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RHEOMETER CONTROL SYSTEM

Cross-Reference to Related Application
This application claims the benefit of U.S. Provisional Application No.61/137,670, filed

August 1, 2008, which is herein incorporated by reference.

Field of the Invention

This invention relates to rheometers and methods for controlling rheometers.

Background of the Invention

Rheometers are used to study flow and deformation of materials. Rotary rheometers can
typically hold a sample between a fixed base plate and a rotating upper plate. In one type of
measurement, the gap between the base and rotating upper part is kept constant, and in another,
the normal force on the sample is kept constant.

Normal force control has typically been implemented by a simple on-off modulation
approach. Upper and lower pass bands are set around the desired normal force loop. A simple
step size and update rate are sct and the system moves and measures until the force is in the pass

band. The control then switches off until the force is seen to move out of the pass bands.

Summary of the Invention

In one general aspect, the invention features a rheometer for measuring properties of a
sample that includes a mobile part having a contact surface for contacting the sample and a fixed
part having a contact surface for contacting the sample. The rheometer also includes a vertical
actuator for providing relative vertical motion between the mobile part and the fixed part, and a
rotary actuator for providing relative rotary motion between the mobile part and the fixed part.
A continuously sampled force controller is operative to control a force exerted on the sample by
the mobile part and the fixed part through the use of a continuous control signal provided to the
vertical actuator. In preferred embodiments the controller is a digital sampled-data controller.

In another general aspect, the invention features a rheometer for measuring properties of
a sample that includes a mobile part having a contact surface for contacting the sample and a

fixed part having a contact surface for contacting the sample. The rheometer also includes a
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vertical actuator for providing relative vertical motion between the mobile part and the fixed part,
and a rotary actuator for providing relative rotary motion between the mobile part and the fixed
part. A vertical controller is operative to control the vertical actuator and includes compliance
control logic operative to correct for compliance errors in the rheometer. In preferred
embodiments the vertical controller can be operative to correct for compliance errors in a strain
gauge.

In a further general aspect, the invention features a rheometer for measuring properties of
a sample that includes a mobile part having a contact surface for contacting the sample and a
fixed part having a contact surface for contacting the sample. The rheometer also includes a
vertical actuator for providing relative vertical motion between the mobile part and the fixed part,
and a rotary actuator for providing relative rotary motion between the mobile part and the fixed
part. A vertical controller is operative to control the vertical actuator and includes adaptive
control logic operative to adapt its control to changes in at least one property of the sample. In
preferred embodiments, the controller can be operative to adapt its control based on a modulus of
the sample.

In another general aspect, the invention features a rheometer for measuring properties of
a sample that includes a mobile part having a contact surface for contacting the sample and a
fixed part having a contact surface for contacting the sample. The rheometer also includes a
vertical actuator for providing relative vertical motion between the mobile part and the fixed part,
and a rotary actuator for providing relative rotary motion between the mobile part and the fixed
part. A vertical controller is operative to control the vertical actuator and includes programmable
anti-windup logic operative to limit a maximum relative velocity between the mobile part and the
fixed part based on a customizable position-velocity profile.

In preferred embodiments, the anti-windup logic can be operative to generate linear
profiles. The anti-windup logic can be operative to generate exponential profiles. The anti-
windup logic can be operative to combine sub-profiles into larger profiles.

In a further general aspect, the invention features a rheometer for measuring properties of
a sample that includes a mobile part having a contact surface for contacting the sample and a
fixed part having a contact surface for contacting the sample. The rheometer also includes a
vertical actuator for providing relative vertical motion between the mobile part and the fixed part,

and a rotary actuator for providing relative rotary motion between the mobile part and the fixed
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part. A vertical controller is operative to control the vertical actuator and includes inertial
compensation logic operative to correct force values for inertial effects during changes in
velocity in the mobile part.

Systems according to the invention can be advantageous in that they allow for more

precise rheometer control and improved rheometric measurements.

Brief Description of the Drawings

Fig. | is a block diagram illustrating the configuration of a rotary a rheometer for a gap
and normal force control;

Fig. 2 is a block diagram of a control system for the rheometer of Fig. 1;

Fig. 3 is a bock diagram illustrating adaptive normal force control with compliance and
other corrections for the theometer of Figs. 1-2; and

Fig. 4 is a block diagram illustrating gap control with compliance and other corrections

for the rheometer of Figs. 1-2.

Detailed Description of an HHlustrative Embodiment

Referring to Fig. 1, a rheometer according to the invention includes a rotary actuator that
is operatively connected to a mobile upper part, such as an upper plate. This upper plate and a
lower plate are separated by a gap for testing a sample. A vertical actuator is operatively
connected to the rotary actuator and can raise or lower it, along with the upper plate to control
the gap or the force on the sample in the gap.

Referring to Fig. 2, the vertical actuator of the rheometer is controlled by a vertical
controller. This controller is preferably a sampled-data digital controller, although a variety of
other types of well-known controllers, such as analog controllers or fuzzy-logic controllers,
could also be used.

The vertical controller receives a target gap signal, which can be specified by the user. It
also receives a signal from a strain gauge mounted on the vertical actuator and/or the upper part.
Based on these signals, the controller generates a vertical actuator drive signal. The vertical
controller can also include a data output, which can provide additional data, such as intermediate

state data, for display or further calculations.
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The vertical controller preferably samples the strain gauge signal on a continuous basis,
allowing it to apply a proportional control law to achieve a particular controlled normal force.
This represents a significant improvement over prior art on-off control methods. The on-off
control of prior art rheometers can have two effects. First, the measured force is typically a saw
tooth effect and not particularly constant. The sudden movements can adversely affect the
rotational experiment being run and therefore is often switched off during sensitve points in the
measurement. The second problem is that unless the two plates are quite close, the user may
have to manually move the upper system close using conventional gap control and then wait for
the normal force control to “find” the sample which is a fairly undefined length of time. This
can be particularly a problem if the sample has limited life time, or if its properties can change
significantly over a few seconds. It can also be a problem for short tests like expanding foam
where quick approach to the sample is critical if any sensible measurement is to be made.

In implementing its control methodology, the vertical controller can receive sample
condition information, an anti-windup profile, compliance parameter information, and/or inertial
parameter information. Each of these allows the vertical controller to improve its control
methodology.

The sample condition information can be used to adaptively control the rheometer.
Normal Force (NF) demand and measured force feed into an adaptive version of the controller,
based on a Proportional-Integral-Derivative (PID) loop. The control of normal force manages
the fact that the moving geometry may not be in the sample so the force can change rapidly with
impact. This could be determined by using a controlled gapping algorithm and detecting a step
change in the force then controlling the force, but this can have the problem of not allowing a
sensible time for impact as the pre-charging of the control loop plus reacting to the force increase
makes it less useful.

A better method is to have the controller running all the time and adapting the controller
for changes of effective sample conditions. This is more smooth and continuous and also means
it will adapt to changes of sample properties as well. One problem with this is that output
demand velocity during the loading process can grow in an uncontrolled way. This needs to be
limited by practical working conditions. The solution to this is to feed the maximum velocity

into the controller to limit the integrator — a process known as anti-windup.
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The rheometer can provide programmable windup profiles. These can limit maximum
velocity changes to within predetermined ranges as the plate progresses downward. Illustrative
profiles can include linear and exponential profiles. The system can also combine these profiles
at the start and end of the overall profile. A user can therefore specify a linear profile to
maximum speed and then an exponential profile when the geometry approaches the sample, or
vice-versa. Other combinations such as linear/linear or exponential/exponential can also be
specified.

The control of the system is essentially a compressive or tensile stress test. The control
parameter therefore is the modulus of the material. The modulus of the material can be anything
from air (in a no-load situation modulus is zero) to a solid material, hence the need for adaption.
With high modulus materials, the compliance of the instrument may come into play. The
controller has to accommodate the compliance of the system to ensure that the controlled gap or
the reported gap (in the case of force control) is always correct.

If the compliance of the system can be shown to be repeatable it can be corrected out as
part of the control methodology. The system compliance may be corrected using a simple gain
and offSet correction or a higher order correction as appropriate. Typical system compliances are
of order a few 10’s of microns so unless the gap is significantly less than 1 mm, the error in the
measurement is less than 1%.

Compliance correction is also implemented as an iterative method but can be applied
open loop to the reported gap and the loop can be closed to correct for the desired gap if in gap
control mode. The compliance correction is open loop in normal force control mode as the
normal force is the controlled parameter not the gap. A diagram of the adaptive normal force
control method is shown in Fig. 3, and a diagram showing gap control is shown in Fig. 4.

The gapping profile allows a more controlled approach to the sample and also allows the
system to stay within the practical working limits of the motor. This has the effect of letting the
system approach the sample at controlled velocity thus preventing too much impulse force
occurring that could affect future sample performance. The purpose may be for measurement of
the compressive or tensile performance of the material or just for sample loading before carrying
out some other process.

For a typical sample under compression the force goes up exponentially with decreasing

gap. In a controlled compressive stress test, by controlling the normal force, the sample arca
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increases so the stress is decreased logarithmically causing a slowing of the rate of change of
gap. In true controlled normal force experiments this means that an on-off control as described
carlier will not work well. By using the adaptive feedback control, the variation in rate of
change of gap with time is controlled continuously, giving a smooth steady normal force (to
within the noise floor constraints of the system) and a more smooth continuous exponentially
decaying gap with time.

Another practical application of this is during a stretching test. In this case the material’s
tensile modulus will be high during the linear region, and then may show plastic failure giving
ductile stretching. To model the latter stages properly requires fast control of the changing effect
of the material.

The normal force exhibits a force error when the system accelerates, proportional to the
mass of the loaded system. The air bearing and torque rotor and the geometry are all part of the
weight of the system. When the system accelerates a force is measured on the strain gauge
proportional to the mass of the load and the rate of acceleration. This can cause errors in the
force control system at low forces, and so it is beneficial to remove it from the control
methodology. The system has a characteristic time constant that can be modeled and corrected in
the control algorithm.

The compliance correction is applied as a direct correction of the measured gap. The
additional correction can be made to the internal demand to correct for the gap error. This is
called active compliance correction and is applied to the demand position for the vertical drive
actuator. The correction has a loop time constant and this can be corrected out using a lag
compensator in the control algorithm if significant oscillation of the control occurs.

In this embodiment, the vertical control system is implemented with special-purpose
software written in C++ and running on a general-purpose control processor within the chassis of
a rheometric instrument. It is also possible to create an implementation that is based at least in
part on specialized custom hardware, or one in which the vertical control system runs from a
standard external workstation.

The teachings of'this application are useful in connection with the subject matter of two
commonly owned provisional applications entitted RHEOMETER WITH MODULAR
ENVIRONMENTAL CONTROL SYSTEM, and EXPERT-SYSTEM-BASED RHEOLOGY,

both filed on the same day as this application and herein incorporated by reference.
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The present invention has now been described in connection with a number of specific
embodiments thereof. However, numerous modifications which are contemplated as falling
within the scope of the present invention should now be apparent to those skilled in the art. It is
therefore intended that the scope of the present invention be limited only by the scope of the
claims appended hereto. In addition, the order of presentation of the claims should not be
construed to limit the scope of any particular term in the claims.

What is claimed is:



WO 2010/013066 PCT/GB2009/050962

CLAIMS

1. A rheometer for measuring properties of a sample, comprising:

a mobile part having a contact surface for contacting the sample,

a fixed part having a contact surface for contacting the sample,

a vertical actuator for providing relative vertical motion between the mobile part and the
fixed part,

a rotary actuator for providing relative rotary motion between the mobile part and the
fixed part, and

a continuously sampled force controller operative to control a force exerted on the sample
by the mobile part and the fixed part through the use of a continuous control signal provided to

the vertical actuator.

2. The apparatus of claim 1 wherein the controller is a digital sampled-data controller.

3. A rheometer for measuring properties of a sample, comprising:

a mobile part having a contact surface for contacting the sample,

a fixed part having a contact surface for contacting the sample,

a vertical actuator for providing relative vertical motion between the mobile part and the
fixed part,

a rotary actuator for providing relative rotary motion between the mobile part and the
fixed part, and

a vertical controller operative to control the vertical actuator and including compliance

control logic operative to correct for compliance errors in the rheometer.

4. The apparatus of claim 3 wherein the vertical controller is operative to correct for

compliance errors in a strain gauge.

5. A rheometer for measuring properties of a sample, comprising:
a mobile part having a contact surface for contacting the sample,

a fixed part having a contact surface for contacting the sample,
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a vertical actuator for providing relative vertical motion between the mobile part and the
fixed part,

a rotary actuator for providing relative rotary motion between the mobile part and the
fixed part, and

a vertical controller operative to control the vertical actuator and including adaptive

control logic operative to adapt its control to changes in at least one property of the sample.

6. The apparatus of claim 5 wherein the controller is operative to adapt its control based on

a modulus of the sample.

7. A rheometer for measuring properties of a sample, comprising:

a mobile part having a contact surface for contacting the sample,

a fixed part having a contact surface for contacting the sample,

a vertical actuator for providing relative vertical motion between the mobile part and the
fixed part,

a rotary actuator for providing relative rotary motion between the mobile part and the
fixed part, and

a vertical controller operative to control the vertical actuator and including programmable
anti-windup logic operative to limit a maximum relative velocity between the mobile part and the

fixed part based on a customizable position-velocity profile.

8. The apparatus of claim 7 wherein the anti-windup logic is operative to generate linear
profiles.
9. The apparatus of claim 7 or claim 8 wherein the anti-windup logic is operative to

generate exponential profiles.

10. The apparatus of any one of claims 7 to 9 wherein the anti-windup logic is operative to

combine sub-profiles into larger profiles.

11. A rhecometer for measuring properties of a sample, comprising:
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a mobile part having a contact surface for contacting the sample,

a fixed part having a contact surface for contacting the sample,

a vertical actuator for providing relative vertical motion between the mobile part and the
fixed part,

a rotary actuator for providing relative rotary motion between the mobile part and the
fixed part, and

a vertical controller operative to control the vertical actuator and including inertial
compensation logic operative to correct force values for inertial effects during changes in

velocity in the mobile part.

10



WO 2010/013066 PCT/GB2009/050962
1/4

POSITIVE

i SPEED OR
INCREASING

|~ POSITION

-

STOP T ~— 12
NORMAL FORCE
RELATIVE
TO SAMPLE
STROKE COMPRESSION
—~——— .
ZERO 150mm = +ve FORCE
POSITION \ GAP(mm)v' — 1146
| T | il T ‘
\
BOTTOM TENSION =
STOP -ve FORCE

J FIG. 1
10



WO 2010/013066

PCT/GB2009/050962
2/4
SAMPLE ANTI-WINDUP COMPLIANCE INERTIAL
CONDITION(S) PROFILE(S) PARAMETER(S) PARAMETER(S)
Y Y Y Y /- 20

TARGET (DATA

SIGNAL VERTICAL ouT
(FORCE CONTROLLER SIGNAL)
2 OR GAP) 28

VERTICAL
ACTUATOR

DRIVE SIGNAL \
26
STRAIN

GAUGE
/ SIGNAL
24

—_—"

FIG. 2




PCT/GB2009/050962

3/4

€Ol

SNOILOFHHOD TYNHIHL r— NOILISOd
+ NOILOFHH0D FONVITdNOD \_ a3dnNsvan

NOILdvay
TOHLNOD

4N @34NSYaN

I

AN

p— NOISHYIANOD NOILOTHHOD
NOILISOd TVILYANI ONIANTONI | 4N ANVYIN3Q _
TVOILY3A |
OL ALIDOT3A dO0T10YINOD AN

WO 2010/013066

3171404d
ONIddVO

af




PCT/GB2009/050962

WO 2010/013066

4/4

AAIHd
TVOILH3AA

NOISH3ANOD
NOILISOd
OL ALIDOT3IA

¥ "Old

NOILO3FHH0D
JONVITdNOD

| NoiLisod

NOILOTHHO0D ~_
dv9 JAILOV

A 4

A

WHLIHOOTV
TOHLNOD dvO

 [EENSEL

4N @34NSYaN

4N ANVIAZd

3171404d
ONIddVO




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - claims
	Page 10 - claims
	Page 11 - claims
	Page 12 - drawings
	Page 13 - drawings
	Page 14 - drawings
	Page 15 - drawings

