagnetization, this effect persisted and is
thus independent of magnetically remanent
behavior [24]. This means that once the MR
fluid is "activated", e.g., by a first measurement
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cycle, it cannot fully return to its initial state
even if a demagnetization protocol is followed
after each measurement. Such protocols are
still useful as effects associated with remanent
magnetizations and  associated  micro-
mechanical cluster formation are also present
and thus have to be eliminated to achieve
reproducible measurements [24].

In the present paper we discuss an
equivalent circuit, which is able to model the
electric response of an actuation coil
magnetizing a sheared MR fluid in a test setup
introduced below. To this end, the response
associated with MR fluids featuring different
iron concentrations are modeled using a
physics-inspired model with concentrated
components, where the iron content of the fluid
particularly affects the main inductance in the
model. The model also considers the effects of
eddy currents and mechanical time constants of
the MR fluid. Finally, the model relates the
modelled inductance to the dynamic iron
content in the fluid, which may then be used to
predict shear stresses.

2 Material and methods

2.1 Material

The MR fluids used in these studies are two
different commercial fluids supplied by LORD
Corporation (USA). The first (type MRF-122EG)
consists of synthetic oil (hydrocarbon based)
and a volume concentration & =22 vol% of
carbonyl iron particles featuring a diameter in
the range of 1 to 10 ym. The second MR fluid
MRF-140BC is the same as in [24] and consists
of @ =40 vol% iron particles.

To ensure accurate measurement conditions
and to avoid non-uniform particle distribution
due to sedimentation, the MR fluids had to be
thoroughly redispersed. First, the MR fluid
container was placed on a uniaxial mixer for at
least two hours to homogenize and dissolve
any residual iron. A biaxial shaker was then
used to break up potential particle
agglomerates by rotating the container for at
least 20 minutes (for more details see [24]).

From the analyses in [24], we know that the
mixing routine redispersed the MR fluids well
and that the particles are sufficiently dissolved
in the fluids. We therefore suppose that the
stated iron concentrations are initially in
agreement with the ones stated in the
manufacturer’s data sheet (22 and 40 vol%).
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2.2 Experimental setup
The custom experimental setup (Fig. 1)
resembles a parallel plate magneto-rheometer
used for shear mode [16,23,25] characterization
of MR fluid. It comprises three key components:
a stator (green), a MR fluid chamber (light red),
and a rotor (yellow). The stator contains the MR
fluid and houses a rotating disc, part of the rotor
which is driven by a servo motor.
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Fig 1: Schematic of the experimental setup
for the measurement of the MR fluid in
shear mode (cross section). The coil
wires intersect this cross section
orthogonal to the drawn plane.

Magnetic flux (“flowing” along the red dashed
lines in Fig. 1) is generated by two coils (Coil 1
and 2) within the stator, oriented in the same
direction. The coils are powered by a custom
power supply controller and can produce a
magnetic flux density of 2.3 T. The stator and
rotor are made of Vacoflux 50, a material with
high magnetic permeability featuring a high
saturation magnetization (which is, however,
never reached in our experiments). Other
components, like the sealing system, are
nonferromagnetic.

Inside the MR fluid chamber, there are two
interaction areas (or working gaps) where the
adjustable magnetic field interacts with the MR
fluid, generating shear forces. The caoils'
geometry ensures a uniform field distribution
across these gaps, which are located at the top
and bottom of the disc.

A more detailed description of the structure
and the calculated magnetic field strengths in
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the interaction areas from finite element
calculations can be found in [24].

Sedimentation is not an issue for the setup
because, first, the design of the chambers is
flat, so gravity has little effect on particle
distribution. Second, our measurements were
taken within a maximum of two hours after
filling with homogenized MR fluid, therefore in
this short time there will be no sedimentation of
particles in the liquid [9].

Note that the setup was not particularly
designed to keep eddy currents low, since the
focus was on achieving high field strengths and
a constant field distribution in the interaction
area. The eddy currents that do occur cannot
be neglected and must be accounted for in the
model.

2.3 Inductance measurement of the
maghnetization coil

Inductance can be measured in several
ways. A very common method is to apply a
voltage step to the inductance to be measured
and analyze the step response of the current,
which should correspond to a first-order lag
element (PT1) for an ohmic-inductive load.
Evaluating the time r it takes the current to
reach 63 % of the final stationary value, one
can calculate the inductance L from the
relationship 7= L/R, given that the resistance R
is known.

However, the experimental setup does not
behave like a simple first-order lag element
(PT1, see Fig. 2) due to non-ideal properties
such as eddy currents and motion of iron
particles in the MR fluid (see section “Results”).
Measuring inductance using a LCR meter or
phase shift between current and voltage with
sinusoidal excitation is therefore not feasible.
There is little information in the literature on the
measurement of inductance in MR actuators or
on variable inductance during operation.

Therefore, we pursued an indirect route
through the complete analysis and curve fitting
via a physically inspired model and calculations
in LTspice that capture eddy currents, motion,
and the main inductance.

The electrical quantities were recorded using
a digital storage oscilloscope (Tektronix mixed
signal  oscilloscope = MS054B (350 MHz,
6.25 GS/s)) with a probe and a current clamp.
Power was supplied by a laboratory power
supply (Korad KA3005P, with an internal
resistance modeled in LTspice with Ri=0.1 Q,
see Fig. 3). The applied voltage jump (from O to
9V) was implemented using a customized
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circuit board with H-bridges, realized with field
effect transistors with a resistance of
Rrer=0.3 Q each, to produce a steep jump
within milliseconds.

3 Results

The aim of the investigations is to be able to
make an indirect statement about the iron
content in the interaction area via the
inductance behavior of the actuator and
subsequent predictions of generated shear
stress response. The hypothesis of [24] is that
chain formation and other effects lead to an
accumulation of iron particles in the interaction
area and an increasing iron concentration,
which contributes to an initial irreversible MR
fluid activation.

In order to obtain a first basic electrical model
for the coil in Fig. 1, the first measurement is
carried out with an empty chamber, i.e. with air
as a test medium.

Figure 2 shows the voltage response at the
coil terminal in blue (Voltage) and the current
curve in red (i(0 vol%)) for air-filling. The solid
lines are the data recorded by the oscilloscope.
The voltage jumps to a value of uo =9V at time
instant t = 0 s, collapses a little due to the ohmic
losses of the internal resistance of the power
supply and the H-bridge, and stabilizes at a
value of us = 8.53 V in the steady state area. At
first sight the current response may appear to
show PT1 behavior (as it would be for an RL
series circuit or a lossy coil). However, closer
inspection reveals that a second time constant

due to eddy currents is involved.
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Fig. 2:  Current and voltage curves of the
measurement and calculation with
LTspice of the step response, applied
to the experimental setup: 0 (red), 22
(vellow) and 40 vol% (green) iron
content in the MRF chamber.
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Fig. 3:  Phenomenological electrical equivalent circuit diagram of the experimental setup.

To analyze this behavior, a model was built
in LTspice and fitted to the measured data. The
starting point for the physics-inspired electrical
diagram is the T-equivalent diagram of a
transformer. Figure 3 shows the electrical
diagram used for the simulation, with the source
and H-bridges shown on the left.

In the equivalent circuit, following values are
used: the main inductance L1(®), the stray
inductance L2, a resistor Rz representing the
eddy currents, a load, which was
phenomenologically modelled as a R.-CL
parallel circuit representing the MRF-chamber,
the temperature dependent ohmic coil
resistance Ri(T), the ohmic half bridge resistors
Reer and ohmic internal resistor of the source
Ri.

The ohmic components Ri, Rret, R1(T) were
measured with a resistance meter.

After the voltage jump, the current stabilizes
at t>0.3s, to a steady state value of about
Is=1.05A (see Fig.2), which is essentially
related to the ohmic resistance R1 in the model.
R1 is the ohmic resistance of the supply line and
the coils (which is temperature dependent and
has a value of 7.8-8.2 Q) and in particular
determines the level of the steady-state current
value Is.

Rz represents losses due to eddy currents in
the magnetic core of the circuit and L>
represents the stray inductance involved in this
coupling (just as in the classical transformer
model). The main core material of the
experimental setup is Vacoflux 50, which has
good properties for high saturation field
strengths and is designed as a solid material.
This results in significant eddy currents which
strongly influence the current curve in case of
transients. The initial point the current almost
instantly jumps to (see Fig.2) is essentially
determined by R2 and L2 yielding a much
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smaller time constant compared to the one
associated with the main inductance. The
values for L2 and Rz can be readily determined
from the height and the delay of the initial jump,
which is virtually the same for all measured
cases (see “Jump point” in Fig. 2). This is
consistent with the eddy current interpretation
as the eddy currents in the magnetic core,
which is present for both measurements in air
and with MR fluids.

Furthermore, Ri, Rret, Ri(T), Rz and L2 are
the same for all measurements and have been
assumed to be constant.

The remaining three fit parameters (L1, RL
and Cv) in the equivalent circuit were identified
by curve fitting and minimizing the error.

L+ is the main inductance that significantly
determines the current curve and has been
determined to have a value of
L1(0 vol%) = 420 mH for air filing of the gap.
The “secondary load” RL || CL corresponds to a
short circuit RL(0 vol%) =0Q for air filling.
Figure 2 shows the calculated results for
current and voltage plotted against the
measured data. The model agrees well with the
measured data despite the simple model
structure. To test the model’s robustness we
verified that, without fitting anew, it also
reasonably holds for measurements featuring a
12V jump and in case of impressing a
stationary current injection by using an artificial
source series resistor of 100 Q (not shown
here).

Next, the chamber of the experimental setup
was filled with fresh (unused) MRF-140BC with
an initial concentration of @ =40 vol% iron
homogeneously distributed in the liquid. Our
expectation for the equivalent circuit diagram is
that the main inductance L1 should increase.

In Fig. 2 the green curve shows the current
measurement for 40 vol% iron. The current
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takes longer to reach the steady state value of
Is. The jump point is approximately the same as
at ®=0vol%. A third time constant can be
seen.

The following values are identical at 40 vol%
as with the first measurement with air filling and
support the quality of the model: Ri, Rret, R1(T),
R2 and Lo.

Only three parameters were varied to fit the
measured responses for MR fluid filling: the
main inductance L1 and the load (RL, CL).

Instead of a short circuit, RL(40 vol%) had
now a value of 12 Q and C.=0.01 F is found.
This load is supposed to model movement of
the iron particles when aligning with the field,
which introduce a mechanical time constant
related to CL. RL also contributes to this time
constant and represents eddy current (and
other losses) in the MR fluid.

The main inductance L1 increases as
expected with increasing iron concentration in
the fluid to L1(40 vol%) = 750 mH, an increase
of 79%. The results of the calculation with
LTspice are shown in Fig. 2 as dashed lines.
Despite the concentrated elements in the rather
simple model, there are hardly any deviations
between measurement and calculation.

To verify the electrical equivalent circuit
diagram, a further measurement was carried
out with an MR fluid containing ® =22 vol%
iron concentration, which is approximately
halfway between 0 and 40 vol%. The measured
and calculated results are shown in Fig. 2 in
yellow, with dashed line representing the
calculation from the LTspice model. The
obtained fitting parameters are
L1(22 vol%) = 610 mH and RL(22 vol%) = 10 Q.
All other component values are identically as for
0 and 40 vol%.

As expected, the curve for 22 vol% iron
concentration lies between the curves for 0 and
40 vol%. The results calculated with the fitted
parameters (L1 and RL) are in good agreement
with the measurement.

4 Conclusion

A main contribution of this work is the
development of a new method to indirectly
determine the variation of the iron content in
MR fluids by analyzing the equivalent circuit of
the experimental setup, where the MR fluid
under consideration is contained in a sample
chamber embedded within a magnetic circuit.
This approach is supported by a physically
inspired model that accounts for non-ideal
properties such as eddy currents in the
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magnetic circuit and the MR fluid as well as
mechanical relaxation effects of the particles in
the MR fluid.

5 Appendix: Model values

Tab. 1: Constant values of the physically
inspired model.

Values Physical description
uo 0-9V | Power supply
Ri 0.1 Q | Resistance of the source
Rrer 0.3 Q | Resistance of the H-bridge
R«(T) 78— Resistance of the windings
! 8.2 Q | (temperature dependent)
L, 30 mH Stray inductance (eddy
currents)
R» 1050 Resistance due to eddy
currents
CL 10 mF | MRF-Chamber (movement)

Tab. 2: Concentration-dependent values of
the physically inspired model.

® | o | | 40 |vol%
Main
Ly(®) | 0.42 H 0.75 H | 18 ctance
MRF-Chamber
R(®)| 00Q 120 (movement)
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