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ABSTRACT

Current force sensing technology is dependent on a deformable element to measure force.
The deformation of the element can be detected mechanically, electrically or optically. Examples
of the current state of the art for force measurement include strain gage or piezoelectric load cells.
These are all based on measuring a finite deformation of the load cell. The goal of this thesis is to
lay the groundwork for developing a load cell which includes an active feedback loop to
compensate for the deformation of the load cell caused by the load. The resulting force sensor will
appear to be infinitely stiff over some finite bandwidth to an applied load. The motivation for
developing this instrument is to improve the accuracy of mechanical testing of small, stiff
specimens. A current problem with testing of such specimens is that compliance of the load cell
contributes to errors in determining the mechanical properties such as elastic modulus or stress-
strain relations.

The concept was developed, analyzed, and tested. The analysis indicated that significant
reductions in compliance could be achieved. The controller designed, a gain stage in series with a
pole zero cancellation stage, was calculated to reduce the load cell compliance to 6.2 um/N. This
is a reduction in compliance by a factor of three over the commercial load cells surveyed. The
addition of a lag-lead compensator could further reduce the compliance to 0.01 pm/N, several
orders of magnitude better than the commercial load cells.

. The analyzed load cell was then built and tested. The electronics performed as designed.
The mechanical plant, however, had significant hysteresis limiting its performance. Several
attempts were made to reduce the mechanical hysteresis. The diaphragm flexures were annealed,
and slotted with limited improvement. The load cell tested did, however, successfully demonstrate
the concept. It exhibited reduced compliance due to the control system action. The compliance
was reduced from 333 pm/N to 38 um/N by the control system tested, a simple gain stage. The
compliance of 38 um/N is of the same order as that of commercial load cells. It was determined
by simulation that the mechanical hysteresis limited the load cell accuracy achievable with a more

*
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sophusticated controller, gain followed by pole-zero cancellation. Therefore that controller was not
built and tested.

Because of the limitations of the mechanical plant, simulation studies were conducted to
determine the potential compliance improvements of the load cell without any mechanical
hysteresis. The simulations included the frequency response, noise, and non-linearities of the
electronics. Simulation indicated that if the mechanical non-linearities are removed performance is
limited by the electronic noise and non-linearities. A problem of the load cell designed is the
introduction of systematic errors if load is assumed to be simply proportional to current. A
method of compensating for systematic errors caused by displacement and actuator non-linearities
was simulated. These simulations indicated that a measurement error of 0.005 N is achievable
with the electronics designed in the course of this thesis if the mechanical non-linearities can be

eliminated.
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SECTION 1: INTRODUCTION

Problem Statement

Current force sensing technology is dependent on a deformable element to measure
force. The deformation of the element can be detected mechanically, electrically or optically.
Examples of the current state of the art for force measurement include strain gage or
piezoelectric load cells. These are all based on measuring a finite deformation of the load cell. A
brief survey of deflection as a function of full load for commercially available load cells is
summarized in Table 1. The goal of this thesis is to lay the groundwork for developing a load cell
which includes an active feedback loop to compensate for the deformation of the load cell caused
by the load. The resulting force sensor will appear to be infinitely stiff over some finite
bandwidth to an applied load. The motivation for developing this instrument is to improve the
accuracy of mechanical testing of small, stiff specimens. A current problem with testing of such
specimens is that compliance of the load cell contributes to errors in determining the mechanical

properties such as elastic modulus or stress-strain relations.

Table 1. Comparison of commercial load cells

Manufacturer and model Full load Deflection at full load | Compliance
number g mm (in) pwm/N
Entran, ELJ-20G, 20 0.076 (0.0030) 387
Semiconductor gage type [1]

Sensotec, #11, semiconductor | 50 0.013 (0.0005) 26.5

gage type [2]

Sensotec, #11, foil gage type | 50 0.025 (0.0010) 51

2]

Omega, LCL113G foil gage 113 0.025 (0.0010) 22.6
bending beam {3]




Procedures have been developed to allow correction for the compliance of the test
system [4,5]. The compliance correction is determined by testing a series of fibers with
successively shorter lengths and extrapolating the results to zero gage length. Such compensation
is difficult and can mask behavior of the specimen under test [6,7]. This problem will be
accentuated when determining the stress-strain relationship for small specimens.

The test system compliance arises from not only of the load cell, but also the sample
grips, crosshead and load frame. This thesis will restrict itself to developing a load cell with
reduced compliance. While there might be other possible applications for a zero compliance load
cell the application of interest in the thesis is to improving accuracy of tensile testing of carbon
and other high modulus fibers.

Two possible approaches to a zero compliance force transducer are: controlling the
position of a stiff actuator, and measuring the current or voltage holding the actuator in position
to determine load; or mounting a load cell on an actuator, measuring the load cell deflection, and

controlling the actuator position.

Design Requirements

Before undertaking to design the load cell it is important to examine its operating requirements.
These include maximum forces the load cell is expected to experience, and the control system
bandwidth for adequate performance. The design parameters will be defined by examination of
published test results from carbon fiber tensile testing. Published results from tensile testing of
carbon and other high tensile modulus fibers are summarized in Table 2. From the data in the
table design criteria for a load cell will be developed. The key design parameters are: maximum
load, specimen elongation at failure, and time required for the load cell to stabilize and
accurately measure the loading force. The specimen elongation will be used to determine the
maximum allowable deflection of the load cell during testing. Ideally the deflection would be
zero. Realistically, a non-zero deflection of the load cell which is a fraction of the fiber
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Table 2. Summary of test results from fiber tensile testing

Fiber type Elastic modulus | Strength Notes
GPa (Msi) MPa (ksi)
PAN-based carbon 255 (37) 5000 (725)
fiber, T-700 [6]
PAN-based carbon 290 (42) 5650 (820)
fiber, T-40 [6]
Thornel-P 381 (55) 2400 (348) Crosshead speed:
9.78 um dia [8] 0.125 mm/min
Gage length: 25.4 mm
Thornel-P 328 (47) 1880 (273) see above
13.11 pum dia [8]
Thornel-P [9] not given ~1600 (~232) Crosshead speed:
0.5 mm/min
Gage length: 25.4 mm
Tungsten 340 (49) 3300 (478) Crosshead speed:
10 pm dia [7] 0.05 mm/min

Gage length: 44.6 mm




elongation is to be expected. The maximum load experienced by a load cell used in testing
the specimens in Table 2 is 26 grams. The specimen time to failure, calculated from fiber
properties and crosshead speed, ranged from 68 to 501 seconds. The specimen elongation,
calculated from fiber properties, ranged from 0.14 to 0.42 mm.

A reasonable estimate of the maximum allowed deflection is 0.005 mm (0.0002"). This
1s less than 5% of the deflection of the stiffest specimen in Table 2. An estimate for the
maximum time for the load cell to stabilize and accurately track the load is 0.05 seconds. The
target maximum load for the proposed load transducer is 50 gm. Which is double the maximum
load to fracture the strongest specimen in Table 2. The final design requirement is low cost.
While there is no explicitly defined cost goal, the system must be easily and inexpensively

fabricated.

Design Evolution

The objective of this thesis is to design a load transducer with apparent infinite stiffness
or zero compliance (compliance=1/stiffness). Several approaches were considered before settling
on a final design concept. All of the design concepts were based on the idea of controlling the
position of the load cell's load attachment point by an actuator and an active control system. By
maintaining the load attachment point fixed in space, the load cell appears to be infinitely stiff to
the applied load. The actuator and control system compensate for the deformation of the load cell
from the applied forces. Two basic approaches are 1.) to use an actuator to compensate for the
deformation of a load cell, as the load cell deforms, the control system compensates for its
deformation; and 2.) maintaining a stiff actuator in a null position, and measuring the current or
voltage holding the actuator in position to determine load. The first approach allows the
calibration of the load cell independently of tuning the control system. The second approach does
not allow for independent calibration and tuning. As will be shown, the second approach is,
however, mechanically simpler. A variant of the second approach is currently used in null-
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balance accelerometers and null-balance torquemeters [10]. For clarity the two approaches to

load cell design will be respectively referred to as motion compensation and null balancing

The obvious approach would be to use stepper motor or servo motor micro-positioners as
actuators to compensate for the load cell deflection. These positioners are available
commercially, produced by several companies. Companies producing these include Klinger,
Oriel, Dover, and Melles Griot. They are accurate, capable of sub-micrometer incremental
motion, and bi-directional repeatability [11]. Their high cost, however, precludes their use.
Commercial micro-positioners cost in excess of $1000. Custom fabrication would entail
significant cost to achieve high precision. The high cost resulted in micro-positioners being
rejected from the outset.

Piezoelectric and magneto-restrictive actuators were considered. Use of these actuators
for active vibration control has been reported [12,13]. Active vibration control is similar to the
application discussed in this paper. Piezoelectric actuators have limited travel, typically limited
to tens of micrometers and require high voltage power sources. Magneto-restrictive actuators are
more expensive than voice coil actuators. As a result piezoelectric and magneto restrictive
actuators were dropped from further consideration.

Finally electromagnetic actuators capable of generating linear motions were examined
because they have no backlash and limited hysteresis thus making them easily controlled. If the
moving element is supported on springs or flexures, as opposed to bearings, they provide
frictionless motion. They are available commercially or can be relatively easily fabricated. The
first idea was to use a solenoid as an actuator. They are attractive because they are inexpensive.
Savchin and Spitkovskii describe using a solenoid to dynamically load test specimens [14]. The
problem with solenoids is their nonlinear response. Voice coil actuators were then considered.
Voice coil were more attractive because of improved linearity of force as a function of current
simplifying design and calibration. The difference between solenoids and voice coils is that

solenoids are singly excited whereas voice coil actuators are multiply excited. Typically one
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excitation is replaced with a permanent magnet. The use of a moving magnet voice coil actuator
to strain TaS3 "whiskers" is reported by Skove et al [15].

Due to the small motions required to compensate for the load cell deformation, motion
"demagnification” was considered. A motion "demagnification” method is reported by Rothberg
et al. to strain tin whiskers [16]. They used a micrometer screw to compress a spring. The spring
was connected to a pulling rod, which in turn was connected to a cantilever flexure. The
specimen was attached to the cantilever flexure. A 1 mm micrometer screw adjustment resulted
in an 8 pum cantilever motion. Motion "demagnification" is attractive because it reduces the
actuator control accuracy requirements. Motion "demagnification," however, will not be further
considered because of the added expense of fabricating the flexures to perform that function.
Supporting the decision to not use motion "demagnification” is Hewlett Packard's use of voice
coil actuators to directly produce sub-micrometer motions for component alignment in the

71450A and 71541A optical spectrum analyzers [17].

Comparison of Motion Compensation and Null Balancing Schemes

As mentioned earlier there are two possible ways of achieving a stiff load cell. These are:
controlling the position of an actuator, and measuring the current or voltage holding the actuator
in position to determine load; or mounting a load cell on an actuator, measuring the load cell
deflection, and controlling the actuator position. Schematics of the two methods are shown in
Figure 1.

The motion compensation scheme is attractive because it simplifies calibration. The load
cell can be calibrated independently of tuning the actuator control system. The load cell can be a
separate component, tested, and then mounted on the actuator. A potential problem with this
scheme is the actuator and displacement sensor are non-collocated. That is, they are separated by
a flexible member, the load cell. This can be seen by referring to Figure 1a. This can lead to the
system potentially becoming unstable. This is not a sufficient reason to eliminate the design from
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further consideration as proper design of the control system can compensate for
instability. The motion compensation scheme, however, includes one more component, the load
cell, than the null balancing approach making the mechanical design more complicated. With the
null balancing scheme, actuator and displacement sensor are collocated. That is, they are
separated by at most a rigid link. making control somewhat simpler. The combination of the
simpler mechanical design, and stable system make the null-balancing design the approach of

choice.



SECTION 2: DESIGN AND ANALYSIS

Introduction

The various aspects of design for a prototype null balancing load cell will be discussed in
this sectionJ. This will include mechanical, electrical, and controls design. As the load cell to be
constructed is a proof of principle prototype, the design will use commercial components
wherever possible and it is designed for ease of fabrication, assembly, and calibration. A
production instrument would be more compact, however, it would require more custom designed
components.

The displacement of the load is monitored by a non-contact displacement sensor. The
displacement sensor measures the change in position of the reference surface. The controller acts
to keep the reference surface a constant distance from the displacement sensor. The current

required to maintain the reference surface in a constant position is proportional to the force

applied to the load cell.

Mechanical Design

A proof of principle load cell to test the null-balancing concept was designed. The
fabrication drawings can be seen in Figures 2 through 15. The assembly is shown in Figure 2.
Two key factors considered in the development of the design were low cost and ease of
adjustment. The proof-of-principle design includes features which would not be included in a
final design used for actual material specimen testing, some features required for specimen
testing, on the other hand, were omitted in this design.

The actuator is not mounted directly to the sensor body but is instead mounted in the
actuator mount which "floats" on adjustable spring plungers. This was done to allow adjustment

of the actuator centerline with respect to the center post. To reduce fabrication costs for the
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prototype there are no features, such as dowel pins, to positively locate the diaphragms with

respect to the sensor body, or the center post with respect to the diaphragms. This made it
essential to be able to adjust the actuator position. The resultant air gap between the actuator
mount and the sensor body limits the power that can be dissipated safely by the actuator. This
limits the cyrrent that can be safely applied, and hence the maximum force that can be measured.
An improved design would eliminate the need for adjustment and mount the actuator directly to
the sensor body improving the heat transfer.

The lower flexure is attached to a mounting ring. The mounting ring is supported by
standoff posts. Between the mounting ring and the standoff posts and the mounting ring are
belleville washers. These serve as springs to adjust the lower diaphragm position in the axial
direction. This adjustment serves to compensate for fabrication tolerance stack-up in the axial
direction and to allow adjusting the axial preload on the flexures. The moving masses that are
attached to the flexures are given in Table 3.

The sensor body is mounted to two adjustable stages, one with coarse adjustment, and
one with fine adjustment. This is to allow the sensor to be moved vertically into position under
displacement sensing devices during calibration. This feature would not be required in a
production design because a the sensor could be attached to a calibration jig. Being a proof of
concept demonstrator, no provisions were made for attaching load grips or for mounting the load

cell into a material tester. This remains to be attempted with the next generation model.

Table 3. Moving component masses

Component Mass (gm)
actuator magnet 8
LVDT core 8
3/8-16 hex nut 94
LVDT connecting link 2.1
diaphragm retainer 64.9
center spindle 11.1
total moving mass 103.5
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Table 4. Parameter values for the BEI LA-09-08-00A actuator.

Parameter units value

continuous stall force N (o0z.) 2.09 (7.5)

force constant (Ky) N/amp (oz./amp) 1.11 (4.0)

back emf constant (K,) volts/(m/sec) 1.12
(volts/(ft/sec) ) (.34)

resistance @ 259 C (R) ohms 32

electrical time constant usec 110

calculated coil inductance (L) | millihenries 0.352

coil assembly weight (m) kg (0z.) 8.5%10-3 (0.3)

maximum actuator travel mm (in) 1.57 (0.062)

Linear Actuator

The actuator used is a Kimco Magnetics LA09-08-00A. Key electrical and mechanical
parameters for the actuator are presented in Table 4. It was selected because its external shape
made it easy to incorporate into an instrument design, and because it could generate adequate
force. This particular actuator is actually a kinematic inversion of a voice coil actuator. A
traditional voice coil design features a fixed magnet and a moving coil. The LA09-08-00A
features a moving magnet and a fixed coil. This allows the coil to be mounted in thermal contact
with a baseplate improving heat transfer by conduction to the baseplate. The actuator is supplied
as two separate pieces, the coil and the magnet, without guides or bearings. It is left to the
designer to provide mounts and guides. For this application the coil will be mbunted to a base,
the magnet mounted to support flexures. The support flexures allow frictionless motion, and
constrain the actuator travel.

A simplified analysis of voice coil operation is presented below. A charge moving
through a magnetic field causes a force to be applied to the charge resulting in a force to the
wire. The force is mutually perpendicular to the conductor and the magnetic field. By Lorentz's

law the force can be expressed as

F =ilxB 2.1)
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Where i the current flowing through the conductor, 1 is the length of the conductor, and B is a

vector representing the magnetic flux. Given the geometry for a voice coil actuator which is

radially symmetric about its centerline, as shown in figure 16a, equation 2.1 can be rewritten as
N (2.2)
F(t) = 2nri(t) 3, Bi = K i(t)
J j=1

Where r is the coil radius, i(t) is the current as a function of time, N is the number of turns in the
coil, and B; is the magnetic field seen by each coil turn. K is the actuator force constant, the
ratio of output force to input current. In general B; is dependent on the relative coil and magnet
position [18,19]. For a simplified linear analysis Bj will be considered to be constant, simplifying
the equations. This is justified by noting that the coil dimensions are significantly larger than the
motion range, hence each coil sees a relatively constant magnetic flux.

As the coil moves through the magnetic field, an opposing emf is induced. By Faraday's

law of induction

__db (2.3)

e = ———

dt

where ¢ is the flux of B. For a coil moving through a magnetic field the back emf generated

across the coil is given by,

N 24
& S BKe @

t)=2nr—
e(t) nrdti=1 dt

where ‘3];" is the relative velocity between the coil and magnet. The coil will be driven by a
current source eliminating the effect of the back emf. The current source will adjust its output
voltage to supply the commanded current despite the induced emf.

The equation of motion defining the voice coil behavior is given by

. &2 dx (2.5)
I{fl(t) = m—d—zg'*' Ca"‘kx
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Figure 16. Calibration data for the BEI LA-09-08-00A actuator.
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where Kji(t) is force generated by the coil armature, m is the voice coil armature mass, c 1s any

damping, and kx is the spring force from the coil support flexures.

The preceding was a simplified description of voice coil actuator operation. It treated the
coil essentially as an infinite wire and ignored the effect of inductance variation as a function of
coil travel. A more thorough analysis would include consideration of the energy stored in the coil
magnetic field due to its inductance. Analysis of the voice coil using energy methods reveals a
non-linear term proportional to the current squared [20]. The effect of this nonlinearity can be
seen in the calibration data provided by BEI shown in Figure 16b. These data will be used later
in simulations which will include the nonlinear term.

Equations 2.2, 2.4, and 2.5 can be combined into the block diagram shown in Figure 17.
The transfer function for coil position as a function of input current can now be calculated. The

transfer function is given by

xe) Ky (2.6)
i(s) me+cs+k

Where K¢, Ke, L, and R have been previously given; m=0.119 kg, k=2900 N/m, and c=0. k will
be calculated in the next section, m is given in the mechanical design section, and the flexures

will be assumed to be undamped, giving c=0.

. f -
input current ?{:;e position
i(s) —= Ky 21 = xs)
(amps) (newtons) ms=cs+k (meters)

Figure 17. Block diagram of flexure mounted voice coil actuator driven by a current source.
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Support Flexures

The actuator and the load attachment point are supported by a pair of flexures. The
flexures are two identical thin diaphragms. Their purpose is to guide and limit actuator travel. A
pair of flexures is used to ensure linear motion of the magnet relative to the coil in the presence
of moments, or off-axis forces applied to the load attachment point. The flexures are compliant in
the axial direction and stiff in all other directions. The coil to magnet clearance is only 0.381 mm
(0.015"). Should the magnet and coil rub measurement inaccuracies would be introduced due to
frictional forces, as well as potentially damaging the actuator.

The other function of the flexures is to keep the reference surface normal to the
measurement axis of the displacement sensor. The reference surface determines the plane from
which displacement measurements are made. Rotation of this surface would introduce errors into
controlling the load position. A single diaphragm was initially considered, however, it was not
stiff enough to ensure that the reference surface rotation would not introduce significant error.
The reference surface will be defined to be the top of the load attachment "button” shown in

Figure 18.

applied load

Pa, axial load component
upper diaphragm flexure

Pe, transverse cof

load attachment "button"

lower diaphragm flexure

Me, moment abofit diaphragm

Figure 18. Schematic of a double diaphragm support with an applied load with an offset, A, and
angular misalignment, 0.
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Three loads need to be considered in designing the flexural support. The axial load

imposed by the specimen, transverse loading along the plane of the diaphragm, and a moment
about the diaphragm plane. The first load is the desired loading from the specimen. The last two
arise from errors in mounting the specimen. The loads are illustrated in Figure 18. The transverse
component and moment shown in the figure arise as a result of the load offset and angular
misalignment.

The analysis will begin with presenting the equations relating the deformation of a
diaphragm to applied loads. The deformation, x, of a diaphragm due to an axial load, P,, is given
by

x=P,9d, 2.7

where 3, is given by [ 21]

2 2.2 2
O0a= %[1{2 o ;2R_rr2 (m—lri) } where m= % (2.8)
d, represents the deformation of the diaphragm to a unit load in the axial direction. R is the
diaphragm's outer radius, r is the inner radius, t is the thickness, E is the modulus of elasticity,
and v is Poisson's ratio. The deformation of a diaphragm under a transverse load, P,, is given by
Y=P5, (2.9)

where 6, the deformation of the diaphragm to a unit load in the transverse direction, is given by

[22] as

B-v)A+Vv)|, R (1+v\?| R2—r?

¢ 4n Et r \3-v R2+r?

The deformation of a diaphragm due to a moment applied to its center is given by
=M1, 2.11)

where 0, the deformation of the diaphragm to a unit moment is given by [22] as
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nEt® R+r?)

2 o (2.12)
13=3(1 V)(IHE—Rz r)
7

The analysis of the double diaphragm flexure is based on analysis by Malikov et al [22].
A diagram outlining the geometry of the problem is shown in Figure 19. P,and M, as shown on
the drawing are the loads introduced due to misalignment of the load applied at point A. The
element shown by line AB is the rigid element connecting the two diaphragms. This element will
be stiff enough, in comparison to the diaphragms, that ignoring its flexibility will introduce
minimal error. As pointed out earlier the two diaphragms will be identical, simplifying the
analysis. In the analysis deflections will be assumed to be small allowing linear superpositioning
and small angle approximations.

The deflection of the flexures due to moment M, will be considered first. The influence
of P will be considered separately. The forces and moments P{, Mj, P2, M» arise from the
diaphragm deformation. The problem is statically indeterminate requiring application of

geometric constraints to solve. By summing forces in the radial direction we can write

P{-Pp=0 or Py=P, 2.13)
For that to be true
Y,=Y; (2.14)

By summing moments about point A

M+P;d=M;+M,+P5(1+d) (2.15)
By noting that the center bar is rigid we can state that

01=0, (2.16)
and therefore

M;=M, (2.17)

Because the rotations and deflections are small, the approximation
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Figure 19. Diagram for analyzing deflections of the support flexures.
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91=Y1/C (218)

1
can be made with good accuracy. Because Y=Y), c=§l allowing equation 2.18 to be rewritten

as

"oy 2.19
0= o

Utilizing the relationships in equations 2.9, 2.11, and 2.19, the moments can be rewritten in
terms of the forces

M]=M2=ﬁ = 2—Y1 = 2H8t (220)

9 91 o1
Using equation 2.20, the summation of moments, equation 2.15 can be rewritten as

(2.21)

4B3 ,
M, =—t+B(+d)-Bd~F].

B9,

Dropping the term in equation 2.21 is justified because it is much smaller than

the other terms. With the result of 2.21 it is now possible to state that for a moment loading about
the specimen mount

9 (2.22)

M M
Y1,2=785z and 91,2= Y(fst)

A similar analysis will now be performed for the transverse force loading Pe. By
summation of forces we can write

P,=P.+P, (2.23)
and similarly by summation of moments about point A

M +M,+P,(1+d)-P;d=0. (2.24)
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Because the bar is assumed to be "infinitely" stiff, there exists the geometric constraint 6,=6,,

Y.
therefore Mj=M,. As in the previous analysis it is possible to write 61=02=—L. The moments
c

can now be defined in terms of c and Y :

Y, 2.25

M =Mp=—L. (2.23)
‘ ct

The problem with the above definition is that ¢ is unknown. This is unlike the previous case of

determining the deflection caused by a moment where P; and P, were of equal values and hence

Ay and A, were equal. Based on similar triangles (see Figure 19) we can write

1Y, (2.26)
Cc= .
Y1 + Y2

By using equations 2.9 and 2.26, equation 2.25 can be rewritten as

P3,+Pd (2.27)

By substituting 2.27 into 2.24 and noting that P;=P.+P,, equation 2.24 can be rewritten as

45 25 (2.28)
P,(1+—t)=P(d-1t)
H( o )=F( 5 )
.8 . : :
The terms containing Iy are small, allowing them to be ignored. So now we can write
B=P d ’ (2.29)
l
and similarly Py is found to be
+ 2.30
p=pitd (230)
l
The deflections and rotations of the support flexures can now be determined:
1+d 231
Yl = Pe —1— St ( )
d 232
Y,=F "I‘St 232
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1+2d 5 (2.33)

1_2 :

e1,2 =P,

The support flexures were designed to be fabricated from 0.127 mm (0.005") thick brass
sheet. They have a nominal outer diameter of 80 mm (3.15") and an inner diameter of 25 mm
(1"). The diaphragm separation, 1, is 57.2 mm (2.25"). The load attachment button height, d, is
25.4 mm (I"). The diaphragms are calculated to have an axial stiffness, 1/8,, of 2900 N/m, a

transverse stiffness, 1/3;, of 140x10¢ N/m, and a rotational stiffness, 1/9, of 102x103 Nm/rad.

The compliance matrix for the system is given below.

_4
x(m)] |8.45x10 0o o I[E®™ 234
ym [=| 0 102x1078 125x1077 || P (N)
8 (rad) 0 2.31x1077 4.37x10°% || M_ (Nm)

The double diaphragm construction achieves stiffness in all but the axial direction. The resultant
system natural frequency is 27 Hz (167 rad/sec). These values are for small displacements, on the
order of one-half the diaphragm thickness (64 pm or 0.0025"). For small axial displacements, the
load is supported by bending. As the displacement increases, part of load is carried by the

diaphragm in direct tension [21] stiffening the diaphragm.

Displacement Sensing

Non-contacting displacement sensing was chosen to measure the voice coil position.
Strain gages attached to the support flexures were initially considered to measure displacement.
Strain gages have been successfully used to measure sub-micrometer motions [17]. Strain gages
were, however, rejected because they could be subjected to significant overloads when loads are
attached to the sensor. Strain gages could also introduce errors due poor mounting orientation, or

a poor bond to the flexure. Capacitive and linear variable displacement transducers (LVDTs)
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were compared. An LVDT was selected because of its low cost ($70), linear response, and the

availability of a single chip combined excitation source and conditioning circuit.

The LVDT selected is a Schaevitz HR-200, a general purpose LVDT with a £5.08 mm
(£0.200 in) linear range. This range while significantly larger than that required greatly
simplifies mechanical alignment. Excitation and signal conditioning are provided by an Analog
Devices AD-598 LVDT signal conditioning chip. Unlike conventional LVDT signal conditioners
it uses a ratiometric signal conditioning scheme. The conditioning chip takes the rms amplitude
of the signal from each secondary winding. Let V, and V, represent the rms voltage of each
secondary winding. The following transformation is then performed:

V,-Vy (2.35)
Va + Vb

Vout =G X
Where G is the overall signal gain provided by the signal conditioner. This scheme has the
advantage that it is insensitive to excitation voltage variations and phase shifts. A complete
explanation of the signal conditioner operation is given in the manufacturer data sheets [23].

The complete circuit of the LVDT and signal conditioner is shown in Figure 20. The
circuit component values were arrived at by following the design procedures given by Analog
Devices in the AD-598 data sheets [23]. The LVDT and signal conditioner combination has a
sensitivity of 4 mV/um, a ripple of 0.5 mV rms, and a bandwidth of 3000 Hz. A high bandwidth
was chosen to prevent phase shifts from the transducer from adversely affecting the phase
margin. An analysis was not performed to see the effect of a noisy displacement signal has on
instrument performance. The manufacturer specifications for the AD-598 did not give a noise
density information. The only information given was total rms noise content.

The effect of gain variations due to aging or other environmental influences can be

compensated by implementing automatic recalibration. With no load attached to the load cell, a

known current is sent to the voice coil. The support flexures deflect a set amount from the force
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exerted by the voice coil. The displacement signal is measured and the displacement transducer
adjusted. The drift in the zero of the displacement transducer due to environmental conditions
can be compensated by re-zeroing before each use. With a micro-processor based instrument this
is a simple procedure which can be implemented in software. These ideas are offered as possible

improvements for a next generation instrument and will not be implemented in this prototype.

Heat Transfer Analysis

A heat transfer analysis was conducted to ensure that the actuator does not overheat in
use. A transient, lumped mass analysis was conducted to determine component temperature as a
function of time. Two finite element analyses were conducted to verify if the assumption of
uniform internal temperatures required for lumped mass analysis was valid and to ensure that the
actuator coil did not have any hot spots. Finally, a finite element stress analysis was conducted to
verify thermal deformation of a subassembly. The actuator coil has a maximum rated power of
51 watts and a maximum allowable temperature of 155°C.

For the transient, lumped mass analysis the instrument was broken down into four
elements. They are 1) the sensor body; 2) the center post; 3) actuator moving magnet and the
upper diaphragm retainer; and 4) the actuator coil and actuator mount subassembly. The overall
instrument assembly can be seen in detail in the mechanical design section. The thermal capacity
of the air in the internal air gaps was ignored. An initial simplified analysis indicated that the air
gap temperature would be within a few degrees of the actuator coil temperature justifying the
preceding assumption.

For a lumped mass analysis to have a small error, the Biot number should be small, less
than about 0.1. The Biot number is a dimensionless number giving the ratio of internal to
external heat transfer resistance. The component with the largest Biot number was the sensor

body with a Biot number of 0.005. The convective heat transfer ratio, h.., was calculated to be
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5.4 w/m2K. Radiative heat transfer was included by determining an approximate radiant-heat-
coefficient h,,

h,=AeF; (2.36)
where A is the surface area, € is the emissivity, and F, is given in Figure 21.

The overall heat transfer coefficient h is the sum of h, and h,. The equations are derived
by writing an energy balance for each lumped mass element:

Ainternal energy during interval d6 = heat flow in - heat flow out (2.37)
The general equation for the temperature of the ith element is

(2.38)

dTj _ -
CpiVige — Ot %%Aij('ri ~ 1) - T hy Ay (T - o,

where C; = specific heat of element i
p; = density of element i;

Vi = volume of element i;

dT

Ty = temperature rate of change;

q;= heat generation rate of element i, only the coil has a non-zero value;

by hiinj(Ti - 'I}) = the heat transferred from elements j to element i;
j

by hikAik( ’I‘1 - Tk) = the heat transferred from element 1 to elements k;
k

This gives a system of differential equations that can be solved for element temperatures.
A system of four differential equations, one for each element, was programmed in MATLAB™,
The resulting temperatures as a function of time are in Figure 22. The initial conditions for the
results shown in Figure 22 are a coil power of 44 W or a current of 1.17 A and an initial
temperature of 294 K (70°F). This current value ensures that the actuator coil does not overheat
when steady state conditions are reached. Figure 23 indicates the time to reach the maximum

allowable coil temperature as a function of current.
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Following the above analysis a thermal finite element analysis was conducted. The
analysis was done using ELCUT a 2-D finite element analysis program for MS-DOS. The two
parts analyzed were the actuator mount assembly and the center post assembly. The actuator
mountassembly consists of the actuator mount and the fixed section of the actuator. The fixed
actuator secfion in turn consists of the coil windings and the actuator frame. The center post
assembly consisted of the center post, upper diaphragm retainer, the actuator moving magnet, and
the lower diaphragm retaining nut. The parts were modeled as axisymmetric sections. The
boundary conditions for the actuator mount assembly were an internal heat generation of 4.4 W,
a surrounding ambient temperature of 420 K, a heat transfer coefficient of 7.5 W/m?2 K. The
boundary conditions for the center post assembly were an ambient temperature of 420 K for the
surfaces adjacent to the actuator coil or within the sensor body, an ambient temperature of 294 K
for the surfaces exposed to the atmosphere, and a heat transfer coefficient of 7.5 W/m2 K. The
results of the finite element analysis can be seen in Figure 24. The validity of the assumption of
uniform temperatures made in the lumped mass analysis can easily be seen. There is no more
than a few degrees of temperature variance in the components.

Finally the overall thermal elongation of the center post and upper diaphragm retainer
assembly was calculated tc; be 0.074 mm. A finite element analysis, using ELCUT, of the center
post assembly thermal strain indicated an overall deformation of 0.076 mm. The center post was
again modeled as an axisymmetric section. These values indicated that some redesign of the
LVDT mounting was required. As originally designed the LVDT core was suspended off the
bottom of the center post. The large thermal drift of the core position negates the advantage of
having a sensitive LVDT. The redesign involved mounting the LVDT off the top of the upper
diaphragm retainer. In this position the LVDT can accurately measure the load attachment

position of the load cell despite thermal elongation of the center post.
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Actuator Power Supply

The initial power supply design considered used an Apex PA-10 op-amp configured as a
voltage controlled current supply (VCCS). Calculations, however, showed that using the PA-10
by itself would result in significant output offset current and output current drift. The output
currentoffset would be 7.9 mA, and the output current drift 0.03 mA/°C, due to the PA-10
characteristics. The output current offset is not critical because it can be nulled, drift is another
issue. Output current drift in this application is indistinguishable from a change in mechanical
loading of the load cell. A drift of 0.03 mA/°C causes the apparent loading of load cell to change
at the rate of 0.03 N/°C as the PA-10 warms up.

The final actuator power supply schematic shown in Figure 25 is a VCCS. It uses two
op-amps: a precision op-amp, an Analog Devices OP-07, to control the circuit, and a power op-
amp, an Apex PA-10, configured as a unity gain buffer to provide the output power. The buffer
using the PA-10 has O db gain out to 1 MHz, at which point the response rolls off at 20
db/decade.

The DC power supply transfer function is

V,.R 2.39
I =- ﬁan givenR_ << R, R, @)
s

The resistors Rcl, shown in the schematic, limit the current output of the circuit to +1 A.
Because the load is reactive and in the circuit feedback loop the additional components C and
R are required to stabilize the closed loop. Graphical techniques offer a rapid method for
determining closed loop stability for an op-amp circuit. The op-amp open loop gain, A}, and the
inverse of the voltage feedback fraction, 1/B, are plotted together. In our case, A is the open
loop gain of the OP-07 multiplied by the closed loop gain of the buffer and is shown in Figure
26. To ensure stability and good phase margin the rate of intersection of A, and 1/B should be

less than 20 db/decade.
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Figure 25. Actuator power supply schematic.
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For the feedback path through the load

load ™| 359% 10w + 4.20 \ 2kQ + 4kQ )’

As can be seen in Figure 26 the rate of closure at the intersection of Ay and 1/)5,4 is 40
db/decade which indicates instability. To ensure stability, compensation will be required so the

values for Cs and R need to be determined. Apex makes the following recommendations

fordetermining the compensation required:

1. The compensation feedback curve, I/Bcomp, should intersect with Ay 20 db lower
than the point of intersection of 1/B,,4 With A
2. The compensation feedback should have a corner occurring at a frequency at least an

order of magnitude lower than the intersection of the compensation feedback with
Ag[25].

Using the guidelines above IIBCOmp is set to 20 db and fie, is to 500 Hz. The

component values are now calculated, Rf=12k€Q and Cf=27nF, giving

s __ _13%0
= 241
cmp 1 13330 241
2o
168
50
-]
~
£ 8
-]
(4]
-50

i i i ] i 1 1
i6-1  1p@ 181 182 183 ie4 185 186 iae? 1@8

Frequency (rad/sec)

-190 L

Figure 26. Open loop frequency response characteristics of cascaded op-amps and feedback
paths.
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The plot of 1/[300mp is shown in Figure 26. The rate of closure is now 20 db leading to a stable
response. The closed loop response of the circuit is shown in figure 27. The circuit was
determined to have a 50 db gain margin and 80° phase margin.

The load cell accuracy is affected by offset and drift voltages and currents. As pointed
out earlier, the PA-10 by itself did not have suitable characteristics for a precision circuit. The
OP-07 was selected because of its low offset and offset drift. Typical offset characteristics for
the OP-07 are listed: offset voltage, V=10 uV; offset current, I,4=0.3 nA; bias current, [,=0.7
pA; offset voltage drift, TCV 4=0.2 uV/°C; offset current drift, TCI,(=5 pA/°C; and bias current
drift, TCI,=8 pA/°C.

The output voltage offset as a function of the op-amp offset and bias voltage and current

is given by
V,=—(v_+L(R,-R_)+LR_) (2.42)
B dc

where R, and R_ are Thevenin equivalent dc resistances associated with the input terminals, and
Bgc is the dc feedback. For this circuit $3.=0.079 and R.=1.33kQ. As can be seen from the
equation above output offset can be minimized by setting R,=R_. The output offset is
nowcalculated to be 10.4 uV. Because the force is determined by measuring the current through
the actuator this is calculated to be a zero offset error of 0.004 N. This error is not very
significant because it can be corrected for by calibration, a more serious error is output drift. This
can be calculated to be 2.6 uV/°C corresponding to a measurement drift of 0.001 N/°C. This
circuit design gives an order of magnitude improvement in drift error over the initially analyzed
circuit, the PA-10 alone serving as a VCCS.

The offset and drift can be reduced further by using a chopper stabilized op-amp, such as
the Maxim MAX-430 with Vos=5 uV and TCVos= 0.05 pV/°C. This would reduce the

measurement drift to 5X10-3 N/°C. Another step that could be taken to further reduce drift is to
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place the precision op-amp in a temperature controlled "oven." These steps are pointed out for
completeness and will not be attempted in the course of this thesis.

Another source of error is noise in the op-amp circuitry. The input referred noise spectral
density for the OP-07 and PA-10 can be found in the manufacturer data sheets in the appendices.
This data will be used to calculate the output power noise spectral density and rms noise. Op-
amp noise is modeled by treating the op-amp as being noiseless and having an equivalent input
referred noise source. The equivalent noise model for the actuator power supply is shown in
Figure 28.

Given the frequency response function of a system H(w) and an arbitrary input with
spectral density S(w) it is possible to determine the system's output spectral density, S,(®) by the
following relationship

So(@)=H(w)I2S(w) (2.43)

The rms output over a given frequency range is given by

Vo,rms = J Jff’ IH(0)P S(w) df (2.44)

By examining Figure 28 it can be seen that the noise introduced by the PA-10 can be
ignored because of the low gain applied to that noise signal. Agp_y7 is very large and Bfeedpack
is relatively constant, therefore the gain, H(w), on the OP-07 input referred noise is
approximately 1/Bgeedhack=12.6. For the OP-07 the following noise information is given by the

manufacturer:

1. for 0.1 to 10 Hz input noise voltage is 0.6 Vo,
2. at 1 kHz the input noise spectral density is 11 nV/vhz.

From this information the noise spectrum can be approximated as

15 2
_lox10 o s VP (2.45)

0 hz

S(w)
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Figure 28. Equivalent noise model for the power supply.
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By substituting the value for H(w) and equation 2.42 into 2.41, the rms noise voltage, for the
frequency range of 0.01 to 5000 Hz, is calculated to be 0.01 mV rms. This leads to a noise
current of 0.03 mA rms through the actuator. The Johnson (thermal) noise and input noise
current were ignored in the calculation because of the relatively low circuit impedances. The
standard deyiation of the force measurement error due to op-amp noise is calculated to be 33x10"
ON. The measurement error from offset voltages is 0.004 N and from drift is 0.001 N/°C. It can

be seen that the dominant error source from the power supply is due to offset and drift.

Control System Design

The control system integrates all the previously discussed components into an operating
instrument. The block diagram model of the load cell is shown in Figure 29. The ideal
requirements of the control system are 1) to maintain zero displacement under applied loads thus
resulting in zero compliance and 2) provide and output signal proportional to the applied load.
Because this is a proof of concept instrument a simple analog controller will be designed. The
transfer function and physical realization of the controller block meeting the above requirements
will be determined in this section. The open loop response of the plant, the series connection of
the mechanical response, transducer, power supply, and actuator gain, is shown in Figure 30. The
system's mechanical resonance is at 167 rad/sec (27 Hz). A damping value of c=1.7 (i.e. £&=0.05)
was assumed. Notice the large phase shift associated with the mechanical resonance. The large
phaseshift around 10000 rad/sec is due to the power supply and transducer response.

A simple controller for this system is an amplifier in series with a bridged-tee circuit for
pole-zero cancellation of the mechanical resonance. A bridged-tee circuit was designed with a
complex pole pair occurring at 100 rad/sec. Because of the difficulties associated with
maintaining exact pole cancellation the cancellation network was deliberately designed to not

exactly cancel the mechanical resonance. The difficullties causing inexact cancellation include
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Figure 29. Block diagram of load cell.
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plant aging and plant uncertainty. The cancellation network is shown in Figure 31. The

compensation network's transfer function is

V,.(s)  1+2RCs+C’RR,s’ (2.46)

V.(s) 1+C(R,+2R)s+C*RR,:

o

The open loop response resulting from the addition of a bridged tee compensator is
shown in Figure 32, along with the uncompensated response for comparison. The responses in
Figure 32 are shown in a log magnitude versus phase plot because it allows the gain and phase
margins to easily be seen. The uncompensated system has negative gain and phase margins. The
addition of the compensator increases the gain margin to better than 35 db and the phase margin
to better than 90°. The loop gain can be increased by 25 db and still leave adequate gain and
phase margins. The system was determined to be stable using the Nyquist criteria.

Having devised a stable system we now examine its closed loop response. Although
quantitative criteria have not been set, the desired response is minimal displacement and accurate
tracking of the applied force by the actuator current. The actuator current is the measured signal
which is to be proportional to applied force. The relation between current and applied force is the
calibration factor. The static closed loop compliance was calculated to be 6.2 um/N. The static
closed loop calibration factor was calculated to be 0.9 N/A. The closed loop frequency responses
of compliance and calibration factor are shown in Figure 33. The time response of the load cell
to unit ramp load, force (N)=time (sec), is shown in Figure 34. A unit ramp load was chosen
because it is most representative of the loading applied in the intended application of tensile
testing. Figure 34 shows the load cell displacement, actuator current, and measurement error as a
function of time. The effect of noise sources has not been taken into account. The measurement
error shown in Figure 34c is due solely to system dynamics without noise considerations. The
solid line in figure 34c plots the measurement error assuming that

input load=actuator force=Kgxcurrent (2.47).
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This assumption is not correct. For static equilibrium of the load cell's moving mass, the force

balance is given as
input force=actuator force+spring force (2.48)
=KxI + kxx
The dashed, line in Figure 34c plots the measurement error if equation 2.47 is used to determine
the applied load.

Can the load compliance be further reduced? By adding a lag-lead compensator in series
with the gain and pole-zero cancellation already in the controller it can be. Although it will not
be implemented, this solution is of interest for future developments. Over a limited bandwidth
the lag-lead compensator acts as an integrator. An integral controller tries to force the integral of
the error to zero, minimizing static errors. A true integrator is not used because integrators can

have difficulties with saturation. The controller now becomes

gain.....lag—lead.... pole- zerocancellation

s+12 s? +10s+10000 - (2.49)
s+0.012 s? + 2010+ 10000

The resulting system compliance is now 0.01 um/N.

57



SECTION 3: EXPERIMENTAL AND SIMULATION RESULTS

Introduction

This section presents test results of the completed load cell. The actual load cell deviated
from the idéal linear system. The electronics in the system had near ideal behavior: low noise and
good linearity. The mechanical system, however, had significant hysteresis. The mechanical
hysteresis was the largest source of discrepancies between the ideal system analyzed in the
previous section and the actual system. Test results of the individual sub-systems are presented
then the results of the entire assembled instrument. DC electrical measurements were made using
a BK 388A multimeter. Dynamic electrical measurements were made using an HP 3562A
dynamic signal analyzer.

Because the mechanical system had significant deviations from an ideal system, the
results of a numerical simulation are presented. The simulation includes noise and non-linearities
of the electronics and the actuator but has an ideal mechanical plant. This models the best

performance that could have been achieved without any mechanical non-linearities.

Power Amplifier Calibration
The output current of the power amplifier as a function of input voltage is plotted in
Figure 35. As can be seen in close-up plot there is some hysteresis. The power supply was

designed to have a transfer ratio of -2A4,;/Vin, The achieved transfer ratio was 1.996. The

power supply was designed to limit the current at 1 A to prevent overheating the actuator. As
built it limited the current to +0.8 A and -1 A. Adjusting the current limit is a matter of changing
the current limiting resistors. They are shown in Figure 25 in the Design and Analysis section.
They were not changed because the as built current limit would not affect testing of the

instrument.
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Figure 36 gives the noise power spectral density and the noise distribution over a 5 kHz
bandwidth. The measured rms noise current through the actuator was 0.5 mA as compared to a
calculated value of 0.003 mA. The reasons the estimated noise and measured noise levels do not
correspond are 1) the noise calculation gives at a best an order of magnitude estimate [26] and 2)
shielding and isolation were not built into the circuit allowing it to pick up external noise. The
bandwidth of the amplifier as designed was 1500 Hz. Initial testing showed it was considerably
lower. The resistor Rf was changed from 2 kQ to 2.8 kS slightly increasing the amplifier's
bandwidth to 300 Hz. Figure 37 shows the frequency response function of the power supply with
the 2.8 kQ resistor. The actual bandwidth of 300 Hz does not match the as designed bandwidth

because of stray capacitances, inductances, and resistances present in real components.

LVDT Calibration

The LVDT calibration, voltage output as a function of input displacement is shown in
Figure 38. A close-up of the calibration curve shows the LVDT hysteresis. The LVDT has a
range of 5000 pum, it was only calibrated over a range of 2500 um because its full range was not
required. The calibration constant is 2770 V/m. The noise spectrum and noise distribution
histogram are shown in Fig 39. Noise spikes can be seen at multiples of 10 kHz. The LVDT

excitation frequency was set at 10 kHz and the noise spikes are excitation signal leakage.

Mechanical System Testing

The assembled instrument is shown in Figure 40. The mechanical performance of the
instrument was compromised by the non-linear performance of the flexures. The mechanical
flexures as initially fabricated had a significant curvature, rather than being flat. The flexures are
fabricated of brass sheet. The curvature was probably due to residual stresses in the sheet from
the rolling operation to produce the sheet stock. The instrument was assembled and tested. The
flexures rather than deforming elastically when loaded would pop audibly and move to the
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a) view looking into sensor body. Upper flexure is not yet mounted. Visible in the center of
the picture are the actuator and the center post.

b) view of assembled instrument. Note the LVDT mounted on the side.

Figure 40. Photographs of instrument.
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extreme position of their motion range. The flexures were at this point unusable. To remove the
curvature they were oven annealed at 260 °C for one hour.

The instrument was reassembled and tested. The deflection as a function of load for the
annealed diaphragm was measured. The diaphragm performance was improved by annealing but
still exhibitgd considerable hysteresis. Gibbs suggests cutting slots into instrument diaphragms to
improve their linearity[27]. This was attempted. Unfortunately, it did not improve performance.
The slotted diaphragm is shown in figure 41. The plot of the load-deflection curves comparing
unslotted and slotted diaphragms is shown in figure 42. Slotting the diaphragms reduced the
stiffness slightly. The mechanical resonant frequency with unslotted diaphragms was 37 Hz. The
calculated resonant frequency was 25 Hz. The discrepancy arises due to the flexures stiffening
for large deformations (i.e. motions larger than one-half the diaphragm thickness). Slotting the
diaphragms lowered the resonant frequency to 25 Hz.

The final attempt to improve flexure performance was to apply a dither signal to the
actuator. The reasoning was that if the hysteresis was caused by stick-slip friction at the bolted
interfaces maintaining the flexures in continual motion would minimize the effects of stick-slip.
This idea was tested by applying a 125 Hz sine wave to the actuator as the dither signal. The
dither signal frequency was chosen to be higher than the natural frequency to avoid causing large
displacements of the load attachment point. The sine wave signal introduced a varying load on
the flexures. A DC offset was added to the signal to simulate the effect of a constant load on the
flexures. The effective load applied was determined by calibration data for the actuator. The
results of this test are shown in Figure 43. Applying a dither signal did not improve linearity of
the flexures. Although the results are not presented here, a 40 Hz dither signal was also tested. It
also resulted in no improvement in performance.

The effect of the hysteresis was to result in a plant whose response varied with excitation
signal amplitude. The plant response was determined by exciting the power amplifier signal input
with a sinusoidal voltage signal and measuring the output signal from the LVDT signal
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Figure 41. Photograph of slotted flexure diaphragm.
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conditioner. Figure 44 shows the plant response for three different excitation amplitudes (145
mV, 170 mV, and 250 mV excitation amplitude). Note the changes in plant response with
excitation level. The frequency response function (FRF) was determined by using the signal
analyzer to excite the system and measure its response. The frequency response testing input was
the power amplifier and the output was the LVDT signal. The illustrated FRFs are for the power
amplifier, mechanical plant, and LVDT in series. At low frequencies (<100 Hz), the electronics
do not significantly affect the FRF other than by shifting the gain. The electronic dynamics are
essentially invisible at low frequencies.

A transfer function was fitted to the data from FRF for the 250 mV excitation. This FRF
was used for fitting because it most closely modeled the response of a second order spring mass
system: 180° phase shift at resonance. This implied that this FRF was the least "contaminated"

by nonlinear effects. The fitted transfer function is given by

292x10* (3.1)
52+19.25+221x10*

the discrete data points used fit the transfer function and the fitted transfer function are shown in
Figure 45. The fitted transfer function will be used later for simulation. The electronic gains will

be factored out to give the response of just the mechanical plant.

Complete Load Cell Testing

The test results of the completed load cell are discussed in this section. Due to the
significant mechanical non-linearity initial analysis and simulation were conducted to determine
if the instrument could still work. The main concern was that the instrument would limit cycle
and be unable to operate stably. Numerical simulations were done using a block diagram
stmulation language, VisSim. A system is modeled in VisSim by graphically selecting and then
connecting blocks. The blocks can represent a variety of linear and non-linear operators. A block

diagram used to simulate the load cell is shown in figure 46.

69



200. 09
200. OY

Y=408. 718mdB

200. 09

200. 09
200. 09
200. 09

~-d4---F-F¥--1 RPN SN PR QUG
R N B 1 S NS VDN | BN i e el oed § Geb 227 o] pags bulel el ) Qubes II3::
- - DS R | S s B it § S g 223 D DU Wpuie | Qe put iupupt iy e
[ S p Q. |n|v||w|c -4 RPN PRI SN U PR S | R g DR RS RN § S [ PR, - -
R N VN S DN FRUDEN A JEUNY G PRI SR K 29 [ R .
4 L - --1-- --d---}L - RIS R -~
P I S U O P A (R PR ¥ Ay Y -eq---H--1--4 PR PN A S PR FEPN 145 S
PRGNS NP I Qe [EREgE (RPN S pu PR Py | N S --d-
- - 2 Rt Y S IR AP N
A SN 14| W W R A R4 S SRS 148 "SR NN I R Y4 N T
EE IR PRy S P O ) e T .
- Rt AR TR N - - R JERR A Bl e bl st s |

Log Hx

Log
Y=408. 7 18mdB8
VAN

Y=30.0 o8
Log Hx
Coag Hz
Log H=x

180

70

Log Hz

unas

Ya=-8. 86869 o8
FREQ RESP

X=100. 53 Hz

30.0!'— :

oan

-80.0
Fxa Y
Pnosa

Dag

-180
Fxd Y

a) input voltage 145 mV

X=1. 0045 _Hz
30.0

o8

-30.0

FREQ RESP
1.
Q73
RES
E—

Dag

-180
Fxd ¥

b) input voltage 170 mV

FREQ R

X=1. 004
30.0

Ya=504
o8

1~
['S

Fwd Y 1. 00aS

~30.0
Yt

Phosa

Oag

-180
Fmet ¥

<] DRSO N I G fubads a1 b el b el it s I S gy APD GRp
- I TN KPS B R M 213 A ) A ey o N 2 P el Gy
e N SN S S PR 4 D FUN S T —- deg-cnpa-i--d
PR PR S 1 S R U R S EEE EEET 3 B B c=fl-e-pe-t-~ Lk LEE SRS P L IR LR Spupiy PR
N . N A e [SpN PR G P g AP PR, Sy D S BN SN [ PR SR S S
,.s R S & .o 4 RS NP SNy G RIS PR PR G Jogd--p--)-]
- -} -} --.-4..0 [ RN un.ﬁ @ o ] m_
S 3 L P U T U S ) QUDIDS NRpES SR G ) v j--d-. o
905 o <0 < NE T L e e
o0 C m 0 Q| [s] Ioaq *
- X A IN <] Gl ~ 0 <@
< w, . -y o)
I ~ . X
i . . . -
- n_u [lle]o)
oy H -
> 0
»

¢) input voltage 250 mV

Figure 44. Open loop frequency response as a function of input voltage.



-
o

Gain dB
©

Bode Plot

T T I B W 1 I N L 1

191 182

Frequency {(rad)

Phase deg

i fl [ S S N 1 1 | ] 1 TS " TR W W WO I §

181 182 183

Frequency (rad)

Figure 45. Comparison of experimental and fitted frequency response.

mechanical plant model
(Newtons) & ¥ (meters)
1
+ 473934 > ﬁ ‘
11.91943 22056.9 Fmeress

A power amp signal amp Volts; LVDT gain
— T80 e [le—{Tle—— {770}«
—{ actuator current | -~ J

Figure 46. VisSim block diagram simulation of the load cell. The mechanical hysteresis and
signal amplifier clipping non-linearities are included in this simulation.

71



To close the feedback loop in the instrument a signal amplifier was placed between the

output of the LVDT signal conditioner and the input of the power amplifier. The signal amplifier
has adjustable gain. The initial testing and simulation did not include the pole-zero cancellation
network designed in the design and analysis section. Because of loading effects the output of the
signal amplifier output clipped at 300 mV. The saturation could have been removed by
changing the resistor values on the input to the power amplifier. This was not done because the
simulation indicated that eliminating the clipping would increase the limit cycle amplitude. This
was also verified experimentally, though data was not collected because the limit cycle amplitude
was large enough to damage the instrument making testing impractical.

Table 5 compares limit cycle amplitude and frequency as a function of signal amplifier
gain. The table presents both experimental and numerical simulation data. Both the simulation
and experimental data show that the limit cycle amplitude and frequency are independent of the
signal amplifier gain and that there is a gain setting below which the system will operate stably.
The simulation and experimental data however are not in agreement with each other on the limit
cycle amplitude and frequency. The reason for this is that an empirical model of the mechanical
plant is used in the simulation. This model does not fully capture the dynamics of the real
mechanical plant. Unmodeled dynamics include stick-slip and spring hardening. Spring
hardening at large deflections would raise the natural frequency and minimize displacement. The
simulation predicts that during limit cycling position as a function of time is a sine wave. Figure
47 shows test data of position as function of time during limit cycling. Notice the significant
distortion from a sine wave. For comparison, the behavior of the system was examined using
describing function methods [20, 28]. Considering only the clipping nonlinearity, determined by
simulation to be the dominant nonlinearity, a limit cycle frequency of 40 Hz was predicted by
describing function methods.

Following the limit cycle testing the load cell was tested to determine its measurement
accuracy and the ability of the control system to reduce its compliance the load cell was loaded
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Table 5. Limit cycle amplitude and frequency as a function of signal amplifier gain.

simulation: experimental:
signal amplifier gain | amplitude frequency amplitude frequency
linear (dB) pm Hz um Hz
0.3 (-10.5) not simulated no limit cycling
1.3(2.3) no limit cycling — not tested
1.4 (2.9 1083 234 not tested
2.6 (8.3) 1083 234 113 34.5
3.9(11.8) 1083 23.4 75 35.3
15 (23.5) 1083 234 75 36.0
49 (33.8) 1083 23.4 83 37.0
122 (41.7) 1083 23.4 109 34.4
CAP TIM BUF
A N a JaY

a4ag. 9 \
m
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Figure 47. Experimentally observed limit cycling.
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with the signal amplifier disconnected, that is with the controller turned off. The deflection as a
function of load was recorded. The nominal load cell compliance without the control system was
333 um/N. The signal amplifier was reconnected and its gain adjusted to 2 (6 dB). The nominal
load cell compliance with the control loop closed was 38 um/N. The control system resulted in
almost a ten-fold reduction in compliance. Both the open loop and closed loop cases were
simulated using VisSim. The experimental and simulation results of deflection as a function of
load are shown in figure 48.

The actuator current as a function of load was also determined experimentally and by
simulation. Ideally the current should be linearly proportional to load. The current being
measured to determine load. Due to the substantial mechanical hysteresis, the current as a
function of load also showed substantial hysteresis. The experimental and simulation results are
shown in Figure 49. The nominal calibration factor is 1.4 N/amp.

The testing to this point did not include the pole-zero cancellation controller initially
designed. The pole-zero cancellation was simulated to determine if including it would improve
the instrument performance. The following results were determined by simulation. The addition
of the pole-controller reduced compliance to 16 um/N. This is because the pole-zero cancellation
allows raising the signal amplifier gain. The nominal calibration factor with pole-zero
cancellation is 1.15 N/A. Actuator current as a function of load, however, still showed
considgrable hysteresis. Because pole-zero cancellation did not improve accuracy, the circuitry to

test it was not built and tested experimentally.

Additional Simulations

A question remaining at this point is what would the system performance have been had the
mechanical plant not had hysteresis? This was determined by simulation. An ideal mechanical
plant and real electronics were modeled. The transfer function determined experimentally was
used to model the mechanical plant. The hysteresis block previously included in the mechanical
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Figure 48. Displacement of load attachment point as a function of applied load.
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plant model was removed. The LVDT model included hysteresis and noise previously
determined experimentally. The power amplifier included hysteresis, noise, and frequency
response previously determined experimentally. The actuator nonlinearity as a function of
current is included. The actuator nonlinearity as a function of displacement, however, was not
included because the deflections are small. The controller used in the simulation included gain
and pole-zero cancellation. Deflection as a function of load for the simulated plant is shown in
Figure 50. The nominal compliance is 8§ pm/N. Current as a function of load is also shown in
Figure 50. The nominal calibration factor is 1.25 A/N. A ramp load was then applied to idealized
load cell. The ramp response is shown in Figure 51. The measurement error shown in figure 51
is given by

measurement error= (3.2)
actual load-Kfxcurrent

Compare this plots to the results obtained for a noiseless system without nonlinearities presented
in the control design section.

As was noted earlier in the control system design section, if actuator current is assumed
to be proportional load the measurement error will be systematically related to displacement.
Some brief consideration reveals the source of the error. For equilibrium of the load attachment
position, the applied load is counteracted by the actuator force, which is a function of current,
and the spring force, which is proportional to the deflection of the support flexures. This reveals
two avenues for reducing the measurement error. The first is to stiffen the system by making
modifications to the controller. The other is to incorporate an error correction scheme based on
the measured current and displacement to compensate for displacement and actuator
nonlinearities.

The system was stiffened by adding a lag-lead compensator in series with the gain and pole-zero
cancellation already in the controller. Over a limited bandwidth the lag-lead compensator acts as

an integrator. An integral controller tries to force the integral of the error to zero,
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minimizing static errors. A true integrator was not used because integrators can have difficulties

with saturation. The controller used in this simulation is

gain.....lag- lead.... pole- zerocancellation

o x _St12 s% +10s+10000 (3.3)
s+0.012 % + 2010+ 10000

A correction scheme was applied to compensate for errors from any remaining displacement and

for the non-linearity in the actuator. The equation for measured load is now

measured load (N)=

current (A)Xcalibration factor (N/A)+displacement (M) (34)
xcorrection term(N/M)+current2xcorrection

term(N/A2)

The resulting system displacement and measurement error in response to a unit ramp
load are shown in Figure 52. It can be seen that the system stiffness has been improved. The
systematic change in displacement as a function of applied load has largely been removed. The
compliance is now approximately 1.25 pm/N. There is some "ringing" with an amplitude of
about 5 um. This could be removed by some additional tuning of the control system or by adding
mechanical damping. Figure 51 shows the improvement in measurement error by adding
correction terms. Even with the improved controller there is still a substantial measurement error
if the error correction is not applied. Application of the correction terms largely removes any

systematic error.
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SECTION 4: SUMMARY AND

FUTURE IMPROVEMENTS

Summary

The; goal of this thesis project was to demonstrate a proof of concept zero compliance
load cell. The concept was developed, analyzed, and tested. The analysis indicated that
significant reductions in compliance could be achieved. The controller designed, gain in series
with pole zero cancellation, was calculated to reduce the load cell compliance to 6.2 pum/N. This
is a reduction in compliance by a factor of three over the best load cell listed in Table 1. The
addition of a lag-lead compensator could further reduce the compliance to 0.01 pm/N, several
orders of magnitude better than the commercial load cells.

The analyzed load cell was then built and tested. The electronics performed as designed.
The mechanical plant, however, had significant hysteresis limiting its performance. Several
attempts were made to reduce the mechanical hysteresis. The diaphragm flexures were annealed,
and slotted with limited improvement. The load cell tested did, however, successfully
demonstrate the concept. It exhibited reduced compliance due to the control system action. The
compliance was reduced from 333 pm/N to 38 pmv/N by the control system tested, a simple gain
stage. The compliance of 38 um/N is of the same order as that of commercial load cells. It was
determined by simulation that the mechanical hysteresis limited the load cell accuracy achievable
with a more sophisticated controller, gain followed by pole-zero cancellation. Therefore that
controller was not built and tested.

Because of the limitations of the mechanical plant simulation studies were conducted to
determine the potential compliance improvements of the load cell without any mechanical
hysteresis. The simulations included the frequency response, noise, and nonlinearities of the
electronics. The mechanical plant in the simulation was the experimentally derived transfer
function given in equation 3.1. The gain with pole-zero cancellation controller yielded a
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compliance of 8 um/N in the simulation, comparable to the analytically obtained compliance of
6.2 pm/N. Adding a lag-lead compensator to the controller improved the compliance to 1.25
um/N, two orders of magnitude worse than the analytically calculated 0.01 pm/N, indicating that
the ultimate performance is limited by the electronic noise and nonlinearities. A problem of the
load cell is,the introduction of systematic errors if load is assumed to be simply proportional to
current. A method of compensating for systematic errors caused by displacement and actuator
nonlinearities was simulated. The simulations indicated that a measurement error of 0.005 N is
achievable with the electronics designed in the course of this thesis if the mechanical

nonlinearities can be eliminated.

Future Improvements

Several improvements suggest themselves for future development of a zero compliance
load cell. The first is to raise the controller gain and flexure stiffness. Consider the simplified
block diagram in Figure 53. If the limiting case of t=eo is considered the position for a unit step is

1 (4.1)
k+G

lim,_  x(t)=
as the stiffness and loop gain increase the load cell stiffness increases. Based on the experience
gained in the development of the load cell previously described, monolithic machined flexures
are suggested. Although they have lower initial fabrication cost, diaphragm flexures fabricated

from sheet metal present a number of practical problems. Monolithic flexures have the advantage

of being inherently stiffer.

applied load | position
~7/\ C-.
Y ms*2+cs+k
L G(S)
actuator force

Figure 53. Simplified load cell block diagram.
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Figure 54. Block diagram of actuators mounted in a push-pull configuration.

To limit the effect of actuator hysteresis, two matched actuators should be used in a
push-pull configuration as shown in block diagram representation in figure 54. The output force
of each actuator is equal to Kf times the actuator current plus some non-linear term represented
by f(i), a function of current. The resultant output force is given by

Force=2KfxI-f(i)+f(i)=2KfxI (4.2)
The non-linear terms have canceled.

To prevent damage to the load cell, overload limit stops should be incorporated. A
schematic representation of the physical layout is shown in figure 55. The load cell designed in
the thesis used a moving magnet actuator to improve heat transfer. Moving magnet actuators
have higher hysteresis than moving coil actuators. A change to moving coil actuators is
suggested. To improve heat transfer in the actuator air gap the use of a ferrofluid is suggested.
They are manufactured by Ferrofluidics Corporation of Nashua, New Hampshire. Their typical
application is to improve heat transfer in loudspeakers. Additionally, heat transfer surfaces
should be explicitly designed into the load cell to avoid over-heating.

Several changes can be incorporated into the electronics. Changing the precision op-amp
in the power supply to a chopper type op-amp, and enclosing the op-amp in a temperature
controlled "oven" would reduce the instrument drift. The electronics built in the thesis did not

incorporate any noise shielding features which would improve the accuracy of the electronics.
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Finally the most significant change in the electronics would be to switch to a micro-processor

based controller as opposed to analog. This would allow automated calibration prior to use.

loading direction

machined flexures

upper actuator

> overload stops

lower actuator

support structure

Figure 53. Schematic of an improved reduced compliance load cell.
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