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ABSTRACT

This report discusses the principles of operation and the various
machine errors of airborne flight loads measuring equipment. The
categories of equipment covered are angle of attack sensors, gyroscopes,
accelerometers, strain gages, pressure transducers, signal conditioning
equipment, and magnetic tape recorders, Machine errors are classified
as being either intrinsic, environmentally induced, or attributable to
usage or application., The errors are further classified in accordance
with their effect on the measured data, The principles of operation and
errors are expressed either with mathematical formulae or by indicating
the state-of-the-art performance. Methods for minimizing both the errors

and the effect of the errors are indicated.
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1. INTRODUCTION

The measurement of actual flight and ground loads data has tradi-
tionally been an integral part of aircraft structural development prograﬁs.
Loads measurements usually begin with an early experimental prototype
of a new design and contimie well into the operational phase of development.
During this time, a variety of data acquisition eciuipment is required to
satisfy continually changing measurement objectives. This report is con-
cerned with many of the basic types of instruments suitable for use in
flight loads data acquisition, and the various aspects of their performance
and accuracy.

Structural loads for an aircraft are usually interpreted by the de-
signer as the bending moments, shears, and torques which result from
aerodynamic and inertia forces. In this context, the loads are considered
a response to a variety of inputs. However, to other analysts, the inertia
and aerodynamic forces are themselves called loads. In view of the many
facets of this problem, the term ''loads' is applied broadly throughout this
report, and interpretation of the meaning for specific applications is left
to the reader.

The scope of this report has been limited to discussions of those
instrumentation systems used for the acquisiftion of steady and unsteady
aerodynamic environmental data, and aircraft static and dynamic re-
sponse data. These data represent essentially low frequency phenomena
which can be evaluated effectively within the range 0 to 50 Hz. There-
fore, discussions of general performance and specific machine errors

of the measurement equipment will refer to this low frequency range.



The report is also limited to those instrumentation systems which record
the data onboard the aircraft. However, much of the material concerning
tape recorder technology is applicable to telemetry.

The purpose of this report is to review the principles of operation
and present expressions for the machine errors of flight loads measuring
and recording equipment. The scope of flight loads recording is covered
in the preceding paragraphs. Machine errors are defined as errors in a
measurement of any function which can be attributed to imperfections in
the design, manufacturing, or use of equipment. This excludes human
errors such as improper reading or interpretation of measurements and
statistical errors resulting from analyzing finite samples of random pro-
cesses. Where feasible, mathematical expressions have been used to
describe or give an upper bound to the particular error. In those cases
where the error expression is unknown or too complex to be useful, the
state -of-the -art performance is indicated. An example is accelerometer
cross axis sensitivity.

The application of the given error expressions depends on the amount
of information available. If all the variables in a bias error expression
are known, an error correction to the measurement can be made. However,
if only the distribution of the magnitudes of the variables in a bias error
expression are known or if the errors are random, an uncertainty in the
measurement exists and only error bounds or confidence intervals can be
determined. Another use of the error expressions is to determine neces-
sary equipment performance required to attain a given overall measure-
ment accuracy.

The report is organized by equipment type. Section 2 discusses the

types of systems used for flight loads measurement and the classification



of errors. Section 3 covers pickoff devices which are common to various
transducers. Sections 4 through 8 analyze the types of transducers used.
Section 9 covers signal conditioners. Section 10 discusses tape recorders.
Appendix A develops the frequency response expressions for the various

transducers.



2. INSTRUMENTATION SYSTEM AND
ERROR CLASSIFICATION

2.1 DATA ACQUISITION SYSTEMS - GENERAL

A flight loads measurement instrumentation or data acquisition
system may be represented, in general, as being composed of three

types of components, as follows:

1. Instrumentation Transducer
2. Signal Conditioner

3. Recorder - Reproducer

These components are shown in block diagram in Figure 2-1.
This figure also shows instrumentation transducers and recorders
represented as two series of subcomponents. The reason for dividing
these components into smaller functional elements is that various per-
formance limitations and errors are attributable to particular subcom-
ponents. Therefore, a better understanding of the error process is
achieved when the error is assigned to the process involved. For exam-
ple, when considering instrumentation transducers, deviations from
ideal frequency response are usually attributable to the conversion from
the physical quantity being measured to an intermediate mechanical quan-
tity. For magnetic tape recording, the upper frequency limitation is
dependent primazily upon a number of parameters associated with the

three elements of the magnetization-reproduction process.
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2.1.1 Instrumentation Transducers

Instrumentation transducers can be defined as devices which con-
vert physical phenomena into electrical signals for the purpose of mea-
surement. This implies that a definable, useful relationship or propor-
tionality exists between the property being measured and the electrical
signal. In order to make this conversion, the transducing element may
utilize either an active energy converting principle such as the thermo-
electric effect of thermocouples or an energy controlling effect such as
thermoresistance. Over twenty such physical effects are utilized in
instrumentation transducers (Reference 1, page 8). However, some
physical properties, such as acceleration and angular rate, are not
easily converted directly into electrical signals. In these instances,
the typical transducer functions by first converting the quantity to be
measured (acceleration, pressure, etc.) to a measurable quantity such
as relative displacement or force (see Figure 2-1). The relative dis~
placement or force is converted to a change in an intermediate electrical
quantity (resistance, capacitance, etc.) by a pickoff. Typical pickoff
devices are potentiometers, strain gages, and variable inductors. Since
the different types of pickoff devices are commeon to transducers covered
in this report, their principles of operation and associated errors are
discussed separately in Section 3. The final conversion is to an elec-
trical voltage which has a calibrated relationship with the original phys-
ical quantity and, if the transducer is ideal, is independent of all other
physical inputs. Some transducers are designed to operate without per-
forming all three steps. Electrodynamic transducers generate a
voltage proportional to relative velocity, thus combining the pickoff and
electrical conversion. Thermocouples produce a voltage proportional

to a temperature difference and therefore combine all three steps into one.



2.1.2 Analog Signal Conditioners

In this report, components between the transducer and recording
units are considered analog signal conditioning equipment. Auxiliary
equipment is included. For example, power supplies for amplifiers and
electric motors have been categorized as signal conditioning equipment.
Signal conditioning equipment usually performs a single particular func-

tion and no breakdown into subcomponents is proposed {see Figure 2-1).

2.1.3 Recorder - Reproducers

Recorders are those devices used to store data, usually for sub-
sequent analysis. The types or classes of recorders covered in this re-
port are limited to analog and digital magnetic tape recording devices.
Reproduction of the data signal is covered in the same section as record-
ing. The subcomponents of a recorder are categorized as indicated in

Figure 2-1, as follows:

1. Modulation and Demodulation
2. Magnetization and Reproduction

3. Tape Motion

A detailed discussion of these elements is presented in Section 10.
Briefly, the underlying magnetization and reproduction process is common
to all types of recording. This process employs a record head, ferromag-
netic tape and a reproduce head, The tape motion element or subsystem
provides the means of recording a signal as a function of time. The basic
recording process usually has unacceptable frequency response and signal
to noise specifications. In these instances, the signal is coded or modulated.
The result is improved performance at the expense of data bandwidth. In this
report, commutators and analog-to-digital recorders are grouped with digital
recorders because of the similarity and interdependence of the equipment

errors.



2.2 SPECIFIC INSTRUMENTATION SYSTEMS

The instrumentation systems employed for the determination of
aircraft flight loads may be broken down into those required for the

following measurements;

l. Gust velocity measurement

Attitude and angular rate measurement

. Acceleration measurement

Strain measurement

Static and fluctuating pressure measurement

[=2 TN © L Y N LR A

Ajircraft flight parameter measurement
(altitude, airspeed, Mach number)

Typical block diagrams of systems for performing measurements
(1) through (5) above are presented in Figures 2-2 through 2-6, respec-
tively. The components of each of the systems are categorized as either
transducing, signal conditioning, or recording elements. Some compo-
nents are used for more than one measurement system. Most analog
signal conditioning elements and all recording elements are identical
for all of the measurement systems. Their principles of operation and
associated errors are covered separately.

Instruments which are unique to aircraft flight parameter measure -
ment {pitot tubes, altimeters, air data computers) are not covered. Some
flight parameter measurement components (pressure transducers, signal
conditioning and recording equipment) are common to other systems which

are covered.
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2.3 ERROR CLASSIFICATIONS

In order to systematically approach the problem of describing
machine errors, various classifications of errors are useful. In this
report, machine errors are first classified as either intrinsic, environ-
mental, or usage (see Figure 2-7). Intrimsic errors are those which are
inherent in the design of the particular equipment. A typical intrinsic
error is the deviation from a constant frequency response of a transdu-
cer in ideal environmental conditions. Environmental errors are those
variations from nominal performance which are attributable to a change
in the environment from the ideal. A typical environmental error is the
change in frequency response due to the temperature dependent variation
of viscosity of the damping fluid of transducers. Usage errors are those
which are attributable to improper application of a particular equipment.
Calibration errors are included as usage errors. Another typical usage
error is the incorrect response of an accelerometer due to installation
on a relatively flimsy structure.

Errors may be also broadly classed as being cither bias errors
or random errors (see Figure 2-7). Bias errors are those which have
a constant or systematic effect on measurement. For example, it can
be said that extraneous noise will always tend to increase the power of
a data signal. Random errors are those which can cause variations in
data that can only be predicted on the basis of probability. Thus, the
instantaneous voltage of a data signal which includes extraneous noise
will have a random error tending either to increase or decrease the
voltage. In this report, those errors which are clearly either random

or bias are not identified.
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A final criterion for evaluating an error is related to the effect
it has on the analyzed results of the measurement. Therefore, to
complete the classification of machine errors, two categories have
been added which differentiate between errors that can be corrected
after analysis and those which cannot. An example of the classifica-
tion of an error is as follows:

The temperature effect on the sensitivity of a strain gage is an
environmental bias error. If the temperature is known as well as the
effect of temperature on sensitivity, the data time history may be cor-
rected, If the temperature is unknown, data correction is unfeasible
and the effect depends on the analysis to be performed. If probability
density of the temperature record is to be determined, the analysis is
unaffected by a constant sensitivity variation. However, the power
spectral density is directly affected. The uncertainty about the effect
of temperature on the strain measurement is then a random error.
Because of the quantity of combinations involved, the complete classi-
fication of even this one simple error is not feasible, However, when
analyzing a particular instrumentation system, the errors should be

classified in accordance with the type of analysis performed.
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3. PICKOFF DEVICES

3.1 GENERAL

Many transducers function by converting the physical quantity
to be measured to a relative displacement which may be sensed with a
pickoff device. Different types of pickoff devices are employed to sense
either angular or linear relative displacement. Since these devices are
common to a number of transducers, their principles of operation and
machine errors have been grouped or arranged in this section.

The types of transducers covered, along with their wiring sche-
matics, their input-output relationships, and their major advantages
and disadvantages, are listed in Table 3-1. Some special types which
are commonly used are covered in other sections. The piezoelectric
effect is discussed briefly in the section on accelerometers. Strain
gages are covered in Section 7 of this report.

For a comprehensive review of the design considerations of vari-
ous pickoff devices, see Reference l. References 2 and 3 contain thor-
ough discussions of the various types of pickoff devices, including many
practical aspects. For a discussion of the principles of operation of
synchros, resolvers, and microsyns, see References 15 and 16. Refer-
ence 4, page 51, presents a practical review of differential transformers,
synchros, and resolvers. The applications of these pickoff devices in
transducers for experimental flight loads measurement programs are
indicated in Table 3-2. This table also presents minimum and maximum
full scale displacement ranges for typical units. The pickoff full scale
range strongly influences the size and natural frequency of the resulting

transducer.
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3.2 POTENTIOMETERS

Instrumentation quality potentiometer pickoffs usually consist of
wire wound around an insulated support or bobbin and a wiper arm (see
Table 3-1). When an excitation voltage is applied to the windings, the
voltage at the wiper arm will be proportional to the position of the wiper.
The primary advantages are simplicity and the direct analog output with
dc excitation. The main disadvantages are the limited resolution and

environmental effects on the wiper.

3.2.1 Intrinsic Errors, Potentiometers

The primary intrinsic errors of potentiometers are as follows:

I. Resolution
2. Nomnlinearity

3. Noise

Frequency response errors are a function of the transducer using the
potentiometer pickoff. All pickoff devices have finite resolution. In the
case of the wirewound potentiometer, the resclution uncertainty or ran-
dom error can be expressed as a function of the signal level and the

mumber of turns or windings, as follows:

A
F 1
% error = i—f > (100) (3. 1)
where
Apg = full scale output
A = the data signal level

n = mumber of windings on the potentiometer
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This is the maximum possible resolution error. This error is
identical to the quantification error associated with digitizing. The
standard deviation of this error is approximately (0. Z9)(AFS/n) (see
Reference 56, page 281). This rms error expressed as a percentage

is as follows:

FS 0.29
%o error = _+_—-A—S — (100) (3. 2)

A continuous resistance element such as carbon film or conducting
plastic may be employed, but environmental sensitivity is usually de-
graded and the potentiometer resistance becomes large (see Section
3. 2. 3).

Intrinsic linearity errors are attributable to mamifacturing imper-
fections. A discussion of manufacturing techniques of potentiometers is
beyond the scope of this report. The specifications of currently available
transducers indicate that the maximum linearity error for transducer
potentiometers is less than + 1% of full range.

Potentiometer noise originates from the wiper travelling across
the wires and usually includes resolution errors. The other sources of
noise include dirt and wiper bounce. Many design techniques are em-
ployed to minimize these effects. Potentiometer noise may increase
with wear. However, carefully designed and manufactured commer -
cially available instrumentation potentiometers can be expected to

function satisfactorily for over 20 million cycles (Reference 3, page 224).
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3.2.2 Environmental Errors, Potentiometers

Various environmental errors are associated with the potentiometer
wiper. Contact may be lost if the wiper vibrates. One technique of mini-
mizing wiper bounce is to employ a wiper with two elements with different
natural frequencies. Care should be exercised to choose a potentiometer
device which has been designed and qualified for the vibration environment
anticipated. The resistance of the potentiometer winding will change with
temperature changes, but this will not affect the measurement accuracy

if the load resistance is high (see Section 3. 2. 3).

3. 2,3 Usage Errors, Potentiometers

A common usage error is to load the potentiometer with the resis-
tance of the nmext unit. If this load resistance is low, the wiper deflection-
ocutput voltage relationship will become nonlinear, A potentiometer with

a load resistance is shown in schematic below.

R
a
Rb Rﬂ zo
e, - excitation potential, volts
e - output potential, volts
R,E - load resistance, chms
Rp - potentiometer resistance, ohms
Ra’ Rb - partial potentiometer resistances, ohms
k = Rb/R - wiper deflection
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The ideal output is
e =ek (3. 3)

The output with the load resistor is

Rf
e, = eik > (3. 4)
R_g +kR -k R
P

p

If the effect of the load resistor is neglected, the resulting error is

given by Eq. (3. 5).

Actual - Ideal

% error = Tdenl (100)
Rp
% error = k(k - 1) Rpk(l par Rj (100}
R
~k(k - 1) =£ (100) (3. 5)
R,

This expression is plotted in Figure 3-1. Note that even for load resis-
tances as great as ten times the potentiometer resistance, the error at
mid-span {(k = 0.5} is -2.5%. In actual practice, the particular trans-
ducer may be calibrated with the actual load resistance, and the calibra-
tion relationship obtained using the least squares criterion. The maxi-
mum error is then less than + (0. 5) (maximum error, Figure 3-1). If
high accuracy is desired, a nonlinear potentiometer which is designed

to compensate for the effect of a particular load resistance may be used
(Reference 1, page 117). Using a low resistance potentiometer is an

obvious method for minimizing this error, but this conflicts with reso-
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lution and power criteria. Another technique is to use resistors in series
with the potentiometer (Reference 55, page 59). However, this decreases
the basic sensitivity and calibration should be performed to obtain the best

straight line fit relating output to input.

jad
% error = k {k-1) —2 (100)
R
) 1
| | - R
Load Resistance I 2
B Potentiometer Resistance Rp_

-12 ]

B ZEE SN N

Error, %
3
o

\

— O\ -
K

-1 " 1 —
e | 4 E— S
0 0|
0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.

Potentiometer Wiper Position, k

Figure 3-1. Potentiometer Nonlinearity Loading Error
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3.3 VARIABLE RELUCTANCE PICKOFF

A mumber of pickoff devices such as differential transformers,
synchros, and resolvers are all based on the change of inductance of a
coil caused by the motion of an iron core. The designation of the vari-
able reluctance pickoff is therefore somewhat arbitrary. A device with
a movable iron core and a dual coil output winding (see Table 3-1) is
usually defined as a variable reluctance pickofif. Motion of the iron
core changes the inductance of the two output coils, one increasing and
the other decreasing. If the resistance of the circuit is neglected, the
change in inductance causes the voltage division across the two inductors

to change and the output becomes

jZ.TrfCL2 LZ
e =e,l(t) = - = et} —— (3. 6)
o] 1 .]Z'n“ch1 + _]Z'rrch2 i L1 + L2
where L L. - inductances of variable reluctance

L
: pickoff, Henrys

fc - carrier frequency, Hz

If Ll = LZ and the change in Ll’ Ag o, s equal and opposite to the change
1
i A
in LZ’ Lz, then
A
1 L
e = ei(t) [2 + —_ZL] (3.7)

This applies to a slowly varying input and therefore a slowly varying change
of inductance. However, it should be noted that variable inductance as well

as potentiometer pickoffs constitute systems with time varying parameters.,
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Fortunately, under certain conditions, the change in output has a linear re-
lationship with the change in parameter over the data frequency range, and
the system behaves as a linear system with constant parameters. If the
pickoff is symmetrical and equal and opposite changes occur in the variable
elements, the magnitude of the current does not change. In this situation,
a linear input-output relationship exists which is independent of the data
frequency. For example, if the time varying change in inductance equals

AL cos 27f t and the excitation ei(t) equals C sin anct, Eq. (3.7)

d
becomes
ei(t) AL
eo(t) == + C 37, sin ZTrfct cos wadt
ei(t) AL _
= + ' + + si - .
eo(t) > C ZL |5in Z-rr(fc fd)t sin ZTI‘(fC fd) t] (3. 8)

The output voltage is simply one-half the input voltage plus amplitude
modulation components which appear at sum and difference frequencies
and are proportional to the maximum change in inductance AL- If the
resistance of the inductors and lead wires is considered, the circuit

and resulting output are

Ll/%
e. = C sin Z'rrfct

ei(t) Cwac (sin wact)(cos wadt)

= A
el = 5=+ 4y, ®, +j2uf_L) (3.9)
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The output voltage in this situation is one-half the input voltage plus
amplitude modulation terms. The coefficient of the second term is a func-
tion of the change in inductance and a constant which represents an ampli-
tude and phase angle. Note that in this case the sensitivity is a function of
the carrier frequency, fc.

A variable inductance pickoff may be used either potentiometrically
as indicated in Figure 3-1, or in an inductance bridge. AC inductance
bridges are discussed briefly in Section 9 and covered at length in Refer-
ence 1, page 225, and in various books on basic electronic circuits. If
the device is used as a potentiometer, the output will vary from minimum
to maximum, and a simple rectifier -low pass filter demodulator may be
used.

The selection of the filter becomes a trade-off between carrier ripple
suppression and data frequency response. Reference 3, page 240, points
out that a two-section filter with 5% carrier ripple will have only 2% data
attenuation at the highest data frequency. For good ripple suppression,

it is common practice to use a frequency ratio fc/f of 10.0 or greater.

If the pickoff is used in a bridge, the modulated outiut will increase for
a displacement in either direction and a phase sensitive demodulator is
required.

The main advantage of this type of pickoff is that it is noncontacting,
that is, it has no electrical leads or brushes attached to the moving ele-
ment. The main disadvantages are that demodulation of the amplitude
modulated output signal is required and that the sensitivity is low com-

pared with a differential transformer type pickoff. KEnvironmental sensi-

tivity is minimum and is best evaluated for the particular transducer.
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3.4 DIFFERENTIAL TRANSFORMERS

A differential transformer pickoff consists of an input winding,
a moveable iron core, and a dual series-wound output coil (see Table
3-1). The output coils are in series, but wound in opposite directions.
When the iron core is in the center or null position, the outputs of the
two coils are equal and opposite, and the net output is zero. When the
iron core ig displaced, the voltage on one coil is decreased while the
voltage on the other coil increases.

The open circuit output of the circuit indicated in Table 3-1 is

given in Reference 3, page 236, and is

2mf (M, - M.) i
e =e, c 1 2 _ . -0 {3.10)

° 1 R, '\I(vaT)ZJrl

() = 900 - tan” ' 2nfr

where

-
n
-

¥t
b
o

[ 9
1

characteristic time of primary circuit
L. - primary inductance

M. - mautual inductance, primary to first
output inductance, Henrys

M2 - mutual inductance, primary to second
output inductance, Henrys
fc - carrier frequency, Hz
$(f) - phase lag, radians

R, - primary resistance, ohms
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Note that the sensitivity indicated in Eq. (3.10) is a function of the
carrier frequency. The design frequency for a particular pickoff is
always specified. Also note that a phase shift between the input and
output carrier signals occurs. This phase shift is +90° at low fre-
quencies and -90° at high frequencies. The phase shift for a particular
transducer is usually indicated for the design frequency fc' The main
advantages of this type of pickoff are excellent resolution and linearity
over small ranges and the noncontacting design feature. The main dis-
advantage is that AC excitation and phase sensitive demodulation are
required. A simple circuit for phase sensitive demodulation is described
in Reference 3, page 239, and is also indicated in Section 9 of this report.

This circuit requires both leads from both output inductors.

3.4.1 Intrinsic Errors, Differential Transformers

Three types of intrinsic errors are as follows:

1. Nonlinearity
2. Drag
3. Phase shift

Nonlinearity due to end effects for large displacements is the major
limitation on amplitude of the differential transformer pickoff. However,
with proper design and instrumentation, differential transformers may
have nonlinearities as small as 1% for large travel. In the rotary con-
figuration, a 1% error for 40° travel, or 3% for 60° travel, is feasible
(Reference 3, page 242). The nonlinearities are due primarily tc manu-
facturing imperfections and nonlinearities of the iron. Ewven though the
differential transformer is a noncontacting device, magnetic effects do

produce a finite amount of drag between the moveable core and the case.
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This type of drag would probably appear as hysteresis in the transducer in
which it is used. The phase shift between the input voltage and the carrier
signal in the output signal is a significant problem only if it causes errors
in the demodulation. Some carrier systems require small phase shifts to
function properly. If required, phase advance and phase retarding eircuits
may be employed (References 57 and 58). The frequency response errors
are usually dependent on the demodulator and other elements of the using

transducer. Environmental errors are usually small.

3.4.2 Usage Errors, Differential Transformers

Two common types of usage errors of differential transformers
are
1. E=xcitation frequency error

2. Loading error

As previously indicated, the sensitivity of differential transformers
is a function of the excitation frequency. Variation of this frequency in

usage will cause a corresponding output error as follows:

% error = = % error, (3.11)

o) [

The impedance of the next stage or unit will affect the output. This
error is similar to the potentiometer loading error, Eq. (3.5), but the

particular circuit should be analyzed.

32



3.5 SYNCHROS

Synchros are devices which are widely used in servo techniques to
sense shaft position. They consist of an input coil wound on a rotor and
three output coils. As the shaft rotates, each of the output coils produces
an output proportional to the sine of the angle of rotation, but 120° apart
{see Table 3-1). In servo work, these outputs are commonly connected
to another synchro, usually called a synchro receiver. The shaft position
of the synchro receiver will track the shaft position of the position sensing
or transmitting synchro. For applications where the displacement signal
is to be recorded, synchros are not recommended because the output is
not directly proportional to the displacement. However, for small angles,
the sine of the angle is essentially equal to the angle and the output may
be used directly. For both small and large angles, a DC output may be
obtained by electrically connecting a synchro to a synchro receiver which
is mechanically connected to a potentiometer. This technique may be
useful if the particular measurement must be made with an existing or

onboard transducer which has only a synchro pickoff.

3.5.1 Intrinsic Errors, Synchros

Synchros have errors which correspond to the errors of potentio-
meters. The accuracy is limited by manufacturing tolerances on the
alignment of the rotor, the uniformity of the laminations, etc. This
is analogous to the resolution error of potentiometers but is not defin-
able in reasonable equation form., These angular errors are typically
of the magnitude of from five to twenty mimutes. In addition, harmonic

voltages are generated in the synchro as a result of nonlinearities of
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the iron. These residual voltages are attributable to manufacturing
imperfections and have the same effect as the resolution error. The
synchro type pickoff requires brushes or connecting wires which cause

hysteresis or other errors in the particular transducer.

3.6 RESOLVER

Resolvers are similar to synchros in that one set of coils i3 in-
stalled on the rotor and one set on the body (see Table 3-1). However,
for a resolver, the output coils, not the input coil, are on the rotor.
These coils are 45° apart and the resulting output signals are propor-
tional to the sine and cosine of the angle of rotation. As with synchros,
this output is not in a desirable form for recording and potentiometers

are commonly used.

3.7 MICROSYN

The microsyn consists of a rotor and a four pole stator on which
both input and output coils are wound (see Table 3-1), The output coils
are wound in series but connected such that voltages in poles 2 and 4
oppose voltages in poles 1 and 3. When the rotor is at the neutral posi-
tion, the net output is zero. Essentially, the microsyn is a differential
transformer in a rotary configuration. The main advantage of this type
pickoff is its high resolution and high accuracy for small displacements.
The main disadvantages are the limited displacement, up to only + 10%,
and lack of polarity. As with a differential transformer, a phase-sensi-

tive circuit is required to produce a signal which has polarity.
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3.8 VARIABLE CAPACITANCE PICKOFF

The variable capacitance pickoff utilizes the variation in capacity
with distance to transduce or measure displacements., Capacitance
between two parallel plates varies inversely and therefore nonlinearly
with distance {(see Table 3-1). This basic design problem is overcome
in a number of ways. One method is to place the variable capacitor in
the feedback loop of an operational amplifier {Reference 3, page 253).

The advantages of this pickoff device are that it is noncontacting
and, if DC excitation is used, the resulting signal is in analog form.
However, the frequency response when DC excitation or polarization is
employed falls off as zero frequency is approached.

One environmental error attributable entirely to capacitance pickoff
is the effect of ambient pressure changing the dielectric constant between
the plates. Humidity will also have an effect, but it will usually produce

an identifiable short.
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4. GUST INPUT MEASUREMENT TRANSDUCERS

Gusts or free air fluctuating velocities create significant input
forces and, therefore, aircraft responses. The absolute free air
velocity cannot be determined directly with one measurement on an
aircraft becauselthe aircraft is a moving platform in space. In
addition, measurement of the profile of the gust velocity at various
points on the aircraft is virtually impossible because the aircraft
disturbs the free air.

However, if certain assumptions are made, the relative time
varying velocity of the airflow at a single point on the aircraft may be
used to compute a valid input forcing function. The gust wavelength
is assumed to be large compared to the aircraft dimensions. Also, the
gust is assumed to have a washboard character. That is, even
though the aircraft moves vertically or laterally due to the gust, the
gust velocity measured is assumed to be the same as would be measured
if the aircraft flew perfectly straight.

Present techniques for gust velocity measurements calculate the
gust velocity from the aircraft angle of attack measurement multi-
plied by the aircraft velocity. The angle of attack sensor for this
purpose is usually mounted at the end of 2 boom on the nose of the air-
craft to place it in the undisturbed airstream. Since the aircraft
may not have zero attitude and will probably have acceleration and
angular velocities, gust velocity corrections are required. References
5 and 6 indicate that vertical gust velocity is calculated by the relation-

ship:

w (1) = Va(t) - VO(t) +f‘.v:(t) dt + 1X6{t) (4.
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where wg(t) = gust velocity (vertical), feet/sec

V = aircraft velocity, feet/sec
a(t) = angle of attack, radians
O{t) = aircraft attitude, referenced to earth, radians
Z(t) = aircraft vertical acceleration, feet/sec2
ﬁx = length between acceleration measurement and
angle of attack measurement, feet

8(t) = aircraft pitch rate, radians/sec

Gust velocities in the orthogonal directions are calculated in a similar
fashion. In actual practice, the running average or trend for each of
these parameters being measured is determined and subtracted from
the instantaneous value to minimize the accumulation of drift and bias

errors. This is indicated in Eq. (4.2)

w, = V[alt) - al - Vv[o(t) - 8] + f['z'(t) -%] dt+fx[é(t) - §) (4.2)

A significant problem encountered when employing this relationship is
the required resclution of the attitude pitch rate and acceleration measure-
ments. Tests reported in Reference 88 exhibited low level, low frequency
pitch rate and acceleration signals, +0. 082 degree per second and 0. 041 g,
respectively, which produced gust velocity corrections greater than the un-
corrected gust velocity term, Ve(t). The measurement of the attitude term
data, the pitch rate, and the aircraft acceleration are covered in the sec-
tions on vertical gyros, rate gyros, and accelerometers, respectively. The
balance of this section will be devoted to angle of attack sensors, and prob-
lems associated with the boom on which the angle of attack sensor is

mounted to place it in the free undisturbed air stream in front of the aircraft.
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4.1 VANES AND PROBES

Three different basic types of angle of attack and/or sideslip
sensors are presently commercially available and used for gust

velocity determination. These basic types of sensors are as follows:

1. Moveable vanes
2. Differential pressure probes

3. Fixed vane probes

These three types of angle of attack sensors are shown schem-
atically in Figure 4-1. The moveable vane type aligns itself with the
air flow and therefore measures the angle of attack directly. The
differential pressure probe senses the difference in pressure between
two points on the end of a blunt boom. This difference in pressure is
related directly to the angle of attack and the dynamic pressure. The
fixed vane probe senses the lift on a fixed vane. This lift is related

directly to the angle of attack and the dynamic pressure.

4. 1.1 Moveable Vanes

Moveable vanes are used extensively to sense the angle of attack.
This type transducer functions by aligning itself with the airstream.
The angle formed between the shaft of the vane and the mounting struc-
ture, usually the aircraft fuselage, is sensed by a potentiometer or a
synchro. The vanes are usually dynamically balanced and the response
to acceleration or inertia forces is therefore minimized. The advan-
tage of this type of sensor is basic simplicity of design which permits
measurement of angle of attack directly. The main disadvantage is

susceptibility to environmental and usage errors.
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Figure 4. 1. Angle of Attack Sensors
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The natural frequency is derived by considering the restoring torque

when the vane is not aligned with the airstream.

T = (lift) {moment arm)}
2
_ PV 4
T = CLA 5 ¥4 {4.3)
where
CL - coefficient of lift

A - vane area, feet

. . . 3
p - density of airstream air, slugs/feet
V - aircraft velocity, feet/sec

{ - distance center line shaft to center vane,
feet (see Figure 4-1)

T - torque, feets=pound

The sectional coefficient of lift for a thin airfoil for small angles of attack

is given by Reference 11, page 81 as

C. =2m (4.4)
where
o =uo-¢ = vane angle of attack, radians
@ - aircraft angle of attack, radians

¢ - relative angular displacement,
aircraft-vane, radians

The restoring torque per unit angle of attack is therefore

PVZ

= = — iz .
keff T/a“’r 2TA > (4.5}
where T/czv is the effective spring constant, inch lb/radian.

The undamped natural frequency of a single degree-of-freedom

torsion system is given by
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1 k 1 k
f = -— — =
n- 27 VI Zn 2 (4. 6)

where k

spring constant, foot pounds/radian
1 - moment of inertia, slug feet‘2
m - mass, slugs

r - radius of gyration, feet

Therefore, for the conditions stated (thin airfoil, small angles of attack),
the undamped natural frequency of a moveable vane in an airstream is

approximately

L

2
|

IA{

~[Z

2T mzr

Note that the natural frequency is a linear function of the aircraft velocity.

4,1.1.1 Intrinsic Errors, Moveable Vanes

Two types of intrinsic errors are as follows:

1. The amplitude and phase inaccuracies due to response of a
single degree-of-freedom system (bias error)

2. Resoclution errors in the pickoff device {random error)

The expressions for amplitude and phase errors due to the frequency
response of a moveable vane are developed in Appendix A. If the input is
due only to airstream variation with the aircraft attitude remaining con-
stant, the normalized frequency response of open loop accelerometers
applies (Figures A-2, A-3, and A-4). With aircraft attitude variation,
the frequency response is greatly different (Figure A-14). In an applica-
tion, the contributions from each source should be investigated and the

response combined.
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As an example, consider a typical vane.

e
tl

r=3/12 feet

2
~0.31b sec
T 32,2 feet

The natural frequencies at typical flight conditions are as follows:

Case 1 2 3
Mach ﬁo. .3 .6 .7
mAltitude, feet sea level 3, 000 40, 000
£, He l 16. 1 31,4 16. 9

Since these frequencies approach typical gust frequencies, extremely

light weight vanes with higher natural frequencies have been used (see

Reference 7}.

If the vane shaft angle is sensed with a wire wound potentiometer

pickoff, a resolution error results. This error is given in Section 3

and repeated below:

%s 0.29
a n

% error =+ (100}
rms —

where o
fs

n

total full scale range, radians

il

number of potentiometer windings

(4. 8)

For example, with a full scale of + 20 and n = 2000, the rms error in the

measurement of 0.5% is +1.16%, This random error is significant because
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the angle of attack variation due to gust velocities is usually small

compared to the range of absolute angle of attack measurement.

4.1. 1. 2 Environmental Errors, Moveable Vane Sensors

Since the vane is of necessity rmounted in the airstream, it is
subject to temperature variations and humidity phenomena including
icing. This icing may be avoided or minimized in effect by installing
de-icing heaters in the assembly. Variations in temperature may
affect the damping provided within the unit. If damping varies as a
function of temperature, the errors described in Appendix A are
applicable. Another environmental error is its potential susceptibiiity
to vibration. This defect mnay be eliminated only if the device is bal-
anced, and sufficienty stiff so that the vane itself has no bending natural

frequencies in the frequency region of interest, zero to 20 Hz.

4.1.1.3 Usage Errors, Moveable Vane Sensors

Moveable vanes are inherently fragile devices installed in exposed
external locations. As a result, the major usage errors are attributable

to damage due to mishandling and exposure to adverse environments.

4,1.2 Differential Pressure Probes

Differential pressure probes function by measuring the difference
in pressure on two points of a blunt object as indicated in Figure 4. 1.
The subsonic pressure distribution around a sphere is given by Reference 8,

page 413, as follows:
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p-1 oviq -% sin%) + P (4. 9)

M| —

where

P

2
pressure at point on sphere, lbs/feet
0 = angular position of point, ref Figure 5, degrees

2
P static pressure, lbs/feet

s

1t

o
If the two pressure taps are mounted 45 from the center line, the

difference in pressure will then be as follows:

P -P_=AP= % pVv % [:- s:'m2 (45° + a) + sinz (-45° + a)]
1 91 .. o o, . 0 o
=EpV 7 |sin (¢ - 45 + o+ 45 ) gin (o - 45 - a - 457) {4. 10)

1 29 .
=-3 pV 7 sin 2o
If this quantity is thennormalized by dividing by the dynamic pressure
and evaluated for small angles, the difference in pressure is related to

the angle of attack|by the equation:

A
P
o T (0. 079} a = -ka {4. 11)
where
k - constant
VZ 2
q-= ET - dynamic pressure, lbs/ft
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Indeed, wind tunnel tests (Reference 9) indicate that the constant
is 0.0819 compared with the ideal 0.079. Calibrations of a probe with
protruding tubes instead of flush ports (Reference 10) gives a nominal

value of the comstant as 0. 1.

4.1.2.1 Intrinsic Errors, Differential
Pressure Probes
The major intrinsic errors of differential pressure probes are

as follows:

1. Errors due fo the measurement of the dynamic pressure

2. Variation of the calibration constant with Mach number

The measurement of the angle of attack, @, requires the determination
of the dynamic pressure, q (Eq. 4.11). For small errors, the errors

are related by:

%o error = - % errorq (4. 12)

The relationship between angles of attack and differential pressures
as expressed in Fgq. (4. 11) is reasonably accurate between Mach 0.1
and 0. 6. However, in the transonic and supersonic region, the physics
of drag change and one would expect the relationship between differential
pressure and angle of attack to subsequently change. Indeed, this is the
case. References 9 and 10 present test data showing the variations in
the constant with Mach mumber. The data from Reference 9 is presented
as Figure 4-1. In order to scale the data properly, an accurate measure
of the aircraft Mach number must be made and the appropriate scale
factor applied. Frequency response is a function of the tubing, pressure

transducer, and mounting boom, not the basic transducer.
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Figure 4-1. Sensitivity of Differential Pressure Angle of Attack Sensor versus

Mach Number

4,1.2.2 Environmental Errors, Differential
Pressure Probes
The most significant environmental error is associated with ice
formation on the probe. The aerodynamic characteristics will change
and the probe ports may become blocked. This may be avoided by ade-
quate de-icing provisions. Another type of environmental error con-

cerns the differential pressure transducer. Typically a strain gage or
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capacitive device with fluid damping is used for this application. The
damping provided by the fluid may change with temperature. In addition,
the transducer should be designed to withstand any anticipated vibration

environment. Pressure transducers are discussed in Section 8.

4.1.2.3 Usage Errors, Differential
Pressure Probes

The usage errors of differential pressure probes are as follows:

l. Frequency response errors due to tubing
2, Calibration

3. Damage

The frequency response of the differential pressure type angle of
attack sensor is dependent on the dimensions of the tubes to the pressure
transducer and the natural frequency of the transducer itself. The ex-
pressions for natural frequency and damping of the gas in the tube are
given in Section 8.

The error may be extremely large for small tube diameters. For
example, consider a case at standard atmospheric conditions at 10, 000

feet altitude with a long, small diameter tube.

Tube diameter, d - 0,02 inch
Tube length, £ - 100 inches
Vol, pressure transducer, v - 0.314 inch3
Sound velocity, VS - 1078 feet/second
Air density, p - 0.001756 slug/feet3
Air viscosity, B - 3.515x 10“7 slug/feet-second

47



Substituting in Eqs. (8. 6) and (8. 7)

Natural frequency, fn = 6.34 Hz

Damping factor, € = 28.9
The corresponding frequency response function is unacceptable.
However, the characteristics improve rapidly with increased tube di-

ameter. If tube diameter = 0.1 inch,

f 21.7 Hz

n

¢}

£ =0.338

Since the response characteristics of this type of probe are nonlinear
with Mach number, the probe must be calibrated to provide an accurate
readout. Wind tunnel calibration of these devices should be made for
the entire Mach number range of interest. The method empiloyed will
depend on the type of pressure transducer used. A method of referring
the measured data to the wind tunnel calibration which is independent of
any excitation voltages, lead wire length, and other extraneous effects
should be provided for as discussed in Section 9 under usage errors of
Wheatstone bridges.

Another usage error results if the probe is damaged. If the effec-
tive angle between the probe ports is changed from 909 by bending the
protruding tubes, the sensitivity will change by a factor of the sine of the
new angle. If the airflow is changed by damage to the probe, no valid
expression may be used to describe the error. The probe should then

be repaired and/or recalibrated.
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4, 1.3 Fixed Vane Probes

This type of angle of attack sensor functions by measuring the aero-
dynamic lifting force on a vane and relating this measurement to the angle
of attack. A variation of the fixed vane probe uses a feedback loop to pro-
vide restoring force for a movable vane. The expressions for ideal subsonic
and supersonic lift on a symmetrical body are given by Reference 11 and
presented in Eqs. (4. 13) and (4. 14}.
2
v
-c AR
F CL >
2
eV _
2

Subsonic lift

It

21wa A (4. 13)

U}

It
by
I
Q
>

[

Supersonic lift

(4. 14)

As with the case of the differential pressure probe, the output is a func-
tion of the dynamic pressure. If the above equations are rearranged, the

angle of attack is related directly to the lifting force.

F
= i 4.
a e subsonic (4. 15)
a = FVM -1 supersonic (4. 16)
- 4Aq P :
VZ
where q = ET = dynamic pressure, pounds/feet

The natural frequency depends on both the mechanical and aerodynamic
restoring springs. The response will approach that of the movable vane

if the mechanical spring is soft.
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4, 1.3.1 Intrinsic Errors, Fixed Vane Probes

Intrinsic errors for fixed vane probes are divided into the following

items:

1, Nonlinearities in the general expression for lift on the vane

2. Errors associated with the strain gage measuring device

The relationship between angle of attack and lifting force given by
Egs. (4.15) and (4. 16) show the dependence on dynamic pressure and
Mach number. Therefore, as with the case of differential pressure
probes, these parameters must be measured accurately. Reference 12
gives calibration data for a fixed vane gust probe. Errors associated

with strain gage measurement are treated in detail in Section 6.

4, 1.3.2 Environmental Errors, Fixed
Vane Gust Probes

The main environmental error for the fixed vane gust probes are
attributable to temperature effects on the strain gages measuring the
bending force. These errors are described in detail in the section on
either conventional strain gages or semi-conductor strain gages.
As with the other types of angle of attack sensors, ice formation on
the vane is a potential source of error. As with movable vanes, the

sensitivity to vibration is minimized if the vane is balanced and stiff.

4.1.3.3 Usage Errors, Fixed Vane Gust Probes

The calibration errors associated with differential pressure probes
apply to fixed vane probes because the nonlinearities due to Mach num-
ber apply or are similar. Since the sensing is done with strain gages,

all the usage errors for strain gages in Section 7 apply.
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4. 2 MOUNTING BOOMS

The boom used to place the angle of attack sensor in the undis-
turbed airstream can contribute errors to the angle of attack measure-
ment. This occurs when the aircraft acceleration and pitch rate cor-
rection measurements are not made at the end of the boom where the
angle of attack sensor is located. Therefore the gust velocity deter-

mination, Eg¢. (4-2), is in error.

Wg(t)m = wg[t) - Vo (t) -fav(t)dt (4. 17)

where wg(t]m — measured gust velocity
V — aircraft velocity
¢(t) - angle between end of boom and attitude gyro

a (t) — relative acceleration, vane - accelerometer
v

The error is therefore:

V(e - fa_(t)at

% error = (100) (4. 18)

w (t)
24

Sample calculations for booms with simple geometry indicate that
the error due to the angular deflection of the boom is one to two orders
of magnitude greater than the error due to the boomn tip relative velocity.

The error expression is therefore
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% error - —-{:—t:—;— {100) (4.19)

The evaluation of this error for different combinations of boom geometry,

aircraft vibration and gust velocity spectra is beyond the scope of this

report.

One method for correcting for boom deflection is to measure the
boom bending moment with strain gages, compute the corresponding
angular deflection at the tip, and apply an appropriate correction, Ref-

erence 99, page 205.
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5. ATTITUDE AND ANGULAR RATE

MEASUREMENT TRANSDUCERS
/

The measurement of the angular motion parameters is an integral
and important part in flight loads determination. The types of measure-

ments that are commonly made and their applications are as follows:

1} angular position or attitude

a) gust velocity calculation

b) correlation with other responses and inputs
2} angular rate

a) describing touchdown

b) describing a maneuver

The angular motion measurements which are desired are those of
the rigid body aircraft. ILocalized motion which describes the aircraft
modal response is usually determined with accelerometers. Therefore,
the frequency range of interest for angular motion measurement is from
0 to approximately 6 Hz.

A mumber of different types of gyroscopic devices are suitable for
the measurement of the desired parameters. The five different types

of attitude and rate sensing devices considered are as follows:

1) free gyroscope

2) vertical gyroscope

3) rate gyroscope

4) rate integrating gyroscope

5} stable platforms
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The schematics, the type of measurements which these devices
are capable of making, and the advantages and disadvantages of each
are presented in Table 5-1. The stable platform has a variety of con-
figurations and its schematic is not indicated, Reference 13 presents
a thorough introductory discussion of all types of gyroscopic devices,
as well as state-of-the-art specifications. References 14 and 15 also
present introductory gyroscopic principles. A comprehensive collection
of publications on gyroscopic principles and applications exists; however,
the primary use of gyroscopes is for navigation and control and the litera-

ture is not oriented towards flight parameter measurement.

5.1 GYROSCOPE ERRORS

Since gyroscopic devices have a reasonable amount of similarity
between one another, they have a number of common errors. These common
errors are discussed separately in the following text. The errors unique
to each gyroscopic device are discussed under the particular gyroscope
sections, The primary errors associated with each type of gyroscopic
device are listed in Table 5-2. The common errors which are discussed
separately are noted. The major differentiation between the types of de-
vices is the number of degrees of freedom which the gyro possesses.
This is usually equivalent to the number of gimbals. As seen in Table
5.1, the housings of free gyros and vertical gyros are free to move in
two directions with respect to the gyroscopic wheel. Rate gyros and
rate integrating gyros are single degree-of-freedom devices, and are
restrained to one type of motion. The major errors tend to be divided
into those common to all gyroscopes, single degree-of-freedom gyro-

scopes, and multiple degree -of -freedom gyroscopes.
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5.1.1 Gyroscope Drift

Probably the most common and well-known gyro error is drift,
Small friction torques cause gyro precession in unrestrained devices,
that is, free gyros, vertical gyros and rate integrating gyros. The
amount of this drift limits the usefulness of the free gyroscope, making
it essentially a short-term device. Drift is a primary specification
parameter which is well defined for each particular gyroscope. The
environmental effect of vibration increasing drift is not so well defined.
A considerable amount of technical work has been devoted to describing
the mechanics of vibration creating drift {(References 13, 60 and 61).
Reference 22 presents the results of a study to relate gyro drift with
vibration acceleration. The general conclusion of this work is that
insufficient correlation existed to describe gyroscope vibration coef-

ficients.

5.1.2 Nutation

Nutation is an error or unwanted phenomenon of two degree-of-
freedom gyroscopes. Basically, nutation is an exchange of energy
between one degree of freedom and another. This motion requires no
external energy or force to sustain it. The natural frequency of this

phenomenon is as follows:

H

1
f -— (5. 1)
2 :’I I
i " og 18

where I, - moment of inertia of inner gimbal and
'8 gyro about inner axis
log - moment of inertia of inner gimbal, gyro,

and outer gimbal about ocuter axis

H = ISQ - momentum of gyro wheel, foot pound second/radian

57



Proper gyroscope design will keep this nutation frequency above the
frequency of interest. This is done by maintaining a large angular mo-
mentum for the gyroscope wheel compared with the gimbal moments of
inertia. If that is not possible, knowledge of the nutation frequency
should be used when analyzing resulting data. In most gyroscope de-
signs, the bearing friction serves to damp out nutation and it is not a

serious problem.

5.1.3 Nonlinearity

Nonlinearity is an error which manifests itself in all types of
transducers, and is a function of the transducer design. The nonlinearity
and loading effects of potentiometers are discussed in Section 3. Typical
values of nonlinearity for commercially available gyroscopes are less

than -l;]. %o

5.1.4 Hysteresis and Resolution

As with linearity, hysteresis and resolution are gquantities which
are a function of the detail design of the gyroscope. The resolution errors
of potentiometers are discussed in Section 3. Hysteresis is usually com-
bined in specifications with linearity because the two parameters are diffi-
cult to separate by practical tests. Typical values for linearity and
hysteresis are +1% for free and vertical gyroscopes, and +.25% for rate

gyroscopes and rate integrating gyroscopes.

5.1.5 Gimbal Errors

In free and vertical gyroscopes, the pitch angle pickoff device

measures the relative angle between the inner and outer gimbal. This
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is the same as the angle between the aircraft center line and the local
horizontal plane or horizon. If a large roll angle is being measured
simultaneously, the pitch angle measurement is in error. This is be-
cause the pitch angle is usually defined as vertical motion about the
wings instead of about the local horizontal (see Figure 5-1). This is

a specific type of gimbal error. Correction for this error involves
computations using spherical geometry. In some types of gyroscopes,
three or four gimbals are employed in order to measure the third de-

gree of motion, yaw. Gimbal errors are more complex in these units.

Plane
Fuselage

Pitch Only

% aircraft

8 measured
8 definition

Horizontal Plane

Roll
Roll and Pitch / CL aircraf

O measured
l O definition

Figure 5-1. Gimbal Error Due to Definition
of Pitch Angle
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5.1. 6 Gimbal Lock and Tumbling

If a free or vertical gyroscope is used beyond the angular deflec-
tion limits, usually in pitch, mechanical stops are encountered. The
outer gimbal turns through 180 degrees about its own or roll axis. This
is called gimbal tumbling, If the stops are not employed, the gyro spin
axis coincides with the roll axis and the whole assembly begins to spin
about the roll axis. Once this has begun, the spin axis remains locked

to the roll axis regardless of the aircraft attitude, thus gimbal lock.

5.2 FREE GYROSCOPES

A free gyroscope is a two (or three) degree-of-freedom device
with gimbals which allow the outer case to rotate with respect to the
gyroscope wheel {see Figure 5-1). Conventionally, free gyros have
360° of angular motion about the outer gimbal axis, and slightly less
than + 90° of angular motion about the inner gimbal axis. The angular
position is sensed with a potentiometer pickoff or three phase synchros
located on the outer axis of the gyro. Free gyros exhibit drift phenom-
ena, typically 0.5 degree per minute. Free gyros, therefore, are
basically short-term devices. Most models are furnished with torquers
to orient the gyroscopic wheel to some desired position, A typical pro-
cedure would be to torque the gyro until it was oriented with the aircraft
while the aircraft was on the ground. The main advantage of free gyros
for experimental flight test use is that large pitch and roll angular dis-
placements can be measured directly. All the major errors of free

gyroscopes are covered in the previous discussion, Section 5. 1.
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5.3 VERTICAL GYROSCOPES

Vertical gyroscopes are special free gyroscopes with a gravity
sensing device used to continuously or frequently refer the gyroscope
back to a known reference. A vertical gyroscope usually has 360° of
angular motion about the roll axis, and + 85° of angular motion about
the pitch axis. Vertical gyroscopes are positioned in the vertical axis
from signals from the vertical reference sensor by torquers, as indi-
cated in Figure 5-1. The vertical reference is, of course, sensitive
to lateral and longitudinal aircraft accelerations. When experiencing
maneuvering, the vertical reference sensor is normally disconnected
or compensated for. With this restriction in mind, the vertical gyro
is a useful toel for experimental flight measurement. The design con-

siderations of vertical gyros are discussed in Reference 15, page 131.

5.3.1 Intrinsic Errors, Vertical Gyroscopes

The only significant intrinsic error not covered in Section 5.1 is
the vertical reference repeatability. However, in commercially avail-
able units which have been designed for navigational purposes, this error

is quite small (on the order of 0.2 degrees).

5. 3.2 Environmental Errors, Vertical Gyroscopes

The environmental errors of vertical gyros are listed in Table 5-2

and are repeated below.

l. Vibration and temperature effects on accuracy

2. Lateral acceleration effects on erection
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Temperature variations tend to increase the accuracy error. This
error, which is the total effect of nonlinearity errors, hysteresis errors,
and resolution errors, is not conveniently expressable as a function of
the environment. Vibration effects on drift are covered in Section 5, 1. 1.
The unit employed should be evaluated in the vibration environment anti-
cipated.

Lateral acceleration errors are unique to vertical gyros. The verti-
cal reference pendulum cannot distinguish between earth's gravity and
lateral accelerations. A solution would be to design the erection servo
loop with a long time constant in order to prevent the gyro from respond-
ing to anticipated maneuvers. However, this would make the initial erec-
tion time unsatisfactorily long. In addition, the gyroscope should be able
to track and correct for the angular rate of change of the earth, 0.2507
degrees per minute. A solution is to employ an erection cutout switch
which senses low frequency lateral acceleration. Units of this type can
maintain vertical reference within 0.25% For higher frequency accelera-
tion such as vibration, the response of the servo loop should be investigated

(see Reference 23).

5.4 RATE GYROS

A rate gyro is a single degree-of -freedom spinning wheel which is
restrained. The rate gyro utilizes the precession phenomenon; that is,
an input angular velocity produces an output torque which is sensed by
measuring the angular displacement of the spin axis perpendicular to the
input axis. The main advantages of rate gyros are their small size -and
ability to measure anhgular rate directly. The only other commonly used

angular rate transducers are stable platforms. The main disadvantage of
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rate gyros is that their sensitivity is dependent on the spring constant
and gyro speed. The frequency response is developed in Appendix A

and is repeated helow:

I QK .
Hy () = S Rz L __ k() (5. 2)
o I (2n{ ) 292 2
o} n f {
1 - —=| +]2t—
2 f
f n
il
2L
-1 f:n
¢(f) = tan” ———— (5. 3}

where
Is - moment of inertia about gyro spin axis, slug feet
I ©Q=H - momentum of gyro wheel, foot pound second/radian
s
£ - angular velocity, rotating wheel, radians/second
Kp -~ pickoff transfer function, volts/radian
2
Io - moment of inertia about output axis, slug feet
f = 1 /K natural frequency, H=z
n - ZTT IO q Y

From inspection of these equations, the following items should be noted:
1. The sensitivity of a particular rate gyroscope with the same

pickoff sensitivity, Kp, is inversely proportional to the natural
frequency squared. The sensitivity is inversely proportional
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to the full scale range. Therefore, full scale range and
natural frequency are related by

- 1/2
f =Cpp®ig (5. 4)

The constant Cpp may be considered a figure of merit. The
ranges for this constant for commercially available rate gyro-
scopes are given in Table 5-3.

The magnitude of the frequency response function has positive
and negative terms and may therefore be essentially constant
for certain ranges of damping and frequency. Indeed, from
inspection of Figures A-2 through A-4, the frequency response
is flat within + 2% for a damping ratio of 0. 64 up to f/f = 0. 6.

The phase factor is a nonlinear function. See Sections 6.1 and
6. 1.1 for further discussion of the variation of time delay with
damping and frequency.

Table 5-3. Rate Gyroscopes, Range and
Natural Frequency Characteristics

Range of Natural Full Scale Ranges, Figure of Merit
Frequencies, Hz Degrees/Sec . 1/2

= 0
CFR fnl IS

10-150 10-1000 2,0-7.0

5.4.1 Intrinsic Errors, Rate Gyroscopes

Gyroscope errors are listed in Table 5-2. Frequency response and
gyro speed variation are error sources which are not covered as common
gyroscope errors. The frequency response, when normalized, is identical

to that of an open loop accelerometer {Section 6.1.1), The error which re-
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sults if a constant sensitivity is assumed is plotted in Figure A-4.

If 2 constant time delay, T = 1/4fn, is assumed, an error results.
This error is presented in Figure A-5. Accurate knowledge of the time
delay characteristics is of prime importance in cross correlation and
cross spectra analyses.

The gain factor error is directly related to gyro speed error.

% error =% error (5. 5)

st Q

5.4.2 Environmental Errors,
Rate Gyroscopes

Vibration effects are discussed in Section 5. 1. 1. Temperature
variations cause changes in the viscosity of the damping medium. These
errors are covered at length in Section 6. 1. 2. A method for compensating
for variation in the damping viscosity is to employ a nylon cylinder as the
moving element in the damping device (Reference 3, page 36). As tem-
perature increases, the viscosity decreases, but the nylon expands more
rapidly than the case material, closing the narrow darnping gap. By proper
choice of materials and geometry, the damping variation error may essen-

tially be eliminated over the operating range of the gyroscope.

5.4.3 Usage Errors, Rate Gyroscopes

Typical rate gyroscope usage errors result from

1. Mounting

2. Calibration
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If the rotational natural frequency of the gyroscope mounting ap-
proaches the frequency range of interest, errors result. However, this
should never be a significant error source because of the frequency range
of rigid body motion, 0 - 6Hz.

Calibration of rate gyroscopes is performed by aligning the gyro
input axis parallel to the axis of rotation of a rate table. The output of
the rate gyro is recorded as the rate table input is varied. All parame-
ters of static calibration can be rnaintained and measured to accuracies
much smaller than other errors. The natural frequency, damping, and
frequency response are determined either by applying rotational vibra-
tion about the input axis or by applying a step input and measuring the
gyro output. If the step input technique is employed, the frequency
response is inferred from the natural frequency and damping. The best
accuracy obtainable for frequency response calibration with state-of-the-

art techniques is approximately + 2%.

5.5 RATE INTEGRATING GYROSCOPES

Rate integrating gyros are similar to rate gyros, the difference
between the two being in the nature of their respective precession axis
restraints. As indicated in Figure 5-1 and discussed in Appendix A,
the spring restraint for rate integrating gyros is kept as small as is
possible. The major problem with the use of rate integrating gyroscopes
for flight loads measurement is the lack of range. Typical units devel-
oped for stable platform applications have only one or two degrees full
range. However, more recent models designed for strap-down applica-
tions have ranges which are as great as 1+ 20 degrees. For cases where
this limited range would be satisfactory, such as gust response measure-

ment, this type of gyroscope has superior performance characteristics
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when compared with free gyroscopes and vertical gyroscopes. The pri-
mary performance parameter in this case is the drift rate. Published
specifications indicate drift rates as low as 0.01 degree per hour. The
frequency response of the rate integrating gyroscope device is developed

in Appendix A. The gain factor and phase factor are repeated below for

reference.
K H
1 ¥
Hy | = P : At (5. 6)
-eo < , 2wfl y 2
1+ ( °)
c
1 I

${f) = tan zw?" (5. 7)

where c - coefficient of viscous damping, inch pound second/radian

The response indicated above is that of a first-order type system.
The frequency response is plotted in Figures A-7 and A-8, Appendix A.
As can be seen, there is always a gain factor error with frequency when
compared with zero frequency response. Typical commercially available
units with ranges up to j-_10° have characteristic times of 0.0006 to 0,004
seconds. Therefore, for the frequency range of interest, 0 to 6Hz, the

maximum gain factor error is -1%.

5.6 STABLE PLATFORMS

Stable platforms are gyroscopic instruments which incorporate a

triad of gyroscopes and accelerometers. The outputs of the gyroscopes:
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and accelerometers are operated upon and used to position or control
the gimbals which support the platform on which the gyros and accelero-
meters are mounted. Different schemes or configurations are used to
correct for the rotation of the earth and to produce output signals of
azimuth, pitch, and roll. Stable platforms are characteristically very

high accuracy devices with drift rates from .001° per hour to . 5% per

hour.
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6. ACCELEROMETERS

In experimental flight loads determination, accelerometers are
used for the measurement of four classes of aircraft motion. These

are as follows:

1. localized and rigid body velocities (for gust velocity
correction)

2. rigid body aircraft response accelerations
3. aircraft modal response accelerations

4. localized aircraft vibration accelerations

The different measurements impose slightly different requirements
on accelerometer characteristics. An accelerometer used for the gust
velocity should be located in the boom near the angle of attack sensor.

A small, light-weight accelerometer is advantageous for this application.
The approximate frequency range is from 0 to 20 Hz. In addition, the
accelerometer mounted in the boom will probably experience a more
hostile temperature environment than experienced by an accelerometer
mounted within the aircraft fuselage.

An accelerometer used to measure aircraft rigid body response
accelerations should be mounted as close as is feasible to the aircraft
center of gravity. The size of this accelerometer is limited only by the
available space, the mounting natural frequency, and the load carrying
capacity of the aircraft. The approximate frequency range of interest

is from 0 to 6 Hz.

69



For the measurement of modal response accelerations, a small
unit is desirable, mainly because of space limitations of the remote
areas of aircraft. The frequency range of interest is from 0 Hz to
approximately 50 Hz.

Accelerometers used for the fourth class of aircraft motion
measurement, localized vibration, are necessarily small compared
with the part being monitored and have useful frequency ranges from
5 Hz up to as high as 3K Hz. The instrumentation for these types of
measurements is similar to and in some cases identical to the instru-
mentation employed for the other applications. However, the study of
the unique requirements, problems, and errors of "vibration' instru-
mentation is beyond the scope of this report.

A number of different types of accelerometers are suitable for
experimental flight test programs. These types are as follows:

I. wvariable inductance {(variable inductance and

differential transformer)

2. potentiometer

3. strain gage (wire)

4., piezoresistive (semiconductor strain gage)

5. servo or force balance

6. piezoelectric (quartz)

All six types of accelerometers function in a similar manner. An inertial
mass is suspended within the case of the unit. Accelerations of the case
cause forces and relative motions between the case and the mass. These
forces and/or maotions can be converted to electrical signals; whereas

no simple, practical methods exist for converting acceleration to elec-

trical signals directly. The variable inductance, potentiometer, unbounded
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strain gage, and piezoresistive accelerometers are essentially identical
in principle, and merecly employ different relative displacement pickoff
devices. The servo or force balance type accelerometer produces an
electrical current proportional to the force necessary to restore the
inertial mass to the zero or no-displacement position. This current

is proportional to the applied acceleration. The piezoelectric type
accelerometer employs a crystal as the spring supporting the inertial
mass. The crystal generates an electrical charge proportional to the
applied force. A comparison of the advantages and disadvantages of

the different types of accelerometers for flight loads measurement is
presented in Table 6-1. In addition to the type of relative displacement
pickoff device, accelerometers are classified by the type of damping
employed. The advantages and disadvantages of various damping methods
are discussed in Section 6.1.2.

Other types of accelerometers have been developed, usually for
specific uses, but have not been generally adopted for flight loads mea-
surement. Two such types are the variable capacitance and vibrating
string accelerometers., The variable capacitance type is similar to the
potentiometer, etc., using a variable capacitance pickoff. The vibrating
string accelerometer utilizes a mass suspended by a pair of taut strings.
Acceleration of the mass causes a change in the difference of the fre-
quencies of the strings. Counting the cycles gives a digital readout.

This type of accelerometer has many advantages for inertial navigation,
but manufacturing difficulties and low frequency response make it un-
desirable for flight loads measurement (see Reference 13).

In addition to accelerometers, velocity transducers may be used
to measure aircraft motion. Two such devices are the inertial, self-
generating velocity probe and the pendulus integrating gyroscope accelero-
meter, or PIGA. The main disadvantage of the self-generating or dynamic

velocity transducer is that the frequency response is approximately constant
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Table 6-1.

Comparison of Types of Accelerometers for Dynamic

Measurements

Type of Major Major
Accelerometer Advantages Disadvantages
Variable High resolution Large size
ind .
o u'c:tance Rugged Precision AC source
(variable .

‘ _ required
reluctance and : .

. s Demodulation required
differential D . t ¢
transformer) arnping temperature

sensitive
Potentiometer Large DC output {no Finite resolution

Strain gage
(wire)

Piezoresistive
{semiconductor
strain gage)

Servo (force
balance)

Piezoelectric
{(quartz)

amplifier required)
Rugged
Simplicity

High natural frequency
Small size
Continuous resolution

High cutput
High natural frequency

High accuracy
Continuous resolution
High output

Self test feature

High frequency response
Small size and weight
Self-generating

Rugged

Low natural frequency
Damping temperature
sensitive

Wiper vibration sensitive
Precision DC or

AC source required

Precision DC or AC
source required

DC amplifier or demodula-
tion required

Damping temp. sensitive

Precision DC or
AC source required

Low natural frequency
Frequency response poor
Complex

No DC response
Low sensitivity
Special amplifier
required
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only for frequencies above the natural frequency (Reference 1, p. 81).
The PIGA is a single axis gyro with a mass unbalance. Acceleration
of the mass causes a gyro precession velocity. Integration shows pre-
cession displacement to be proportional to applied linear velocity (see
Reference 13). This high accuracy device would be suitable for flight
loads measurement but, because of limited general application, is not
considered an off-the-shelf itemn. The schematics of the various types
of accelerometers are shown in Figure 6-1, The various elements are

defined and discussed in the following text and in Appendix A,
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Piezoresistive and Variable Null Balance
Inductance

Figure 6-~1., Accelerometer Schematics

6.1 VARIABLE RELUCTANCE, POTENTIOMETER,

STRAIN GAGE, AND PIEZORESISTIVE ACCELEROMETERS

These four different types of accelerometers function in essentially

the same manner. The main difference between the four different types
is, as previously indicated, the type of pickoff device employed. The
amount of relative motion between the mass and the case is determined
by the nature of the pickoff device. For example, piezoresistive and
strain gage types require only a few thousandths of an inch displacement
to obtain full scale output. On the other hand, the potentiometer type

requires a much larger displacement, on the order of a tenth of an inch,

for full scale {(see Table 3. 2).
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The frequency response function for all four types of accelerometers

is given in Appendix A. This equation is repeated below for reference.

= e_jq)(f) {6.1)

H(D), =K

b(f) = tan” — 3 (6. 2)
£
1 -(-f—r:

where H({) — frequency response function
a- .
o base acceleration to output

Kp —  pickoff transfer function, volts/feet

¢(f) — phase lag, output voltage to applied acceleration

From inspection of these equations, the following items should be noted.

1. The sensitivity of a particular accelerometer with the same
pickoff semnsitivity, K_, is inversely proportional to the natural
frequency squared. The full scale acceleration range will be
inversely proportional to sensitivity; the less sensitive the
accelerometer the greater the acceleration level required to
obtain full scale ocutput. Therefore, full scale range and
natural frequency are related by

1/2
fn ™ “rrEFs
The constant CypRr may be considered a figure of merit. The
ranges of this constant for the various types of commercially
available accelerometers are given in Table 6-2.
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2. The magnitude of the frequency response function has positive
and negative terms and may therefore be essentially constant
for certain ranges of damping and frequency. Indeed, from
inspection of Figures A-2Z - A-4, the frequency response is
flat within +2% for a damping ratio of 0.64 up to f/fIl = 0. 6.

3. The phase factor is a nonlinear, arctangent function of the
frequency ratio. Reference 18, page 22, points out that the
requirement for linear phase factor would be that d$ /d (f/fn)
be a constant

‘ 2
201 + (£/5 ) )
do(f) _ n i
d(f/fn) - ] 4 5 > = constant (6. 3)
rall B 4Lt~ - 2 rall IR
n n

The only value for which this is true is §{ = 0. However, for
a damping ratio of 0.7 the phase factor approaches a linear
function. If a linear phase shift of the form $(f) = wf / 2f

is assumed (see Figure A-3), the output of the trans- H
ducer will be delayed by 1/4fn seconds from the applied
acceleration., That is

_e(f) wf 1
T 2nf  (2f j2wf T 4f
n n

(6. 4)

where T = time delay, seconds.

Table 6-2. Comparison of Accelerometer Natural Frequency and Range

Range of %\TaturHal Figure of Meﬂ’tz
Type Accelerometer Frequencies, Hz CFR = in/gFS
Variable reluctance 5.5 - 750 2 -T2
Potentiometer 9 - 130 4.5 - 20
Strain gage 25 - 900 25 - 170
Piezoresistive 2700 - 12, 000 540 - 760
Servo 8 - 700 10 - 200
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6.1.1 Intrinsic Errors — Variable Reluctance, Potentiometer,
Strain Gage, and Piezoresistive Accelerometers

The types of intrinsic errors common to these types of acceler-

ometers are as follows:

1.  Amplitude and phase frequency response errors
2. Resolution errors in the pickoff device

3., Amplitude linearity

4. Hysteresis

5. Cross axis sensitivity

The deviation of the sensitivity from a constant value as a function
of frequency and damping is represented by the frequency response ex-
pression, Eqg. (6.1). The error which results if a constant sensitivity

is assumed is as follows:

2
N I PR Ry PP S
) -fz fn
% error = r; == 2:'-' 100 (6. 5)
1 ﬁ v lat
T2 f

f n
n

This error is plotted as a function of § and (f/fn) in Figure A-4.
In order to remain within a specified accuracy, the upper frequency

must be restricted and the damping ratio controlled.
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The deviation from zero delay between applied acceleration and
response as a function of frequency and damping is represented in the
phase lag expression, Eq. (6.2). The error which results if a constant

time delay, T = 1/4fn, is assumed as follows:

-
2 f‘n 1 2';}::
% error = = [ tan s _ ] 100 {6. 6)
T m \f f 2
1 -}—
f
| n

This error is plotted in Figure A-5. Nonlinear or non constant
time delays cause distortion of complex waveforms. Accurate knowledge
of the timme delay characteristics is of prime importance in cross cor-
relation and cross spectra analyses.

Resolution errors of the pickoff device are covered in Section 3.
Resolution errors for commercially available units are small compared
with the other types of intrinsic errors.

Amplitude linearity is the deviation from constant sensitivity as a
function of amplitude. This error by definition is a bias error because
it is systematic or reproducible. Hysteresis is the inability to return
to zero output with zero acceleration. For a single cycle, this error
appears as an amplitude nonlinearity. Hysteresis is a bias error if it
can be reproduced in controlled tests. However, two factors make

error correction difficult.

1. With complex motion, the hysteresis correction would
be a unique function dependent on the preceding time
history.
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2. The magnitude of the hysteresis is usually small compared
with accuracy of the accelerometer and the calibration
device.

For commercially available accelerometers, amplitude nonlinearity
and hysteresis are combined. Typical values for the different types

of accelerometers are given in Table 6-3.

Table 6-3. Typical Values of Accelerometer Amplitude Non-
linearity and Hysteresis Errors

Combined Amplitude Nonlinearity
Type Accelerometer and Hysteresis Errors
Variable reluctance 10.5% —+2.5% Full scale
Potentiometer +0.75% — +2. 5% Full scale
Strain gage +0.75% — +1% Full scale
Piezoresistive +1% Full scale

Cross axis sensitivity is the response to acceleration in the axis
perpendicular to the sensitive axis. The percent error in the measure-

ment of acceleration along the sensitive axis is given by:

X (1)

_3('(1:_) (6.7)

% error = A
a

where A = percent response to transverse acceleration. Typical values
a

of X quoted in specifications for these types of accelerometers range
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from 0.5% to 3%. The specifications apply to static acceleration. Little
work to determine cross axis sensitivity as a function of frequency for
these types of accelerometers has been performed. A method for testing

at low frequencies is outlined in Reference 1, Section 12.

6.1.2 Environmental Errors — Variabhle Reluctance,
Potentiometer, Strain Gage, and Piezoresistive
Accelerometers

The types of environmental errors common to these types of

accelerometers are as follows:

l. Variation of the damping constant with temperature

Z. Variation of the electrical characteristics with
temperature

3. Catastrophic failure due to elevated temperature

4. Vibration effects

Damping of these types accelerometers is usually accomplished
with a dashpot of some kind using a silicone fluid or a gas. The viscosity
characteristics of liquids vary significantly with temperature. Silicone
fluid is chosen because its viscosity change is small compared with
petroleum oils. The viscosity change affects the damping character-
istics and therefore the frequency response. Reference 1, page 45,
Reference 2, pages 12-23, and Reference 19 present typical plots of the
variations of damping ratio with temperature. Such a plot is presented
as Figure 6-2,

If an accelerometer is calibrated at one temperature and used at

another temperature, the viscosities of the damping fluid will change

79



Damping, §

. Pet
Silicone etroleum

- 0il Oil
Eddy Current G
- T— - — e e e S
s coumme  comw o, o= o -_-.-.‘ —
\ e ————— o
——
e ——
| | I | 1 | | I | I | |
-4 32 50 68 104 140 166 212

Temperature, °F.

Figure 6-2. Variation of Damping with Tem-
perature Referenced to 770 F.

and the frequency response will vary. The amplitude error resulting

from this temperature change is given by:

|H(f)| t':'use

. |H(f)| ‘.

070 error =

When ¢
cal

and % error becomes

|H(f)lra
ca

L oo (6.8)
1

= 0. 707, the expression for c’use as a function of frequency

1

L+ 100

% error

-1 (fn)z —(_f)z +2
f fn
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This expression is presented in Figure 6-3. Constant error is plotted
against frequency and damping. In addition, the ordinate is scaled in
temperature for different types of damping. The frequency response
and time delay errors become extremely large at the low temperatures
of high altitude flight. For gas damped units the effect of temperature
on damping is much smaller than for liquid damped units. In addition
to temperature insensitivity, gas damped units may have nomial freq-
uency response characteristics which are more desirable than those
of accelerometers with other types of damping (Reference 17). Damping
is effected by pumping the gas through a porus plug. As a result, the
response is slightly different from that of a simple, single-degree-of-
freedom system.

Techniques for minimizing errors in frequency response due to

temperature are as follows:

1. Control the temperature of the accelerometer

2. Select an accelerometer with minimum viscosity
change with frequency

3. Use the accelerometer up to a frequency which
is a small fraction of its natural frequency

4. Measure the temperature of the accelerometer and
apply a suitable correction to the measured data

6.1.3 Usage Errors - Variable Reluctance,
Potentiometer, Strain Gage, and
Piezoresistive, Servo and Piezo-
electric Accelerometers

The usage errors common to all types of accelerometers are as

follows:

1. Misalignment
2. Improper installation
3. Mounting natural frequency

4, Calibration errors
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Misalignment between the accelerometer sensitive axis and the
desired axis causes an erroneous reading. This error is a function of
the acceleration along all three axes and the angles of misalignment.

If all these quantities are known, corrections to the measurement can
be made using simple geometric relationships.

To compare the magnitude of this error with other errors, consider
the common case of misalignment in one plane, Figure 6-4 with the

transverse acceleration greater than the acceleration to be measured

as indicated in Figure 6-5.

Accelerometer
Sensitive Axis

p
i

4

Figure 6.4 Accelerometer Misalignment

Acceleration Vector

- ¥(t)

Figure 6.5 Acceleration Vector
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The measured acceleration is given by Eq. (6.10) and shown in Figure

6-6.

af{t) = ¥{t) cos § +Z{t) sin B {6.10)

where

a{t) - accelerometer sensitive axix
acceleration, g's

¥({t}) - acceleration to be measured, g's
'z'(t) - transverse acceleration, g's

f - misalignment angle, degrees

Z(t)
Z(t) sin p

¥(t) cos B

/ / a(t)

Figure 6.6 Accelerometer Misalignment Error

- ¥t

The error in the measurement of 'y'(t) is

% error = IE_CDSB+%% sinﬁ]lOO (6.11)

for small angles of misalignment and large transverse acceleration, the

error may be approximated by

(3

N

% error= yg:; B (1.75) (6.12)
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This error may easily be as large or larger than any other error
discussed. For example, in maneuvering, the acceleration ratio Z(t)/¥(t)
may be as great as 15. The error for a small misalignment, g = 10,
then becomes 26.26%. Note that the accelerations are the instantaneocus
values.

If the accelerometer is improperly installed, relative motion
between it and the member to which it is mounted can occur. Installation
errors are usually associated with high frequency vibration measurement.
The displacements associated with the accelerations and frequencies in loads
measurement are much larger than the displacements associated with
poor installation. Therefore, improper installation is not a significant
error scurce in this application. The very process of acceleration
measurement influences the acceleration being measured.

Two types of acceleration motion are commonly measured, aircraft
rigid body motion, 3:'1 (t} Figure 6-7, and modal response, iiz(t) Figure 6-7.
The installation of the accelerometer can afiect these measurements, To min-
imize the effect of the accelerometer, the following mounting guidelines

should be observed.

Type Motion Measurement Proper Mounting Guideline

Aircraft Rigid Body Combined Structure - Accelerometer
natural frequency well above rigid
body frequencies

Modal Response Accelerometer small compared
with mounting structure
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Figure 6.7 Effect of Accelerometer Mounting

The calibration of accelerometers is a subject by itself. A number

of basically different techniques or approaches are used. These are as

follows:

(1) two g or intermediate turnover calibration

(2) comparison with standard accelerometers

(3) displacement measurement at specific frequency
(4} infarametric techniques

{(5) reciprocity

For relative low frequency, high sensitivity accelerometers which are
used for experimental flight test programs, the turnover or two g

calibration is extremely useful and accurate. The primary error
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asspciated with this technique is that the maximum range is + one g,
whereas the range of the accelerometer may be up to twenty times that
value. The error which results from extrapolation of the one g calibra-
tion to a higher level is a function of the accelerometer linearity. In
addition, this calibration is applicable only for quasi-static acceleration
measurements. An extension of this technique is to put the accelerometer
on a horizontal centrifuge and expose it to a higher level static acceleration.
The acceleration is proportional to radius. It is important to use the
radius to the center of the accelerometer mass to determine applied
acceleration. If the centrifuge is oriented vertically, a + one g input is
superimposed upon the nominal centripetal acceleration. The most
common method for calibrating accelerometers which are used at higher
frequencies is the comparison method. The accelerometer to be tested
is mounted adjacent to a standard accelerometer, and their outputs com-
pared over a frequency range. The error associated with this technique
is of course the error of the standard accelerometer combined with the
error of the measuring equipment. Another frequency calibration is
performed by measuring the displacement of the sinusocidal motion of

the accelerometer and then comparing the accelerometer output with the
calculated acceleration. For low frequencies, below 100 Hz, the dis-
placement is usually measured with a microscope with a precision
graticule. For frequencies from 2000 to 10, 000 Hz, the displacement
may be measured using fringe disappearance interferometric techniques.
This procedure requires essentially distortion-free sinusoidal excitation.
The reciprocal or reciprocity method consists of measuring transfer,
admittance, voltage ratio, frequency, and mass, and requires special
equipment, see Reference 89. Reference 20 presents a summary of

calibration methods and standards.
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6.2 SERVO ACCELEROMETERS

The servo or force balance accelerometer is a null seeking,
closed loop device. It is similar to an open loop type accelerometer
where the restoring force or spring is supplied by an electrical feed-
back loop. Presently available commercial servo accelerometers
have been developed primarily for inertial navigation purposes. This
application takes advantage of the extremely high accuracy and reso-
lution which are obtainable with a servo type device. A thorough
analysis of the force balance accelerometer requires the well developed
theory of servo practice. However, for the purposes of this report, it
will suffice to discuss the operating principles and to investigate an
approximation of the frequency response function. The schematic and
functional block diagram for a servo accelerometer is presented in
Figure A-6, Appendix A. Accelerations cause relative displacements
between the accelerometer case and inertial mass. This displacement
is sensed, amplified, and used as a feedback signal to restore the mass
to a point of zero displacement. The electrical current used to provide
the restoring force is used as the measure of the accelerometer output.
The frequency response function for a servo accelerometer is developed

in Appendix A and is repeated below for reference.

(6. 15)
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where t;l = 4'rrfnrn = mechanical damping (6. 16)
i;z = Tl‘fni.|,| = electrical damping {6.17)
K.K K
21 f p a
f == (6.18)
n 2w ij
RE = load resistance, ohms
Ka (yp+ 1) = feedback amplifier transfer function

K, = restoring coil transfer function, lbs/ampere

Kp = pickoff transfer function, volts/feet

From inspection of these equations, the following items should be noted:

l. Sensitivity is a function of the inertial mass, the force
coil transfer function, the load resistance, and the
dimensionless gain factor, not the pickoff and amplifier
transfer function.

2. If the damping is all mechanical, 3;2 = 0, the frequency
response function for open loop accelerometers applies
{Figures A-2 through A-5). If the damping is all electrical,
£y = 0, the frequency response functions {Figures A-7
and A-8) apply.

3. If the damping is mechanical, the damping is inversely
proportional to the natural frequency, whereas if elec-
trical damping is employed, the damping is directly
proportional to the natural frequency.

4. If the servo accelerometer is damped as an open loop
accelerometer, the relationship between the full scale
range and natural frequency is the same as for the open
loop accelerometer. The ranges of natural frequency
for commerically available units and the corresponding
figures of merit are presented in Table 6-2.
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The major advantages of servo accelerometers are their high
accuracy and resolution achieved by the elimination of the mechanical
spring. An additional advantage is that the accelerometer may be
excited by an externally applied electrical signal. This self-test
feature may be extremely valuable for certain applications. Another
advantage is that the natural frequency is a function of the amplifier
gain which may be made large with little adverse effect. The servo
accelerometer is a basically stable device (Reference 1, page 363).
References 3 and 21 present general, descriptive material on servo

accelerometers.

6. 2.1 Intrinsic Errors, Servo Accelerometers

Servo accelerometers have the same type intrinsic errors as

closed loop accelerometers. These are as follows:

1. Amplitude and phase frequency response errors
2. Resolution errors

3. Amplitude linearity

4. Hysteresis

5. Cross axis and torsional sensitivity

The amplitude and phase frequency response errors are described
in Appendix A, Since damping may be effected in one of two ways with
correspondingly different frequency response functions, the particular
gain factor and phase factor should be evaluated for each individual
accelerometer.

The resolution, amplitude linearity, and hysteresis errors for

servo accelerometers are extremely small, on the order of 0.01%,
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and may be neglected when compared with other errors.

One inherent error of the servo type accelerometer is the sensi-
tivity to torsional acceleration. Design considerations call for mini-
mum restraint of the mass. One technique for achieving minimum
restraint is to suspend the mass pendulously with jewelled bearings.
The error if the accelerometer senses angular acceleration as well

as normal acceleration is as follows:

= —7 100
error z {100)

where 8 is the angular acceleration, r is the radius or length of pen-
dulum, and X is the normal acceleration. In order to overcome this
error, servo accelerometers are designed to be non-pendulous, the
inertial mass being supported by a system of flexures which are stiff

in the transverse and routational directions.

6. 2.2 Environmental Etrrors,
Servo Accelerometers

The major environmental errors are as follows:

1. Variation of the damping constant with temperature

2. Variation of the load resistance with temperature

A major advantage of servo type accelerometers is that the damp-
ing may be made independent of temperature., If only electrical damp-
ing is used, damping is independent of temperature, and the frequency
response functions (Figures A-7 and A-8) apply. Note that a constant

gain factor occurs with very high damping ratios. Also note that the
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damping is a function of the natural frequency, Eq. (6.18). There-
fore, a double benefit is obtained from having the amplifier gain as high
as stability and other considerations permit. If damping is mechanical,
the frequency response errors of open loop accelerometers (Figure 6-3)
apply. However, in this case, damping is inversely proportional to
natural frequency, Eq. (6.16), and an optimum amplifier gain should
be chosen.

The amplifier output is essentially a current which is proportional
with acceleration. Variation in load resistance with temperature causes

a corresponding error in the accelerometer output.

6.2.3 Usage Errors, Servo Accelerometers

See Paragraph 6. 1.3 for usage errors of all types of acceler-

ometers.

6.3 PIEZOELECTRIC (QUARTZ)
ACCELEROMETERS

Piezoelectric (quartz) accelerometers are listed as acceptable
acceleration transducers for experimental test flight programs because
of their small size and a flat frequency response approaching DC.
Piezoelectric accelerometers of materials other than quartz exhibit
a phenomenon called the pyroelectric effect. Temperature gradients
cause extraneous signals to be generated in the frequency range from
DC to 4 or 5 Hz., Quartz type crystals are much more stable and do
not exhibit this effect. They may be used to as low as 0.5 Hz with an
appropriate amplifier. However, even though quartz type piezoelectric

accelerometers have a low frequency response which is superior to
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piezoelectric accelerometers of different materials, the major errors

are still the amplitude and phase variations at low frequencies. The
piezoelectric accelerometer produces an electrical output charge pro-
portional to the force on a crystal. The crystal is employed as a spring

in a lightly damped spring mass system. A more complete review of
piezoelectric accelerometers, including a discussion of the mechanism

for charge generation, is presented in Reference 1, Section 4.6, Reference
2, Chapter 16; and Reference 3, page 257.

Two different types of amplifiers are commonly used with piezo-
electric accelerometers. These are high input impedance voltage ampli-
fiers and charge amplifiers. With voltage amplifiers the output voltage
is a function of the external capacitance and the frequency response func-
tion of the RC circuit as well as the amplifier gain (see the equivalent

circuit below and Eq. (6.19) ).

Q(t) _|_ Ca T CC s Ci Ri e
)
Kq 1
eo=xKac ¥C 1 C . 1 {6.19)
a o« jemiR, C
1t}
where K =X C - accelerometer charge sensitivity,
q e a .
picocolumbs/g
Ke — accelerometer open circuit voltage

sensitivity, volts/g
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Qft) = X(t) Kq — accelerometer charge output
C - accelerometer capacitance, picofarads
C —~ cable capacitance, picofarads
C. -~ amplifier input capacitance, picofarads
R, — amplifier input resistance, ohms

C = C +C +C,
a C 1

t
Ka — amplifier gain, nondimensional
g(t) — accelerometer acceleration, g

A charge amplifier is essentially an operational amplifier with
capacity feedback. By summing current at the junction on the input

of the amplifier, the output as a function of the acceleration is obtained.

-1
LY

Bl

e(t) — C R, ) e
c i o
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e = -xK
+
° : clfi+L) 4 “a 'S 1
K K C jemR, C_K
a a f i f a
{6.20)
-xK
e 49 -
C +
32
f ] 1'rR,1 CfK
where () K
eft) = x(t) Ke = -—CS— - accelerometer voltage output
a
Cf - feedback capacitance, picofarads

With both types of amplifiers, the low frequency response is deter-
mined by an RC product. For a charge amplifier, large effective input
capacity results from large amplifier gains. In actual practice, the
charge would continue to accurmnulate on the feedback capacitor. There-
fore, a resistor is usually installed in parallel with the feedback capacitor,

and the RC preoduct becomes Rf C With typical values, the low freq-

=
uency cutoff frequency ranges from 0.25 to 5 cps.
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7. STRAIN GAGES

Variable resistance strain gage systems are widely used for the
direct measurement of static and dynamic strains. In addition, they
are used to measure many other physical quantities such as stress, load,
and pressure when oriented, installed, and calibrated in an appropriate
manner. The primary element in a strain gage system is the gage itself.
The other elements of a strain gage system for flight loads measurement
are an excitation source or power supply, circuitry for balancing cut DC
voltages and standardizing or calibrating the recording system, an ampli-
fier, a lowpassg filter, and a recorder, as indicated in Figure 2-4.

Variable resistance strain gages are available for mounting in
either bonded or unbonded form. The resistance element is conven-
tionally wire or foil. Two special types of strain gages, fatigue sensitive
wire or foil and strain sensitive solid state or semiconductor gages have
received considerable attention and/or use in recent years because of
their unique properties. Fatigue sensitive gages are not covered in this
report. For more information on this subject, see References 26 and 34.
Semiconductor gages or transducers are treated separately in this section.

A strain gage functions as a transducer by changing resistance
as its length is changed. The change in resistance of the strain gage is
detected and measured by applying an electric current to the gage and
measuring the change in voltage drop due to the change in resistance.
This excitation may either be AC or DC. Since the full scale output of a
conventional strain gapge transducer will only be on the order of L0 milli-
volts per volt of excitation, the signal usually requires amplification
before recording. AC excitation has the advantage that the amplifier

may be an AC amplifier which does not have to possess the stability of
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the DC type amplifier. With AC excitation the signal can be amplified
to large voltage levels and only the output stage of the amplifier and the
demodulator need possess good DC stability characteristics. The use
of DC excitation requires signal conditioners with low drift character-
istics. DC excitation and DC amplifiers eliminate the need for de-
modulation of the signal to obtain the analog data signal. Because of
their high sensitivity, semiconductor strain gages may be used without
amplifiers in many applications. For all the above cases, the output is
proportional to the strain gage excitation voltage; and therefore, the
excitation source must possess stability and noise characteristics com-
mensurate with the desired quality of the measurement.

None of the system elements described limits the frequency re-
sponse to the range of interest, 0-50 cps, In order to reject high fre-
quency electrical noise, a lowpass filter is used,

Typical strain measuring systems employ from one to four gages
depending on the parameter being measured. Figure 7-1 shows strain
gage circuit arrangements for measuring simple strain, bending strain,
torsion strain, and shear strain, A number of sources including Ref-
erences 27, 28, and 29 discuss the use of strain gage transducers for

measuring quantities other than strain.

7.1 CONVENTIONAL STRAIN GAGES

Conventional strain gages function as transducers simply by chang-
ing resistance as their length is changed. When load is applied to the
test specimen on which the bonded or unbonded strain gage is attached,
the length of the specimen increases and the gage length changes from

ll to Ez as indicated in Figure 7-2.
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easured . . . , .
Case M Gage Orientation Circuit Block Diagram
Parameter
Simple remainder |
A . &7 of circuitry
Strain . -
4 I
excitation
- remainder
Tension — T of circuitry
B . o~ F
Strain , :
excitation
) = ' remainder[
c Bend..mg 1 —==- of circuitry]
Strain 4 ‘
‘excitation
z—7!
Bending P
D-1 . -7z
Strain i 2
D-2 Tens'ion
Strain
remainder
of circuitry
Torsion
D-3 Strain ]
3 excitation
D-4 Shear ': ! Q\?’)Z ‘
Strain 1 ¢

Figure 7-1. Typical Strain Gage Orientations and Circuit Block Diagrams
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Load = \ r—= Load

Figure 7-2. Strain Gage Elongation
The deformation or strain is given by
AE
ez(ﬂz-ﬂl)p’ﬁl:rl— (7. 1)
where
€ = unit deformation, or strain, dimensionless

,El = zero strain length in the gage, inches
12 = length of the gage after the application of load, inches
A.@ = change in length of the gage, inches

Strain sensitivity of the wire or feil gage is the ratio between the change

in resistance and the strain and is given by Eq. (7.2)

R
AR/ 0

K= —mM (7.2)
A!/fil
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where

K = strain sensitivity or gage factor, nondimensional
AR = change in resistance due to applied strain, ochms
R0 = unstrained resistance of the gage, ohms

A number of sources, including References 27 and 29, point out
that the dimensional change resulting from the strain cannot account
entirely for the strain sensitivity or change in resistance for strain that
most materials exhibit. This may be seen by considering the un-
strained and strained resistances. The resistance of an element is

given by Eq. (7.3)

(7. 3)

o

1l

s
|

where

p = resistivity of the material, chm-feet
£ = length, feet

A = area, feet

When the length is changed due to strain, the change in resistance is

given by Eq. (7. 4)

I
R 2 1 AZ .A.l

L
il
o]
=
I

(7. 4)
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The original and new areas are given by

A =b b (7. 5)
A, =b,h, (7. 6)
where bl’ hl’ bZ’ hz = dimensions of wire, but
Aﬂ
1)2=b1 I-HI— (7. 7)
A.@
h.?,:hl 1-|..I.‘E'— (7.8)
where p = Poisson's ratio — unit lateral deformation/unit longitudinal

deformation, dimensionless. Therefore

2 2 ik
Ay =bp - hl(l'“T =AY - (7.9)

Consider p a constant. Therefore combining Eq. (7. 4) and Eq. (7.9)

A {(7.10)

_ . )
R‘P Aﬂ 2 -Al
Aplt-w
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Rearranging 2
PL) 12'11(1'“"'\‘1”)
1 El(l-p.A!/f)

Expanding, noting that pf 1IA1 = Rla.nd since p <1 for all conventional

2
2 A!
po = (7.12)
may be neglected, and

(-1 £,- 1
A i 2l —3

structural materials

R 1 1
A (7.13)
R I-2u (5,77)
AR/RI . 1+2p
A7 T T-zu(a,/h (7.14)
A
since 7 << 1
1
AR/R
_z;q»zﬂ+zu]5k (7.15)
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For most gage materials, p & 0.3 and the expected gage factor
would then be 1.6 which is less than actually experienced. Indeed, con-
ventional strain gages have gage factors from 2.1 up to 5.1. The differ-
ence is attributable to a change in resistivity, p, with a dimensional
change. High gage factor materials would be used for all applications ex-
cept that these materials usually have undesirable characteristics such
as a high sensitivity to temperature. The selection of the proper gage
for the application is the subject of a number of investigations and writ-
ings, including References 30, 31, and 32.

Unbonded strain gages are constructed by wrapping the electrical
wire elements around electrically insulated posts which are attached
directly to the element whose length change is being measured or to some
strain multiplying bar or lever. Typical strain multipliers are described
in References 29 and 33.

Bonded strain gages are attached directly to the element whose
change in length is to be sensed. Filaments of bonded filament strain
gages normally have their resistant elements or filaments attached to a
thin layer of insulation called the carrier. This carrier provides electri-
cal insulation between the filament and test specimen and also facilitates
the bonding of the strain gage to the test specimen. Unbacked gages are
glued directly to the test specimen, the glue layer providing electrical
insulation. Bonded filament strain gages are convenient to use and come
in a very wide variety of configurations, resistance materials, carrier

materials, and resistances designed for special applications.
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7.1.1 Intrinsic Errors,
Conventional Strain Gages

The intrinsic inaccuracies of conventional strain gages can be

broken down into inaccuracies due to:

l. transverse or cross-axis sensitivity
2. hysteresis

3. fatigue

4. strain averaging

5. self-generating effects

Cross-axis sensitivity is the measure of how much the strain gage
responds to strain perpendicular to its sensitive axis. Commercial strain
gages presently are designed with part of the resistance element oriented
nonparallel to the sensitive axis of the strain gage as illustrated in Fig-
ure 7-3. Foil gages are designed to minimize this effect by having a
relatively low resistance tab connecting each of the parallel ribs also

illustrated in Figure 7-3,

Wire Gage

( - I l} Cross-axis sensitive elements

T )

¥

~—

Foil Gage

I -

Low resistance tabs

H b
n

Figure 7-3. Strain Gage Configuration Showing Cross-Axis Sensitive Elements
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References 35 and 36 present data showing typical cross-axis or
transverse sensitivities for wire gages which are approximately 1-1/2%
that of the sensitivity in the sensitive axis. For foll gages, transverse
sensitivity is typically less than 0.5%. The indicated strain will be the
sum of the strain in the sensitive direction and a percentage of the strain

in the transverse direction as follows.

A

At = €t) + 155 cpl®) (7.16)

where
A . s . .
e(t) = the total indicated instantaneous strain
eT(t) = instantaneous strain transverse to the sensitive axis
)te = percent response of the strain gage to transverse

strains

The percent error in the measurement of strain along the sensitive axis

is given by

eT(t)
e(t)

% error = ?\e (7.17)

The hysteresis of a strain gage may be described as its inability to
return to zero resistance change with zero load and is usually measured
after the gage has been subjected to three load cycles. For a single cycle,
this error appears as an amplitude nonlinearity., Reference 18 presents

an expression for the percent hysteresis. See Figure 7-4.
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Resistance R ———

Figure 7-4. Illustration of Strain Gage Hysteresis

The percent hysteresis is

Rh -R
%N = {100) R R {(7.18)
max 0
where
% N = the hysteresis expressed in percentage of full scale
R = the resistance of the strain gage corresponding to
max .
full scale strain, ohms
0 the resistance of the strain gage in ohms before
force is applied
R} = the resistance of the strain gage at no load after
' three complete cycles of plus and minus full scale
strain, ohms
€ = the full scale strain
max
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References 35, 36, and 37 summarize the results of tests measur=-
ing the hysteresis of strain gages. Reference 38 summarizes the results
of tests to measure the contribution of bonding cement to hysteresis, All
these references quote hysteresis errors of less than plus or minus one
percent of full scale. The apparent hysteresis of a strain gage when in-
stalled on a complex redundant structure with riveted or fastened joints
may easily be many times the hysteresis of the gage itself. This error
is discussed in more detail in the section on usage errors,

Fatigue of strain gages may cause two types of errors, The gage
may simply fail as a function of fatigue. Reference 39, a summary of
present knowledge of the fatigue life of strain gages, concludes that in-
sufficient information is presently available to determine whether gages
will survive the structure to which they are attached. For experimental
flight loads programs, the fatigue of the strain gage will be insignificant
because the fatigue life of the aircraft will not be approached. The
second type of error is an increase in the resistance as a function of the
fatigue of the gage. This is the same type of effect which the SN gage
utilizes in order to predict fatigue failure, References 26 and 34. Again,
this error is negligible for low stress cycle applications. The indicated
strain will not be equal to the strain at the midpoint of the gage if a non-
linear strain gradient is present. For example, assume strain in a

member is a function of the square of a dimension, x, Therefore
€=Cx (7. 19)

where C is a constant. If the gage is centered at x, the strain at the

2
midpoint of the gage is simply Cx .
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The average strain is given by:

xt=
€ = 1 szdx {7. 20)
ave £ . 1
"2
2
2 Cci
= .2
Cx + 1z (7. 21)
where £ - unstrained gage length, feet

The reading error expressed as a percent of the midpoint strain
is given by:

12
% error = 5~ (100) (7. 22)
12x

Equation {7. 22) implies that the strain averaging error may be
minimized if the gages are small compared with the parts being gaged.
At the present time, gages are commercially available which are much
smaller than characteristic dimensions of aircraft structural members.
For the measurement of the high frequency strain associated with cer-
tain phenomina such as pyrotechnic shock, the strain averaging error is
a function of the propagation velocity in the material., This error is
not applicable to loads determination, but for further information, see
Reference 40.

Another intrinsic strain gage error is the self-generating effect
or magnetostriction. This effect is a function of the excitation current
and the frequency and amplitude of the applied strain. Nickel and iso-

elastic gages exhibit this effect but constantan does not. However,
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magnetostriction is not a significant error because of the frequency
range of interest. For further information, see Reference 2, Volume 1,

Section 17, and Reference 41.

7.1.2 Environmental Errors,
Conventional Strain Gages

Environmental errors of conventional strain gages are attributable
to the temperature environment, the humidity environment, and the
pressure or altitude environment. Errors associated with humidity and
pressure may be avoided with proper installation and protection of the
strain gages. In addition, these errors are extremely difficult to quan-
tify. The most significant environmental errors of conventional strain
gages are associated with temperature variations.

Relative humidity can cause inaccuracies in two manners. Refer-
ence 44 states ""One of the principal causes of gage instability is moisture
which is absorbed into the body of the gage. The effects of moisture are
{a}) dimensional changes of the bonding medium and cement which causes
resistance changes due to the resulting strains set up in the gage fila-
ment, and (b) changes of resistances due to the conductivity and corro-
sion of the strain sensing materials caused by absorbed moisture. "

There are three basic manners in which the inaccuracy to relative
humidity can be reduced. In order of preference, these are

1. Control the relative humidity to which the strain gages

are exposed.

2. Use the strain gages and the cements that are the least
susceptible to the humidity.

3. Moistureproof the strain gage installation.
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For experimental flight test programs, the first technique may not be

feasible.

Even if a gape is rmounted on an internal member of the air-

craft, pressure and temperature cycling coincident with the aircraft

mission profile causes adverse humidity conditions.

Pressure variations due to changes in altitude may cause errone-

ous readings or gage failure if air bubbles are trapped between the gage

and the test specimen. This may be avoided or at least detected with

proper gaging techniques as discussed under usage errors.

Temperature effects may be broken down into the following items:

1.

5.

resistance changes of the gage due to temperature changes

strain due to differential thermal expansion between the
gage and the specimen to which it is mounted.

catastrophic failure of the glue bond, the gage, or drastic
changes in the gage characteristics beyond some upper
temperature limit

the change of modulus of elasticity of the test specimen
material with temperature

strain sensitivity changes due to temperature changes.

The first two effects are usually combined into a terrm called

apparent strain which is defined in Eq. (7. 23).

where

TCR
in = - + .
Apparent Strain |E6S 5g) % :lAT (7.23)
&6 = coefficient of thermal expansion of the test
s specimen, in/in OF
f')g = coefficient of thermal expansion of the gage,

in/in OF
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~
I

strain sensitivity or gage factor, nondimensional

[
0

temperature change, °F

TCR AR/R OF temperature coefficient of resistance, 1/°F

Apparent strain should be considered an error if the steady state strain

is being measured. The percent error may be expressed by

[ TCR:I
5 - & + A
c £ K1 T (oo (7.24)

e{t)

% error =

Conventional wire and foil gages are available in selected melts or com-
position whereby the temperature coefficient of resistance effect is ap-
proximately equal and opposite to the differential coefficient of thermal
expansion effect, and thus the apparent strain is minimized. References
30, 31, 32, and 42 indicate that if a compensated gage is installed on the
proper specimen material, the apparent strain will be less than 1 micro-
strain per degree Fahrenheit.

Another effect associated with an increase in resistance due to tem-
perature occurs if constant current excitation is ermmployed. Conventional
strain gages are basically constant gage factor devices. That is, the unit
change in resistance per unit strain remains constant for different or
varying basic resistances. With a constant current excitation source,
the change in resistance, not the unit change in resistance, is measured.
With an increased basic resistance, the output with constant current ex-
citation is in error by

K (apparent strain}

R
g

% error = {100) (7. 25)
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The modulus of elasticity of conventional structural materials
decreases with an increase in temperature. For conventional aluminum
alloys, data in Reference 43 indicates that the vibration in modulus of
elasticity is approximately minus two percent per 100°F over the tem-
perature range from 70° to 200°F and greater than -2 percent per 100°F
beyond +70° to 200°F. Modulus of elasticity is defined by

E =S/e
or

€ =S/E (7. 26)
where E = Young's modulus of elasticity, psi

n
it

stress, psi

Since the strain gage senses the change in length, an error will occur
if this strain is converted directly to stress or load without recognizing
that the modulus of elasticity has changed. An expression for this error

is
% error = -% change E (7. 27)

Refer to the section on Wheatstone bridge circuitry for methods of

compensation.

7.1.3 Usage Errors,
Conventional Strain Gages

Strain gages employed in experimental flight loads programs may

be used to measure strain directly or may be oriented, installed, and
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calibrated so as to give a signal which is related to a known load. When
the strain gage is used in the latter fashion, as a calibrated transducer,
a number of usage errors are minimized because the data signal is re-
ferred to the calibration load and knowledge of the circuit resistances
and even the excitation voltage is not required. However, even if the
strain gage is used as a calibrated transducer, usage errors are only
minimized, not calibrated out of existence.

Strain gage usage errors may be listed by the phase of an experi-
mental program in which they occur. Such a listing is presented in

Table 7-1.

Table 7-1. Strain Gage Usage Errors versus Program Phase

Application
Pro Phase Direct Strain Calibrated
rogram 2 Measurement Transducer
1. Gage location selection v v
2. Gage orientation v Error minimized
3. Gage installation v Error minimized
4, Calibration Vv
5. Data measurement v v

The selection of strain gage locations may be the result of calcu-
lations, laboratory experiments, engineering judgment, or a require-
ment to obtain data to compare directly with previous tests. Two major

criteria for the selection of a location for a gage are that the expected
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strain is high, and that the strain be strongly correlated with the
load to be measured. High strain locations are of greatest interest
because structural failure will tend to occur there. In addition, high
level strains produce large strain gage signals and thus high signal
to noise ratios.

The second criterion, having a strong correlation with the
load being measured, means the strain at the location chosen should
be dependent upon only the type of load being measured. Computing
a load from a number of measurements may easily produce a per-
centage error greater than the percentage error of individual measure-
ments. Strains at locations other than the measurement location
can be deduced from the geometry or static Lests. However, an
aircraft structure is usually a nonlinear spring-mass system and
computing a strain from other measurements introduces significant
errors.

A convenient method of experimentally determining the location
of the points of maximurn stress is by the use of a brittle lacquer coat-
ing. The test specimen is coated with this lacquer and ther subjected
to a test environment. The lacquer will develop cracks at points of
high stress concentration. From these cracks one can also determine
the strain orientation and concentration pattern and, to a limited extent,
the strain magnitude. For more information on this technique, see
Reference 27.

If a gage is oriented along an axis other than the axis to be mea-
sured, the output will be different from that which is anticipated. The
resulting error is identical with the error for accelerometer mis-

alignment, Eqs. (6.11) and (6.12}.
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The installation or mounting of strain gages is probably the largest
source of usage inaccuracies. An inadequate glue bond will not transmit
the strain of the test specimen to the gage faithfully and an inaccurate
reading will result. This could occur only in compression and may not
be apparent if calibration is performed in tension only. Improperly made
solder joints may change resistance with time or even with load, thus
generating false data. Fortunately, these types of errors can be mini-
mized when the gages are installed under controlled conditions by trained
and experienced technicians given sufficient time for all phases of the
gaging operation. It is not the purpose of this report to serve as an
instruction manual for the installation of strain gages. For this informa-
tion, See References 2, Volume 1, Section 17; and References 27 and 44.

The most significant usage error associated with calibration is
associated with not calibrating to full load. If the strain gage is used
as a load calibrated transducer, the output may be nonlinear due to non-
linear stiffness and/or hysteresis caused by structural redundancy and
fastened joint slippage, and an error will result if linearity is assumed.
Another error is associated with the method of load application. If the
calibration load does not simulate the load to be measured, say a bending
load, in an exact distributed fashion, the response to extraneous strains
due to torsion and shear may produce errors between calibration and test.

During data measurement, the gage is subject to self-heating due
to the excitation current. The increase in temperature, and therefore
resistance of the gage, is a function of the excitation voltage squared
and heat transfer properties of the installation. The excitation voltage
or current should be maintained at a value which will not cause unsatis -

factory change in the circuit output.
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7.2 SEMICONDUCTOR STRAIN GAGES

Semiconductor or solid state strain gages are fabricated from
semiconductor materials such as silicon and germanium and are simi-
lar to wire and foil gages in that the resistance changes as a function
of the change in length. However, solid state strain gages are differ-
ent from wire and foil gages because the mechanism or physics of the
change in resistance is a function of a change in the crystalline struc-
ture of the gapge, not merely a dimensional change as with wire gages.
As a result, positive and negative sensitivities, or gage factors, of
between 40 and 200 are easily attainable with solid state strain gages.
These gages are made of single crystals of doped materials, A des-
cription of the mechanism involved in the change in resistance with
unit change in length, and an extensive bibliography, are presented in
Reference 45.

The semnsitivity or gage factor of semiconductor strain gages is

usually expressed as

A

i R 2 3 4
- Cle-l- CZE +C-3e +C4e
0 (7.28)

where

R_ = unstrained resistance at the measurement
temperature, ohms

C,, C,, C, = constants for the particular gage material

| R A

In practice, the C-3€3 and C4E4 terms are neglected. Reference 42
2
indicates that for negative gage factor materials, the CZE and C3€3

4
terms should be neglected, but the C4E term exists.
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The constants C1 and C, may be varied by adding foreign materials

2
such as boron and phosphorus to the semiconductor material, silicon or
germanium. This process is called doping. In general, the higher the
basic gage factor, Cl’ the higher the undesired effects such as tempera-
ture sensitivity. However, this rule does not hold for the temperature
coefficient of resistance below a certain level. The selection of the
proper gage for a specific application is discussed in many papers and
bulletins, including References 46, 47, 48, and 49.

As was previously indicated, the high sensitivity of semiconductor
gages may eliminate the requirement for amplification. As an example,
with four gages as in case D, Figure 7-1, the output will be 1.0 volt,
given 3 volts excitation, a strain of 2780p in/in, and a gage factor of
120, However, these types of gages have not received wide acceptance
for direct measurement of strain for field test programs because of

problems in compensating for nonlinearity and temperature effects.

7. 2.1 Intrinsic Errors,
Semiconductor Strain Gages

Semiconductor strain gages exhibit only the strain averaging in-
accuracy in common with conventional strain gages. Since these gages
are usually single element devices, cross-axis sensitivity is negligible.
References 46, 47 and 48 quote negligible hysteresis, pointing out that
silicon is a perfectly elastic material below 1000°F. Fatigue is not a
problem for the same reason. However, in addition to these errors,
semiconductor strain gages exhibit a nonlinear response characteristic.
Equation (7.29) repeated below indicates that the response of a semi-

conductor strain gage is not a straight line function, but is a parabola.
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a 2
_RR = Cle + Cze
0 (7.29)
. . . 2 .
If the response is assumed to be linear, i.e., the CZE term is neglected,

an error will result which may be expressed as follows:

O

2
€

% error = — ]
C, (7.30)

An example using the parameters of a widely used P silicon gage material

and a typical N gage material is presented below.

C
Type 1 CZ € % error
P Silicon 118 4,000 2000 6.8
N Germanium -110 +10, 000 2000 17

It has been proposed in Reference 45 that linearity be improved by

shunting the semiconductor gage with a resistor as indicated below:

R R (t)
g

where

shunt resistor, ohms

=
It

2
RO(l + Cle + Cze )

R (t)
g (7.31)
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For this arrangement, the unit change in resistance is given by

4 Cet e
le Cze

R R
0 2 (7.32)
— C.e+C
1+RS (1+Cet Ce)

2
The error from neglecting CZE can be shown to be

RO
cz ]‘+l_{—-
%error:-CT—E = 2
U1 s =2 i cetcé (7.33)
R ( 1 2 )

s

This error does diminish as RS becomes small, but the decreased
sensitivity of the parallel combination may be more undesirable than

the nonlinearity error.

7.2.2 Environmental Errors,
Semiconductor Strain Gages

The most significant variations from the desired or ideal respomnse
of semiconductor strain gages are due to temperature fluctuations. These

temperature effects may be broken down into the following items:

1. Resistance changes of the gage due to temperature changes

2. Strain due to differential thermal expansion between the
gage and the specimen to which it is mounted

3. Strain sensitivity changes due to temperature changes
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As with conventional strain gages, the first two effects are
usually combined into a term called apparent strain which is defined
in Eq. (7.23).

A representative value for apparent strain for a P gage
mounted on aluminum is 14 to 16 microstrains per degree Fahrenheit.
Since the basic gage factor Cl for N type gages is negative, the
percent error may be minimized for these types of gages. This and
other temperature compensation techniques are described in References
31, 46, 47, and 49.

The change in gage factor with temperature may be expressed
as the temperature coefficient of gage factor. No mathematical
expression was found in the literature for this coefficient as a function

of temperature. It is defined as a modification of Eq. (7.29) as

AR 2
—& = (TCGF) A C| ¢ +C, « (7.34)

But the unstrained resistance R 1is given by

= + in)| = + o )+
R Rol:l C1 (apparentstramﬂ R0 RO AT[CI(QS ag) TCI-EI

(7.35)
Therefore,
AR
-_— = + = -
: ETCGF)Cl AL+G, EIRO IE +G, (e, - @ )&+ (TCR) AT]
(7.36)
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This function may be made somewhat independent of temperature with
proper values of TCR and TCGF. The method of describing the gage
sensitivity as &R/E has been proposed as a substitute for the other

methods (see Reference 45).

7.2.3 Usage Errors, Semiconductor
Strain Gages

The usage errors described for conventional strain gages (Sec-

tion 7.1.3) apply to semiconductor strain gages.
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8. PRESSURE TRANSDUCERS

In experimental flight loads determination, pressure transducers

are used for three types of measurement. These are as follows:

1. differential pressure angle of attack sensors
2. pressure distributions

3. pitot pressures

The different measurements impose slightly different require-
ments on the pressure transducer characteristics. The frequency range
for the first two types of measurement is from zero to approximately
20 Hz, Pitot pressures are used to determine the average aircraft ve-
locity and Mach mumber, and the frequency range of interest is very
low, from zero to less than one Hz., The environmental criteria for a
particular pressure transducer depends on the particular installation.
For the frequency ranges of interest, and within certain limitations,
all the pressure transducers mentioned may be installed within the air-
craft with connecting lines to the pressure point heing measured (see
paragraph 8. 3).

Different types of pressure transducers are suitable for flight

loads determination. Seven types which are considered are as follows:

1. wvariable reluctance
2. potentiometer

3. strain gage

4, piezoresistive

5. capacitive
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6. servo or force balance

7. piezoelectric {quartz)

As with accelerometers, piezoelectric pressure transducers
are unsuitable because of their lack of DC or zero-frequency response.
Likewise, capacitive pressure transducers with a DC excitation are
unsuitable. The servo or force balance type functions in a manner
similar to servo accelerometers, with similar advantages and errors.
However, they are not commonly used. The strain gage type functions
in two different ways. In one instance, strain gages are installed di-
rectly on the diaphragm or deflecting member and measure the strain
due to pressure. Other types of strain gage pressure transducers use
unbounded strain gages to measure the deflection of the diaphragm.
The other pressure transducers listed are all passive and are essen-
tially identical in principle, merely employing different relative dis-~
placement pickoff devices. The frequency response of pressure trans-
ducers depends on both the transducer mechanical characteristics of
the diaphragm-pickoff and the inertia and viscous effects of the fluid
or gas whose pressure is being measured. Reference 3, page 391,
presents the frequency response relationship for different classes of
applications. In general, if a highly viscous, large mass fluid is used
with a large volume pressure transducer, the overall system behaves
as a first order system and is characterized by a time constant (Appen-
dix A, Figures A-11 and A-12). For the measurement of gas pressures
with transducers of small internal volume, the overall system behaves
as a second order system whose response is determined primarily by
the natural frequency and damping of the diaphragm -pickoff system,
(Figures A-2 and A-3).
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The intermediate transducing element for most pressure trans-
ducers is a diaphragm. For a diaphragm which is clamped, the deflec-

tion at the center and applied pressure are related by:

4

16Eh A A

P = _T—"T['}T +o.488(E-Y] (8.1)
3r {1-p)

where
P - applied pressure, pounds/inc‘.h2
E - Young's modulus of elasticity, pounds/inchz
h - diaphragm thickness, inch
r - diaphragm radius, inch
p- Poisson's ratio

A - diaphragm deflection at center, inch
For small deflections A <h and

16ER>

Px—r——
3rt (1= 48

A (8.2)

The lowest natural frequency of such a diaphragm is given in Reference 3,

page 390, as follows: 3
10.21 E
£ = \/ g Eh (8.3)

© 2mr 129(1 - %)

. . . . .3
where vy = diaphragm material specific weight, pound/inch™. By substi-
tuting the natural frequency expression, Eq. (8.3), into the sensitivity
expression, Eq. (8.2), it may be seen that the sensitivity A/P, and natural

frequency are related by

a_3[ E Yer o 1¥2r1e.21)° )
P73 2 12v 2 =z (8.4)
fn - M T
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Therefore, for a given diaphragm radius and material

( 8.5

el o
zH’wlo

where C = constant for constant diaphragm radius. Expressed another
way, the full scale pressure range for a family of pressure transducers
is related to the natural frequency by
1/3
§ =C P /

FR FS
* (8.6)

The constant CF may be considered a figure of merit analogous to the

accelerometer fiE;ure of merit, Table 6-2. For commercially available
units, 1500 < CFR < 5500. However, other factors such as the mass of
the fluid and the pickoff modify the natural frequency and Eq. (8. 4) is
not as valid as the relationship for accelerometers. Nevertheless, it
is a convenient measure of the transducer design.

The advantages and disadvantages of the different types of pressure
transducers for flight loads measurement are listed in Table 8-1. A

number of references, including 1, 3, 50, and 51, present introductory

and descriptive material on pressure transducers.

8.1 INTRINSIC ERRORS, PRESSURE TRANSDUCERS

The types of intrinsic errors common to pressure transducers

are as follows:

1. amplitude and phase frequency response errors
2. resolution errors in the pickoff device
3. amplitude nonlinearity

4. hysteresis

The deviation of the sensitivity from a constant value as a func-

tion of frequency and damping depends on the type of transducer. As
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Table 8-1.

Comparison of Types of Pressure
Transducers for Flight L.oads Measurement

Major Major
Lype Advantage Disadvantage
Variable High resolution Precision AC source
reluctance required

Potentiometer

Strain gage

Piezoresistive
{(semiconductor
strain gage)

Variable
capacitance

Servo or
force balance

Piezoelectric

Large DC output
(no amplifier
required)

Simplicity

High natural fre-
quency
Small size

High natural fre-
quency

Small size

No amplification
required

High natural fre-
quency
High accuracy

High output

Small

Demodulation required

Large internal volume

Large size

Low natural frequency

Wiper drag

Wiper vibration sensitive

Precision AGC or DC
source required

Precision DC or AC
source required
DC amplifier required

Precision DC or AC
source required

Precision AC source
required
Dermodulation required

Complex

No DC response
Low sensitivity
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previously indicated, if the transducer has a small internal volume, it
will behave as a typical second order system with the errors identical
in form to those of accelerometers and rate gyroscopes. The error
curves, Figures A-4 and A-5, apply.

The diaphragm type pressure transducer has a basic amplitude
nonlinearity. Equation (8.1) presents the relationship between deflec-
tion and applied pressure. The cubic term makes the relationship non-
linear. The nonlinearity error is as follows:

h

% error = .488 (100)
(8.7)

The diaphragm type transducer is therefore linear for only small
deflections where the ratio of deflection to diaphragm thickness is small.
The error indicated in Eq. (8.7) is the worst case error. Calibration
of the transducer with least squares linear curve fitting would reduce
the magnitude of this error for large pressure measurements, but would
correspondingly create large percentage errors around zero pressure
measurement. In actual practice, the linearity of pressure transducers
is on the order of +0.5%. On high quality units, the linearity and hyster -
esis are combined into one specification number. The value for com-
bined linearity and hysteresis for commercially available units is approx-
imately -l_-l% maximum.

The resolution errors of pickoff devices, especially potentiometers,
are covered in Section 3. It should be noted that the variable capacity
type pickoff can be used to its full potential in pressure transducers.

This is because the pickoff is basically non-contacting and may use the
pressure transducer diaphragm as one of the elements of the variable
capacitor. Combined resolution amplitude nonlinearity and hysteresis

errors for these type devices may be significantly lower than for other

types.
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8.2 ENVIRONMENTAL: ERRORS,
PRESSURE TRANSDUCERS
The types of environmental errors common to pressure transdu-

cers are as follows:

1. zero shift due to temperature
2. sensitivity change due to temperature
3. variation of the damping constant with temperature

4. wvibration effects

One of the major design criteria for a pressure transducer is to
minimize the response of the bellows diaphragm or Bourdon tube to ac-
celeration and temperature change. Indeed, the components of a pressure
transducer are similar to those of an accelerometer or temperature sen-
sor, and only careful choice of design parameters will minimize the side
effects. Even with careful design, the largest errors of commercially
available pressure transducers are attributable to the above-mentioned
factors. Typical zero-shift specifications are 0. 1% full scale per degree
Fahrenheit, and for sensitivity 10. 02% per degree Fahrenheit.

The variation in the frequency response characteristics due fo
changes in viscosity of the damping fluid are covered extensively in the
section on accelerometers, 6.1.2. These errors apply in like manner
to pressure transducers.

Vibration effects on the diaphragm or pressure sensing device are
intuitively apparent. The diaphragm must have mass and therefore be-
haves as an accelerometer. Increasing the pressure sensitivity/vibration
sensitivity ratio requires reduction of the diaphragm thickness, which also
reduces the natural frequency. Some pressure transducers are compen-
sated for vibration. The pressure transducer should be qualified for

the vibration environment anticipated.
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8.3 USAGE ERRORS, PRESSURE TRANSDUCERS

The major usage errors associated with pressure transducers

are as follows:

1. Calibration

2. Tubing

Static calibration of pressure transducers using dead weight testers
or other standards can be done with extremely high accuracies, especi-
ally when compared with other error sources considered. However,
dynamic calibration is more difficult and less accurate. In the frequency
range of interest for flight loads measurement, either a step function
test or a frequency response test may be performed. Reference 52
presents a comprehensive review of the various methods. The error
of calibration may be as small as +1%,

The pressure transducer is frequently installed within the air-

craft with a tube to the pressure field,

Y IIIITR TN TR I AT ININi Pressure
Transducer
TITTT 77777 7777777777777 Diaphragm

The gas in the tube and transducer chamber may be considered a
second order systemm. The expressions for the natural frequency and
damping of this system are given by Reference 53 and Reference 3,
page 391. Reference 54 also discusses the tubing problem. For the
case where the tube volume is comparable to the chamber volume, the

following equations for fn and { apply:
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where

v

1

velocity of sound, feet/second

viscosity of the gas, slugs/foot-second

tube length, feet

diameter of the tube, feet

internal volume, pressure transducer, inchz"

tubing volume, inch

density of the gas, slugs/foot3
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9. SIGNAL CONDITIONING EQUIPMENT

The signal conditioning equipments which are common to the
different types of measurement systems have been grouped together
in this section. The types of equipment which are considered and their
primary sources of errors are indicated in Table 9-1. The designation
or applicability of the errors indicated is arbitrary. The errors indi-
cated are those which are usually associated directly with the primary

function of the particular equipment.

9.1 EXCITATION SUPPLIES

Precision AC and DC power supplies are used for the excitation
of the pickoffs of all the open-ended type transducers discussed in this
report. The outputs of all these devices are directly proportional to
the excitation voltage. However, commercially available excitation
supplies have errors which are small compared tc the transducer errors.
Drift and noise are the primary error sources. Typical noise and drift
specifications are well below 1%. The sensitivity to line voltage varia-
tion is usually included in the noise and drift specifications. The vibra-
tion sensitivity or output voltage variation due to vibration is negligible
for commercially available solid state airborne power supplies. However,
each individual unit should be tested in the anticipated vibration environ-
ment to uncover possible workmanship errors. The effect of temperature
is usually included in the drift specification which, as previously indicated,
is typically less than + 1%. However, some units are particularly sensi-
tive to temperature and units with errors of + 5% over the temperature

range from -65°F to 250CF are not uncommon.
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9.2 CABLING

The cabling between the various components of the system should
ideally introduce no errors into the system. However, the finite resis-
tance of the wire and the capacity of the wire to ground and to other
voltage sources introduce spurious signals into the system. The sub-
ject of proper grounding and capacity effects is covered in References
62 and 63. For the frequency range of interest, 0 to 50 Hz, capacitive
pickup of the cabling should not introduce significant errors. However,
errors due to ground loops are troublesome and typically large when
compared with other system errors. Various portions of typical air-
craft are not at the same ground potential. This is due primarily to the
assembly procedure in which various parts of the aircraft are painted
before assembly. As a result, perfect bonding or electrical grounding is
not established. If the negative or ground side of both the transducer and
the following amplifier are electrically connected to different parts of the
aircraft, a ground loop is established (see Figure 9-1).

The effect of the ground loop depends on the frequency of the ground
signal and the amplifier input characteristics. For AC amplifiers and
direct coupled DC amplifiers, the error voltage depends on the current
division between the ground and negative signal lead. The error is

€ o (t) JR0
% error = - {9.1)

eo(t)[Ro ¥ Rg%

e {t} - ground loop or common mode potential, volts
cm

where

eo{t) - signal potential, wvolts
- ground resistance, ohms

R - wire resistance, ohms
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Note that the above error is frequency dependent; an AC amplifier

will not be sensitive to DC ground voltages. For a differential input

amplifier, the parameter which describes the ability to reject spurious

voltages is common mode rejection. This is the effective atternuation

of the spurious signals; commercially available units have common

mode rejection specifications of 104 to 10 . These values depend on

the frequency.

DC Differential Amplifier

R
o DC Direct Coupled
A Amplifier
R
o
N
AC Amplifier /
Transducer SN R =
R cm gl R \
o o
—AANN——HH Transducer ANAN
R R
o o
— NN AN !
O—pr—1 DR

- e R -

g1 Ro -"cable resistance, ohms cm g

jo— ground resistance, ohms
© m " ground potential, volts

C

Figure 9-1. Ground Loops and Subsequent Stages
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9,3 DEMQODULATORS

The demodulation of the amplitude modulated signals induces errors
into the systerm. The major errors associated with demodulators are
nonlinearity due to the nonlinear characteristics of diodes and carrier
noise or ripple. The latter is a function of the data frequency-carrier
frequency ratio discussed in the section on variable inductance pickoifs,
and the low pass filter characteristics. A simple phase sensitive de-

modulator is indicated in Figure 9-~2. Demodulation circuits are dis-

[od

’ 0 +
- +

b

+

cussed in References 1 and 3.

=)

a

o_

o_ ab cd

R% 1,000 to 10,000 ohms

Figure 9-2. Simple Phase Sensitive Demodulator
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9.4 LOW PASS FILTERS
Low pass filters are required for two main purposes as follows:
l. To remove the carrier from the amplitude modulated signal

from variable inductive transducers

2. To limit the input frequency range for tape recorders.

The technology of filter design and application is a field by itself.

A number of references, including 64; 65 and 66 among others, present
design information for various types of filters. The design may be
passive and use combinations of resistors, capacitors, and inductors,
or may be active and use operational amplifiers in various applications.
The particular frequency response function must be obtained by analysis
of the particular network. However, a simple RC low pass filter is a
convenient reference or base line for consideration of more complex
filters.

AN

e

4
: C
i I o

The frequency response function is

- 1 - 1 -i¢ () 9.2
HD =13 j2ni RC NTT RO © (9-2)

-1
¢ = tan 2TTfRC (9. 3)

Above a nominal frequency, the denominator doubles for every doubling

of the frequency, or octave, and the frequency response function is
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attenuated at the rate of 6db per octave. For properly designed filters,
the rolloff slope is a multiple of 6db per octave but the phase factor is
not necessarily either zero or a linear function of frequency (constant
time delay). The requirement for constant time delay is important for
any cross spectra or cross correlation analysis and for peak statistic

analysis.

9,4.1 Intrinsic Errors, Low Pass Filters

The most significant errors of low pass filters are as follows:

1. Insertion loss
2, Impedance matching

3. Frequency response gain factor and phase factor

The insertion loss of a filter is the basic design parameter relating
nominal input to nominal output. When inserting a filter into a circuit,
loading effects must be considered and minimized by impedance matching.

The frequency response function gain factor design requirements
are relatively easy to satisfy; a series of cascaded simple filters would
suffice. However, the phase factor requirement is not easily satisfied.
Butterworth filters have reasonably good phase characteristics, Refer-
ence 67 describes a seven-pole Butterworth filter designed for this very

application.

9.5 WHEATSTONE BRIDGE CIRCUIT

The Wheatstone bridge circuit is used extensively with strain gages
because the quiescent excitation voltage can be balanced out. This is im-
portant when using conventional strain gages because the excitation voltage

is much greater (by approximately 100:1) than the data signal voltage.
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9.5.1 Intrinsic Errors, Wheatstone
Bridge Circuit

9.5.1.1 Constant Voltage Source

An ideal Wheatstone bridge circuit with constant voltage excitation

is shown in Figure 9-3.

R, R, - .
- - 1
Ry R,

eo(t)

Figure 9-3. Ideal Wheatstone Bridge Circuit - Constant Voltage Excitation

e,
1

eo(t)

excitation potential, volts

instantaneous output potential, wvolts

R, R,, R, R

1» Ryr R Ry legs of Wheatstone bridge circuit, ohms
Figure 9-3. Ideal Wheatstone Bridge Circuit -
Constant Voltage Excitation

The output from this circuit is given by Eq. (9.4),

e R, R, . R\R, - R,R, -
- . + - - . -
o i 33 R, R, R il (R, + R )R, + R,)
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For the special case where one leg of the bridge is an active gage {Case A,
Figure 7-1) and all legs have the same nominal resistance, References 18

and 49 among others point out that the circuit is nonlinear with amplitude.

That is,
when R1=R2=R4:R
R, =R[1+Ke(t)] {9.5)
then
K &(t)
et = ¢ TR (9. 6)

Frequently, the 2KEe€({t) term is omitted and the bridge output is taken as

a linear function of the strain, €(t), The percentage error in this assump-

tion is given by:

Actual - Ideal

= 0
% error Tocal (100)
_ K €(t) ~ K €(t)
% error = - T Rem K <(0) 100 T - 5 100 (9. 7)

This error along with nonlinearity errors for the two and four gage cases
are summarized in Table 9-2. For all these cases, the strain is under -
stood to be the average strain due to the load indicated, other strains
being cancelled out. For the case of tension, the gages perpendicular

to the applied load sense the Poisson strain, -(0.3) (tension strainj.
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9,5.1.2 Constant Current Source

If the constant voltage source of Figure 9-3 is replaced by a con-

stant current source, the current becomes:

N

eo(t)

Figure 9-4. Ideal Wheatstone Bridge Circuit - Constant Current Excitation

where ii = excitation current, amperes
ei(t} = instantaneous excitation voltage, volts
i 1R1+R2+R3+R4
R R
3 2
e (t) =e.(t) - (9.9)
<] i R3 + R4 ]E{1 + R2

Substituting for ei(t) and collecting terms gives the general expression

for circuit output, Eq. (9. 10).

e (t) =i R1R3 B R2R4
" R, +R R R
0 i 1 2 + 3 + 4

(9.10)
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For the special case where one leg of the bridge is an active gage (Case A,

Figure 7-1) and all legs have the same nominal resistance

oo
1

3 = R[l + Ke(t)]

then

Ke(t)
4 + Ke(t)

11

eo(t) iiR {(9.11)

The error for neglecting the Ke€{t) term is given by

% error = - 41:51(:2(” [ Ké(t):] 100 (9. 12)

This error and the nonlinearity error for two and four gage cases are

summarized in Table 9-2.

9.5.2 Usage Errors, Wheatstone
Bridge Circuits

In actual practice, a Wheatstone bridge circuit has nonzero lead
wire resistances, a balancing network, finite load resistance, and shunt
standardization or calibration resistors. In addition, modulus of elas-
ticity compensating resistors and dropping resistors to simulate constant
current excitation may be included. A complete Wheatstone bridge cir-

cuit is shown in Figure 9.5,
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R Ra
s L
R — i
Ry R T
. |
1w
AN AN, 2
4
R R (4 wire) IR (=)
o c % £ e (t)
> ANV (+} ©
R (5 wire)
[

% Rc (6 or 8 wire)

e, = excitation potential, volts
e,ft) = instantaneous output potential, volts
Rg(t) = instantaneous strain gage resistance, ohms
RI’ R2’ R3, R4 = legs of Wheatstone bridge circuit, ohms
Rc = standardization or calibration resistor, ohms
Ri’ = load resistor, ohms
R, = modulus compensation resistor resistance, ohms
Riw’ R0 = wire resistance, input and cutput, ohms

Rypy = voltage dropping resistor, ohms

bridge balance series resistor resistance, chms

o
W
It

RRr = bridge balance potentiometer resistance, ohms

Ra’ Rb = partial potentiometer resistances, ohms
Ry = lead wire resistance in series with gage, ohms
. = +
Note: R1 RLl Rgl

Figure 9-5. Complete Wheatstone Bridge Circuitl
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The exact output of this circuit may be calculated from the resis-
tances or, inversely, the average strain may be calculated from output.
One method would entail writing nine simultaneous equations and arranging
the coefficients in a determinate which could easily be solved for a variety
of cases by a digital computer, However, with a linear system, the indi-
vidual error sources may be evaluated separately.

One case of particular interest is the comparison of outputs from a
standardization or calibration resistor and from a strain induced output.
Equating the outputs then gives a relationship for the standardization
(calibration} resistor in terms of the strain it represents. The output
due to a standardization or calibration resistor across leg 3 of an ideal

bridge with constant voltage excitation is given by Eg. (9. 13).

R
(9. 13)

R -
®c~ "%i ZR T 4R
g C

where RC = calibration resistor, ohms.

When this output is equated to the outputs listed in Table 9-2, the rela-
tionship between RC and strain may be determined. For example,
equating the outputs of Eqs. (9.6) and (9. 13}, remembering the cali-

bration resistor is simulating a negative strain

R
i4 - 2Ke i 2R 1+ 4R
g C
Re
R = g% - R, (9. 14)

144



This relationship along with calibration resistor equivalents and

the errors associated with neglecting lead wire resistances for the four,

five and six wire configurations are presented in Table 9-3. Note that

a calibration resistor always simulates a negative strain. In these ex-

pressions, the terms Ri/Rc and RO/RC are considered negligible and

are not included. Note that for the case of a single active gage, the

calibration resistor calculation is slightly different from the general

case. This is due to the amplitude nonlinearity of a single gage bridge;

the expression given for calibration resistor is exact for one given strain.

The errors due to the balancing network and the load resistance are

negligible when calculating standardization or calibration resistor values,

especially if the strain gages are used as a load calibrated transducer.

However, if standardization is not employed, the bridge voltage with a

load resistance must be determined. The loaded output is usually

determined from the the open circuit output by use of Thevenin's theorem.

The equivalent circuit is

Rp
WA
R
eo(t) L EOI (t)
where
R - R1R4 . R2R3
+
B Rl R4 Rz + R3
e s - loaded output voltage
RI - load resistor, ohms
The open circuit and loaded outputs are related by
ot _ 1
o, 1| _Ra®s N RiRy
+
R!_ RZ R3 R1 + R4

(9.15)
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e
of 1
= (9. 16)
e R
(o] 1+ -ﬁ—'
fi
The error if the load resistance is neglected is
% error = R 100 (9. 17)
R’ﬂ + R '

Reference 68 presents expressions and typical values for errors
when the balancing network resistances are neglected. Typically, these
errors are less than +1% if RR and RB are large compared with Rg.

Modulus compensation resistors are used in series with the excita-
tion source to compensate for the modulus of elasticity of the test speci-
men material decreasing with temperature. These resistors increase
in resistance as the temperature increases, less voltage appears across
the strain gage bridge, and a proportionately smaller output results. In
practice, equal modulus compensating resistors should be used in the
positive and negative excitation circuit to minimize errors during shunt
calibration or standardization. If modulus resistors are used, the input
lead resistance values in Table 9-3 should be increased by the value of
R .

m

When the usage is as a load calibrated transducer and all the cir-
cuitry is unchanged hetween calibration and test, these lead wire errors
are avoided. This procedure is generally considered ''good practice'';

the expressions in Table 9-3 indicate why.
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9.5.3 Environmental Errors,
Wheatstone Bridge Circuit

This section is included after usage errors because a description
of the complete circuit is required for the presentation of this material.

The environmental errors considered are as follows:

l. Lead wire resistance variations due to temperature
2. Lead wire resistance variations due to strain

3. Vibration effects on potentiometers

The resistors and wires which complete the Wheatstone bridge cir-
cuit vary in resistance proportionally with temperature. In general, the
resulting errors are minimized if symmetrical elements of the bridge
are maintained at the same temperature. The errors associated with
thes changes in resistance are covered in the section on usage errors.

If the various lead wires are subject to strain, the ocutput from
the bridge is affected. Probably the most significant errors occur when

the wires which are in series with the gage R Figure 9-5, change

L’
resistance. The unit change in resistance of the leg of the bridge is
given by

A R
R L
R +R = K E(t) + —'R" KL EL(t) (9- 18)
g L
where RL = lead wire resistance in series with gage, ohms
KL = lead wire ''‘gage factor"
EL{t) = instantaneous average unit deformation or

strain of lead wire, dimensionless
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If the strain of the lead wire is neglected, the resulting error is given by

R K_e€_(t)

N e 7 T A VI VR
% error = S Ke ) 100 (9.19)
E

9.6 AC BRIDGES

AC bridges are used for variable inductance and capacitance pick-
offs for the same reason that Wheatstone bridges are used for variable
resistance strain gages, that is, to balance or null out the excitation
voltage. The principles of operation and errors are similar to those
of resistance bridges; however, the characteristics depend on the fre-
quency of the carrier. Reference 1, page 225, presents an analysis of
an AC bridge with balance potentiometers. Reference 69 presents basic

principles of various types of bridges.

9.7 AMPLIFIERS

The types of amplifiers which are employed for flight loads mea-

surement and the input characteristics are as follows:

Input Characteristic

Capacitive | Direct

Coupled Coupled Differential
1. AC Amplifier v
2, DC Amplifier - chopper Y v
3. DC Amplifier - v v
chopper stabilized
4, DC Amplifier - pure DC v
5. Operational Amplifiers v v
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The primary application of amplifiers is to increase a low level
transducer signal to a level suitable for recording. In other cases, an
amplifier may be used for impedance matching with a voltage gain of
approximately one. Operational amplifiers are used as building blocks
to obtain variocus desired functions such as amplification, integration,
and filtering (see Reference 70). Amplifiers are classified by their
input characteristics and by the method of amplification. The various
input configurations are shown in schematic in Figure 9-1. The differen-
tial input types have the advantage of rejecting common mode spurious
signals.

Following the input circuitry, DC amplification is accomplished
simply by direct coupling to an amplification stage as with AC ampli-
fiers, or by modulating the signal and treating it as an AC signal. Two
basic variations of modulation are employed: simple chopping and recon-
struction of the signal, and chopper stabilization. In the latter, the low
frequency portion of the signal is chopper amplified and then the recom-
bined signal is amplified with a low gain DC amplifier using feedback
(Reference 3, page 617). Improved components have permitted the
mamnufacture of direct coupled DC amplifiers with performance charac-
teristics comparable to chopper amplifiers. The main advantage of
chopper stabilization is that the high frequency components are not modu-
lated and the high frequency cutoff may be high while maintaining low
drift characteristics. The major advantages and disadvantages of the
types of DC amplifiers are given in Table 9-4. Variations of the simple
chopper configurations have been designed with desirable features (Refer-
ence 71). Operational amplifiers are usually employed with feedback so

that the effect of amplifier drift and amplitude linearity are rninimized.
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Table 9-4. Advantages and Disadvantages, DC Amplifiers

Type of Amplifier Advantages Disadvantages
Direct Coupled Simplicity Susceptible to drift
Chopper Drift minimized Frequency response
limited
Chopper, stabilized Drift minimized Complex
High frequency
response

9.7.1 Amplifier Errors

The major amplifier errors are indicated in Table 9-1. These
errors are not conveniently expressed as functions of the component
parameters, but are conventionally specified as maximum values for
a particular design. For flight loads measurement, particular empha-
sis should be placed on establishing the short term drift characteristics
and susceptibility to temperature variations for the amplifier employed.
Commercially available units have gains up to 1000 with combined fre-
quency response, linearity, and temperature effect errors of approxi-

mately + 2%.

9.8 OTHER STRAIN GAGE CIRCUITS

Because of the nonlinearities and cable effects associated with
Wheatstone bridges, other circuits have been devised. The main feature

of all these circuits is the elimination of the static voltage.
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9.8.1 Dual Voltage Source

Conceptually, the simplest modification of the potentiometer circuit
for the purpose of eliminating the bias voltage is the incorporation of a
second, or bucking, voltage source (see Figure 9-6). The output of this

circuit is as follows.

e. [l + Ke(t)]
e = e (9. 20)

o (R/Rg) +1+Ker)  Sr

When R=R and e =e./2
g r 1

e = Ke!t) (9_ 21)

o %id+ 2Ke(m)
which is identical to the output of a Wheatstone bridge with equal arms
(see Eg. 9.6). The disadvantage of this circuit is the requirement for the

second voltage source.

9. 8.2 Dual Current Source

Another strain gage circuit employs a second circuit source to
obtain a reference voltage (Figure 9-6). In this case, the current through

the gage is constant and the output is linear (see Eq. (9.22).

e =i R[1+Ke(t)] -i R (9. 22)

3

where ir - reference current, amperes
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Figure 9. 6.

Figure 9. 7.

r
4{ ! | (= o) eo(t)
R _(t)
g
—0
Dual Voltage Scurce
R
RZ -0 eo(t)
R (t
g( )
0

Dual Current Source

3

Figure 9. 8.

Wheatstone Bridge —
Constant Gage Current
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e =i RKe(t) (9. 23)
o] T

which appears to be four times the output of the similar Wheatstone bridge,
Eqg. (9.11). However, for identical nominal gage currents, ii must be re-
duced by two. The output is still twice that obtained with the single current

source and Wheatstone bridge circuit.

9, 8.3 Wheatstone Bridge —Constant Gage Current

If a current regulator is incorporated into a Wheatstone bridge cir-
cuit with constant voltage (see Figure 9-7), the output may be linearized
and doubled {see Eqg. {9.24).

e Ke(t)

e = —5— (9. 24)

This and other constant current circuits are discussed in Reference
59. The resistor in series with the gage senses current and produces a
voltage different from e if the current changes. The current regulator
then acts as a servo to maintain constant gage current. This and other

constant current circuits are discussed in Reference 90.

9. 8.4 Common Excitation

To minimize the number of components required for multiple strain
gage installations, it is desirable to use a single excitation source for

multiple Wheatstone bridges (see Figure 9-8). This is feasible only with
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Figure 9-9. Commen Excitation

constant voltage excitation. Individual constant current excitation may
be approximated by using a large resistance in series with each of-the-
individual bridges. A commen usage error with multiple excitation
occurs if the negative input to the next stage, usually an amplifier, is
grounded. In this situation, three points of each bridge are common
and any change in resistance on the ground side of any bridge appears

as an output change on all channels.
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10. MAGNETIC TAPE RECORDERS

10.1 CLASSIFICATION OF RECORDERS

Various types of recording devices for the storage of data from
experimental flight test programs are commerically available, As
indicated in Section 2, the classes of recorders covered in this study
will be limited to analog and digitalmagnetic tape recorders. Refer-
ences 73, 74, and 91 all present introductory descriptive infor-
mation on the various types of tape recorders. A classification of
the various types of recorders and recording techniques is presented

in block diagram form in Figure 10-1.

10. 1.1 Analog and Digital

The major division in magnetic tape recording as indicated in
Figure 10-1, is between analog and digital machines. Analog record-
ing is defined as the storage and reproducing of electrical signals
which have some parameter such as amplitude or phase which is
linearly related to the data signal. Note that pulse width modulation
is classified under analog recording, not digital recording. Consider
that during demodulation the original signal can be recovered by
performing linear analog operations, This is not possible with pulse
coded signals. Digital recording is the same as analog recording
except the electrical signals are related to the data by a code, almost

always binary.
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10. 1.2 Tape Motion

The next level of classification of tape recorders Figure 10-1
is the method of tape motion control. This is one of three basic
functions of tape recorders. The detailed discussion of the types of
tape motion mechanisms is presented in Section 10. 3. Briefly, for
analog recording, the tape is moved continuously. Two general
types of speed control are employed. For digital recording, tape
motion is either continuous, or incremental or stop and go for each
character. The purpose of the latter is to permit tape motion only
when a data point is to be recorded. During reproduction, the tape

motion is always continuous.

10. 1.3 Modulation

The type of modulation or coding of the data signal is usually
the primary factor in classifying the recording method. Modulation
or coding is required because the basic recording process has
inadequate low {requency resporise and signal to noise ratio for

instrumentation purposes see Section 10. 4,

10.1.4 Commutation

Commutation or multiplexing is the sharing of a tape recorder
channel by more than one data signal. Two types of sharing are used,
time sharing and frequency or bandwidth sharing. When the data
signal is sampled, pulse amplitude modulation (MX-PAM),commutated
pulse duration or pulse width modulation (PDM, PWM)}, or commutated

pulse code modulation (PCM)}, the tape channel is shared by sequentially
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recording signals from each of the data samples, When phase or
frequency modulation (FM) or amplitude modulation (AM) is used,
the recorder frequency baseband is divided into sections which are

used by the different channels.

10. 1.5 Formatting

Various standards pertaining to number of tape tracks, tape

track dimensions, recording frequencies, tape speeds etc., have

been adopted. The best known and most widely used standard is that
prepared by the Inter-Range Instrumentation Group ({(IRIG) Reference
76. For frequency modulation standard carrier. and data frequencies
are assigned for three categories, conventional, wideband, and
extended wideband. In addition, constant bandwidth multiplexer
standards are presented. However, for flight loads recording from
0-50 Hz, standard frequency assignments are inefficient. For digital

recording, three parameters characterize the formatting

1. coding
2. track assignments

3. packing density
10. 1. 5.1 Coding
Present coding methods may be classified as one of the following:

l. Return-to-zero (Rz)
2. Return-to-bias (RB)

3. Nonreturn-to-zero {NRZ)

See Reference 76 for variations of these basic coding methods.
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The RZ and RB methods are quite similar. In both cases, a
logical '""one'' is generated by magnetizing the tape to saturation.
Figure 10-2. The difference occurs in the recording of a logical
"zero!'. With RZ recording, a "zero" is represented by a completely
unmagnetized section of tape, while the RB method will record a low
bias level.

In NRZ recording, two different techniques are presently in use.
The first of these is known as NRZI or IBM standard. With this
method, the tape is always magnetized to sataration, but the polarity
of magnetization changes. A logical "one' will cause a polarity change
from the existing to the opposite state. A logical "zero'" is represented
by a lack of polarity change. The NRZI method is the standard recording
mode in the digital computer field, although some recent computers
employ other methods.

The second NRZ technique is known as phase encoding. Again
the tape is always magnetized to saturation. As with NRZI, a logical
"one' is defined by a polarity change while a logical "zero" causes
none. However, polarity changes also always occur at the boundaries
between bits. Because of the additional polarity changes, higher

reliability is possible. Also, higher bit packing densities may be used.

10.1.5.2 Tape Track Assignments

Two standard digital tape track assignments are presently in
use. The older utilizes seven tracks across the 1/2-inch width of the
tape, Figure 10-3. Six of the tracks contain data bits while the

seventh is reserved for parity information. The set of six bits recorded
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at a given point on the tape is known as a character. This implies that
the character set used may contain 26 or 64 different elements. The
tracks are placed on the tape in their order of significance with the
parity track at the top.

The newer track assignment standard spaces nine tracks across
the 1/2-inch width of the tape, Figure 10-4. One track is still reserved
for Parity while the other eight tracks contain data bits. The character
set in this system contains 28 or 256 different elements. In addition,
the ordering of the tracks has been modified to place the more freq-
uently used tracks near the center of the tape. This increases reliability
because the edges of the tape are more likely to become damaged
through crimping than the center.

It must be emphasized that the two formats described above are
the only ones compatible with existing digital computers.

Both lateral and longitudinal parity bits are required for computer
compatibility. Either odd or even parity is acceptable although even
parity is usually used when recording data character by character. The
value of the lateral parity bit is determined by calculating the logical
sum of the six or eight data bits. The parity bit is then adjusted to
make the total sum odd or even as required. The longitudinal parity
is generated in the same way, excepting that the sum of all bits in a
track for one record is used in the computation.

Since a digital computer reads a block of data at a time rather
than individual characters, gaps must be placed on the tape to define
data blocks of reasonable length. These gaps are also needed to allow
the tape drive to accelerate to or decelerate from normal recording

speed. If no gaps are inserted, the data may overflow the computer
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memeory when tape reading is attempted. In addition to inter-block

or end-of-record gaps, beginning-of-tape, end-of-tape, and end-of-

file gaps are also used. While not absolutely necessary, these additional
gaps facilitate the use of the tape on computer tape drives.

It is emphasized that only the two track assignment standards
described in Figures 10-3 and 10-4 with the NRZ or NRZI coding are
compatible with existing digital computers. For flight loads recording
where recorder weight is a2 premium, various other formats have
been proposed and adopted. One such scheme puts sixty tracks on
1 3/8 inch wide tape, Reference 92. Data in this format must be con-

verted to computer format with special equipment prior to computer

entry.

10. 1. 5.3 Character Packing Densities

Four standard packing densities are presently in use. These are:

200 characters/inch
556 characters/inch

800 characters/inch

[ A

1600 characters/inch

Since both the amount of data which can be recorded and the recording
speed are directly proportional to the packing density, an attempt
should always be made to use the highest possible density. At present,
computer tape drives may usually be adjusted to read at least two

different densities although this is not always the case.

10. 2 RELATIVE ADVANTAGES

As previously indicated, the primary factor in differentiating magnetic

tape recording is the modulation method. The advantages and disadvantages

of the various types of modulation methods when considered for experimental
flight test programs are presented in Table 10-1. The differences on trade-

offs are mostly due to the exchange of data bandwidth for accuracy and the

complexity of the equipment required.
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Table 10-1.

Comparison of Types of Magnetic Tape

Recorders for Flight Loads Measurement

Recording Major Major
Mode Advantages Disadvantages
Direct® Wide data bandwidth No DC response
{Conventional) Low channel density

Pulse Amplitude
Modulation (PAM)"'

. %
Carrier’
Erase

Wideband
Frequency Modulation

Constant Bandwidth
Frequency Modulation
Multiplex

Constant Percentage
Frequency Modulation
Multiplex

Pulse Duration
Modulation {PDM
or PWM)

Digital Conventional
Gomputer Compatible

Good channel density
Simplicity

Extreme simplicity

Excellent signal to
noise

Good linearity

Good frequency -
response

Good channel density

Good signal to noise

Good linearity

Goeod frequency
response

Good channel density

Good signal to noise

Good linearity

Good frequency
response

Good channel density

Good channel density
Excellent linearity
Excellent signal to
noise possible
Correct format

Poor linearity

Poor signal to noise
Poor linearity

Poor linearity
Poor channel density

Poor channel density

Complexity

Poor frequency
response selection
Complexity

Low data bandwidth

Fair data bandwidth

* Unacceptable for Experimental
Flight Test Applications
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Recording Major Major
Mode Advantages Diéadvantages
Digital Conventional Good channel density Incorrect format
Computer Incompatible Excellent linearity
Excellent signal to
noise
Good information
density
Digital Incremental Records on command Slower record rate
All other advantages than conventional
same as conventional digital
digital

10. 3 TAPE RECORDER COMPONENTS

For the purpose of describing the principles of operation and
analyzing errors, magnetic tape recorders may be considered to be
composed of three subsystems. These are indicated in Figure 10-1
and are as follows:

1. The record and read-out subsystem (including

the heads and the magnetic tape)
2. The tape motion or tape transport subsystem

3. The modulation-demodulation or coding subsystem

10,4 RECORD AND READOUT SUBSYSTEM

The magnetic tape and the physics of magnetism are common to
the different types of recording. An analog or coded signal is converted
to a magnetic flux by passing a current through a record head. The re-
sulting flux causes a change in state of an oxide-coated tape which is
passed over the record heads. To recover this data signal, the tape is
passed over a reproduce head. The change in flux with time, caused by

the movement of the tape, causes an electrical signal to be generated in
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the reproduce head (see Figure 10-5). With continuously moving tape,
the signal impressed on the tape is proportional to the magnetic field
that it saw as it was passing from the magnetic field of the record head.
Thus, the trailing edge of the record head is essentially the point of re-
cording. However, during playback or reproduction, the magnitude of

the voltage generated by the magnetic tape passing across the reproduce

Magnetism Pattern

Base

e Magnetic Tape

e

>

Oxide or Magnetic Coating

Record Head Reproduce Head

Figure 10-5. Schematic, Magnetic Tape
Recording and Reproduction
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head gap is proportional to the magnetism of the tape actually spanned
by the gap at any particular instant. Therefore, the resolution which
limits the density of information on the tape is basically a function of
the reproduce head. The frequency response of the record-reproduce
subsystem depends in the low frequency region upon the rate of change
in flux per unit time across the reproduce head, and on the system noise
level. Above a certain frequency, the wavelength of the date signal is
shorter than the reproduce gap and a gap loss occurs. However, at
multiples of the reproduce gap, the frequency response is finite and

has the form S]';l Z. Anidealized overall frequency response function

of the record-reproduce subsystem is presented in Figure 10-6. Another
type of reproduce heads is the flux sensitive; however, other problems

limit their use.

N
30 /

/, b
Y
LY
LY

20

Output, db
AN
o~
N
/
7
7

System
Noise

P N “""“'"/\'ﬂ\'—-\

. 1 2 3 4
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The other major design consideration besides gap dimensions is
head material. The material used must have adequate magnetic sus-
ceptibility and must resist wear. Presently available materials com-
bine both properties; however, head wear remains one of the major
tape recorder problems, especially in an adverse environment.

The basic tape magnetizing process is nonlinear hecause the
flux-magnetism (B-H)} characteristic of ferrous oxide has the form of
a hysteresis loop. Two techniques are used to overcorne the resulting
nonlinearity. A DC bias voltage will place the recording voltage on a
linear portion of the flux-magnetism curve (see Figure 10-7). The
second technique superimposes a high level, high frequency signal on
the data signal. The effect of the AC bias is to collapse the hysteresis
loop yielding a linear relationship between input and output. However,
the underlying phenomina is not simple. Most references indicate
that AC bias is difficult to understand, even mystical, but that it
does linearize the process. Reference 75 discusses AC bias in terms

of a model of the recording process which considers the depthwise

variation of magnetization.
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The magnetic tape consists of a magnetic material, usually a
ferrous oxide, deposited on a plastic base. The manufacture of con-
sistent quality instrumentation tape is the subject of considerable study
and effort (References 72, Chapter 9, and 75, Chapter 5). Three param-

eters which are of primary interest to tape users are as follows:

l. Magnetic frequency characteristics
2. Tape strength

3. Abrasiveness

Various oxides have different particle size or wavelength and there-
fore different high frequency characteristics. The tape strength is a func-
tion of the thickness, but storage requirements indicate reduced thickness.
Commonly used tape thicknesses are 1.0 and l. 5 mm. The abrasiveness
is a function of the oxide and binder and should be evaluated for the par-

ticular tape used.

10.4.1 Errors, Record and Readout Subsystem

The errors associated with the record and readout subsystem are

as follows:

l. Frequency response of reproduce gap
2., Amplitude nonlinearity

3. Self-demagnetization, record demagnetization, head
losses and penetration losses

4, Misalignment of head gaps

5. Crosstalk - interleaved heads
6, Dropouts

7. Tape stretch

8. AC bias adjustment
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The effect of the nonlinear frequency response function, Figure
10-6, is different for the different types of recording. For direct analog
recording, a technique of equalization is used to produce a nominally
flat frequency response. This is accomplished by integration of the low
frequency end and filtering the high frequency end. For various modu-
lation techniques, a reasonably flat portion of the frequency response
characteristic is ermployed to minimize the effects of this nonlinearity.
In addition, the modulation methods themselves are designed to be in-
sensitive to frequency response. This frequency response error appears
as noise in the resulting signals when modulation is employed. Egquali-

zation is not employed when recording modulated signals because the
resulting phase shifts perturb the sidebands of the modulation signal
and data errors result. For multiplexed FM signals, the amplitude

of the low frequency carriers is located so that the signal power for
each channel is comparable on reproduction. In addition, for flight
loads measurement, the effect of the frequency response error is mini-
mized because the data is reproduced on a laboratory machine on which
high frequency reproduce heads may be employed. The amplitude non-
linearity error, Figure }0-7, is minimized with AC biasing. FHowever,
this error contributes to noise in direct recording and therefore defines
the baseline for modulation methods. The other major contributor is
irregular tape motion discussed in subsequent sections.

As the wavelength of the recorded signal decreases, positive and
negative poles are placed closer together and they demagnetize each
other. This effect, along with head losses, record demagnetization,
and penetration losses, decreases the high frequency response.

Misalignment of the individual gaps in the head block causes the
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magnetism pattern to be skewed. The attenuation of the signal is

given by
_ sin (rytan¢)/A
Loss, db = 20 log (ny tand)/ A (10. 1)
where v - track width, inches

¢ - angle of misalignment, degrees

A - wavelength, inches

Maximum allowable standards have been established for this misalign-
ment (Reference 76).

Crosstalk between heads is an error which should be insignificant
for properly designed heads. However, tests should be performed on
occasion to verify that the characteristic has not degraded with wear.

Dropouts are associated more with digital recording than analog
recording. The probability of miscoding is a specification parameter
of digital tape.

Tape stretch is a function of the tape, the tape transport, and the
environment. The effect of stretch on the time base is covered in the
following section. The effect of temperature on the particular tape
employed should be evaluated carefully. The AC bias current level
determines the relative output level and distortion, Figure 10-8.

The distortion is a minimum at a low current level but the region is
narrow with large bias on either side. Therefore, bias current is
usually set at a high level where output is somewhat lower. An error
results if the bias current is adjusted incorrectly and unwarranted

distortion occurs.
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10.5 TAPE TRANSPORT SUBSYSTEM

Tape transport systems are logically divided between those
that move the tape continuously and those that move the tape in
steps or increments. The implementation of each method imposes
different requirements and different errors. For continuously
moving tape transports, two basically different approaches for the
control of the speed are employed. In both,the tape is passed over
a capstan that is rotating at essentially a constant speed. Omne method
employs a capstan with high inertia to maintain the constant speed.

The second type of system senses the tape speed, compares the speed
with a reference frequency, and uses this error signal to servo a low
inertia capstan to the proper speed (Reference 78). A number of vari-
ations of these two different schemes are employed in commercially
available machines. For incremental recording, which is used for
digital recorders only, the tape is moved or stepped one digital charac-
ter at a time instead of continuously. Existing incremental recorders
use one of three basic approaches to step the magnetic tape forward

the required distance. These techniques may be classified as follows:

l. pulsed pinch roller
2. integral stepping motor

3. servo drive motor

The pulse pinch roller technique employs a constant speed capstan
similar to the continuous motion machine. When stepping is required,
a pinch roller presses the tape against the capstan for the required
length of titme. The integral stepping motor has a series of magnetic
detents which are precisely spaced. The tape is kept in contact with
the capstan and moves the required distance when the drive motor is
pulsed. Servo drive motors are a recent development which employ

a drive motor and a code wheel. Motion of the code wheel is sensed
and is used to trigger a brake or clutch to stop the miotion when the

tape has moved the required distance. The advantages and disadvan-
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tages of the various types of tape motion methods are listed in Table
10-2. The errors associated with the tape transport subsystem are
all attributable to imperfect tape motion. Both static and dynamic
variations of the tape speed from the ideal tape speed cause sigrificant
errors.

The other basic tape transport design consideration is the method
of controlling tape tension. The tape must be held against the recording

and reproduce heads with controlled stretching of the tape. Three tech-

Table 10-2. Comparison of Types of Tape Motion Transports
for Flight l.oads Measurement

Tape Mode of Major Major
Motion Tape Advance Advantages Disadvantages
Continuous High mass Simplicity Large weight

capstan Sensitive to
environment

Won't follow tape
speed variations

Low mass Light weight Complex
capstan Follows tape
speed variations

Incremental Pulsed pinch Simplicity Causes tape
roller damage
Low bit density

Integral stepping Good stepping
motor speeds
Good bit density

Servo drive High stepping Complexity
motor speeds
High bit density
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niques commonly employed are

1. One capstan with tape drag
2. Two capstans

3. Differential diameter capstan

The principles of operation and relative merits of the various techniques
are covered extensively in the literature. The method of controlling tape

tension does affect the flutter, tape damage, and even head wear.

10.5.1 Intrinsic Errors, Tape Transport Subsystem

The major errors attributable to the tape transport subsystem are

as follows:

1. Tape speed variation static
2. Flutter -dynamic deviation of the tape speed from the nominal
3. Dynamic skew-interchannel effect

4, Interchannel time displacement error

Constant or slowly varying tape speed errors are a result of manu-
facturing tolerances or adjustement and errors in the frequency or time
reference. However, for commerically available recorders, these
errors are on the order of + 0. 25%. If a tape speed difference occurs
between recording and playback the zero shift and frequency error result
with frequency modulation and a frequency error and gain factor resulit
with pulse width modulation. However, these errors may be minimized
by recording a frequency reference signal on one of the tape tracks and
using it to correct the data signals during demodulation. This correction

is for the amplitude error and not for the frequency error. Tape speed
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variation will have no effect on pulse code modulation unless, if com-

bined with dynamic errors, the total tape speed variation causes

incorrect recording or readout of digital bits, or exchange of bits,

between characters.

are time based errors between channels.

Skew and inter-channel time displacement errors

Both dynamic and static skew

occur when the tape goes across the record or reproduce head at some

incorrect angle.

Inter-channel time displacement errors are usually

associated with both the gap scatter on the individual interleaved heads

and the tolerances between heads.

For standard recorders,

both the

record and reproduce head stacks are divided with odd and even numbered

channels going to the main stack.
stacks is 1-1/2 inches apart.

time displacement errors is in terms of displacement.

The standard configuration for these

A convenient way of expressing all these

Typical values

for these error parameters are given in Reference 77 and are presented

in condensed form in Table 10-3.

stretch are included for comparison.

Table 10-3.

The displacement attributable to tape

The displacement error can be

Typical Time Displacement Errors

Type of
Time Base Error

Distance. p inches

Time, milliseconds
Tape speed, 1-7/8 ips

Outside
Tape Tracks

Adjacent heads,
same stack

Adjacent heads, Outside
same stack Tape Tracks

Dynamic skew
Static skew

Inter -channel time
displacement

Tape stretch

84 786
110 692
200 1200

0 1312

0.04 0. 42
0.06 G.37
0.11 0. 64

0 0.70
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converted to a time error by dividing by the particular tape speed.

However, noting that the error may occur on both record and play-

back, the time is multiplied by two. The time base errors for a

tape speed of 1-7/8 inches per second for each of the types of error

are indicated in Table 10-3.

When considering skew and inter-channel time displacement,

a number of things should be kept in mind, These are as follows:

1.

The error depends on which channels are being compared.
The error for outside tracks is much greater than for adja-
cent even or adjacent odd numbered tracks, that is, those
on the same head stack.

The overall time displacement error depends on both the
recording and reproduction processes. The mumbers in-
dicated in Table 10-3 are for one recording-reproduction
process. Successive re-recording will increase the time
base error.

Care should be exercised when combining the different types
of errors indicated above into one error. Dynamic skew is
definitely a random process and should be described by the
RMS value. Reference 77 assumes the maximum value to
be the 20 level. The static RMS value is assumed to be 1/3
the maximum value.

The magnitude of these time base errors may be compared
to the transducers with constant time delays equal to 1/4 fn.

Flutter is the single channel time varying tape speed error. This

error is well defined for commercially available machines. Flutter is

usually expressed as a percentage of the nominal tape speed. In addition,
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the frequency spectra of the flutter must also be indicated. Flutter is
generated by the passage of the tape over slightly irregular surfaces,
by the tape itself being slightly irregular, by vibration of the tape, and
by vibration of the tape transport members. The resulting flutter is
characterized approximately by white noise. The noise increases, then,
as the square root of the bandwidth. Commercially available airborne
quality tape recorders have flutter specifications from 0.5 to 3% for
peak to peak values. The effect of flutter on frequency modulation and
pulse width modulation is to generate noise, For frequency modulation,
Reference 73, page 111, points out that the noise value is obtained by
dividing the peak flutter percentage by the peak carrier deviation and
multiplying by 100. Thus, for channels- with small percentage deviation,
the effect of flutter can be serious. However, as previously indicated,
this error appears as a noise error and should be indicated in the noise
specifications. For pulse duration modulation, Reference 73 also pre-
sents the relationship between flutter and signal error. For nominal
values of flutter, the accuracy of a pulse width modulation signal will
not be significantly degraded.

In addition to the conventional errors described above, the tape
transport subsystem may be responsible for side effects such as tape

stretch and other forms of tape mishandling.

10.5. 2 Environmental Errors, Tape
Transport Subsystem

Two significant environmental errors of the tape transport sub-
system are as follows:
l. Vibration effects increasing flutter

2. Angular velocity effects on capstan speed
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In general, the presence of a vibration environment increases the
intrinsic flutter of a tape transport. This may be expected since flutter
.itself is a vibration phenomenon. The characteristics of this response
depends on the individual characteristics of the recorder. Care should be
exercised in qualifying the particular tape recorder for the vibration en-
vironment expected. This sensitivity to vibration is one of the major po-
tential errors of the entire flight loads recording system, and should be
examined carefully.

Another environmental error occurs if the aircraft has angular
velocity about the center line of the capstan. This error in the tape

speed is given by

b &
% error = -7 (100) = {—@-(100} (10.2)
where 8 - aircraft angular velocity about capstan

center line, radians/second
y - capstan angular velocity, radians/second
d - capstan diameter, inches

X - tape speed, inches/second

For example, if x = 1-7/8 inches per second, d = 1 inch, and the air-
craft motion is iZo with a 1 cps simusoidal period, the error in tape

speed would vary sinusoidally +37%.

10.5.3 Usage Errors, Tape
Transport Subsystem

The usage errors associated with the tape transport subsystem

are mainly those due to abuse. Damage to the tape guides and reels
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will increase the flutter significantly. Dirt will affect the magnetic

tape and head directly, but will also promote wear of the tape transport.

10.6 MODULATION-DEMODULATION

SUBSYSTEM

The modulation-demodulation scheme employed to encode the data
signals is the major parameter which differentiates the various recording

methods, The three basic methods discussed are as follows:

1. Pulse amplitude modulation
2, Frequency modulation

3. Pulse duration or pulse width modulation,
pulse position modulation

4, Digital pulse code modulation

Only the latter three methods are considered suitable for flight
loads recording. The main reasons for modulating a data signal is to
obtain a better signal to noise ratio than would be possible with direct
recording, and to obtain DC response. These goals are accomplished
at the expense of data bandwidth, Reference 79, among others, develops
the expressions for the idealized signal to noise improvements or super-
iority of the various modulation methods when compared to amplitude
modulation. These relationships are presented in Table 10-4, These
are ideal relationships with many constraints and should be used only
as a guideline. Realizable factors were developed by analysis and test
{(Reference 67) and are also indicated in Table 10-4.

The theory of modulation has been developed extensively, especially
with emphasis on the radio transmission of data signals. References 80,

81, and 82, among others, cover this technology in great detail. A gen-
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erally accepted set of standards for both radio telemetry and tape re-
cording is presented in Reference 76. The errors associated with
modulation-demodulation of flight loads data signals are evaluated in
Reference 67. In general, most of the theory developed for radio
transmission may be applied directly to the tape recording process
where the tape recorder replaces the telemetry link. However, the
definitions of signal and noise for the two systems are somewhat
different and this difference should be kept in mind at all times. When
anhalyzing radio telemetry, noise is assumed to be introduced in the
transmission process at some point, usually the input, but is always
referred or converted back to equivalent noise occurring on the very
first stage of the modulation process. In tape recording, the noise

of the transmission link comes from the various errors associated
with the magnetic tape recording process and the tape motion process
as covered in the two previous sections, 10-4 and 10=5e. It is there-
fore convenient to apply the development of modulation theory by think-
ing of the elimination or minimization of the inherent errors of the
actual recording process. However, the errors of the magnetic re-
cording process do not necessarily behave in the same manner as the
assumed noise sources in radio telemetry work. A number of specific
sources should be treated separately, and their effects on the output
signal evaluated. Typical work of this kind is presented in References

83, 84, and 85.

10.4.1 Pulse Amplitude Modulation

The pulse amplitude modulation method time multiplexes or sam-

ples a data signal or group of signals and records the resulting pulse

184



train in the direct record mode., This method suffers from all the
problems of direct recording except the lack of DC response. The
best signal to noise ratio improvement is only 2. However, if the
intrinsic errors are acceptable, the PAM Method has the distinct

advantage of simplicity (a commutator is the only equipment required),

10. 6. 2 Frequency Modulation

Frequency modulation is a form of phase modulation., It may be
considered a method of converting amplitude, which is not faithfully
reproduced by the tape recording process, to frequency, which is much
more faithfully reproduced. With a time varying data signal, the modu-
lated signal, 'instantaneous frequency, '’ is proportional to the data sig-
nal amplitude and the frequency of change of the modulated signal is the
data signal frequency. A number of references, including 73, 80 and
82, develop the expression for the expected content of the modulated
signal. Actually, an infinite number of sidebands exist about the cen-
ter frequency. The distortion or elimination of these sidebands effec-
tively causes noise. This is evident in Table 10-4 where signal to noise

is shown to be proportional to the bandwidth.

10,6.3 Pulze Duration Modulation

Pulse duration modulation is a process of converting amplitude
to a pulse width. This is also referred to as pulse width modulation.
Another variation, pulse position modulation, leads to the same result.
In practice, a sampling pulse is added to the data signal, and the resulting

signal is clipped and squared as indicated below:
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As with FM, the resulting signal has a frequency spectrum composed of
a characteristic center frequency and sidebands. The greater the band-
width, the more faithfully the edges of the pulse are reproduced and the

greater the signal to noise ratio.
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10.6.4 Pulse Code Modulation

Pulse code modulation consists of dividing the analog signal into
various levels and converting to a train of coded pulses. The digital
binary code is the most convenient to implement and the only one con-
sidered. Pulse coding has a significant advantage over other modula-
tion methods. Above a threshold level, the signal to noise ratio is a

function only of the number of quantizing levels.

10.6.5 Errors in Modulation

Noise, amplitude nonlinearity, and frequency response are charac-
teristics of each particular modulation method. These errors are usu-
ally affected by the other two tape recorder subsystems. The one error
which has not previously been covered is aliasing or frequency folding.

If frequency components exist above the Nyquist sampling frequency,
they appear as data. As pointed out in Reference 67, this type of error
occurs in FM as well as pulse types modulation. The methed for mini-

mizing this effect is to incorporate a low pass filter before the modulator.

10.7 ANALOG-TO-DIGITAL CONVERTERS

The components of analog-to-digital converters are indicated in
Figures 2-1 through 2-5. The main component is the A/D converter
itself. The basic method of operation is to compare the data signal to
a reference level and generate a pulse if the data signal is higher.
Various techniques are employed to make subsequent comparisons to
generate the total digital word. Reference 85 presents introductory
material on the principles of operation and errors of A/D converters.
The error models used to describe the performance of connectors are
discussed in Reference 86. Two basically different approaches may be

employed.
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1. Evaluate each intermnal noise source {noise spikes,
quantization error, drift, etc.) and combine

2. Ewvaluate the overall performance with an input which
is representative of the intended operation.

The usual method for expressing the overall error is the probability
of an error of magnitude € over a given time period.

An error associated with high frequency A/D conversicn is the
aperture error. The converter requires a finite time to sample. In
that time petiod, the level is changing. However, for the frequency

range of interest, this is not a problem.
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APPENDIX

FREQUENCY RESPONSE OF SINGLE DEGREE -
OF -FREEDOM TRANSDUCERS

For constant parameter linear systems, the input-output relation-
ship may be defined by the frequency response function, H(f). This
complex valued quantity may be thought of in terms of a magnitude and
an associated phase angle which are the gain factor and phase factor
relating the input and output. The frequency response function can be
considered a special case of the transfer functidn where the Laplace
operator p = A + jB is set equal to j2nf. For stable systems which
are physically realizable, that is a response due only to past inputs,
this conversion looses no useful information. However, the Laplace
transformation notation is familiar and widely used, especially in the
literature for gyroscopes and servo accelerometers, Therefore, the
method for deriving frequency response functions will be to solve the
Laplace transform ratio of output over input and to convert to the Fourier
transform transfer function by setting p = j2nf. For a more compre-
hensive discussion of frequency response functions, see Reference 56,
Chapter 2.

The frequency response function for the transducers discussed
relate the physical properties being transduced to an intermediate
physical property which can be measured with an electric pickoff.
Typically intermediate properties are relative displacement and force.
The frequency response functions of rate gyros, vertical gyros, pres-
sure transducers and accelerometers are similar in form, The devel-
opments all asume an idealized, single degree-of-freedom system

which can be described by second order differential equations. Rate
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integrating gyroscopes are characterized by a first-order differential
equation., The frequency response functions for the type of transducers

discussed are summarized in Table A-1.

A-1l, OPEN LOOP TYPE ACCELEROMETERS

The typical open loop type accelerometer is represented in

schematic and functional block diagram in Figure A-1,

Force cp
Summation
Point
z(t) Y(p)
~—— m -—-—1 X(p)—= m %- =t K
)
e e x(t) >
mp

Figure A-1, Schematic and Functional Block Diagram,
Open lLooop Type Accelerometer

where x({t) = displacement of base, feet
i’(p) = Laplace transform, base acceleration
z(t) = displacement of inertial mass, feet
y{t) = z(t) - x(t) - relative displacement, feet
Y({p) = Laplace transform, relative displacement
m = mass, slugs
k = spring constant, lbs/feet

c = coefficient of viscous damping, lb-sec/feet
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K = pickoff transfer function, volts/feet
p = Laplace operator

output, volts

[
il

The sum of the forces on the mass must equal zero. That is:

spring force + damping force + inertial force = 0

-k [ z{t) - x(t)] = -ky(t)
~e[2(t) - %(t)] = -cy(t)
m%(t) = -m[y(t) + X(t)]

1

where spring force

damping force

inertia force

The equation of motion is therefore given by

mly(t) + x(t)] + cylt) + ky = 0 (A1)

or

my(t) + cy(t) + ky(t) = -mk(t) (A2)

The base acceleration term on the right assumes the function of an
input to the system and relative displacement the output. The lLa-

place transform of this equation is given by the equation

" 2
mX(p) + mY(p)p +cY(p)p + kY¥(p) = 0 (A3)
The functional block diagram, Figure A-1, can be seen to be a

representation of this equation. It is desirable to put Eq. (A3) in a

general form by dividing by (m) and making the following substitutions:
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c . .
= N - damping ratio

1
fn =5 k/m = undamped natural frequency, Hz

By making the above substitutions, solving for the transfer function
Y(p)/%(p), multiplying by the pickoff transfer function Kp, substituting

p = jéwf, and converting to polar coordinates, the base acceleration to

output voltage frequency response function is obtained.

H{f) =
a-e 2
o (Zn‘fn) fZ

n
7z (a5)

frequency response function, acceleration
o to output voltage

b{f)

where Hif)
a-¢e

phase angle lag between response and
input, radians

1

The magnitude and phase angle of this frequency response func-

tion are plotted on Figures A-2 and A-3 respectively.
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A-1.1 Frequency Response Error

The frequency response curves, Figures A-2 and A-3, show the
basic physical characteristics of open loop accelerometers, However,
the areas of greatest interest, around unity gain and constant time de-
lay, have poor resolution on this type of curve. In addition, when
selecting and using a transducer, the percentage error may be of
greater interest than the gain factor and phase factor themselves.

The percentage error from a constant gain factor is

% error = [lH(f)[ - 1] 100 (A6)

Substituting the frequency response expression Eq. (A4) into I£q. (A6}
and rearranging, the damping for a given gain factor error and fre-

quency is obtained.

1 I ffl fz
;:E l‘{_%error -1 f_Z-_ -?-Fz (A7)
100 n

This expression is presented in Figure A-4. This figure is
essentially a difference plot and has much greater resolution around
zerco error than Figure A-2, An advantage of having damping as the
ordinate is that a temperature scale for a particular damping fluid

may be easily superimposed. For zero error, Eq. (A7) reduces to

e
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Then for zero frequency, the damping factor is

t=11/2" =0.707

A-1.2 Time Delay Error

The phase lag plot, Figure A-3, suffers from the same lack of
resolution around the constant time delay as does the magnification
plot around zero.error. In addition, the time delay between input and
output is of great interest when combining instantaneous signals or when
performing cross spectra or cross correlation analyses. The error

1
which results if a constant time delay, T ~Zr is assumed to be:

2 fn 1 2% -ff_
% error = (-1 +; T tan n 100 (A9}
T £ \2
1 o
f
n

This error is plotted in Figure A-5,

A-2 SERVO OR FORCE BALANCE
ACCELEROMETER

The servo or force balance accelerometer is represented in
schematic and functional block diagram in Figure A-6.
As with the open loop accelerometer, the equation of motion is

obtained by summming forces on the mass.

_m[g;(t) +%(1)] - ey() + F_(t) = 0 (A10)

205



RSN
l\\ \ Ny

RN
E:‘ \*30% \
g.. -20% \ \
: \ ~
A 5_10% \ N
1.0 N K\\ \\\
? \-1% \ <
’ TS~ \\\ T~
7 \\ \\\‘
.6 |Lero Error /'—— == \:\\
] 1% | ] “'M: S
. 7 : | — .\\
4 / / ~ (0% /+iO‘7 J"’_—:\\
3 / / +30% ﬁﬂ% 1-\

\-.\

: 24 ! [ / / ,A 100%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
Frequency Ratio, f/fn

Figure A-4. Frequency Response Gain Factor Error versus
Frequency Ratio and Damping Factor, Open Loop
Accelerometers and Rate Gyroscopes

206



T Error, %

140

110

100

80

60

40

20

-20

-40

-60

Reference Constant T

207

\ ; \ I | l 1 l }
f 1 ZL(f/fn)
% error = -1 +; T ten  ———=|100
1 - (f/fn)
\ 5.0
2.0
)
£ =1.0
—_—
'\\ \
T N . 25
- 5
1.0
2.0
5.0
/|
+ 25
—T i ] | | s l
.2 4 . 6 .8 1.0 1.2
Frequency Ratio f/fn
Figure A-5. Frequency Response Time Delay Error,




z(t)

K3Nm+l)

R, e (t)
c i —
x(t) 3
Kf

o 1

X(p)—={ -m rnp2+ cp a(tps + 1)
Ky
Ry

Figure A-b.

1

i

"

Schematic and Functional Block Diagram,
Servo Accelerometer

Pickoff transfer function, volts/feet

Feedback amplifier transfer function

Restoring coil transfer function, lbs/ampere

Load resistor,

coefficient of viscous damping, lb-sec/ft

mass - shigs
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where Fc(t) = restoring coil force. But the coil force is expressible

in terms of the output voltage

e (t)

0
R;,_* Kf (All)

F (t) =
c

where Kf = force coil transfer function, lbs/ampere. In turn the out-

put voltage is a function of the relative displacement in Laplace trans-

form notation.
e (p) = -y(p)KpKa(¢p + 1)
or y(p) = —eo(p)/KpKa(uhp + 1) (A12)

Taking the Laplace transform of Egs. (Al0), (All), and combining with
Eq. (Al2),

" fX(P) e (p) p?_ .. e (p) . e (p) % -0
- - - " -
KpK(qu 1) KpKa(llJp 1) R, f
(Al13}
rearranging,
Kf m 2 +c
-mi(p) te ) 5 t TRy So® 7O (A14)
£ p a

The functional block diagram, Figure A-6, can be seen to be a repre-

sentation of this equation. Solving for the overall transfer function,
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eO(P) mR, KpKa{q;p + 1)

= 5
%(p) mp R, + cpR, + -KPKa(q;p + 1)
e (p) K K. ®p+ 1)
Hp) VK K K KK K (A15)
2.+ < . fpa}_ f pa
P Plm mRﬂ mRﬂ

This equation may be put in a more general form by making the follow-

ing substitutions:

1 KfKEKa
fn =S R,m undamped natural frequency
c . .
E’l 4wf1'1m mechanical damping factor
Qz = ﬁfnq; electrical damping factor

Making the above substitutions, substituting p = j2nf, and converting

to polar coordinates, the frequency response function is obtained.

-
21 f
e, Rym \/1 " f—n) b (f)
H(f) ==— = e —— e e-‘} (Al6)
x K, 21° 2
f 20 f
! '(T talt, + L) (T)
n n
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3
£ f

2 i_] bt Z(f_) 5,

n .

n

2 2
f f
T +(4—in 6, (L, +8)

$ = tan (A17)

1 -

Note that if LZ = 0, the frequency response function is identical in form
to the open loop accelerometer frequency response function. If all the
damping is electrical, Ql = 0, the frequency response function assumes
the form of the function for the base excited open loop system with
identical parameters, that is, velocity to velocity (Reference 56). The
frequency response and phase angle of this system are plotted in Figures

A-7 and A-8.

A-3, RATE GYROSCOPE

The analysis of gyroscopes is a complex field in itself. However,
the study of the idealized frequency response function gives an under -
standing which is adequate for most applications. The typical rate
gyroscope is represented in schematic and functional block diagram
in Figure A-9.

The equation of motion is derived by summing torques on the

gyro wheel. These forces are
spring torque = -kn(t)
damping torque = -cn(t)
inertia torque = -Ioﬁ'(t)

precession torque = -Hb(t)
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Figure A-9. Schematic and Functional Block
Diagram, Rate Gyroscope

é(t) - input angular rate
n(t) - angular displé.cement, spin axis
H = Isﬂ - momentum of gyro wheel
§2 - angular velocity, gyvro wheel
I0 - moment of inertia, output axis
k - spring constant
c - coefficient of viscous damping
K - pickoff transfer function

eo(t) - output

Torque
Summation
Point nip)
é(p) ~ \
—» H |—a( X 1/k > Kp
/
2
Iop

o“’/‘—'>1



The rotor absolute displacement, A, and relative displacement,
N, are essentially identical, The rotor and case have the same velo-
city if the case rotates about the output axis.

The angular displacement of the gyro spin axis about the output
axis is equivalent to the relative displacement.

The equation of motion is therefore given by

I_#(8) + chle) + kn(t) = _HO(t) (A18)

The Laplacé transform of this equation is

Hé(p) + I n(p) p2 ten(p) pt+ kn{p) =0 (A19)

The functional block diagram, Figure A-9, is a representation of this
equation.

Noting that this expression is identical in form to that for the
open loop accelerometer (Eq. A3}, the frequency response function

relating input angular rate and output voltage may be written directly.

I QK

) y
Hy . (B = ——=5 o 00 (A20)
o I{2nf) 292 2
) n f . f
1 - =] +|at=
2 f
f h
n
zg?f—
o(f) = tan™ ) = (A21)
2
1 &
_(f
n
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where

H"ﬂ
1
)=

3

H(f)r-d = frequency response function angular rate
to relative output voltage

The frequency response gain factor response, Figure A-2, applies to
the rate gyroscope when the ordinate becomes 'H(f)l (21-rfn)2 IOIKPISQ.
Note that 10 is referred to an axis in space and will vary with angular
displacement. However, for small angles and the purposes of this

development, the analysis is sufficiently accurate.

A-4 RATE INTEGRATING GYROSCOPE

The typical rate integrating gyroscope is represented in schematic

and functional block diagram in Figure A-10.
The equation of motion for a rate integrating gyroscope is essen-

tially identical with that of the rate gyroscope, Eq. {(A18), except that

the spring restraint is reduced to approximately zero. Therefore,

Eq. (Al18) becomes

IA(e) + ci(t) =H (@) (A22)

The Laplace transform

qu(p)pz + enlplp =-H5(p) =-HO(p)p
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O(p) —=f H )| &

———=¢ _(p)

Figure A-10. Schematic and Functional Block Diagram,
Rate Integrating Gyroscope

O(t) = input angular displacement, radians
v(t) = angular displacement of gyro spin axis, radians

n(t) = y(t) - 9(t) - relative angular displacement,
gyro spin axis and case, radians

H = momentum of gyro wheel, foot-pound-second/radian

¢ = coefficient of viscous damping,
inch-pound-second/radian
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or

I a(p)p + cnip) =-HE(p) (A23)

The functional block diagram, Figure A-10, is a representation

of this equation. The Laplace transform of the transfer function

n(p) ___H

op) Ipte (a2
Substituting p = j2nvf and putting in polar coordinates,
K H
1 s
He e - { e J¢(£] (AZS)
o 2nfI | 2
1+ 2
C

-1

¢ = tan = 2uf Io/c {AZ26)

This is the frequency response of a first-order single degree-
of-freedom system. The frequency response of output voltage to input
angular displacement may be obtained by multiplying by the pickoff
transfer function, Kp. These frequency response functions are pre-

sented in Figures A-11 and A-12.

A.5, MOVEABLE VANE SENSORS

The moveable vane sensor, at first impression, appears identical
in form to an open loop accelerometer or rate gyroscope. However,
closer examination (Reference 25) shows that the spring is between the
forcing function (angle of attack) and the vane instead of between the

vane and the aircraft {see Figure A-13}.
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Figure A-13., Schematic and Functional Block
Diagram, Moveable Vane Sensor

where a - angle of attack, radians
¢ - relative displacement of vane, radians
c - damping coefficient inches-pounds-seconds/radians
I - moment of inertia, slug feet‘2

k - effective spring constant, airstream to vane,
inches-pounds/radian

The torques are as follows:

Inertia torque -1 [ﬁi(t) + é(t)]
-c ()

k[a(t) - #(0)]

Damping torque

Input torque

The equation of motion is
g + 8] + x[e) - o] -cb =0

18(t) + cd(t) + kd(t) = -I18(t) + kalt)
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If the aircraft attitude is zero, the angle of attack is produced entirely

by vertical air velocity, and the frequency response function is

L L -io0)

K )
H(f)a-—e p 5 2 2 {A27)

° f f
NARE:

n n

where Kp - pickoff transfer function, volts/radian
1
fn T 2m ki1

e
I

C/Z‘\’km

When normalized, this is identical to the frequency response function
for open loop accelerometers and rate gyroscopes (see Figures A-2,
A-3, and A-4). Note that the sensitivity is not a linear function of the
natural frequency as with accelerometers. However, if the angle of
attack is generated by aircraft attitude variation, O(t) = a(t) and the

result of Reference 25 is obtained.

2
f
- (5] »
H(), =K = = o 3% (A28)
8]
£ f
1 - (f—) + ZQT
n n
f
2 e
-1 gfn
$(f) = tan

The gain factor is presented in Figure A-14,
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