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Abstract — The paper presents a model of coupled
electromagnetic, hydrodynamic, thermodynamic, and mechanical
motion phenomena in axial symmetry electromechanical devices
with  magnetorheological fluid (MRF). The numerical
implementation of this model is based on the finite element
method and a step-by-step algorithm. The nonlinearity of the
magnetic circuit, rheological properties of MRF, and the
influence of temperature on properties of the materials have been
taken into account. To solve obtained numerical model of
phenomena, the iterative Newton-Raphson procedure combined
with the block over relaxation method have been applied. The
elaborated algorithm has been successfully used to the analysis of
the coupled phenomena in MRF brake and clutch.

I. INTRODUCTION

The demand for electromechanical devices with improved
functional parameters both in their steady and transient state
has been growing in recent years. The research on how to
improve these parameters has taken several directions. One of
them involves the use of magnetorheological fluids changing
their physical properties under the influence of magnetic field.
Magnetorheological fluids were invented by Jacob Rabinow in
the late 1930s [21]. Their characteristic feature is the viscosity
change upon the application of magnetic field. A change in
viscosity is inseparably connected with a change of yield
stress 7, in the fluid. The working principle of
magnetorheological electromagnetic transducers is based on
the fact that viscosity changes when the fluid is exposed to
magnetic field. Naturally, the viscosity of the fluid and the
stresses developed in it are related to the magnitude of applied
magnetic flux density B. The viscosity and the stresses
increase with the growth of the field and so does the vyield
strength counteracting the motion of moveable parts in the
transducers. Owing to their properties, magnetorheological
fluids are useful for the efficient control of the transmission of
torques and forces. They are used, among others, in brakes,
clutches, as well as in rotary and linear dampers [7,16,17,25].
Magnetorheological (MR) transducers are studied in many
renowned scientific centers throughout the world. The
researches focuses on the analysis of the operating states of
existing devices and on the methods of improving their
functional parameters but altogether new designs are also
under constant development [17,27,29,30]. In order to
increase the accuracy of the analysis of steady states and
transients of electromechanical devices with MRF, the
rheological proprieties of the fluid, the winding resistance, the
resistivity of massive conductive elements, and the magnetic
properties of materials should be considered as dependent on
temperature [3,4,9,10]. This problem is especially important
during the analysis and design of magnetorheological brakes,
clutches or dampers [15,22,24]. During operation, these
devices can easily exceed the allowable temperature of the
fluid and destroy its structure [6,21,29].

The paper proposes a mathematical model of coupled
electromagnetic, hydrodynamic, thermal and mechanical
motion phenomena that can be applied to simulate steady and

transient states of the axial symmetry electromechanical
transducers with MRF. In order to verify an elaborated
algorithm to the analysis of these devices, and an elaborated
software, several prototypes of brakes and clutches have been
designed and tested.

I1. PROPERTIES OF MAGNETORHEOLOGICAL FLUIDS

Magnetorheological fluid is a colloidal suspension of
magnetically polarized particles, with diameters of 0.5 to 10
um, in a carrier fluid, mostly synthetic oil with a low
evaporation rate or water [6,7,17,29]. A typical MRF contains
from 20% to 80% of ferromagnetic particles, by weight. The
main feature of the fluid is its dramatic change of viscosity
and, consequently, of shear stress upon the application of
magnetic field. The relationship between the yield stress g
and the magnetic flux density B for a few selected types of
MRF is shown in Fig. 1. The stress changes during the
increase and decrease of magnetic flux density occur in
microseconds [7,17,23]. The fluids based on a synthetic oil

retain their properties in the temperature range from —40°C to

130°C, while the fluids based on the water - from —10°C to 70°C.
The magnetization characteristics of the fluids are nonlinear — see
Fig. 2. Relative magnetic permeability of the fluids is pur <10.
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Fig. 1. The characteristics (B) of different magnetorheological fluids at 20°C
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Fig. 2. The characteristics B(H) of magnetorheological fluids at 20°C



111. MAGNETORHEOLOGICAL FLUID APPLICATIONS

Magpnetic fluids have a wide range of applications. They are used

among others in [1,6,7,15,17,23,27,29,30]:

— brakes and clutches,

— vibration dampers,

— electrically controlled valves with non-moving elements in
electro-hydraulic servo-motors,

— packings,

— precise lubrication devices, for example planetary gear
transmissions,

— speakers, to dampen the parasitic vibrations of membranes and to
enhance the heat transfer from a coil,

— in stepping motors, to damp the rotor oscillation at discrete
steps,

— in CD and DVD drives, to reduce head vibrations,

— in state-of-the-art surface polishing devices, as a tool whose
shape and hardness can be adapted to the process by changing
the strength of a magnetic field,

— medicine, to fight tumours by preventing the blood flow to
malignant cells by means of magnetorheological fluids,

— studies and tests of magnetic substances, to establish the
size and shape of domains and to detect micro cracks in
ferromagnetics.

Below, a short description of the design and properties of

magnetorheological brake and clutch built at Poznan

University of Technology is presented.

The design of an MR fluid brake is shown in Fig. 3 [23]. The

brake is equipped with a cylindrical rotor. The magnetic field

is excited by a coil mounted on a stator. The Rheonetic MRF-
132LD fluid produced by Lord Corporation has been used in

the brake. The diameter and the length of the rotor are 26.8

mm and 27 mm, respectively. The maximum braking torque is

ca. 1.7 Nm. One of the advantages of the brake is the low

electric power consumption of the winding, not exceeding a

couple of watts.
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Fig. 3. Magnetorheological brake with electromagnetic excitation

A simplified construction of disk shape MR clutch has been
shown in Fig. 4. The analyzed transducer consist of two major
components: disk rotor and rotary armature with excitation
coil. Between the rotor and the rotary armature there is a gap
filled with MR fluid. The fluid type MRF-140CG produced by
Lord Corportation has been used in the clutch. The winding
that excites magnetic field is located in the rotary armature.

The coil is supplied by slip-rings. The diameter of the rotor is
about 140 mm. The prototypes of the considered transducers
presented in Figs. 3 and 4 are shown in Fig. 5.
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Fig. 5. Prototypes of the elaborated MR brake (on the left) and MR clutch
(on the right)

I\V. COUPLED PHENOMENA MODEL

The phenomena observed in electromechanical transducers
with MRF need to be analysed in terms of fields. In these type
of devices, the velocity field of the fluid depends on the
angular velocity of the rotor and distribution of the yield stress
in the fluid. This stress is function of the magnetic field
distribution. The yield strength counteracts the motion of the
rotor in the transducer. Therefore, the velocity field of the
fluid and the mechanic stress field are coupled with the
electromagnetic field. Moreover, the magnetic permeability,
the conductivity of the region with eddy currents, the
resistances of the windings and the yield stress of the fluid
depend on the temperature.

The coupling between fields makes the analysis of the
phenomena in a transducer highly complicated. What renders
it even more intricate, is the changing character of these fields
and the non-linear character of the equations describing them.
So far, there are no comprehensive approaches to the problem
of solving the time-dependent coupled field phenomena. Most
papers in the subject usually deal with the field analysis of
some selected phenomena observed in transducers, cf. [2,12-
14,18,19].

This paper is an attempt to build a model of coupled
phenomena in magnetorheological transducers. The focus is
on electromagnetic, hydrodynamic, and thermodynamic
phenomena, and on the dynamics of movable elements.



In this paper, the magnetorheological transducers with axial
symmetry are considered (see Fig. 3 and Fig. 4). Therefore a
cylindrical coordinate system r, z, & is applied. In this case,
the equation describing the transient electromagnetic field in a
transducer can be expressed as [5,23,24]
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where | =27zr, ¢=2xarAg Ay is the component of magnetic
vector potential A in the ¢-direction, J=i/s is the current
density in the winding, i is the winding current, s is the cross-
section area of the conductor, u is the magnetic permeability
of the medium, yis the conductivity of the region with the
eddy currents. For the MRF, y =0.

In general, the transient electromagnetic field in MRF devices
is voltage-excited. This means that the currents i in the
windings are not known in advance, i.e. prior to the
electromagnetic field calculation [13,19,25]. Therefore, it is
necessary to consider the equations of the electric circuit of the
device. The set of independent loop equations may be written
as

. d
u=Ri+—Y¥ 2
T (2)

where u is the vector of supply voltages, i is the vector of
loop currents, R is the matrix of loop resistances, ¥ is the
flux linkage vector. The vector ¥ is calculated by means of
the field model.

The phenomenological approach is used to describe fluid
dynamics. In this approach, the fluid is treated as a non-
conducting continuum of properties determined by density p,
dynamic viscosity v, and magnetic permeability u [5, 20, 28].
In the hydrodynamic model, the laminar flow of a non-
compressible fluid with no mass sources is investigated
[5,28]. It is assumed that the gravitational forces acting on the
fluid are negligible comparing to the forces causing its motion
in the transducer. The motion of the liquid in the
circumferential direction (4 direction — see Fig. 4) is caused by
the motion of the rotor. For such conditions, the differential
equation of the motion of the fluid may by written as [5, 14,22]
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Here ¢ =2arvy, where vg is the component of velocity v in

the &-direction, pis the fluid density, and v, is the equivalent
dynamic viscosity of the fluid.

For the brake, the description of the problem (3) should be
completed by nonslip boundary conditions vy =rw and
ve=0 on the surface of the rotor and on the frame,
respectively, where w is the angular velocity of the rotor. For
the clutch, the boundary conditions for velocity on the surface
of the rotor vy =rw, and on the surface of the rotary
armature Vg, =rw, result from mechanical equilibrium
equations of clutch moveable elements [15]. In above
equations, @y and w, are the angular velocities of the rotor and
the rotary armature, respectively.

In the elaborated two-dimensional model of rheological
properties of the magnetorheological fluid, the equivalent
dynamic viscosity of the fluid is used [23,27]. In order to
determine the equivalent dynamic viscosity of the fluid,
rheological properties of the fluid are taken into account.

MRFs belong to the non-Newtonian group of fluids. The
properties of such fluids can be described by the Bingham
model [5,21,18]. A typical characteristic family z =7(D, B)
for a one-dimensional fluid model is presented in Fig. 6, where
D is the velocity of deformation [5, 18]. The fluid behaves like

a solid body for [r|<z,(B), and like a body of plastic
viscosity 7, for z|> 7(B), 7, = tg(p).
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Fig. 6. Typical set of 7 (D, B) characteristics for the MRF

In the elaborated model of a magnetorheological fluid, the

equivalent dynamic viscosity of the fluid can be expressed as
[15,22]

v, =1, +ro(B)/HDH for HTH > 7,(B) (4a)

v, = for HTHS TO(B) (4b)

The yield stress 7(B) in (4) is determined on the basis of the
distribution of the magnetic flux density described by

equations (1) and (2). The norms |DJ,|z| of the deformation
tensor D and of the stress tensor = [18, 23] can be expressed

as
1 5 2 1/2
ol-(355.01 5
1 2 2 1/2
-(3550) =)
where
D;; =0 for [r|<7o(B) (5¢)
D=05[W+(W)'] for [r|>7,(B) (5d)
7 = (1 +70(B)/|D])D,; for [c]>7o(B) (5¢)

For one-dimensional fluid model a typical characteristic
family v, (z,B) is presented in fig. 7.

As mentioned the magnetic permeability z, the conductivity y
of the region with eddy currents, the resistances of the
windings, and the dynamic viscosity v, of the fluid are
functions of temperature 6. Therefore, the equation describing
the distribution of the temperature must be taken into account
in the considerations. This equation in the cylindrical
coordinates may by written as [5, 20]
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10 00\ o, 00 o0
Z—lkr— |+ k—|=pc—-— 6
rar( 8r)+az( 82) L ot P ©)

where k=k(0) is the thermal conductivity, ¢ is the heat
capacity.

The quantity p describes the heat source resulting from
dissipation of: electrical energy in the conductors, mechanical
energy in the viscous fluid, and mechanical energy in the seals
and bearings. These heat sources can be expressed as [5,27]

2
I for the winding and the region witheddy currents
Y
0 L olov, Y
v, {{r ("SH +(9J } for the fluid
p= orur 0z (7)
@Ts for the seal
Vs
oTy for the bearing
Vi

where T, ,V,,T,,V, are the friction torques and the volumes of
the seal and bearing, respectively.

The description of the problem (6) has been extended by a
natural boundary condition on the surface of the frame of the
considered MR transducers [20, 23]. It has been assumed that
heat flux g, at the boundary is proportional to the difference of
temperatures (0 —6,) between the surface of the transducer
and the surrounding region: g, =ko6/on = —h(e—ea). In this
equation, h is the convection heat transfer coefficient and
o/onis the derivative in the direction of the outgoing normal
to the boundary surface.

When analysing the performance of an MRF
electromechanical brake, equations (1), (2), (3),and (6)
describing  the electromagnetic, hydrodynamic  and
thermodynamic phenomena must be solved together with the
equation of dynamics of its movable elements. For the brake,
it assumes the following form

dw
Jb E"'Tc +Tfr :Tin (8)

where J, is the moment of inertia of movable elements,
Tc(vg, B) is the braking torque calculated from the yield stress

in the MRF, Ty is the total braking torque produced in the
brake by seals and bearings, T;, is the driving torque.

For the clutch, the mechanical equilibrium equations can be
written as [15]

Tin _Tc _sgn(a)l)Tfr =Jrlda)l/dt (9)
Te —sgn(@; ) Towe —SAN(@, ) T = I, d, /dt (10)

where T, is the load torque, «y is the angular velocity of the
drive system, ais the angular velocity of the load system, J,; and
Jr, are the moments of inertia of the drive and load systems,
respectively.

The torque T, can be determined as an integration of stress tensors
along closed surface s placed in the MRF and containing rotor,
using the equation

To={fr(ry+7ey)ds (11)

The vectors 74 7.4 in the above equation describe, respectively,
the stress in the fluid and the electromagnetic stress acting in
the direction 9, tangentially to the external surface s of the
rotor.

V. FINITE ELEMENT FORMULATION

The equations of presented model of phenomena in MR
transducers  are  coupled through  the  viscosity
functionv, =0, (B,v,), the torque T,(B,v,), dependence of
material properties on temperature, and through the boundary
condition vy =rw on the surface of the moving parts.
Therefore, these equations should be solved simultaneously. In
order to solve non-linear equations (1) — (6) of the coupled
phenomena model, only approximate methods can be applied
based on the discretization of space and time [11,27,31]. The
finite element method in connection with Galerkin approach
allows to obtain the following system of non-linear differential
matrix equations describing the distribution of the magnetic
field, currents in the winding, velocity field of the MRF and
distribution of the temperature, respectively

s Y B
-WTp —R|I -u
[S +G'plg=H (13)

(S"+K+G'p)@=P+F (14)

where S,S’,S"are the magnetic, hydrodynamic, and
thermodynamic stiffness matrices, respectively, ¢, ¢, © are the
vectors of the nodal values ¢, v, and 8, respectively, p = d/dt,
wT is the matrix that transforms the potentials ¢ into the flux
linkages with the windings, G is the matrix of conductances
of elementary rings formed by the mesh, G is the matrix
whose elements depend on the dimensions of the elementary

rings and fluid density p, G is the matrix whose elements
depend on the dimensions of the elementary rings and heat
capacity ¢, P is the vector of the nodal heat sources, H is the
vector of boundary conditions, K and F are the coefficient
matrices describing the heat transport to the surrounding of the
transducer [9, 23,27].



In the considered coupled problems, the elements of windings
resistance matrix R, the elements of conductance matrix G
and reluctance matrix S in equation (12) depend on the
temperature. Thus, R=R(d), G=G(#), S=S(¢). When
determining the elements of matrices R and G, it is assumed
that the winding resistance R(¢) and the conductivity y(6) of
steel are calculated from the well know equations

R(0) = Rygoc [1+ ar (0 —20)] (15)
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where @ is the temperature on the Celsius scale, Ry, is the
resistance of the winding, y,.c is the conductivity of steel at
20°C, respectively, ar «, are the thermal coefficients of the
resistivity of copper and steel, respectively [3, 20].

The elements of the reluctance matrix S depend also on
magnetic permeability of ferromagnetic materials. The
magnetic permeability 4 is a function of the magnetic field and
temperature 6. The permeability can be determined on the
basis of the family of B(H) characteristics measured for
@ =const. For the purpose of calculations of u, these
characteristics can be gathered in a table. However in order to
minimize the calculation time, it is better to use the analytical
dependency u(H,0) for approximation of the results obtained
from measurements. The equations approximating the
permeability dependence on temperature and magnetic field H
are formulated in such a way that after the material reaches the

Curie temperature 6, the relative permeability is equal to
unity. For this purpose the following expression is used [3, 8]

u(H,0)= 1 1+C71H Oc -6
l+—\ bc

C2

(17

where y is the magnetic permeability of the vacuum.

Parameters c¢;, ¢, are selected in such a way that the curve
described in equation (17) reflects as closely as possible the
results of the measurements.

The developed algorithm of the analysis of coupled
phenomena in the formulation of equation (14) takes into
account the fact that thermal conductivity of materials k
depends on temperature. It is assumed that this dependence is
shown by the following equation [3, 9, 27]

k(e) =Kayoc [l"‘ 20— 20)] (18)

where Ky is the thermal conductivity of the material at
20°C, y is the thermal conductivity temperature coefficient.

Temperature also affects the rheological properties of the
magnetorheological fluid. This was confirmed by the
investigations of fluids MRF 132LD and MRF 132AD
performed at the Poznan University of Technology [26,27].
Exemplary results of the tests of the influence of temperature 6
and magnetic flux density B on shear stress for fluid MRF
132LD are shown in Fig. 8. It can be seen that the stress drop
is roughly proportional to the increase of the temperature. The
influence of temperature @ and velocity of deformation D on
the equivalent viscosity v, is shown in Fig. 9. This figure

shows that the change in viscosity as a function of
temperature, for constant magnetic flux density B and velocity
of deformation D, can be approximated by means of the linear
function

v, (H): L, (901 B)[l_au(g_go )] (19)

where a, is the temperature coefficient of viscosity changes,
v, (90, B) is the viscosity at a reference temperature 6, and
magnetic flux density B.

Equation (19) is used for the calculation of the elements of
matrices S and H in equation (13).

In the elaborated model of coupled phenomena, the effects of
temperature on the heat capacity ¢ of materials and the
influence of mechanical stress in magnetic materials on
magnetic permeability 1 have been neglected.
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In order to solve the equations of the presented model of
coupled electromagnetic, hydrodynamic, thermal and
mechanical phenomena in an MR transducer in the time
domain the time-stepping method has been applied. The
backward difference scheme for the approximation of the
time-derivatives in equations (12), (13) and (14) was applied.
The time discretization leads to the following system of non-
linear algebraic matrix equations

Sp+4t1G,  -w @, | | AT, (20)
—wT —AR, | i, | |-4tu, -W'@, 4



[Sh +4t71G ] ¢, = A G, o (21)
[Sh+ K, +A4t71G, ] @, = A-G, 0, + P, + F, (22)

where n denotes the number of time-steps, A4t is the time-step
length.

In order to approximate the time-derivatives in equations (8),
(9) and (10) describing the motion of the movable element of
the brake and the clutch, an explicit formula has been used
[15,22]. For the brake

Jb(aml —20(n +an—l)/(At)2 :Tin,n _Tc,n _Tfr,n (23)

where « is the angular position of the rotor, Ti,,=Ti(t,),
Tc,n :Tc(tn)l Tifr,n :Tfr(tn)'

The angular velocity @ of the rotor may be calculated
according to the formula

aft, +0.54t) = (ot —aty )1 At (24)

The braking torque T, is described by formula (11). In the

considered brake, the component By of the magnetic flux

density B is equal to zero. Therefore, in (11) the component
7.9 Of Maxwell stress tensor is equal to zero.

Time discretisation of motion equations for the clutch lead to
the following relationships [15]

wi,n :At((rin,n _Tfr,n _Tc,n)/‘]rl +p0)1 ‘n—l)/z—i_wl'n_1 (25)

@p = (e ~Tpen = Ton) Ir2 +p@2| )12+, (26)

where p is time derivative, @, =@ (t,), @,,=w,(t,)

O pg =0 (tn—l) Wyn-1 =W, (tn_l), Tout.n = Tou (tn)-

The primary difficulty in obtaining a numerical solution of the
magnetorheological fluid flow problem, given by equation (3),
is the existence of a surface separating the regions of sheared
and non-sheared fluid [3,25]. The position of this surface is
not known in advance, i.e. prior to the velocity field
calculation [14]. The use of the previously described
equivalent dynamic viscosity formulations eliminates the need
of tracking the surface separating these two flow regions and
simplifies the solution. It leads, however, to singularities since
the equivalent dynamic viscosity v, attains an infinite value in
the regions where |[D|=0, i.e. in the regions where the fluid
behaves like a solid body. In order to avoid such a problem,
equations (4.a) and (4.b) are replaced by following equation
proposed in [14]

7o _
v, =7, + 2 [1—eol ) @7)
]

where m is an exponential growth parameter.

This approach has been utilized to provide a good
approximation of the Bingham fluid properties for both low
and high shear stresses z. Extensive numerical experimentation
led to the establishment of m =100 as high enough to obtain
accurate solutions [14, 23].

Due to the nonlinearity of physical properties and couplings
between the considered phenomena, the equations (20) — (26)

should be solved simultaneously. In the elaborated algorithm
and computer software, these equations are solved with the aid
of the Newton iterative method and the block over relaxation
procedure [4,9,27].

VI. RESULTS

The discussed algorithm for solving the equations of coupled
phenomena model was implemented in a computer program
which allows to simulate coupled phenomena in the
magnetorheological transducers with axial symmetry. The
program has been developed in the Borland Delphi
environment. The program was used for the simulation of the
magnetorheological brake and clutch operation. The transients
and the steady state in the prototypes of electromagnetic brake
and clutch shown in Fig.3 and Fig. 4, respectively, were
considered. It was assumed that the delay values for which the
fluid reacts to the changes in the magnetic field are neglected.
First, the elaborated program was used to determine the
electromagnetic field, the velocity field of the fluid, and the
distributions of the temperature when constant voltage is
applied to the winding of the brake. The 132LD MRF
produced by Lord Corporation was used in the brake. It was
assumed that the rotor’s angular velocity @ equals 150 rad/s.
In the consideration, it was assumed that the magnetic field
and the temperature field are calculated using the same mesh.
In the region with the magnetorheological fluid, only a part of
this mesh was used. The influence of the density of mesh on
the results of calculations was analyzed. The density was
increased until a difference between two consecutively
calculated values of currents or torques were observed. The
length of the time step was chosen as equal to 0.00005s. With
such time step, the calculations lasted very long. Therefore, in
the calculations presented in this paper, in order to reach the
steady state, the elements concerning time derivatives were
neglected in equations (20) — (22). Selected examples of the
distributions of magnetic field lines, the respective
distributions of lines connecting the points with identical
velocity values, and the distributions of the isothermal lines
are shown in Fig. 10.

Next, dynamic states in a brake driven by an induction motor
were analysed. The motor was supplied from an inverter. The
characteristic Ti,(w) of the motor and the braking torque T¢(w)
from equation (8) associated with friction were measured. A
bench for magnetorheological brake test is shown in Fig. 11.
The test bench can be used to measure and register time
characteristics-of torque, rotational speed, supply voltage, and
current in the excitation winding.

A transient state associated with supplying the field-exciting
coil in the brake was considered. It was assumed that prior to
the voltage supply, the angular velocity « of the motor was
equal to 50 rad/s. The calculated torque-time
T(t) = Jpdw/dt+T +Ty, current-time i(t), and angular velocity-
time w(t) characteristics are shown in Fig. 12.

In order to verify the calculations, the driving torque T;,(t), the
current i(t), and the angular velocity w(t) were measured on
the prototype of the brake. The results are shown in Fig. 13.
The investigation proved that for the considered working
conditions, the time characteristic of the braking torque is
multiexponential.

The steady states of the MRF brake were also investigated. A
prototype brake was tested with two MR fluids: MRF 132AD
and MRF 132LD. The influences of the properties of MR
fluids and the length g of the gap between the stator and the
rotor on the parameters of the brake were examined.



Selected measured relationships between the braking torque
and the rotational speed of the rotor at a constant exciting
current are shown in Fig. 14. It follows from this figure that
for both types of MR fluids, the braking torque does not
change significantly at rotational speeds exceeding 250 rpm.
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Fig. 11. Test bench for the MRF brake: brake (1), interface BETA (2),
torque sensor Mt5Nm (3), induction motor (4), inverter (5)

In order to determine the control characteristics of the brake,
the relationship between the braking torque and the exciting
current at a constant rotational speed was tested. The
measurements were repeated for different values of rotational

speed, in both rotational directions of the rotor. Before each
test, the magnetic circuit of the brake was demagnetised. It
was found that the direction of rotation does not have any
influence on the torque value. The control characteristics for
both fluids are shown in Fig. 15. The total braking torque for
the current in the exciting coil 1 =0 and the demagnetised
magnetic circuit of the brake is equal to the sum of the torque
Ty associated with friction in the seals and bearings and torque
Tc(l,w) = Te(0,w). The component Ty has been measured for
the brake without magnetorheological fluid. The total torque is
higher for MRF 132LD because of its higher viscosity (Fig. 1).
Higher torque was achieved for this fluid for identical values
of the exciting current.
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Fig. 12. Calculated torque-time T(t), current-time i(t), and velocity-time
w(t) characteristics for the length of gap g = 0.6 mm
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Fig. 13. Measured torque-time Ty (t), current-time i(t), and velocity-time w(t)
characteristics, g = 0.6 mm

Fig. 15 shows also characteristics T(l) calculated by means of
the elaborated computer program for the analysis of coupled
phenomena in the brake. Good agreement between
calculations and measurements has been achieved.
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Fig. 14. Mechanical characteristics at constant current values in the
excitation winding of the brake, g = 0.1 mm
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Fig. 15. Relationships between the braking torque and the current in the
excitation winding for two different MR fluids at constant rotational
speed (a) 1000 rpm (b) 12 rpm; g =0.1 mm

The considered disk shape MRF clutch presented in Fig. 4 has
been modelled using mesh with about 90 000 triangular
elements — see Fig. 16. First the steady state control
characteristics of clutching torque T. vs. winding current I
have been calculated. To prove model accuracy, the prototype
of the clutch and computer-aided experimental setup have
been designed and build. The experimental setup components
and the clutch prototype are described in Fig. 17.
Measurements as well as simulations have been carried out for
the breaking operation of the clutch — when output rotor was
locked (w,=0). The comparison of simulated and measured
control characteristics is shown in Fig. 18.

Fig. 16. The mesh of considered clutch (90 000 triangular elements)

Next, the transient state after switching on and off the supply
voltage has been investigated. Calculated and measured torque
and coil current waveforms are presented in Fig. 19.

Exemplary magnetic field distributions and fluid velocity
distributions for chosen time instants after switching on the

supply voltage are presented in Fig. 20. The magnetic flux
density and fluid velocity plots for chosen time instants after
switching off the supply voltage are shown in Fig. 21.

It can be observed that the eddy currents induced in massive
conducting elements of the considered clutch have a
significant impact on the reaction time.
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Fig. 17. Experimental setup of disk shape MRF clutch: (1) electromagnetic
break, (2) torque sensor, (3) MRF clutch, (4) torque sensor, (5) drive motor
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Fig. 18. Control characteristics of clutching torque (T) vs. winding current
(Is) for different speeds of the driving motor

45% T [Nm]
a)
4
Al
35 HALLUN
3
Hl CALCULATED
25 Bl MEASURED
2
15
1
0.5
04 T T T T T T T Ll >
0 05 1 15 2 25 3 35 4
08 7 i [A]
b
0.7 )
0.6 §
05
04 | Hl CALCULATED
B MEASURED
0.3
0.2
0.1
t[s]
0 T T T T T T T >
0 05 1 15 2 25 3 35 4

Fig. 19. The calculated and measured a) clutching torque T, and b) coil current
is waveforms, after switching on and off the supply voltage



Fig. 20. Magnetic flux lines distributions and fluid velocity distributions for
chosen time instants in disk shape MR clutch after switching on the supply
voltage

Fig. 21. Magnetic flux lines distributions and fluid velocity distributions for
chosen time instants in disk shape MR clutch after switching off the supply
voltage

VI1l. CONCLUSIONS

In the paper, a field model of coupled phenomena in
electromechanical transducers with MR fluid was presented.
An algorithm for solving the equations of this model was
suggested. On the basis of this algorithm, a computer program
was developed. The program proved to be useful in simulating
transients and steady states of a magnetorheological brake and
clutch. In the analysis, the non-linear properties of materials,

the eddy currents induced in solid elements, flows of the fluid,
and the rotor movement were considered. The influence of the
temperature on electrical, magnetic, and rheological properties
of the materials has been taken into account. Good concordance
between the calculations and measurements was achieved. The
presented model of coupled phenomena and the elaborated
calculation software enable a more detailed analysis of the
phenomena occurring in magnetorheological transducers than
classical analytical models. The approach presented in this
paper is very useful in the design process of devices in which
magnetorheological fluids are used as a working medium.
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