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Using ER Brake/Clutch
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ABSTRACT

2 dFdME ER E#ola¢ ERZAANE A= AF7]2 ALgdlo olFHolEe AAFAAE £, o8
A8} AA ot H(arabic gum)AEe ERFHE AAZPE F A7) e WA (Bingham)2d 2 4PHe2 =
23, WPRdd 278 YRF] ERBF ]RGS dArYe] EREAAE AA Ao, AGUH (step
input)d7)Fe) & 2YEL AN E T3 o AFr]Y FARLE AUt olE F371% AAE clFH| B~
29 EFAMERANE FET F AANFAANE 9T SUIIREAZIE HANAT. A7) HAA o] FEol&4
R Asto) P A2 B vl g ned Ao FBE HANESF S, At Ao 2d
9] Ale}g 9 (control bandwidth) & F34= dGolA n2F F o A T AAFAA | HEE +Y3Act.
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1. INTRODUCTION tables is how to treat load and friction uncertain-

ties. Since the positioning table system has inher-

The development of positioning table systems is ently these uncertainties, the trajectory tracking

significantly important in various industries. High accuracy may be often poor. This leads to the

accuracy in the position control for electronic study of the feedback control of the positioning

assembling is essential, and effective position . table system so that the tracking accuracy can be
control of moving tables is necessary for precise maintained within a desired limit value.

machining in machine tool systems. One of diffi- Currently, the most general control approach in

culties in achieving high accuracy in positioning positioning table systems is to apply a PID con-
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troller in association with d.c. servomotor. The
PID controller may have intrinsically favorable
tracking accuracy, but sometimes may cause poor
tracking performance due to the presence of fric-
tion uncertainties. Use of higher PID gains can
compensate for these uncertainties, but may
result in serious problems such as system insta-
bility”. Recently, in order to resolve this problem
various types of modern controllers have been
proposed. For instance, the Lyapunov-based
adaptive control of a positioning table was devel-
oped through the incorporation of direct compen-
sation for static and dynamic friction®. On the
other hand, most previous studies on the posi-
tioning table system adopted d.c. servomotors as
feedback actuators. The d.c. servomotor can be
easily incorporated with existing conventional
feedback controllers, but it is unwelcome in terms
of the cost.

This paper presents a new actuating mechanism
to achieve the position control of table systems ;
electro-rheological(ER) brake and ER clutch are
adopted as feedback actuators, and the d.c. motor
is used to generate a required motion. As well-
known, the research interest in the ER brake
or/and ER clutch has been growing because of the
potential importance of such devices for a variety
of -torque coupling and tension control applica-
tions® ™. Some advantages of such devices
include continuous controllability (both direc-
tions) via controlling the intensity of electric
fields, rapid response, low power consumption,
and smooth operation without torque riffle.

In this work, a plate-type ER brake and a
cylindrical ER clutch are manufactured on the
basis of the level of the field-dependent yield
shear stress of an arabic gum-based ER fluid. The
positioning table system is then constructed using
the ER brake/clutch actuators followed by the
derivation of the governing equation of motion of
this system. A sliding mode controller, which has
inherent robustness to parameter uncertainties
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and external disturbances such as frictions, is for-
mulated and experimentally implemented. Posi-
tion tracking control responses to square and
sinusoidal trajectories are presented in order to
demonstrate the efficiency and feasibility of the
proposed control method.

2. MODELING OF ER BRAKE/CLUTCH

A feedback position control system of a moving
table proposed in this study is shown in Fig.1.
Unlike conventional positioning table systems
having the d.c. servomotor, the one proposed con-
sists of the ER brake and the ER clutch as feed-
back actuators. The position of a moving table
generated by the d.c. motor is to be controlled to
meet a desired set-position or time-varying tra-
jectory. This can be achieved by applying control
input(electric field) to the ER brake and the ER
clutch actuators. A plate-type ER brake actuator
is devised as shown in Fig.2 (a). Two plates are
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Fig. 2 The layouts of the feedback actuators
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enclosed by a housing coupled to the shaft and
the electrode gap is fixed at 1.0mm. We clearly
see from the layout that since the housing is fixed
to a steel plate (ground), the rotational speed of
the shaft can be stopped or reduced by controlling
the intensity of electric fields. The braking torque
consists of three components : torque from the
field-dependent yield shear stress of the ER fluid,
torque from the viscosity of the ER Fluid, and
torque from the friction between the housing and
the shaft. In general, the third component is hard
to identify accurately, and hence it will be treated
as an external disturbance in the formulation of a
feedback controller. The second component can be
considered as an equivalent viscous torque, which
is proportional to angular velocity of the system.
The equivalent viscous coefficient is easily
obtained by integrating the viscous shear stress
with respect to the total area containing the ER
fluid. The first component is controllable braking
torque, and hence it is treated as a control input
in the synthesis of the feedback controller.

The controllable braking torque is obtained by
integrating the yield shear stress with respect to
the total area containing the ER fluid, and is
given by

2
T, = ZaN(R; - R})T(E)

3 )

In the above, N is the number of the electrode gap
(4. in this study), R, is the outside radius of the
brake plate and R, is the radius of the insulation
disk. 7,(E)is the field-dependent yield shear
stress of the ER fluid which is given by

t,(E)=aEf 2
The ER fluid used in this work consists of 0.015
Pa - s silicone oil and arabic gum 30% by weight.
The particle size is 26-88im. A couette type elec-
troviscometer(Haake, VT-500) is employed to
obtain the Bingham property of the ER fluid. The
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shear stress is measured by applying the electric
field from 1 to 3kV/mm in 0.5kV/mm steps, while
the rotational speed increases up to 600rpm.
From the linear intercept at zero shear rate, the
yield shear stress 7,is found to be 67E'? Pa as the
form of Eq.(2). Here the unit of E is kV/mm.

On the other hand, a cylindrical ER clutch is
devised as shown in Fig.2 (b). The role of the ER
clutch is to transmit the bi-directional torque
generated from the d.c. motor to move the table.
The torque of the ER clutch has also three compo-
nents as those of the ER brake. The torque due to
the friction is treated as an external disturbance,
and the torque from the viscosity of the ER fluid
is considered as the equivalent viscous torque in
the system modeling. The torque owing to the
field-dependent yield shear stress is adopted as a
controllable torque, and it is given by

T, = 27R. L7 (E) (3)
where R,is the radius of the inner cylinder, and L
is the length of the inner cylinder.

From the analysis of Egs.(1)~(3), appropriate
sizes of a plate ER brake and a cylindrical ER
clutch are manufactured and their photographs
are shown in Fig.3. For the ER brake, the outside
radius of the brake plate R,=65mm, and the
radius of the insulation disk R,=30mm. On the
other hand, for the ER clutch, the radius of the
inner cylinder R,=68mm, and the length of the
inner cylinder L=7Tmm.

In order to identify dynamic characteristics of
the manufactured actuators, step responses are
tested and presented in Fig.4. By applying the
electric field of 3kV/mm, the braking torque of
the ER brake actuator exponentially increases to
a steady state value(10.7N - cm) without exhibit-
ing overshoot. This implies that the ER brake
actuator behaves like a first-order linear model
with a time constant of 11msec. This response is
fast enough to take account of the feedback con-
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(a) ER brake

(b) ER clutch

Fig. 3 The photographs of the feedback actuators
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Fig. 4 Measured step responses of the actuators at steady speed of 100 rpm

trol system, and thus we can use the quasi- static
relationship, Eq.(1), instead of using the first-
order model. However, the ER clutch actuator
exhibits relatively slow response with a time con-
stant of 140msec to reach a steady state
torque(20.5N - cm) by applying the electric field
of 3kV/mm. This is mainly due to the inertia
effect of the cylinders. Therefore, the governing
mode] (3) of the ER clutch actuator needs to be
modified by

where 7 denotes the time constant. It is

1

T, =27RLz, (E)[l —er (4)
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remarked that we may devise same types of brake
and clutch actuators to have same time con-
stants. This will be more convenient to formulate
a closed-loop feedback control scheme.

3. FORMULATION OF CONTROL SYSTEM

Without considering d.c.motor dynamics, the
governing equation of the rotational motion{0(t))
of the proposed positioning table system can be

expressed by
T+ CO() = T,(1)+7,(t) 5

where J, is equivalent moment of inertia given by
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J+mP.J represents the sum of moment of inertia of
the ER brake, the ER clutch and the ball screw,
and mPis the moment of inertia due to the moving
table with the mass of m and the ball screw lead
of I. C,is equivalent viscous coefficient from vis-
cous torque of the ER brake and the ER clutch.
7.(¢)is control torque from the ER brake or/and
ER clutch, and is 7,(#) total frictional torque in
this system. In practice, the table mass m varies
due to the change of load (working piece), and
hence the inertia J, is subjected to be changed
with a certain limit. Furthermore, it is known
that it is very difficult to get an accurate model of
the friction, and hence 7;(#) is considered as an
external disturbance. Consequently, the dynamic
model (5) can be rewritten by

6,(1) = 6,(1) (6)
. 1
9z(t)————02(t)+ T (t)+ (1)

where,

8,(0=60), 8,(=060), J, =J, + A, I|Sa<05],, |t ()]s B

In the above equation, the moment of inertia is
divided into the nominal part(J,), which is
known, and uncertain part( A7), which is
unknown, but bounded. The frictional torque is
assumed to be unknown, but it is bounded.

Now, the ultimate goal of contro! task is to have
tracking error between actual trajectory @(r) and
desired trajectory 6,(z) to be zero. This allows
one to achieve accurate positioning of the table in
the translational motion through the relationship
given by x()=16(¢) . Prior to designing a con-

troller, so—called matching condition® is assumed
as follows.
1 1 y
=—+-—=—(+ 7
J,+A J, J ( g D

Then, from the bound of AJ the ¥ has the follow-
ing bound.

212

lY<¢<1

The matching condition (7) with (8) physically
implies that the input uncertain part AJ can not
have arbitrarily large perturbation.

In order to formulate a sliding mode controller,

@®

we first define tracking error as follows :

e0)=[a®), ] =[6,1)-0,®, 6,()-6,,()]
)
where 6,,(t) and 0,,(t)are desired angular dis-
placement and velocity, respectively. The problem
now is to design a sliding surface that guarantees
stable sliding mode motion on the surface itself.
Because there is only one control input 7.(¢), we
construct one sliding surface for the system (6) :

s(ty=ge(t)+e,(1)=0, g>0 (10)

Then the following sliding condition is introduced
to guarantee that the tracking variables ¢,(f)
and e,(#) of the system are constrained to the
sliding surface during the sliding mode motion :

s(1)s(t) <0 11

Now, we propose a sliding mode controller given
by

T (t)—

{ (18, (0)+]8,4 1) +|92d(t)l}sgn(s(t))

o+ c,ez(;)— k sgn(s(t)), k> B (12)

Then, we can show that the uncertain system (6)
with the proposed controller (12) satisfies the
sliding condition (11) as follows :

s = {gezms(x) ( ]gioz(t)lsml] l—gou(r)—(t—;}gloz,(r)lsux}

{—0“(1) [ }92 d(t)':(rj] { (1+y)e(0s(r)- —J’f—(l + yjs(t)|} <0

13)
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To alleviate the chattering due to the signum
function, we replace the signum function in
Eq.(12) by the saturation function as

s(le, |stf<e

(14)
sgn(s(t)), |s(r)|> e

sat(s(t)) = {

where € is the boundary layer thickness. Once
the control torque 7,(f) is achieved from Eq.(12),
control electric fields to be applied to the ER
brake and the ER clutch are determined from
Eq.(1) and Eq.(4), respectively.

4. RESULTS AND DISCUSSION

In order to demonstrate the efficiency and prac-
tical feasibility of the proposed control system, an
experimental apparatus is established as shown
in Fig.5. The actual position of the moving table
is measured by the LVDT(linear variable differen-
tial transformer) sensor and is fed back to the
microprocessor via the A/D(analog/digital) con-
verter. Then, the control electric field determined
from the sliding mode controller is applied to the
ER brake or ER clutch through the D/A
(digital/analog) converter and the high voltage

High voltage
amplifier

Moving tabl

ER brake

amplifier. The sampling frequency for the con-
troller implementation is chosen to be 100Hz, and
the program for the controller is written in Bor-
land C language. The moving direction of table is
controlled by simply using an electrical relay cir-
cuit which is devised to change the rotating direc-
tion of d.c. motor according to the sign of clutch
control input determined from the proposed slid-
ing mode controller.

It is remarked that the angular displacement
@(r) in the controller is calibrated with respect to
the sensor displacement x(f) by x(r)=16(z).
The system parameters employed in this experi-
mental work are as follows : J, =0.012kg-m?,
C, =0.0523Nm-s, | = 0.381 mm/rad and m=09%kg,
On the other hand, the bounds of the uncer-
tain parameters are prescribed as follows :
|AJ] < 0.008kg - m? and |z,|<0.025N-m. It is noted
that the boundedness of the moment of
inertia (|AJ]) is determined by imposing a load
mass of 1.5kg on the table.

In order to identify the frequency bandwidth of
the position control system, the Bode plot is
experimentally obtained as shown in Fig.6. This
is very important for one to set a desired trajecto-
ry which should have a frequency within the sys-

PC 486
controller

DC motor

. LVDT
ER clutch

Fig. 5 Photograph of experimental configuration
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Fig. 6 Bode plot of the moving table system

tem bandwidth. It is clearly observed from Fig.6
that the proposed system exhibits a typical
response of a second-order underdamped system,
and its bandwidth frequency is identified by
1.6rad/sec. Thus, a maximum frequency of the
desired trajectory to be tracked needs to be set
within the bandwidth frequency. In this experi-
ment, a desired trajectory which has a frequency
of 0.1Hz is chosen.

Fig.7 presents the sinusoidal tracking control
responses of the proposed control system with the
load mass of 1.5 kg. The employed control para-
meters are as follows : g=8.5, $=0.5, k=53,
and £€=0.03 It is clearly observed from the
diplacement trajectories that the position tracking
is successfully performed with favorable tracking
accuracy in the sinusoidal trajectory. We see from
the displacement history that control action is
carried out in both directions with respect to neu-
tral position(displacement is equal to zero). It is
also seen from the control inputs that the electric
fields are applied to the ER clutch or/and the ER
brake in a switching manner within a maximum
field of 3.0kV/mm. This can be expected from the
characteristic of the sliding mode controller.
Though high frequency noise induced from the
LVDT used as a position sensor affects control
input signal of the ER clutch and the ER brake to
be different from the input signals of the simula-
tion results as shown in Fig.7(b), tracking control
performance is fairly maintained because the
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bandwidth of the moving table system is relative-
ly smaller than the frequency of the noise gener-
ated from LVDT sensor and the proposed sliding
mode controller can actively control the position
of the moving table in the presence of the distur-
bances such as sensor noise. Also the presented
tracking results indicate that the proposed control
system associated with the sliding mode controller
is very robust to the system uncertainties such as
the change of the moment of inertia(due to the
change of mass from 0.9kg to 2.4kg), and the
existence of the unmodeled frictions. From the
position tracking control responses, we also see
that there exists favorable agreement between the
simulated and experimental results showing the
validity of the proposed control system model.

Fig.8 compares the measured tracking respons-
es of a square trajectory between the proposed
sliding mode controller and PID controller. The
PID(proportional(k) - integral(k) - derivative(k,))
controller was designed in the absence of the
parameter uncertainty as well as external distur-
bance. The control gains of k,=35, k=09 and
k,=1.5 were determined by Ziegler-Nichols tuning
rule. It is clearly observed that in the PID control
the tracking error is relatively large compared to
the sliding mode controller. Moreover, we see that
the tracking error in the PID control is changed
at every cycle. This is arisen from that the mag-
nitude of the unmodeled friction may be altered
at every moment. In addition, though there exist
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Fig. 7 Sinusoidal tracking responses using the sliding mode controller

some overshoot induced from actuating time delay
of relay circuit and d.c. motor, it can be favorably
compensated by the sliding mode controller as
shown in Fig.8 (b). It is finally remarked that we
may achieve more accurate and faster tracking
control response in the sliding mode control by
changing control parameters such as k and e.

As observed in this experimental investigation,
the proposed ER brake and clutch are unidirec-
tional. Thus, we have to use the relay switching
system to determine the rotational direction of
the d.c. motor. This consequently leads to unde-
sirable overshoot phenomenon. In order to resolve
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this problem, a bi-directional ER clutch system
can be devised as shown in Fig.9. Without any
electrical circuit for the control of d.c. motor’s
rotating direction, bi-directional type ER clutch
can change its rotating direction in very simple
manner as follows. A pair of ER clutches are set
to rotate in both direction(clock-wise and
counter-clock-wise direction) by using two spur
gear and we just need to alternatively apply an
electric field to clock-wise or counter-clock-wise
rotating ER clutch for the control of rotating
direction. Since ER fluid has very fast response
characteristics, it is expected that the bi-direc-
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Fig. 8 Measured tracking responses for a square trajectory

tional ER clutch can easily and quickly convert
the actuating torque. So this can settle the time
delay problem as observed in this study.

5. CONCLUSIONS

A feedback control method of the positioning
table system was proposed by adopting the ER
brake and the ER clutch actuators. After manu-
facturing these actuators on the basis of the field-
dependent yield shear stress of the arabic gum-
based ER fluid, a sliding mode controller was
designed by considering the variation of the
moment of inertia as the uncertain parameter,
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and the unmodeled friction as the external distur-
bance. The controller was then experimentally
realized, and favorable position tracking respons-
es were achieved in terms of the tracking accura-
cy and the robustness to the system uncertain-
ties. The control results presented in this work
are self-explanatory justifying that the proposed
control method provides a feasibility of practical
application. By employing ER brake and ER
clutch actuators, we may achieve favorable posi-
tion tracking accuracy within £5% with a rela-
tively low cost compared with conventional servo-
motor by simply using electrical relay circuit and
d.c. motor. The durability of the tracking control
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Fig. 9 The bi-directional ER clutch

system in the presence of many uncertainties
such as temperature variation will be further
investigated for adaptation of the proposed ER
clutch actuator to practical robotic system in the

near future.
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