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Absrmcl- In this paper, the experimental closed loop torque 
control of Electro-Rheological Fluids (ERF) based actuators 
for haptic applications is performed. ERFs are liquids that 
respond mechanically to electric fields by changing their 
properties, such as viscosity and shear stress, electroactively. 
Using the electrically eontrolled rheological properties of 
ERFs, we developed actuators for haptic devices that can 
resist human operator forces in a controlled and tunable 
fashion. In this study, the ERF actuator analytical model is 
derived and experimentally verified and accurate closed loop 
torque control is experimentally achieved using a non-linear 
proportional integral controller with a feed-forward loop. 

1. INTRODUCTION 

During the last fifty years, it has been known that there 
are liquids that respond mechanically to electrical 
stimulation. These liquids change their viscosity 
electroactively and they have attracted a great deal of 
interest of engineers and scientists. These Electro- 
Rheological Fluid (ERF) exhibit a rapid, reversible and 
tunable transition from a fluid state to a solid-like state 
upon the application of an external electric field [I]. Some 
of the advantages of ERFs are their high yield stress, low 
current density, and fast response (less than 1 millisecond). 
ERFs can apply very high electrically controlled resistive 
forces while their size (weight and geometric parameters) 
can be very small. ERFs can be combined with other 
actuator types such as electromagnetic, pneumatic or 
electrochemical actuators so that novel, hybrid actuators are 
produced with high power density and low energy 
requirements [Z]. The electrically controlled rheological 
properties of ERFs can be beneficial to a wide range of 
technologies requiring damping or resistive force 
generation. Examples of such applications are active 
vibration suppression and motion control. Several 
commercial applications have been explored, mostly in the 
automotive industry for ERF-based engine mounts, shock 
absorbers, clutches and seat dampers. Other applications 
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include variable-resistance exercise equipment, earthquake- 
resistant tall structures and positioning devices [ I]. 

While a lot of work has been performed on the design, 
modeling and testing of ERF based actuators and devices; 
very little work has been performed on the closed loop 
control of these devices. All of the existing work in this 
area concerns the position control [3] while no work has 
been performed on the force I torque control of these 
devices. ERF devices are generally used with position 
control as dampers to avoid vibrations [4]. such as in 
vehicle suspensions [5] or in anti-seismic buildings [6]. 
Position control has also been studied for ERF based valves 

Our group has developed and studied several ERF based 
actuators and haptic systems [SI. Recently we developed 
prototypes of rotary ERF based actuating elements for 
haptic knobs for vehicular instrument controls [9]. In this 
study, the ERF actuator analytical model is derived and 
experimentally verified and accurate closed loop torque 
control is experimentally achieved using a non-linear 
proportional integral controller with a feed-forward loop. 

~71. 

11. FUNDAMENTALS OF ER€ MODELLING 

ERF are suspensions of polarizable particles in viscous 
non-conducting oil with particle-fluid dielectric mismatch. 
Typical suspended materials in an ERF are I-IOOp”, 
approximately spherical, while the suspending fluids are 
non-conducting solvent [IO]. When an uncharged particle is 
placed in an electric field, it develops an induced dipole if 
the surrounding medium has a different dielectric constant 
due to the differing polarizability of the two materials. This 
dipole is further enhanced by the presence of other particles 
since they intensify the local electric field experienced by 
any one particle. Particle polarization changes their 
organization in the fluid and causes changes in fluid 
rheological properties. The changes in the suspension 
microstructure increase the effective viscosity of a sheared 
ERF. This effect is called the Winslow effect. The effective 
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viscosity of the ER suspension can be 100,000 times 
greater for electric field strengths of about IkVimm 
perpendicular to the direction of flow. 

Modelling the behaviour of an ERF is generally 
performed by using a known conventional fluid (or even 
solid-plastic) model, thus defming the basic structure of the 
model, and then characterizing how the model parameters 
are affected by the application of an electric field, or by the 
variation of some internal state variables, such as 
temperature or the type of flow Ill]. Under zero field 
conditions ERFs are generally characterized by a simple 
Newtonian viscosity. When subjected to high electric 
fields, ERFs develop a yield stress and their shear stress T is 
fairly well modelled as a Bingham plastic: 

' = p9+7v.d (1) 

where p is the plastic viscosity, is the shear rate and 7y,d 

is the Eingham or dynamic yield stress. 
One can conclude by extrapolation to zero shear rate 

that the stress must exceed this dynamic yield stress in 
order for the material to flow, similarly to a dry coulomb 
friction model. In fact, the minimum stress required to 
cause the ERF to flow is not necessarily the dynamic yield 
stress but rather the static yield stress T,.s> Ty,d . Using the 
friction analogy, this can be understood as the well-known 
Stribeck effect. More precisely, there are three yield 
stresses characterizing the behaviour of an ERF [12]. The 
first is the elastic-limit yield stress 7 e ,  which is used, in 
solid mechanics. Upon complete removal of stress 
exceeding T,, the material never fully recovers and suffers 

a permanent strain Y., which is the transition between 
elastic and plastic deformation. The elastic-limit yield stress 
is not the limit of linear behaviour but rather the h i t  of 
reversibility for the material. Loss of linear behaviour 
generally occurs before the elastic limit. The static yield 
stress Ts is the minimum stress necessary for the 
unbounded strain or the deformation of the material. Finally 
the plateau stress for large strains is the dynamic yield 
stress Td . 

The Eingham plastic model has been widely used to 
predict the post-yield behaviour of ERF, i.e. the behaviour 
of the ERF when flowing. However, if the fluid experiences 
shear thinning or thickening, the Singham plastic model 
may not be an accurate predictor of behaviour since the 
post-yield plastic viscosity is assumed to be constant. When 
shear thinning or thickening effect is more pronounced, the 
post-yield behaviour becomes non linear. In order to 
accurately model this non linear post-yield (or flowing) 
behaviour, another generic fluid model should be used that 
is called the Herschel-Bulkley model [ t  31: 

T = T ~ , ~  + kj" (2) 

This fluid model is a generalized model for visco- 
plastic flow with yield stress. It can be reduced to the 
Singham plastic model (namely, n=l) in the case where 
post-yield shear thinning or thickening are minimal. 
Finally, the literature also provides global structural models 
aimed at describing both the non-flowing and the flowing 
behaviour of ERFs. They are generally formalized as a 
serial and parallel combination of springs and dampers, 
associated with some non-linear 6iction terms, and, 
eventually, some hysteretic elements. 

In regard to the Eingham model described by Equation 
1, the applied electric field E affects the dynamic yield 
stress, with a quadratic relationship. This yields: 

T~~ =aE' (3) 
The ERF used in this project is the LID 33548 

manufactured by Smart Technology Ltd. [14]. It is made up 
of 35% by volume of polymer particles in 
silicone/fluorolube base oil. According to the provider, the 
field dependencies for this particular fluid are: 

ly.% = C, (E-&) 
Ty,d = c, E' (4) i p = po -C,E* 

Where po is the zero field viscosity, C, , C, , C ,  and E,, 
are constants which approximate values are supplied by the 
manufacturer. Obviously, the formula for the static yield 
stress is only valid for fields greater than E,d . In this work, 
it is assumed that the torque controller will be used to finely 
control the resistive torque of a device that is moved by an 
operator (or by an auxiliary motor) and therefore only the 
dynamic mode is considered. 

111. EXPERIMENTAL SYSTEM 
A haptic feedback joystick and knob has been 

developed by our team to address the desire for simplifying 
and enhancing the human-vehicle interface [9] .  These 
devices rely on passive, revolute Em-based actuators to 
induce controllable resistive torques. These actuators are 
used in this paper as the test-bed to perform closed loop 
torque control experiments. 

The studied ERF actuator consists of multiple parallel 
rotating electrode plates to enhance the resistive torque 
output capability of the actuator by increasing the activated 
area of the fluid while maintaining a compact volume. 
Figure 1 shows a cut-away view and a picture of the 
assembled multiple Flat-Plate or FP actuator. Two s h a h  
are designed and situated in a concentric orientation with 
one shaft fixed to the housing of the actuator and the 
second able to rotate against the fixed shaft. Two different 
circular copper plates, designed to match the attachment 
points on each of the two shafts, are connected to the s h a h  
and serve as the positive and negative electrodes that 
generate the electric field to actuate the ERF that sits inside 



the gap. The assembled shafts are then inserted into a 
housing that is filled with ERF and sealed to complete the 
assembly of the actuator. Considerable effort was made to 
reduce the friction caused by the seal. Applying an electric 
field across the gaps causes the fluid properties to change, 
resulting in an increase in yield stress. This properly is used 
to control the force feedback of the actuator. The plastic 
parts of the prototype were built using rapid prototyping 
methods to allow for the quick creation of complicated 
shapes that would not have been possible with machine 
shop methods. The copper plates were machined, however, 
using more traditional methods. Table 1 shows the 
important parameters of the FP actuator prototype. 

Outer radius 
Lcneth 
Gap width 
Dynamic Torque at 2 kV 
Dynamic Torque at 4 kV 
Ranee ofmatian 
Number of Phtts 

FP actuator 
14.7 mm 
32.5 mm 
.5 mn 
i88.5mNm 
753.4 mN m 
iZ0" 
I5 

big 2 Expcrtmental Setup 

Iv. FP ACWATOR MODEL 

Modelling of ERF actuators for use in closed loop 
torque control is inexistent. Therefore our fust step was to 
develop a model of the ERF actuator used that is suitable 
for closed loop torque control. Figure 3 defines important 
geometric parameters that are used in the model. Since the 
system is mostly to be used when flowing, the post-yield 
model (i.e. dynamic mode) is derived, Providing an 
actuator model from the fluid model supposes to map the 
shear stress into the output torque and the shear rate into the 
output velocity. To do so, we assume that the shear stress is 
constant along a line parallel to the axis, between the 
electrodes. Also, due to the symmetry of the system, the 
shear stress is supposed to depend only on the radius r, not 
on the angle 8. 

d 8 
Fig. 3:  FP ACNator Model Important Parameters. 

The elementaty resistive torque between a pair of 
electrodes is then: 

b 

L = jm(r)dA (9 
P 

where dA = 2nrdr and 7(r) is the shear stress at a radius r 
from the axis. 

Since N rotating plates are mounted in between of N+l 
fixed plates, there are 2N gaps filled with ERF, producing a 
total resistive torque given by: 

T = 2NT,, = 4nN jr2r(r)dr (6) 
% 

Furthermore, for a displacement 68 of the actuator, the 
(angular) shear deformation of a fluid element 6y(see 
Figure 3) at a radius r is: 



expected actuator dominant dynamics. As a result, a 
quasi-static behaviour can be assumed. When applying (7) 

r &v = -68 n 

. 

- 
ne relationship horn the angular velocity to the ramp voltage, the resistive torque is measured; 

the shear rate is then: c) when this experiment is over, the actuator is put back 
in the initial uosition with a null electric field: 

( 1 9  
To + k (V -VI,”)‘ otherwise X4Ncd(1i -r;) 

3d2 

ffNC,(r; -0 
a, = d’ 

a2 = xN(r,’ - r; 4 )- Po 
d 

aI = 

where To is the minimal torque measured with a zero 
voltage, VI:, is the voltage under which nothing happens. 

The three parameters of a constant speed 
experiment, namely To, k, and V,,, are then computed in 
order to obtain a least square best fit. In Figure 4, the red 

(14) 

r .  
d 

Q z - 0  (8) d) it is then verified that, redoing the experiment &om 
step a, the torque response is repeatable. 
On Figure 4, l i e s  in blue show typical results of the Thus, combining Equations (I), (4), and (8), one gets: 

Then the same experiments are performed with different 
constant speeds. In order to avoid the excitation of internal 
hysteretic cycles, that would corrupt the parametric 
identification; a careful repetitive procedure is used as 
follows for each experiment with constant speed: 
a) the actuator is initially placed at 0 = Oo; 

T =  To+k(v-vh)2 with’ 

1 .  
?(r) = CdE2 +(po -C,E’)-0 

d 

To = 17.25sign(i))+O.O6256 
k =  123si@(e)t03e (16) 

0.3+7.1046 if6 < O  
0.45-7.1046 if6 > 0 

&“ = 

- .. 

(9) 
torque-voltage relationship for two different velocities of 
the DC motor. 
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velocity dependency confnns, in part, the theoretical 
model. For example, the coefficient k decreases with the 
velocity, as the expected effect of the positive scalar a;. 
Some discrepancies can also be noticed, For example, the 
zero field torque To is not reduced to a pure viscosity, as 
expected. Rather, there is a dry Ection term (17.25 mNm) . 

Figure 5 shows the 3D plot mapping of the FP actuator 
resistive torque output as a function of the applied voltage 
(V) and of the DC motor velocity 0 using the experimental 
identified model. Experimental results have been 
superimposed with different colours for different velocities. 
Experimental curves fit well the model's 3D plot mapping, 
which illustrate the accuracy of the identified model. Again, 
recall that this accuracy is obtained thanks to a careful 
procedure that was aimed at preventing hysteretic intemal 
cycles !?om occurring. Should hysteretic cycle occur, the 

lode1 would not be as precise as depicted by Figure 5 .  
c2.w~&es;~deI~sOd r x ~ 4 w & ~  ' . 

.V*lQOlll(dj@7 1 
Fig 5 FP AcNatOt Resistive Torque as a Function of Voltage & Speed 

VI. OPEN LOOP CONTROL 

To evaluate the possibility of using an ERF haptic 
device without any torque sensor measurements, open loop 
control experiments were performed and are reported in this 
section. Avoiding torque measurement will considerably 
simplify the design and control and reduce the cost of the 
device. The open loop controller will be using the actuator 
model identified with Equation (16) to convert desired 
torques to input voltages in the actuator. To do so Equation 
(16) needs to be "inversed" so that it calculates the voltage 
V as a function of the command torque 7 and of the 
actuator velocity 6 : 

V(T,B) = V],,"(B) + E - 
To be able to use Equation (17) the following 

constraint needs to be satisfied 
T(V,~)-T&I)? o (18) 

Inequality (18) means that the desired resistive torque 
that the actuator should produce must be larger than To@) , 
i.e. the minimal torque measured with a zero voltage, which 
is the sum of a dry friction term and a viscous term 
depending on the velocity. In cases where the desired 
torque is such that Inequality (18) is not satisfied, i.e. when 
the applied voltages are between zero and V,,, , a linear 
interpolation is used to calculate the applied voltage: 

Equation (19) does not correspond to any physical 
model, but it is used in the open and closed loop control to 
provide model continuity when the voltages are lower than 
the voltage V,;, where the ERF is reactionless. 

In Equation (17) we need to note that the sign of the 
desired torque has no importance for control purposes even 
though the physical values of the torques can be positive or 
negative based on the direction of the motor rotation. Since 
the actuator is semi-active and can only resist extemal 
torques by increasing its viscosity,. for the same voltage 
input, it will resist with a positive or negative torque 
depending on how it is excited by the operator. For this 
reason, when developing the torque controller, the absolute 
value of the desired or measured torque will be used. Thus, 
Equation (17) is used with positive (i.e. absolute) values for 
the desired torque. 

A series of open-loop control experiments were 
performed where a ramp function was used as the desired 
torque while the motor run at several constant velocities 

-& , &  1. ..$. a 4 . i , i ':aa ' 3 
Ghg) vmei, 

Fig. 6: Open Loop torque Control With Positive Torques. 
The output voltage was computed using Equation (17). 

The resistive torque of the FP actuator was measured using 
the torque sensor and compared to the desired one. Even 
though the output resistive torque exhibits a reasonable 
accuracy which can be adequate for several applications, in 
certain instances the error between the desired and 
measured torques can reach up to 2OmNm (such as for 



desired torques of 8OmNm). For a fme haptic application, 
this emor is too large. In addition, should the experimental 
conditions vary (e.g. due to hysteresis or temperature 
changes) the error between the desired and actual torque 
outputs would increase. Therefore, the conclusion from the 
open-loop control experiments is that a closed-loop control 
would be necessary to fmely control the resistive torque of 
the FP actuator. 

v11. CLOSED LOOP CONTROL 

Figure 7 shows the block diagram of a non-hear, 
model based, PI controller with a feed-forward term. A 
control error is fed into a PI controller. The command 
torque is the sum of the output from the PI controller and a 
desired torque feedforward term. The latter is used so that 
the PI compensator works with small values of inputs and 
outputs. The command torque is converted to a control 
voltage using the non-linear Equation (17). Some 
representative results from the experiments with this 
controller are shown in Figure 8. It can be clearly seen that 
the response is fast (settling time is approx. 70 ms) and well 
damped. The response is reproducible for any value of the 
desired torque input, which indicates a successhi 
linearization. Extensive experiments have demonstrated a 
strong robustness of the controller to variations of 
experimental conditions, such as the magnitude and sign of 
velocity. The closed loop dynamics are rather constant, 
even when the actuator is cycled arbitrarily, i.e. when its 
hysteretic behaviour is excited. 

Fig 7 Non Linear PI Controller With Feed-Faward Term 

U ~ o r O * f ~ ( D r ~ l  ct T h y -  W"wl 
I 1s 

"OO 0.5 1 1.5 0.5 1 1.5 
W C l  T m s l  

Fig. 8: Closed loop Step Response Using a Non-Linear PI Controller. 

VIII. CONCLUSIONS 

This paper studied the closed-loop torque control of 
EW based actuators. To do this, an experimental method 
has been proposed to identify the behaviour of the system. 
This model describes the resistive torque as a function of 
both the applied voltage and the velocity, and confirms the 
general trends of the theoretical model. Next, torque 
control of an ERF based actuator was investigated. The 
experimental inverse model was added to a PI controller in 

order to linearize the system. It has been shown that this 
non-linear PI controller with feed-forward exhibits a 
precise and accurate response, making it well-suited for 
haptic applications. In our current work we are 
investigating the possibility of using semi-active, ERF 
based actuators in haptic devices. 
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