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Abstract

Low mass, high performance strain rate sensing
technology is presented. This is an enabling sensor
technology for the active control of vibrating structures.
The sensor is based on electromagnetic technology and
has an output directly proportional to strain rate. It either
attaches to or imbeds in a structure. Here, sensor physics
are discussed and its sensitivity equation is derived. We
present strain rate sensing performance requirements
which we have distilled from ongoing structural control
experiment needs. Proof-of-principle experiments
integrate the sensor with a beam structure to measure
beam structural strain rates during oscillatory loading.
The experiments demonstrate favorable strain rate
resolution while measuring 80 pstrain, 0.1 Hz structural
oscillations. Superior resolution is demonstrated while
measuring larger strain rate magnitudes occurring during
16 pstrain, 20 Hz oscillations. Sizing estimates indicate
that sensor mass can be made very small; easily less than
20 grams for the applications we've studied. Key
technical challenges from our ongoing development effort
are also discussed.

Introduction

Proposed future space structures'? establish active
control of structural vibrations as an essential technology.
In recent years, the structural vibration control mission
has motivated significant efforts in control theory
research®, In addition to control theory advances, sensor
and actuator technologies must also be furthered to meet
high precision, low mass mission requirements. The
research presented in this paper focuses on the
development of an enabling sensor technology for
implementing active control on vibrating structures.

Many control theory endeavors assume availability
of displacement and velocity sensors for implementation
of a full state feedback control law*®. In practice,
measurement of position states has traditionally not posed
a problem. A common approach is to use strain gages for
determining position state magnitudes during vibration.
Local strain data can be related directly to eigenvector
magnitudes in the state model. This has been successfully
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applied in numerous experimental investigations.™
Although there has been some reported difficulties with
noise and 60 Hz sensitivity,'® for the most part the results
are good.

Sensing velocity data has not been as successful. In
fact, it is generally acknowledged in the control of
structures community'! that there is a lack of adequate rate
sensing technology. Common approaches for arriving at
vibratory rates include differentiating displacement data
(such as from strain gage) or implementing state
estimators. The noise inherent in these signals renders
velocity data useless. This has been attempted, with
unsatisfactory results many times over the years, ™4

Non-contacting rate sensors have been used
successfully in collocated control loops.'* The non-
contacting rate sensors required an attachment external to
the vibrating structure itself. In general, this is
undesirable; it is also not practical for space applications.
However, the guaranteed system stability of collocated
rate feedback's!” appeals for structurally integral, high
resolution, vibratory rate sensing capability.

The goal of our research effort is to develop low
mass, high performance strain rate sensor technology to
measure structural vibration rates. Strain rate sensors are
currently not commercially available simply because there
has been no prior demand. In essence, real-time strain
rate sensing is a problem unique to active structural
vibrations control requirements.

In this paper, we discuss the strain rate sensor
technology under development at IAP Research. Our
strain rate sensing concept is based on electromagnetic
technology. It is called the Variable Reluctance
Transformer (VRT) Strain Rate Sensor. Our sensor
attaches to or imbeds in a structure, depending on the
application. Its output is a clean, direct measurement of
structural strain rate. We have already demonstrated
concept feasibility. We are currently developing a low
mass, high performance strain rate sensor prototype that
satisfies  structural vibration control performance
requirements.

This paper is divided into five sections. In the first
section, we describe VRT Strain Rate Sensor
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fundamentals and derive its sensitivity equation. We
briefly review its historical roots and compare it to other
electromagnetic-based sensors. Next, we review our
strain rate sensing performance objectives that we have
distilled from ongoing structural control experiments and
spacecraft design needs. We review our proof-of-
principle test results and analyze sensor mass estimates.
The tests demonstrate relevant bandwidth and resolution
capabilities with our sensor concept. The sizing estimates
indicate that sensor mass can be made small: easily less
than 20 grams for the applications we’ve studied.
Finally, we briefly review unresolved technical issues
which govern our ongoing research.

VRT Strain Rate Sensor

Concept Description

VRT Strain Rate Sensor technology is based on
Faraday’s Law. A changing magnetic field in a wire loop
induces a voltage (emf) in the loop. The induced voltage
is proportional to the time rate of change of magnetic flux
in the loop.

A schematic drawing of the sensor concept is shown
in Figure 1. It consists of an excitation and output
winding on two ferromagnetic cores. The ferromagnetic
cores are separated by a small air gap. The two
ferrocores and air gaps form a magnetic circuit. The
magnetic circuit reluctance (resistance to magnetic flow)
is determined primarily by the air gaps. The excitation
coil provides a constant magnetomotive force (mmf) that
establishes a DC magnetic field in the magnetic circuit.
The magnetomotive force can also be provided by a
permanent magnet. The ferrocores attach to a structures’
surface such that surface strain varies the length of the air
gap. Since the mmf is constant, the magnetic field
through the output winding varies with strain. Hence, the
voltage across the winding varies with strain rate.
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Fig. 1. In the VRT Strain Rate Sensor, magnetic field
magnitude is highly sensitive to air gap length.
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The sensor attaches at the outside edges of the
ferrocores. Therefore, the gage length is typically several
orders of magnitude greater than the gap length. The
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"apparent” strain in the air gap becomes the surface strain
amplified by the ratio of gage to gap lengths. This is the
key to low mass designs.

The sensor geometry is very flexible. It need not
have the "square” appearance of the cores in the schematic
diagram. The two important geometric ingredients in
implementing this concept are the small air gap and larger
gage length. VRT strain rate sensors incorporated in
smart strut applications will work with the same physics
but have very different configurations.

Our research on this sensor has so far been a proof-
of-principle effort. The remainder of this paper discusses
results based on the relatively simple geometry of
Figure 1.

Sensitivity Derivation

Faraday’s law is most simply expressed as

dd

dt

v, =N )

where Veou = induced voltage,
N = number of wire turns in output
winding,
[ = magnetic flux in circuit, and
t = time.

Using the chain rule, we can expand the time
derivative of flux to

2

where € strain.
Substituting into Equation 1 gives a fundamental
expression for sensor sensitivity
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where & =  strain rate.

We now examine flux to express it in terms of
physical parameters. Magnetic flux is defined as

mmf

o = C))
R
where mmf = magnetomotive force, and
R = magnetic circuit reluctance.

Reluctance is the magnetic circuit analog of resistance.
For the magnetic circuit in Figure 1, circuit reluctance is
the sum of the core and gap reluctances. Expressing
reluctance in terms of geometric variables gives
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where £, = total gap length,

Ko = magnetic permeability of air
(gap),

£, = total core length,

B =  magnetic permeability of core,
and

A = core and gap cross sectional
area.

The ferromagnetic cores attach to the structure making
gap length, ¢, strain sensitive. Since all strain occurring
within the gage length appears as a change in gap length,
the time variant gap length is written as

¢ = ©)

& lo.’.eLS

where IR

L

nominal air gap length, and
gage length.

3

Since the gage length is significantly larger than the
gap length, magnetic flux experiences appreciable
fluctuations from its nominal magnitude. We represent
the field as a sum of its nominal value and a strain related
perturbation.  Substituting Equations 5 and 6 into
Equation 4, a Taylor series expansion about the nominal
gap length, £, reduces to

O = Pyl - (€K) + (eK)? - (eK)* + ..] (D)
where we define
o, - "‘T':’f ®
and,
K= I—Lf%i_: ©)

The second term in the denominator of the constant
K is simply the ratio of the magnetic reluctances of the
gap and core. In most applications, the core reluctance is
insignificant compared with the air gap reluctance. In
these cases, the denominator of K is approximately 1.
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With this assumption in mind, K takes on more meaning
as simply the ratio of gage to gap lengths; in other words,
K approximates the strain amplification in the gap.

(10)

Returning to our derivation, Equation 7 is
recognized as a binomial expansion which compresses to

o,
1+ ek

o = 1)

We can now more easily evaluate Equation 3 and
arrive at the sensitivity expression,

-KNO®,
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Magnetic flux, ®,, is still a relatively intangible design
variable. Flux can be expressed as the product of flux
density, B, and core cross-sectional area, A,

(13)

where

Bo

Ferro-magnetic materials are relatively linear when their
flux density is below about 2 Tesla (20,000 gauss). We
want to operate in this regime. With flux density limited,
flux is chiefly determined by core area. Making a final
substitution yields a more tangible sensitivity equation,

nominal magnetic flux density.

_ _KNAB, (14)
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There are two important characteristics of the
derived sensitivity to note at this time. First, sensitivity
is directly proportional to size variables. As core area,
number of turns, and gage-to-gap length ratio increase so
does sensitivity. These variables can all be correlated to
an increase in sensor mass.

nominal magnetic field density.

Secondly, sensitivity is inherently nonlinearly
dependent on time-variant strain. Structural strain
oscillations are ninety degrees out of phase with strain
rates. This will tend to distort the output waveform of
our strain rate sensor. This is undesirable. The



magnitude of the nonlinearity is dictated by the gage to
gap length ratio. If this ratio is made unity, the
nonlinearity would have little impact on output waveform.
However, unity gage-to-gap ratio would decrease
sensitivity and adversely affect sensor mass.

Strain amplitudes also dictate waveform distortion.
Stiff structures typically have small strain amplitudes
oscillating at high frequencies. Output waveform is not
nearly as affected in this case as for "softer" structures
where strain amplitudes are relatively high. Post-
processing sensor output is an undesirable option in
dealing with this inherent nonlinearity. Our ongoing
research efforts are examining alternative geometries that
potentially minimize nonlinear magnitudes. For the
remainder of this paper, we assume the €K product is
small enough to neglect. This assumption may not always
be correct, but it does not effect the results of our proof-
of-principle feasibility investigation.

Historical Perspective

Position and velocity sensors have been designed
based on electromagnetic principles since around the turn
of the century'®. One sensor, the magnetic strain gage,'>®
is a variable reluctance EM sensor that was introduced
around 1930. The geometry and operational principles
are very similar to our VRT Strain Rate Sensor. The key
difference is that this device is sensitive to micro-
displacements (strain) and not to micro-velocities (strain
rate).

Instead of a constant mmf, a sinusoidal input
voltage establishes a sinusoidal magnetic flux in this
sensor. The amplitude of the coupled output oscillations
depends on the air gap length. As with our sensor, this
sensor attaches directly to the structure. The output
signal is demodulated for strain measurement. The
magnetic strain gage was a dominate strain gaging
technique throughout the 1930’s and 1940’s. It was
widely used for experimental stress analysis on ship and
railroad designs. In the 1940’s, bonded foil resistance
strain gage techniques emerged. By virtue of its
application ease and very small, unobtrusive size, the
bonded strain gage became very popular. Eventually, the
bonded foil resistance gage became so widely accepted
that it dominated the strain gage field. Obviously, this is
still true today. The magnetic strain gage has only rarely
been used since then. Hetenyi? states that the variable
air-gap geometry is one of the best-known methods of
converting small motions into high electric signals.

Today, there are several commercially available
sensors that use variable reluctance technology for
measuring velocity. Seismic velocity transducers (used
for detecting vibrations in heavy machines) and Linear
Velocity Transducers (LVT’s) are good examples. The
geometry of these sensors is similar to one another but
quite different from our strain rate sensor. Typically,
they vary the position of a permanent magnet within a
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concentric output coil. Voltage is induced in the coil
proportional to the rate at which the magnet moves. This
geometry has good linearity and is a good means for
measuring velocity. However, relatively large air paths
in the magnetic circuit limit sensitivity to very small
velocities. A small air gap configuration, such as our
strain rate sensor, is about 100 times more sensitive to
very small motions than a concentric core
configuration®>?. It is interesting to note that our sensor
would be a poor design for measuring velocities that
occur over greater distances. As we have seen, our
output becomes highly nonlinear with larger "bulk”
motions.

Finally, it should also be mentioned that EM
velocity sensors have been used before in vibration
control experiments'’. These were relatively large voice
coil-like devices that detected local velocity of the
vibrating structure. As mentioned before, this application
required external mounting from the vibrating structure
itself and hence was not well suited to real applications.

Strain Rate Sensor Performance Objectives

Design Philosophy

IAP Research is developing low mass, high
performance Strain Rate Sensor technology to measure
structural vibration rates. An ideal sensor design would
have infinite bandwidth, unlimited resolution, infinite
signal-to-noise ratio, and zero mass. Realistically, a
sensor design is confronted with tradeoffs that inevitably
compromise ideal performance. Therefore, we strive to
set realistic performance goals that will bound our design
tradeoffs. Our design philosophy is to minimize sensor
mass while meeting realistic performance specifications.

Desirable performance specifications were distilled
from conversations with test engineers and sensor
manufacturers. We define two sets of performance
objectives: mission dependent objectives and precision and
accuracy objectives. Mission dependent objectives are
specific to structural control applications.  These
parameters include resolution and bandwidth, and
limitations on acceptable sensor mass. Precision and
accuracy objectives include good linearity, low cross-
sensitivity, and desirable signal-to-noise ratio. This
section defines objectives for high performance strain rate
sensing on vibrating structures.

Mission Defined Objectives

Resolution, bandwidth and sensor intrusiveness (in
this case measured by mass) are the three parameters that
primarily dictate sensor choice for a given application.
Most sensor manufacturers do not have the luxury of a
beforehand knowledge of specific applications during
design. Therefore, general "families" of sensors are
designed. In turn, test engineers choose a "best fit" from
these families for their application. We have been



communicating directly with test engineers to ensure
relevance of our VRT Strain Rate Sensor design for active
vibration control applications. Structural control
engineers will benefit directly from a sensor design
tailored to their needs.

We are soliciting data from a total of five
experimental applications. In this paper we describe
strain rate sensing performance guidelines for two of these
applications.

JPL’s structural control mission® focuses on
developing lightweight structures with superior stability
and precision. Dr. James Fanson of JPL has provided
"back-of-the-envelop” estimates of resolution, bandwidth,
and mass requirements for precision truss applications?.
He estimates that minimum strain rate resolution
requirements might entail measurement of 1 pstrain
(tensile/compressive) occurring at 4 Hz first mode
oscillation frequencies. This gives a strain rate resolution
requirement of about 25 e%e/s. At least 40 dB
(preferably 60 dB) signal-to-noise ratio is necessary at this
resolution. Since actuator dynamics extends into the
kilohertz range, sensor bandwidth should incorporate at
least the same range. Finally, a sensor mass of less than
20 grams will be "non-costly” in current precision truss
applications.

Dr. Harry Robertshaw at Virginia Tech has
provided similar data for his plate acoustic vibration
control experiments®. Strain rates are induced in this
experiment by bending mode oscillations. He assessed a
resolution requirement of about 60 e* e/s based on 0.2
pstrain at plate center during first mode 50 Hz
oscillations. The highest modelled structural mode is
around 345 Hz. He suggested a 350 Hz strain rate sensor
bandwidth provided there is no appreciable gain or phase
error. Currently, 4 gram accelerometers on the
experiment are included in his structural dynamics
models. He emphasized that in simple geometric
applications, modelling sensor mass along with the rest of
the structure is not a problem.

A summary of these guidelines for mission defined
strain rate sensing goals is in Table 1.

Accuracy and Precision Objectives

Accuracy and precision objectives serve a different
function than mission defined objectives; they assure
quality in VRT Strain Rate Sensor output. The three key
accuracy and precision parameters are linearity, cross-
sensitivity, and signal-to-noise ratio.
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TABLE 1
DESIGN GUIDELINES FOR STRAIN RATE
SENSING APPLICATIONS
Facility A Rosakuti Bandwidth Mass
(Straim/s) () @®
JPL precision 25E-06 4-1000’s <20

VA Tech vibrating 60E-06 50-345 :cnlude
Dr.Robertshaw plate in FE
model

Realistic linearity and cross-sensitivity values were
obtained by surveying specifications for commercially
available sensors. We reviewed about 50 commercially
available LVDT’s, LVT’s, strain gages, accelerometers,
vibration transducers, and rate gyros. We found strain
gages demonstrate superior linearity and cross-sensitivity.
Mechanical hysteresis in the gage is the main source of
output nonlinearities. Depending on adhesives, hysteresis
is typically less than 1 pstrain. For most applications,
this hysteresis can be zeroed out after the sensor is broken
in. For all practical purposes, strain gages are nearly
perfectly linear. Their cross-sensitivity is also very low
at less than 0.1%. LVDT’s are also precision devices.
Their linearity is typically within 0.2-1%. LVDT cross-
sensitivity is also in the 0.2% range. On the other
extreme are commercial vibration transducers. These
devices are not used in precision applications. Output
deviates up to 5% from linear and cross-sensitivity is as
high as 10%. We feel realistic design goals for linearity
deviations and cross-sensitivity is to keep both values
below 1%.

Signal-to-noise (S/N) criteria insures fine signal
quality for each strain rate sensor application. Most
sensors have essentially infinite resolution; some input to
the sensor will produce some output voltage (no matter
how small). This is also true for our strain rate sensor.
In practice then, measurement resolution is limited by
noise characteristics. Noise introduced at any point in the
signal path is detrimental. Electromagnetic pickup,
thermal noise, amplifier and signal conditioning noise all
limit sensor resolution capabilities. A sensor resolution
specification is meaningless without a corresponding
signal-to-noise specification. Our feeling is that mintimum
acceptable signal quality requires a 40 dB S/N ratio with
a clear understanding that more is better.

A summary of our performance goals for linearity,
cross-sensitivity, and signal-to-noise ratio are given in
Table 2.




TABLE 2
DESIGN GUIDELINES FOR
ACCURACY & PRECISION

PARAMETERS OBJECTIVE
linearity error <1%
cross-sensitivity <1%
S/IN >40 dB

Proof-of-Principle Testing and Sizing Estimates

We performed tests with a proof-of-principle sensor
design to demonstrate resolution and bandwidth
capabilities. We also estimated sensor mass as a function
of resolution using a simple transformer mass optimization
technique. Taken together, these results demonstrate the
feasibility of our strain rate sensor for rate sensing on
flexible structures.

Test Setup

We performed strain rate sensing experiments at the
Structural Test Laboratory (STL) which is a subdivision
of the Experimental and Applied Mechanics Division of
the University of Dayton Research Institute. The load
frames maintained at STL have the capability for applying
precisely controlled linear or rotary forces, strains, and
displacements upon structural members or material
samples. These loading conditions can be applied with
DC to 70 Hz rates.

We integrated our sensor into a steel bar
measuring 2.5 cm x 7.5 cm x 48 cm.  Each end of the
48 cm length clamp into load frame grips. The test
specimen is then loaded with sinusoidal
tensile/compressive loads. We specify loading magnitude
and frequency to deliver desired strain rates. For
reference, we attach a strain gage within the VRT Strain
Rate Sensor’s gage length.

A photograph of the test setup at STL is in
Figure 2. The STL load frame with strain rate sensor test
piece can be seen at the right hand side of the figure.
The figure also shows the Nicolet Digital Oscilloscope
and the box containing all amplifiers, filters, and bridge
circuits. We collected data on the 4 channel Nicolet
scope. For all tests, we recorded three data records:
measured strain rate, measured strain, and load frame
applied force.

A closeup of the proof-of-principle strain rate
sensor integrated with the test specimen is in Figure 3.
A 4 cm x 6.35 cm window was machined in the middle
of the bar. The strain rate sensor was attached on the
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Fig. 2. Precision load frames were used to validate
Strain Rate Sensor performance.

interior of this window. The ferrocores were fabricated
from 1008 steel. The low carbon content implies high
magnetic  permeability. Stainless steel spacers
magnetically isolate the ferrocores from the steel bar.
Brass bolts attach the ferrocore halves to each end of the
precision machined window in the steel test specimen.
The sensor measures 2.5cmx 3.5cmx 5.1 cm
(excluding stainless spacers). The sensor, as is in its non-
optimal configuration, weighs about 125 grams.

The core faces each measure 0.95 cm so that the
core area, A, is 0.90 cm®. The output winding has 800
turns of 46 gage wire (51 p diameter). The air gap
length between core faces is 0.127 pm (+10%). The
gage length or distance between attachment points is
exactly 63.5 cm long. The ratio of gage length to gap
length, K, is approximately 500. The magnetomotive
force is supplied by 96 turns of excitation windings with
875 mA of constant current; the resulting nominal
magnetic flux density, B, is about 0.5 Tesla (5000
gauss). With these parameters substituted into



Equation 14, the sensitivity of our experimental sensor
(neglecting strain sensitivity) is given by,

& ~50e3 -V (15)

€IS

Output from the sensor is amplified. We used two
low noise, single op amp designs, one with a gain of 100,
the other with a gain of 1000. Output noise in each
design was less than 1 mV. After amplification, the
strain rate sensor signal was filtered with a simple 200 Hz
cutoff RC circuit. We directly measured the filtered data.

The strain gage is used in a single arm, 120 Q
Wheatstone bridge. The low noise bridge amplifier has
a gain of 2500. Strain data was filtered at 1000 Hz and
recorded directly by the Nicolet.

We use the strain gage data as a reference to
qualitatively assess Strain Rate Sensor performance. We
digitally differentiate strain gage data using a post-
processing nearly equal ripple (NER) derivative filtering
method?’. The NER derivative filter was included in our
commercially available post-processing data manipulation
program. All differentiated strain data presented in the
next section was derived with this approach.

Test Results

We chose data from two experiments to
demonstrate bandwidth and resolution capabilities of our
sensor. The first data set exemplifies high performance
strain rate measurement capability. Strain rates are
measured during 20 Hz, 16 pstrain oscillations in the
beam. Twenty Hertz is as high as the load frames could
oscillate while still maintaining good sinusoidal quality in
the strain waveform. Peak strain rate magnitudes during
this test were about 2¢ €/s. This magnitude is about 40
times greater than the resolution requirements discussed in
the previous section. This strain rate typifies magnitudes
during disturbance response in a structure.

Figure 4 shows an over-plot of strain gage and
strain rate sensor output for the 20 Hz, 40 pstrain
oscillation. Qualitatively, strain rate sensor output is as
clean (if not cleaner) as strain gage output. Strain rate
data is approximately 90° out-of-phase with strain data.
The 200 Hz first order filter adds about six additional
degrees of phase error to the 20 Hz strain rate data. This
accounts for the minor phase discrepancies that are
visible.

Figure 5 shows a comparison of digitally
differentiated strain and strain rate sensor output from the
same test. The strain rate signal is the single line; it is
inverted for clarity. The differentiated strain data is
exceedingly noisy. However, this graph is not intended
as a comparison of differentiation versus direct
measurement. This would only be fair if our
differentiation algorithm was optimized for this
application (the one we used surely was not). Filtering of
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Fig. 3. The Strain Rate Sensor directly measures
structural strain rates in the test specimens.

the differentiated data could eliminate high frequency
noise components; however, 60 Hz components still
strongly distorted the filtered waveform. For this reason,
we decided to simply show the unfiltered differentiated
data. The two key points that we want to make with
Figure 5 is that strain rate sensor output waveform
appears accurate and is of high quality.

The second data set demonstrates resolution
capability required for the applications discussed in the
requirements section. This test measured strain rates
occurring during 80 pstrain, 0.1 Hz beam oscillations.
The corresponding strain rate magnitude is about 50 e-S
e/s. The excitation frequency is much lower than our
bandwidth objective. We chose 0.1 Hz since it is of the
same magnitude of first boom bending modes on early
space station configurations®. Very low frequency
capability is essential.
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Fig. 6. This strain rate sensor concept can measure very small strain rates and very low frequencies.

A comparison of differentiated strain and direct
strain rate sensor output for this test is in Figure 6. Both
data signals in the figure were digitally filtered at 10 Hz.
At this resolution, the unfiltered data from both signals
was plagued by noise. The strain rate sensor signal
appeared as noisy as the differentiated strain signal. The
key difference was that strain rate sensor noise was made
up entirely of 60 Hz content while differentiated strain
noise was composed of wide bandwidth content. We later
learned that a differential amplifier significantly reduced
net noise in strain rate output. Nevertheless, the data in
Figure 6 demonstrates high resolution and very low
frequency measurement capabilities.

Sizing Estimates

The experiments demonstrate strain rate sensor
bandwidth and magnitude capabilities. However, core
and coil mass of 20 grams is excessive compared with our
desirable 20 gram goal. In advanced sensor designs, the
core and coil will be housed in an EM pickup shielding
enclosure. These enclosures will probably be more
massive than the core and coil themselves. In order for
total package mass to come in under 20 grams, core and
coil mass must be very small. The proof-of-principle
sensor mass is far from optimal for its resolution
capabilities. Mass efficient Strain Rate Sensors can meet
S/N and resolution goals with very small core and coil
mass. Here, we investigate resolution and sensor mass
relationships for low mass sensor designs.

Low mass results from high winding density.
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Windings increase sensitivity; hence maximum sensitivity
for a given geometry is achieved when most the windings
possible are packed onto the ferrocore. From Figure 3,
it is obvious that proof-of-principle designs do not have
high density windings. In order to investigate low mass
sensors, we define some simple geometric
interrelationships.

Consider a generic strain rate sensor geometry in
which the area of the window opening is the same as
cross sectional area of ferrocores. The cross sectional
area, A, of the ferrocores is square in this generic
geometry. The proof-of-principle sensor core layout
could easily resemble this geometry. Assume that the
magnetomotive force is supplied by a permanent magnet
and that no excitation windings are therefore required.
Core windings might realistically occupy 55% of the
window opening (this includes pack factor efficiency and
a little left over room). Number of core turns is then
expressed as

(16)

where wire size.

A, =

Substituting into the sensitivity relation, Equation 14,
gives

v,, ~-055KA?B, an
e A

w
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From our experimental experience, we can chose
realistic values for B, K, and A,. A good value for
magnetic flux density, B,, is 0.5 Tesla. Ferromagnetic
materials behave linearly in the O to 2 Tesla range. Our
design value allows an ample margin for flux variations
incurred during air gap motion.

In our experiments, the ratio of gage length to gap
length, K, was about 500. Our gage length was quite
large at 63.5 cm. Realistically, we anticipate much
smaller gage lengths and correspondingly smaller gap
lengths. Even if the sensor "footprint” is smaller than
1.3 cm we can use lightweight gage length extenders to
obtain high K’s. Here, we keep K at its experimental
value of 500.

Microscopically small size "wire” may be used for
the winding. However, transformer theory tells us
bandwidth decreases as wire size decreases for a given
core size®. We have not yet experienced any
experimental bandwidth limitations; we conservatively
chose 46 gage wire (51 pm diameter) for this feasibility
inquiry.

The defined geometric relationships of our generic
sensor uniquely define sensor mass as a function of core
area. The copper windings wrap around a known cross
sectional area, A, and have cross sectional area of their
own that is 0.55 A. Core area, A, uniquely defines coil
volume and hence, mass. Core mass is also uniquely
defined by A. It can be shown that the sum of core and
winding mass for this example geometry is given by

mass ~ 100 A3 (18)
where mass = grams, and
A = cm’.

Substituting Equation 17 and the design values from the
above paragraphs into Equation 18 and rearranging gives

mass ~ 3[4 (Z;—":)W‘ (19)

Our interest is to examine mass predictions as a function
of minimum sensor resolution and S/N ratio. Desirable
output voltage at minimum resolution readings can be
expressed as the product of noise voltages and S/N ratio,

V= GIN) V. (20)

sum of EM, thermal, and
amplifier noise voltages.

V.. =

where noise

Thermal noise for our application is insignificant
compared with amplifier and EM pickup. The EM
pickup mechanism is identical to our strain rate detection
mechanism; changing flux in the coils produces a voltage
across the coils. In our proof-of-principle experiments,

2897

EM pickup limited sensor resolution. However, we were
not well shielded for these experiments. Performance
after shielding is difficult to model. For this analysis, we
assume that EM pickup is much less than amplifier noise.
We have quantified data on amplifier performance from
our proof-of-principle experiments. Our low-noise 1000
gain amplifier showed 1 mV of noise with shorted inputs.
Reflecting amplifier noise to its input, a minimum
resolution output voltage is defined as

V. =1e (SIN) (21)

our

Substituting into Equation 21 expresses sensor mass in
terms of resolution and S/N,

mass ~ 25e° (ﬂ—l‘l)”4
€min

(22)

Figure 7 shows a plot of this relation. For strain rate
resolution to 25 € e/s with 40 dB S/N, ferrocore and
coil mass is only about 2.2 grams. If S/N is increased to
60 dB, core and coil mass increase to about 12.5 grams.
These mass estimates do not include shielding mass;
however, low core and coil mass leave adequate margin
for shielding to meet a total sensor mass goal below
20 gram.

Summary of Testing and Sizing Results

Testing results indicate that our Strain Rate Sensor
concept has resolution and bandwidth capabilities relevant
to structural control applications. Furthermore, sizing
estimates indicate that acceptable mass is achievable with
desirable resolution and S/N capabilities. Taken together,
these results demonstrate feasibility of IAP’s low mass,
high performance Strain Rate Sensor technology.

Unresolved Technical Issues

Resolving key technical issues is essential to our
goal of low mass, high performance Strain Rate Sensor
Prototype demonstrations. The three most significant
technical issues are overcoming output nonlinearities,
ensuring immunity to electromagnetic pickup, and
developing attachment systems that guarantee accurate
measurements. Linearity is one of our quality assurance
parameters. Strain dependency in the denominator of our
sensitivity equation clearly limits linearity. Its phase
difference with strain rates distorts the strain rate sensor
output waveform. We have ignored this effect in our
proof-of-principle research; however, waveform
distortions will be unacceptable in prototype designs.
Since post processing is undesirable, we are seeking
geometric alternatives to ensure waveform errors do not
exceed our linearity goals.
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Fig. 7. Low sensor mass is achievable for structural
control resolution requirements.

A coil of wire on a ferro-magnetic core makes a
very good antenna. Pickup of external electromagnetic
interference was a problem during strain rate sensor tests.
It limited our usable sensor resolution during tests. As
the sensor is made more sensitive to strain rates, it also
becomes more sensitive to EM interference. High
frequencies in the AM and FM regime can be filtered
without ramifications. Low frequency pickup,

- particularly 60 Hz, is a much more severe problem. We

are investigating shielding and geometric solutions to this
problem.

Sensor attachment is also challenging. Preliminary
finite element analysis indicated that epoxying the
ferrocore halves to a flexible beam locally altered stress
and strain contours. Clearly, this is undesirable. Smart
strut applications are attractive in that we can better
integrate sensor and structure. However, vibrating plate
applications still seem to require a separate, attachable
sensor.

Conclusions

In conclusion, IAP Research is developing a low
mass, high performance Strain Rate Sensor to measure
structural vibration rates. We have identified desirable
performance characteristics for strain rate sensing on
vibrating structures. Strain Rate Sensor proof-of-principle
experiments have demonstrated bandwidth and magnitude
capabilities relevant to the vibration control problem.
Sizing estimates indicate that mass efficient designs will

1E-03
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yield desirable Strain Rate Sensor mass. Continued
successful development will result in an enabling sensor
technology for vibration control of structures.
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