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Abstract — A theoretical/experimental activity has been carried out on a magnetorheological
fluid brake prototype. A non-linear observer and an optimal control have been designed and
tested on the physical device. Both the feedback control and the state observer are based on
the state dependent Riccati equation technique. A first order non-linear dynamic model has
been derived and adopted for the development of the braking torque control system.
Simulation results confirm the goodness of the proposed control scheme which effectiveness
has been evaluated by means of hardware in the loop tests.
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1 Introduction

The property of the magnetorheological (MR)
fluids of changing their rheological behaviour by
means of an applied magnetic field allows them to
be very useful as smart materials in controlled
devices. MR fluid based devices have been under
development since Rabinow employed them in the
late 1940s [1]. In recent years, researchers have
used the controllable variation in yield stress to
develop various smart devices such as vibration
dampers [2 - 8], transmission clutches [9 — 14],
brakes [15 — 18] and automotive differential [19].

In this paper, a magnetorheological fluid brake
(MRFB) torque control is designed and tested. The
scheme of the controller is constituted by a
combined action of feedforward and feedback
control. The feedforward action is based on the
resolution of the inverse dynamics, while the
feedback contribution is designed employing the
state dependent Riccati equation (SDRE) technique.
Software simulations have been performed in order
to highlight the goodness of the mixed control
scheme and to confirm the MR fluid capability to be
employed in control aimed devices. A hardware in
the loop activity has been carried out on the MRFB
prototype in order to evaluate the performances of
the designed control of the braking torque. A SDRE
based Kalman filter has been designed for the state
measurement filtering in order to handle the noise
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on the feedback signal.

2 The Magnetorheological Fluid

Brake and Test Rig Description

The MRFB prototype, employed in the
experimental activity, has been developed with
reference to the morphology of a classical multi-
plate viscous coupling. With reference to Fig. 1, the
device consists of two series of discs (A) that are
respectively integral with an internal rotor (B) and
an external one (C). The two rotors are in relative
motion. The discs are separated by spacer elements
(D) in order to create a gap containing the MR fluid.
The shear mode flowing typology takes place in the
gap between the surfaces that are in relative motion.
The magnetic field direction is at right angles to the
direction of flow.
An external fixed casing (E) contains slots (F) for
the positioning of 12 coils, each characterized by 30
turns.
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Fig. 1 Device cross section

Fig. 2 illustrates the two assembled rotors together
with the input and the output shafts. The two
coupled rotors are enclosed in the external fixed
casing during the assembling procedure.

Fig. 2 The two coupled rotors

Fig. 3 shows the external casing, realized in two
parts, and the coil.

Fig. 3 The coil

The device can be adopted as brake or clutch [19].
It can also act as an internal friction torque source if
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integrated in a semi-active automotive differential
[20]. The device characteristics are listed in Table 1.

Table 1 Device characteristics

Number of gaps containing MR 40
fluid
gap outer radius 52 mm
gap inner radius 33 mm
gap height 1 mm

A careful selection of materials has been made in
order to obtain the MR fluid magnetization.
Aluminium has been adopted for the non-magnetic
parts, while silicon steel has been used for the
magnetic circuit components that are:

- the two series of discs;

- the external fixed casing;

- the two lateral flanges of the coupled
rotors.

A finite elements analysis has been carried out to
evaluate the intensity of the magnetic induction
field. Fig. 4 illustrates the results obtained by
“Maxwell®” (Ansoft) in presence of the adopted
MR fluid (MRF 132DG by Lord Corporation) and a
supply current of 6 A.

BT}

- 2. 35294000

2. 126664000
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Fig. 4 Magnetic induction field

The magnetic induction appears sufficiently
concentrated on the fluid located among the several
discs.

Table 2 shows the
characteristics.

MRF 132DG fluid
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Table 2 MR fluid characteristics

Properties Value/Limits
Base fluid Hydrocarbon
Operating temperature -40 °C to 130 °C
Density range 2.95 to 3.15 g/cm®
Color Dark gray
Solids content by weight 80.98 %
Specific heat at 25 °C 0.71 J/g°C
Thermal conductivity at 25°C | 0.28 — 1.28 W/m°C
Viscosity at 40°C 0.112 (+ 0.02) Pa’s

A suitable test rig (Fig. 5) has been realized in
order to carry out experimental investigations.
It includes the MR device (A), an inverter piloted
electrical motor (B) and a dynamometric brake
characterized by a rotor integral with the stator in
order to create a pure fixed end. The rotational
speed and the braking torque are measured.

Fig. 5 The test rig

3 Model Derivation

The MRFB is classified as a multi-input single-
output (MISO) device. The inputs are constituted by
supply current and rotational speed, whereas the
output is the braking torque. The visco-plastic
behaviour of the MR fluid can be modelled by the
Bingham law:

dt Y
d—7/=0 <71,
dt
1)
where 7, is the shear stress, 7 the fluid
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. .d g
wscosny,d—}t/ the shear rate, H the magnetic field

and 7, the yield stress.

According to the Bingham model, the transmitted
torque is produced by two different contributions.
The first one (Tv) consists of a viscous torque
(Newtonian contribution) and the second one (Tm)
depends on the MR fluid magnetization.

The whole device can be considered as the parallel
of two branches, supplied by rotational speed and
current respectively (Fig. 6).

MR DEVICE

Rotational |

Speed ! Viseous
» Contib ufion

Current

Magnetic

Contibution

____________________

Fig. 6 Logical scheme of MR device

The first branch, related to rotational speed
input, is modelled by the Newton viscous law. In
fact, several experimental tests performed with no
current input showed that, for the typical rotational
speed employed, the relation between torque and
velocity is purely algebraic, i.e. torque follows
speed without appreciable lag.

Therefore, the relation between rotational speed
and viscous torque is:

Tv=Kv(T,)*@ )

in which @ is the rotational speed.

The branch supplied by the current (I) determines,
as previously mentioned, the magnetic contribution
(Tm). According to the literature, such a branch
has been modelled as a first order system [21 — 24].
Fig. 7 illustrates the steady state Tm wvs |
characteristics, referring to constant values of both
rotational speed and temperature.
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Fig. 7 Steady state Tm vs | dependence

The proposed fit for the steady state experimental
result is:

Tm=K-1” (3)

In order to define a state-space model
characterized by the state variable Tm, the above
steady state expression can be written as

Tm=K'(Tm)- | (4)
with:
1L
K(m)=Tm* -K” (5)

A state-space model providing the steady state
response of (3) is:

p-1 1

Tm=-1(m-Tm” .K*.1) (5)
T

The equation (6) represents a state-space non-
linear system that can be generically written as:

X=Ax+B(x)u
(x) @)
Therefore, the complete system is modelled by
the following set of algebraic-differential equations:

Tv=Kv(T,)*w

1 1

K2 )

P

Tm :—E(Tm—Tm7 (8)
T

T=Tv+Tm

with Kv, K, p, and 7 parameters to be
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identified.

4. Control Design
The nonlinear model (8) has been adopted for the
development of the braking torque control system.
The control action u is constituted by the current
input. The control system is characterized by a
mixed scheme (Fig. 8), in which a feedforward and
a feedback contribution can be distinguished.

The feedforward control action uy is determined

by solving the inverse dynamics of the open loop
controlled system:

%= Ax+B(x)u 9)
where
x=Tm
e
T
1. 2t 1
B(x)==(Tm » -K”)

Tm torque is obtained by subtracting the viscous
torque Tv from the target one. Viscous torque Tv
is estimated starting from the measured rotational
speed and the identified Kv value.

A closed loop control action has been introduced
in addition to the open loop one in order to
compensate model and parameter uncertainty.

The feedback control has been developed using
the state dependent Riccati equation. The SDRE
technique is a non-linear control design method for
the direct construction of non-linear feedback
controllers [25 - 29]. Through the state dependent
coefficient (SDC) factorization, system designers
can represent the nonlinear equations of motion as
linear structures with state dependent coefficients.
Then, the LQ technique can be applied to this state
dependent state space equation in which all matrices
may depend on the states. The SDRE technique

finds an input ug that minimizes the following
performance index:
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Fig. 8 Control scheme

J= %J.[X*TQX* +U, " Ru, Jdt
0 (10)

*
in which X =X-—X; is the deviation between
the real and the desired torque and

Uy = —KX

k=R'B(X)P

P is the solution of the state-dependent Riccati
equation

ATP+PA-PB(R'B(X)'P+Q=0

and Q, R the weight matrices to be matched
experimentally.

5. The SDRE Kalman Filter

Because of the presence of a noisy feedback
signal, the measured torque has been filtered by a
SDRE based Kalman filter [30 - 32], improving the
accuracy due to the non-linear nature of the system
[33, 34]. The obtained signal has been then
employed to supply the feedback state to the
nonlinear optimal controller. A direct feedback of
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the measured torque should cause a noise
propagation on the control action and, therefore, a
degraded controlled system response. At the same
time, a typical low-pass filter cannot be employed
because of the low frequencies that characterize the
noisy signal.

In contrast to the linearized Kalman filter and to
the extended Kalman filter, which are based on
linearization, the SDRE Kalman filter is based on a
parameterization that brings the non-linear system
to a linear structure having state dependent
coefficients (SDC). Taking into account the
magnetic contribution of the MRFB in the SDC
form

p 1
. P P
Tmo—lrm_IM~ZK", (12)
T T
the SDRE Kalman filter is given by:
X=AR+B(R)U, +k (y-CR)  (13)

with

k,=PC'R, ™", and P, solution of the state-
dependent Riccati equation (14)

AP -PC'R,'CPR. +Q +PA' =0 (14)
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where X is the filtered state, C =1(state
measurement), y is the torque measurement, Q,

and R, are the process and the measurement white

noise covariance matrices respectively.

The designed SDRE Kalman filter operates on
the basis of system (6) and, starting from total
torque measurement (Y ), supplies the filtered total

torque employed as feedback signal for the
nonlinear optimal control. It has to be considered
that the purely algebraic nature of the viscous
contribution allows to employ (6) as plant
mathematical model for the non-linear feedback
control and for the Kalman filter, both based on the
SDRE technique. Indeed, the viscous contribution
doesn’t modify the actual plant dynamics and can
be considered as a bias term for the MRFB torque
which effects are minimized by means of the
optimal approach employed for the feedback control
and for the Kalman filter.

6. Simulation Results

The software results concerning the control
performances are illustrated below. They refer to a
constant rotational speed (600 rev/min). The initial
condition of the plant is supposed to be equal to the
viscous torque.

The identified parameters employed in simulations
are illustrated in Table 3.

Table 3 Identified parameters

Parameter Identified value
T 0.04 s

Kv 0.035 Nms

K 2.11 Nm/AP

P 1.66

Fig. 9 and 10 represent the controlled system
performance, in presence of a target torque of 15
Nm, and the control action respectively.

The results obtained for a constant target torque
highlight the goodness of the developed control for
both transient and steady state conditions.
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Fig. 10 Control action

In case of sinusoidal target torque (1 Hz), the
system performance is represented in Fig. 11 and
the control action in Fig. 12.
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Fig. 11 Controlled system performance
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Fig. 12 Control action
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Fig. 13 HiL scheme

Also in presence of a sinusoidal time history for
the target torque, the proposed control returns a
good performance.

After having conducted software tests, an
Hardware in the Loop (HiL) procedure has been
realized and the results are presented in the
following.

7. Experimental Results

In this section, the first tests concerning an HiL
activity are described. The application is based on
the real time control of the physical MRFB in order
to realize the desired braking torque. The Fig. 13
represents the HiL scheme. The I/O DAQ receives
the feedback signal from the load cell and, on the
basis of the real time controller (NI CompactRIO)
response, generates the control signal that drives a
DC power supply. The generated current constitutes
the control action for the MRFB that is
characterized by a rotational speed of 600 rev/min
by means of an inverter driven electrical motor.

The designed non-linear optimal control, coupled
with the SDRE Kalman filter, has been tested in the
hardware in the loop application. In the following,
the test results are illustrated. Fig. 14 represents the
performance of the controlled system in case of a
constant target torque (15 Nm). The starting torque
is obtained in absence of current input and,
consequently, has to be ascribed to the viscous
contribution only. Fig. 15 illustrates the obtained
control action.
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Fig. 15. Control action

The illustrated result highlights the capability of
the designed control in presence of a constant target
torque. The feedback of the SDRE Kalman filtered
signal doesn’t add noise on the control action. The
estimation error (y—X) causes a filtered torque
value close to the real one. Such a difference is
easily compensated by acting on the weight matrix
Q associated to the deviation minimization (4). A
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reduction of the estimation error could be reached
by a reduction of the fixed step size employed in the
computation procedure. This action has not been
stressed in this results in order to avoid the
increasing of the real time computational load.

It is interesting to note that, in the illustrated HiL
results, the controlled MRFB exhibits a dynamic
behaviour that has not been observed in the
simulation results (Fig. 9, 11). It is caused by the
presence of an extra current due to the electric
circuit make which generates an overshoot of the
MRFB torque. Moreover, HiL results show current
values lower than the same illustrated in the
simulations. It has to be ascribed to the greater
viscous contribution (minor temperature) that
characterizes the HiL tests.

Fig. 16 shows the controlled system performance
in presence of a sinusoidal target torque
characterized by a frequency of 1 Hz. The result
confirms the control system effectiveness obtained
by means of a control action illustrated in Fig. 17.
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Fig. 16 Controlled system performance
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Fig. 17 Control action

The designed non-linear control, coupled with a
SDRE Kalman filter, exhibits appreciable results in
terms of tracking and noise handling also in
presence of a variable target.
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8. Conclusion

A theoretical/experimental activity has been
carried out on a prototype of a magnetorheological
fluid brake. The device is based on the shear mode
flowing typology and is activated by the supply
current.

A non-linear dynamic model has been derived
and a non-linear optimal control, based on the
SDRE technique, has been developed for the
magnetorheological  fluid  brake.  Software
simulations confirmed the effectiveness of the
proposed control and induced to employ it in an
hardware in the loop application. The HiL activity
has been carried out employing a SDRE based
Kalman filter in order to handle the noise on the
torque measurement.

The results have highlighted the goodness of the
proposed control and have confirmed the MR fluid
capability to be adopted in the control based
applications.
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