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PREFACE

While working on primary vibration standards in the early 1950’s, we were
frequently visited by engineers from various parts of the United States and other
countries. These engineers came to visit us at the National Bureau Standards
with a common purpose. They simply wanted to unravel the mystery of obtain-
ing reasonable accuracy while calibrating accelerometers and other vibration
measuring instruments. A common problem was that engineers and technicians
would obtain different calibration results with errors sometimes greatly exceed-
ing 10 percent. Fortunately, with a few years of effort it was possible to reduce
calibration errors by more than an order of magnitude. This was accomplished
by performing the absolute reciprocity calibrations on primary vibration stand-
ards. Thereafter, it was still a problem for some laboratories to obtain good
accuracy when performing calibrations. This problem had to do with certain
shortcomings with calibration instruments as well as a lack of familiarity with
the performance characteristics of accelerometers and how these characteristics
might produce errors due to poor motion in the calibration shakers.

It helps to be familiar with the performance characteristics of accelerometers
and vibration instruments. This is one of the goals of this monograph, i.e. to
describe the vibration instruments in detail to provide the engineer with informa-
tion to use when doing calibration work. However, this need to be familiar with
accelerometer performance characteristics is minimized by using high-quality
calibration shakers and high-quality standard accelerometers. Fortunately, after
about 25 years of effort at the National Bureau Standards and at leading com-
mercial calibration laboratories, these high quality shakers and high-quality,
primary vibration standards are now available.

This monograph is the culmination of a very enjoyable career in performing
calibrations on vibration instruments. It is hoped that it will be a widely used
reference for those responsible for performing calibration of vibration instru-
ments. Even though there has been considerable progress in most calibration
laboratories, there is still a need for many concerned with shock and vibration
measurements to be better informed with the performance characteristics of
vibration instruments and with the use of accelerometers in making accurate
measurements.

The success of writing any worthwhile manuscript depends heavily upon the
assistance of others. Barney Epstein, now retired, provided a very worthwhile
service in completing the final draft. His help in the final editing and illustrations
is worthy of my sincere appreciation. The Shock and Vibration Information
Center provided a needed service of having the manuscript reviewed by other
specialists. They included John Ramboz at the National Bureau of Standards and
Merv Oleson at the Naval Research Laboratory, as well as others. Their assistance
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in providing detailed comments and suggestions was very helpful. As always, the
staff at SVIC has done a marvelous job in the final editing process and publishing
of the monograph.

R. R. BOUCHE

Tujunga, California
July 1979
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CHAPTER |
FUNDAMENTALS FOR CALIBRATION

It is important, in preparing for the calibration of shock and vibration instru-
ments, to review the fundamental characteristics of sinusoidal motion, random
vibration, and shock motion. Most shock and vibration measurements are made
with accelerometers velocity pickups and displacement measuring devices are
used in special applications. All of these transducers can be calibrated by sinu-
soidal motion excitation. Sinusoidal motion calibrations are easily performed at
amplitudes up to 10 g. It is also desirable to perform shock motion calibrations
to determine the amplitude linearity characteristics of accelerometers. Shock
motion calibrations are performed at higher accelerations, ug to about 10 000 g.

The terminology of calibration is found in a number of publications. For con-
venience the frequently used definitions are given in this chapter. International
System (SI) units are used in this monograph, and equivalent English units are
given throughout.

1.1 Sinusoidal Motion

Sinusoidal motion is illustrated in Fig. 1-1. This motion is periodic, and each
cycle is an exact reproduction of all others [1]. The motion consists of steady-
state vibration at a single frequency. During calibration the frequency may be
changed manually or automatically over the range of interest. The frequency of
vibration is given by

a1-1

w 1
=5 T

where
f = frequency, Hz

w = circular frequency rad/s
T = period of vibration.

The nature of sinusoidal vibration is that the variation with time of displace-
ment, velocity, acceleration, and jerk has exactly the waveform illustrated in
Fig. 1-Z. The amplitudes of these quantities are given by the following equa-
tions:

x=% sin (2 ft) (1-2)
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Fig. 1-1. Curve representing sinusoidal motion as a function of time
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Fig. 1-2. Phase relationships between dis-
placement velocity and acceleration of a
body subjected to sinusoidal motion
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d. D
y= d’: = 2nf = cos (2nfr) (13)
d*x 2 B
a= —— -(2nf)° — sin (2nf1) (14)
ar? 2
3
D
K= g =-(21rf)3 — cos (2nft) (1-5)
de 2

where

x = the instantaneous values of the displacement motion at any time ¢, in
meters (in.)

D = the double displacement amplitude, in meters (in.)

v = the instantaneous value of the velocity motion at any time 7, in meters
per second (in./s)

a = the instantaneous acceleration motion at any time ¢, in meters per second
squared (in./s?)

K = the instantaneous jerk motion at any time ¢, in meters per second cubed
(in/s)

f = frequency, in hertz

t = time, in seconds.

It is customary to refer to displacement measurements with the peak-to-peak
value, as in Figs. 1-2 and 1-3. This is because displacement measuring vibration
instruments normally indicate this value. These instruments include vibrating
wedges, microscopes, and dial indicators. On the other hand, it is customary to
express acceleration by the peak value. Accordingly, accelerometers are cali-
brated in terms of peak electrical output divided by peak acceleration. Similarly,
velocity pickups are calibrated in terms of peak electrical output divided by peak
velocity .

Indicating instruments such as voltmeters may be calibrated in rms units. An
rms indicating meter provides the rms value of acceleration or velocity when
used with accelerometers or velocity pickups. The rms value of sinusoidal vibra-
tion is 0.707 times the peak value. It is best to use consistent units; i.e., peak
output with peak vibration amplitude. Sometimes the rms value of the electrical
output and peak value of vibration amplitude are used. For example, the sensi-
tivity of an accelerometer may be expressed as rms millivolts divided by the
peak value of acceleration expressed in g units. However, the use of these mixed
units should be discouraged; it is preferable to express acceleration sensitivity in
units of mV/g.
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PEAK
RMS

e e o —

PEAK-TO-PEAK

A

Fig. 1-3. Relative magnitudes of rms, peak, and peak-to-peak measurements of a sine
wave

Note that

mV _mVpk mVms _ 141 mVms

g g pk g rms g pk

Equations (1-2)-(1-5) describe the relationships among displacement, veloc-
ity, acceleration, and jerk motion for all sinusoidal vibrations. The minus signs
indicate simply that the acceleration motion and jerk motion are 180 degrees
out of phase with displacement motion and velocity motion, respectively. Jerk
motion is of interest in only a limited number of cases, such as the discomfort
felt in a decelerating vehicle. Also, transducers for measuring jerk and calibra-
tions in jerk units are not in common use.

Vibration measurements are most frequently made with accelerometers and
are usually expressed as the peak value of acceleration. In low-frequency applica-
tions, for which most measurements are made below 50 Hz, the vibration is
sometimes expressed as double displacement amplitude. The quantitative rela-
tionship between the peak acceleration and peak-to-peak displacement is deter-
mined from Eq. (14) by using unity for the sine term.

n

G = 2.014 Df? for D in meters

(1-6)

G = 0.0511 Df? for D in inches

where

G = peak acceleration in gravity units (1 g = 9.807 m/s2 or 386 in./s2).
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Fig. 1-4a. Linear vibration nomograph in metric units (Endevco)

It is common practice to determine double displacement amplitude from ac-
celeration measurements and vice versa. Calculators are commonly used to com-
pute Eq. (1-6). Also, the relationship among displacement, acceleration, and
velocity can be determined from the nomograms in Fig. 14. Figures 14a and
1-4b apply to rectilinear motions, and Fig. 14c¢ to rotational motion.

1.2 Complex Waveforms
Harmonic Distortion

The ideal motion for calibrating vibration measuring instruments is sinusoi-
dal, with no acceleration waveform distortion. Under certain conditions har-
monic distortion is present. This distortion typically is at odd integer multiples
of the excitation frequency, usually the result of a small magnitude of odd har-
monic distortion in the shaker driving signal exciting the resonance frequency of
the transducer or shaker. For example, Fig. 1-5 illustrates the presence of a third
harmonic distortion [2]. The complex waveform is produced by the vibration
taking place in a shaker or other body being excited simultaneously at the funda-
mental and third harmonic frequency. If the complex motion contains more

. i ——— . -
i S A L SR
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Fig. 1-4b. Linear vibration nomograph in units of inches (Endevco)

than two frequencies, these frequencies could be determined by Fourier analysis
for periodic vibration. When instruments for sinusoidal calibrations are carefully
selected, it is unusual for more than two frequencies to be present at one time.
Usually only the third, fifth, seventh, or ninth harmonic of the excitation fre-
quency is present. With goodquality shakers this harmonic distortion should be
present only at frequencies above the operating frequency range of the vibration
instrument being calibrated.

Random Vibration

Random vibration enters into calibration only in the decision of whether it
can be measured accurately by the vibration instruments being used. For ex-
ample, can an accelerometer calibrated with sinusoidal motion be used to meas-
ure random vibrations? The answer is provided by a brief review of the charac-
teristics of random vibration.

Random vibration is present when the instantaneous magnitude can be
specified only by the probability that the amplitude will be within a specified
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Fig. 1-4c. Angular vibration nomograph in units of rads (Endevco)

range during a specified time interval. In general, random vibrations are aperiodic
and cannot be evaluated by Fourier analysis. The frequency components in
random vibrations may be obtained by passing the vibration signal through nar-
row band-pass filters. If reasonable care is taken in selecting the vibration meas-
uring instruments, the amplitudes and frequencies in the random vibration
should correspond to the operating range of the instruments. For example, a
properly selected accelerometer will be linear and have constant sensitivity
throughout the amplitude and frequency range of interest. Also, it should have
proportional phase response. Sinusoidal calibrations are used to verify these
characteristics. Thus, sinusoidal motion calibrations are sufficient for demon-
strating that properly selected vibration measuring instruments are suitable for
accurate measurements of random vibrations.

e
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Fig. 1-5. Complex motion re-
sulting from the addition of a
third harmonic to the funda-
mental frequency

1.3 Shock Motion

The most accurate shock motion calibrations are performed on machines that
produce pulses of near halfsinusoidal waveform. Pulse durations should be
selected to correspond with those experienced in service. It is relatively simple
to produce short-duration shock motion pulses in the range from 100 us to 1 ms.
Present-day shock motion calibrators do not produce longer pulses up to 100
ms, which correspond to those encountered in some applications. Therefore,
sinusoidal motion calibrations are used to verify the performance of vibration
measuring instruments at low frequencies corresponding to those of the longer
shock motion pulses.

Fourier analysis is used to determine the frequency components of shock
pulses [3]. Figure 1-6 shows the frequency components contained in a half-
sinusoidal pulse, where wq = 71/ and 7 = pulse duration. This spectrum diagram
indicates that a large number of sinusoids are present in the pulse, with signifi-
cant amplitudes up to w/w, =4, or a frequency of up to twice the reciprocal of
the pulse duration. Accordingly, accelerometers should be selected to have an
operating frequency range corresponding to frequencies of at least twice the
reciprocal of the shortest pulse duration of intended use. The requirements are
similar for other pulse shapes encountered in shock motion applications.

Shock Spectrum

Shock testing is frequently specified by the shock spectrum [4] . The shock
spectrum is of interest in making a fragility assessment, and design work is con-
cerned with the maximum inertial loading resulting from a specified shock
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motion. It is desirable to determine the maximum displacement or acceleration
amplitudes produced in mechanical systems during shock excitation. The shock
spectrum provides the means for computing these amplitudes for any simple
single-degree-of-freedom system (Fig. 1-7) [5].

The primary shock spectrum (Fig. 1-8) indicates that a single-degree-of-
freedom system having a natural frequency of about twice the reciprocal pulse
duration produces an acceleration amplitude of approximately 1.7 times the
peak acceleration in a half-sinusoidal pulse [6] . This acceleration is reached dur-
ing the pulse. After the pulse is ended, the residual spectrum (Fig. 1-8) indicates
that the acceleration amplitude reached is only slightly more than half the peak
acceleration of the pulse.

The shock spectra of the various pulse shapes are of interest. It is unnecessary
to consider spectra when performing shock motion calibrations. Instead, care is
taken that the shock motion calibrations satisfy the requirements determined by
the Fourier spectrum of the various pulse shapes of interest.

NORMALIZED FREQUENCY (w/wq)

0.1 567810 3 5 7 10

30—
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5 e
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Fig. 1-6. Fourier spectra of a half-sine pulse
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Fig. 1-7. A simple single-degree-of-freedom system
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Fig. 1-8. Primary and residual shock response spectrum for a half-sine shock pulse

Velocity and Displacement Amplitudes

Some familiarity with the velocity changes and displacement amplitudes
associated with shock pulses is desirable. The half-sinusoidal pulse has a peak
acceleration given by the equation

Hed us
a= SHE =" §
0 T

1
N
-

(1-7)
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integrating yields
7 4
- j it (18)
0
AT
0 9
= (1 - cos l) (19)
T T
and
4
x = f vdt (1-10)
0
AoT t
=(— £~ i L) (1-11)
™ n T
where

T = pulse duration, in seconds.

These equations apply only during the pulse, at any moment from zero to 7. It is
of special interest to determine the velocity change and displacement produced
at the end of the pulse. At time =7,

2AOT
= 1-12
vO e ( )
and
A01‘2
dy = 1-13
0 3 (1-13)
where
A = peak acceleration, in meters per second squared (in./sz)
vy = velocity change, in meters per second (in./s)
d, = displacement amplitude, in meters (in.).

Instantaneous velocity and displacement for a typical halfsinusoidal acceleration
pulse of 1-ms duration are shown in Fig. 19.
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Fig. 1-9. Instantaneous velocity and displacement amplitudes for a 1-ms
half-sine shock pulse

1.4 Units

It is desirable to use the International System (SI) of units in the calibration
laboratory. The units most often used in calibrating vibration measuring instru-
ments include meters, seconds, and meters per second squared. It is recom-
mended that multiple and submultiple prefixes be used in steps of 1000 rather
than using powers of 10. For example, it is better to express small displacements
in units of millimeter than meters times 107>,

| For convenience during the transition to the metric system, equivalent
| English units are generally given in parentheses after the SI units.

The most useful SI unit for length or displacement is the millimeter. The
double displacement amplitude present during calibration of shock and vibra-
tion measuring instruments is of the order of 1 mm (0.03937 in.) to about 25.4
mm (1 in.). These are peak-to-peak values, since it is customary to express the
double displacement amplitude during the calibration and use of these instru-
ments.

Velocity is expressed as a single amplitude, in units of meters per second
(m/s).

Acceleration is exfressed as a single amplitude and has units of meters per
second squared (m/s”). However, it is customary to express acceleration as a

multiple or submultiple of g, the acceleration of gravity. The standard value of
gravity 1 g is equal to 9.806 65 m/sz. Finally, the conversion from m/s2 tog
units is approximately a factor of 10. An acceleration of 98 m/s? is approxi-
mately 10 g.

ao - — e s o e
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The SI unit for time is the second (s).

The SI unit for mass is the kilogram (kg). The unit of force is the newton (N).
It is good practice to observe this distinction.

The relationship of force, mass, and acceleration is given by Newton’s first
law of motion; expressed algebraically as

F=Ma (1-14)
where

F = force, in newtons (Ibf * in /s2)
M

a

mass, in kilograms (lbm)

acceleration, in meters per second squared (in./s2 org).

The unit of frequency is the hertz (Hz).

The SI unit for plane angle is the radian (rad). However, it is permissible to
use the arc degree when the radian is not a convenient unit.

The accepted unit for temperature is the degree Celsius (°C). The Celsius scale
has been called the Centigrade scale. The SI unit of temperature is the kelvin
(K), which is not usually used in engineering work. The kelvin temperature is
equal to 273.15 plus the Celsius temperature. For example, a Celsius tempera-
ture of 20°C is 293.15K.

Terminology

It is helpful to review the terms most often used in shock and vibration,
particularly those concerning calibration. References 7 and 8 should be con-
sulted for additional terms and definitions.

Acceleration. Acceleration is a vector quantity that specifies the time rate of
change of velocity .

Acceleration admittance. Acceleration admittance is the complex ratio of
acceleration to force using sinusoidal excitation and includes the phase angle
between these quantities. It is sometimes referred to as “inertance.”

Acceleration impedance (Z,). Acceleration impedance is the complex ratio of
force to acceleration during sinusoidal excitation and includes the phase angle
between these quantities. It is sometimes referred to as “dynamic mass” or
“apparent weight.”

Charge converter. A charge converter is an electronic circuit that provides an
instantaneous output voltage proportional to the instantaneous electric
charge at the input.

Critical damping (c.). Critical damping is the minimum viscous damping that
will allow a displaced system to return to its initial position without oscilla-
tion.
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Cyc'e. A cycle is the complete sequence of values of a periodic quantity that
oceurs during a period.

Damped natural frequency (f;). The damped natural frequency is the frequency
of free vibration of a damped linear system. The free vibration of a damped
system may be considered periodic in the limited sense that the time interval
between zero crossings in the same direction is constant, even though succes-
sive amplitudes decrease progressively. The frequency of the vibration is the
reciprocal of this time interval. (Also see natural frequency, undamped
natural frequency)

Damping ratio (§). The damping ratio for a transducer with viscous damping is
the ratio of actual damping coefficient ¢ to critical damping coefficient c,..

Decibel (dB). The decibel is a unit that denotes the magnitude of a quantity
with respect to an arbitrarily established reference value, in terms of the
logarithm (to the base 10) of the ratio of the quantities.

Displacement. Displacement is a vector quantity that specifies the change of
position of a body or particle and is usually measured from the mean position
or position of rest. Practical measurements, however, express displacement
magnitude in peak-to-peak values.

Displacement admittance. Displacement admittance is the complex ratio of dis-
placement to force during sinusoidal excitation and includes the phase angle
between these quantities. It is sometimes referred to as “dynamic com-
pliance.”

Displacement impedance (Z4). Displacement impedance is the complex ratio of
force to displacement during sinusoidal excitation and includes the phase
angle between these quantities. It is sometimes referred to as ‘“‘dynamic
stiffness.”

Distortion. Distortion is an undesired change in waveform. Noise and certain
desired changes in waveform, such as those resulting from modulation or
detection, are not usually classed as distortion.

Duration of shock pulse (7). The duration of a shock pulse is the time required
for the acceleration of the pulse to rise from some stated fraction of the
maximum amplitude and then decay to a stated fraction of this value.

Error (uncertainty). An error is the algebraic difference between the indicated
value and the true value of the measurand.

Excitation. Excitation is an external force or motion applied to a transducer,
causing an output.

Filter. A filter is a device for separating waves on the basis of their frequency. It
introduces relatively small insertion loss to waves in one or more frequency
bands and relatively large insertion loss to waves of other frequencies.

Free vibration. Free vibration of a system is vibration of a system that occurs in
the absence of forced vibration.

Frequency (f). The frequency of a function periodic in time is the reciprocal of
the period. The unit is the hertz (Hz), in which represents cycles per second.
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Gravitational unit (g). The quantity g is the acceleration produced by the force
of gravity, which varies with the latitude and elevation of the point of obser-
vation. By international agreement, the exact value 9.806 65 m/s2 (386.088
in./s2) has been chosen as the standard acceleration due to gravity.

Harmonic. A harmonic is a sinusoidal quantity having a frequency that is an
integral multiple of the frequency of a periodic quantity to which it is re-
lated.

Linearity. Linearity expresses the closeness of a calibration curve to a specified
straight line. A linear transducer has a constant sensitivity over a specified
range of amplitude and frequency.

Measurand. A measurand is the physical quantity, property, or condition to be
measured.

Natural frequency. The natural frequency is the frequency of free vibration of a
system. For a multiple-degree-of-freedom system, the natural frequencies are
the frequencies of the normal modes of vibration.

Noise. Noise is any undesired signal. By extension, it is any unwanted distur-
bance in a useful frequency band, such as undesired electric waves in a trans-
mission channel or device.

Peak-to-peak value. The peak-to-peak value of a vibrating quantity is the alge-
braic difference between the extremes of the quantity.

Period (7). The period of a periodic quantity is the smallest increment of the
time variable for which the function repeats itself.

Piezoelectric transducer. A piezoelectric transducer is a transducer that depends
for its operation on the deformation of certain asymmetric crystals, which
generates an electric charge.

Piezoelectricity. Piezoelectricity is the property exhibited by some asymmetri-
cal crystals that, when subjected to strain in a suitable direction, develop elec-
tric polarization proportional to the strain. Inverse piezoelectricity is the
effect by which mechanical strain is produced in certain asymmetrical cry-
stalline materials when they are subjected to an external electric field; the
strain is proportional to the electric field.

Piezoresistive transducer. A piezoresistive transducer depends for its operation
on the change of resistivity of a semiconductor or other crystal as a function
of applied stress.

Phase angle. The phase angle of a sinusoidal vibration is the fractional part of a
period through which the vibration has advanced or lagged from another such
vibration.

Pulse rise time. The pulse rise time is the interval of time required for the lead-
ing edge of a pulse to rise from some specified small fraction to some spe-
cified larger fraction of the maximum value.

Quality factor (Q). The quantity Q is a measure of the sharpness of resonance or
frequency selectivity of a resonant vibratory system having a single degree of
freedom, either mechanical or electrical. In a mechanical system, this quan-
tity is equal to half the reciprocal of the damping ratio. It is commonly used
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only with reference to a lightly damped system, and is then approximately
equal to the following:

. Transmissibility at resonance

. m/logarithmic decrement

. 2m¥IAW, where W is the stored energy and AW the energy dissipation per
cycle

4. f,/Af, where f, is the resonance frequency and Af is the bandwidth be-

tween the half-power points.

W -

Random vibration. Random vibration is vibration whose instantaneous magni-
tude is not specified for any given instant of time. The instantaneous magni-
tudes of a random vibration are specified only by probability distribution
functions giving the probable fraction of the total time that the magnitude
(or some sequence of magnitudes) lies within a specified range. Random
vibration contains no periodic or quasi-periodic constituents. If random
vibration has instantaneous magnitudes that occur according to the Gaussian
distribution, it is called Gaussian random vibration.

Resonance frequency. The resonance frequency is the frequency at which the
sensitivity of a transducer is a maximum. The resonance frequency is defined
only for linear transducers with a damping ratio less than 1/2/2. Additional
resonances corresponding to modes in which the principal displacements
occur locally in the spring, housing, or attachment fittings are sometimes
excited, particularly by shock motions.

Sensitivity (S). Sensitivity is the ratio of the change in transducer output to a
change in the value of the measurand.

Shaker (vibration generator). A shaker is a device for subjecting a transducer or
other objects to controlled and reproducible mechanical vibration.

Shock. Mechanical shock is an aperiodic excitation (e.g., a motion of the
foundation or an applied force) of a mechanical system that is characterized
by suddenness and severity and usually causes significant relative displace-
ments in the system.

Shock calibrator. A shock calibrator is a device for subjecting a transducer to
controlled and reproducible mechanical shock.

Shock pulse. A shock pulse is a substantial disturbance characterized by a rise of
acceleration from a constant value and decay of acceleration to the constant
value in a short period of time. Shock pulses are normally displayed graphi-
cally as curves of acceleration vs time.

Shock spectrum. A plot of the maximum response experienced by a single-
degree-of-freedom system, as a function of its own natural frequency, in
response to an applied shock. The response may be expressed in terms of
acceleration, velocity, or displacement.

Sinusoidal motion. A motion such that the displacement is a sinusoidal function
of time. It is sometimes called simple harmonic motion.

7T T T ———r ~ e
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Standard deviation. Standard deviation is the square root of the variance: i.e.,
the square root of the mean of the squares of the deviations from the mean
value of a vibrating quantity.

Structural impedance. Structural impedance is the complex ratio of force to
motion during sinusoidal excitation, including the phase angle between these
quantities. Appropriate units are used, depending on whether the impedance
is expressed for displacement, velocity, or acceleration motion.

Subharmonic response. Subharmonic response is the periodic response of a
mechanical system exhibiting resonance at a frequency that is a submultiple
of the frequency of the periodic excitation.

Superharmonic response. Superharmonic response is a term sometimes used to
denote a particular type of harmonic response that dominates the total
response of the system. [t frequently occurs when the excitation frequency
is a submultiple of the frequency of the fundamental resonance.

Transducer (pickup). A transducer is a device that converts shock or vibratory
motion into an optical, mechanical, or (most commonly) electrical signal
proportional to a parameter of the experienced motion.

Undamped natural frequency (f,). Regardless of the damping present, the un-
damped natural frequency of a transducer is the frequency of sinsuoidal
excitation at which the motion of the mass element lags behind the motion
of the base or case of the transducer by a phase angle of 90 degrees. (see also
Natural Frequency, Damped Natural Frequency, and Resonance Frequency).

Transverse sensitivity. Transverse sensitivity is the sensitivity of a transducer to
motion in a plane perpendicular to the sensitive axis. It is usually expressed
in percent, as the ratio of the maximum transverse sensitivity to the sensitiv-
ity of the transducer.

Velocity. Velocity is a vector quantity that specifies the time rate of change of
displacement.

Velocity admittance. Velocity admittance is the complex ratio of velocity to
force during sinusoidal excitation and includes the phase angle between these
quantities. It is frequently called mobility.

Velocity impedance (Z). Velocity impedance is the complex ratio of force to
velocity during sinusoidal excitation and includes the phase angle between
these quantities. Velocity impedance is frequently referred to as mechanical
impedance.

Vibration. Vibration is an oscillation wherein the quantity is a parameter that
defines the motion of a mechanical system.




CHAPTER 2
THEORY OF SEISMIC TRANSDUCERS

Accelerometers and velocity pickups are used for measuring mechanical shock
and vibration. This mechanical motion is changed into an electrical output by
a transducing element. Most accelerometers are built with one of the following
electrical transducing elements. Piezoelectric elements, piezoresistive strain
gages, wire strain gages, differential transformers, variable-capacitance elements,
variable-reluctance elements, or variable resistive potentiometric elements.
Velocity pickups are built with electrodynamic inductive-coil transducers. All
of these operate on the principle of the seismic transducer.

2.1 Basic Equations.

The basic elements of seismic transducers are illustrated in Fig. 2-1. Virtually
all accelerometers and velocity pickups are described by this single-degree-of-
freedom seismic transducer. Some transducers frequently used have a relatively
low resonance frequency; the elements of such transducers are easily identified.
For example, the magnet in a velocity pickup may be a mass element (m), and
the wire strain gage in an accelerometer may be the spring element (k). These
relatively low-resonance transducers are built with springless masses and mass-
less springs.

Most accelerometers are slightly more complicated. Forexample, piezoelectric
accelerometers have relatively high resonance frequencies. Usually the mass
element consists of a dense metal component plus part of the piezoelectric
ceramic elements. The spring element may consist of the piezoelectric ceramic
elements plus part of the base of the accelerometer. This means that it is dif-
ficult to compute the mass and stiffness of the elements from the physical
properties of its materials.

Even though the basic elements of a seismic transducer may be difficult to
describe precisely, it is important to review the theoretical response of such
transducers. If the resonance frequencies have been determined, for example
by calibration, the theoretical equations can accurately define the frequency
response and resonance characteristics of accelerometers and velocity pickups.
One of the purposes of calibrating is to determine how well the accelerometer
responds as a single-degree-of-freedom mechanical system.

Each of the elements possesses an infinitesimal amount of mechanical damping
(c). The damping is so small in peizoelectric ceramics and strain gages, for
example, that most accelerometers have nearly zero damping. Some accelero-
meters are filled with oil to induce significant amounts of damping and some
use gas or electrical damping.

19
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Fig. 2-1. Basic elements of a single-degree-of-freedom seismic trans-
ducer consisting of a mass element (m) supported by a spring (k)
with damping (c)

The equations of the seismic transducer are used to determine the magnitude
and phase relationship of the mass element’s motion relative to that of the
moving part to which the transducer is attached. These equations apply for
sinusoidal motion. They are also useful for shock motions, since the components
of a pulse can be represented by a series of sinusoids.

The motion of the mass element is sinusoidal with the same frequency as that
of the case of the accelerometer or velocity pickup. The mass element’s motion
relative to the base of an undamped accelerometer is constant, with no time lag
(i.e., zero phase angle) throughout its operating frequency range. A damped
accelerometer has a constant mass element motion, but the time lag of this
motion relative to that of the accelerometer base varies with frequency. The
characteristics of undamped and damped velocity pickups are similar to those of
accelerometers, except that the operating frequency range of an accelerometer is
below its resonance frequency and the operating range of a velocity pickup is
above its resonance frequency. The same equations describe both types of trans-
ducers.

The amplitude of the motion of the mass element relative to its base is given
by

u(w/w,)?
[

= 1)
V(1 - wwl)? +4 (P wfw, )

P T
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where

& = displacement amplitude of the transducer’s mass element relative to
that of its case
u = displacement amplitude of the transducer case
w = circular frequency of the transducer case or moving part: w = 27f,
where f'is in hertz
w,, = undamped natural circular frequency of transducer: w, = 2nf,
¢ = transducer damping constant
¢. = critical damping constant for the transducer.
§ = c/c, = damping ratio.

The undamped natural circular frequency for the transducer is given by
w, = *kIm)'\? = 2 nf,, radfs 2-2)

where

k = effective stiffness of the transducer, in newtons per meter (Ibf/in.)
m = mass of the transducer, in kilograms (Ibm)
g = acceleration of gravity (9.807 m/s?; 386 in./s?).

The critical damping constant for the transducer is given by
c. = 2(km)'2, (2-3)

The critical damping constant marks the boundary between sinusoidal and non-
sinusoidal response. This means that after a sudden displacement of the mass
element, its motion will not be sinusoidal if ¢ is greater than c,. Accelerometers
and velocity pickups are designed to have a value of ¢ =0 orc =0.7 ¢,. One of
the reasons for calibrating is to detect significant variations from these values.

The phase angle of a transducer represents the time lag of the mass element
behind the case or moving element. The phase angle is given by

2{(w/w,)

I - (wlw,)?

6 = tan’! (2-4)

It is interesting that this equation applies to both accelerometers and velocity
pickups. The operating range of an undamped accelerometer is normally selected
at frequencies of w < 0.2 w,,, since the increase in sensitivity due to the reso-
nance effect is theoretically only 4.1% at 0.2 w,,. Also, undamped accelerometers
possess very small amounts of inherent damping, with values of about ¢ <0.01c,..
Substituting these values into Eq. (2-4) indicates that the phase angle of the

2l
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undamped accelerometer is O degrees throughout its operating frequency range.
Velocity pickups are used at frequencies of w >> w,,. Using large values of w in
Eq. (2-4) indicates that the phase angle of a velocity pickup is 180 degrees (r rad).

2.2 Frequency Characteristics

The ideal frequency response characteristics of accelerometers and velocity
pickups are determined by using the basic equation over the frequency range of
interest. Accelerometers are designed for use at frequencies far below the reso-
nance frequency of the single-degree-of-freedom seismic system. On the other
hand, velocity pickups in common use are described by the responses the seismic
systems at frequencies far above resonance. The responses of the ideal acceler-
ometer and ideal velocity pickup are determined by examining the basic equa-
tions in these frequency ranges. Afterwards, calibration determines how well
accelerometers and velocity pickups follow the ideal response.

Accelerometer Equations

The transducing element in an accelerometer produces an electrical output
proportional to the displacement of the mass element relative to the motion of
its base or of the moving part to which the accelerometer is attached. Usually
the motions of the accelerometer base and moving part are identical. The
sensitivity of an accelerometer is defined as the ratio of its electrical output to
the acceleration motion at the point or surface at which it is attached to the
moving part. The ideal response of the accelerometer is determined by solving
Eq. (2-1) for the terms that describe this ratio:

(2-5)

uw? g V(I - W) + 4 (w]w, )’ '

The term § is the motion of the mass element relative to the accelerometer base,
and the produce uw? is the acceleration at the base of the accelerometer. Ac-
cordingly, the left side of Eq. (2-5) represents the sensitivity of an accelerometer,
and the right side describes how this sensitivity varies with frequency. Resonance
frequency w,, has a unique value for each accelerometer. The frequency response
of the accelerometer is normalized by selecting a value of unity for the reso-
nance frequency and a value of unity for the sensitivity at very low frequencies.
The normalized acceleration sensitivity has a value of unity at frequencies far
below the resonance frequency. The sensitivity is infinitely large for the un-
damped accelerometer when the excitation frequency equals the resonance
frequency. These values are plotted in Fig. 2-2. Also, values of acceleration sen-
sitivity are plotted for accelerometers having damping values of { = 0.7 and { =
04.
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Fig. 2-2. Normalized response of an accelerometer

The response, shown in Fig. 2-2 indicates that the acceleration sensitivity is
constant within practical limits at all frequencies up to 1/5 of the resonance
frequency for accelerometers having damping values near to or less than 1/100
of critical damping. The ideal undamped accelerometer has a sensitivity increase
of only 4.1% at the frequency equal to one-fifth of the resonance frequency.
Manufacturers and users generally specify the operating frequency and range of
an undamped accelerometer up to w < 0.2w,, with a tolerance of +5%. It is
simple to design an accelerometer having near-zero damping; most have this
ideal response over a variety of operating conditions (such as acceleration ampli-
tudes and operating temperatures).

Accelerometers designed to have significant internal damping will have an ex-
tended range of flat frequency response. The response in Fig. 2-2 indicates that
the sensitivity remains constant at frequencies up to about two-thirds of the
resonance frequency if care is taken to maintain a damping value of ¢ = 0.7. A
great deal of care is required of the accelerometer designer and user to maintain
this value of damping under all amplitude and temperature conditions.

It is important to be aware of the sensitivity value at the resonance frequency.
This is determined by evaluating Eq. (2-5) for its maximum value. When the
damping ratio is equal to or less than 0.7, the maximum value of acceleration
sensitivity is
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& 1

p (2-6)
uw? iy 2l B

An undamped accelerometer having a value of ¢ equal to 0.01 will increase its
sensitivity by a factor of 50 or 34 dB at its resonance frequency. A damped ac-
celerometer with a value of ¢ = 0.7 will have a sensitivity increase of 0.02% at its
resonance frequency. It is desirable to select undamped accelerometess with
resonance frequencies far above their operating frequencies; this avoids large
outputs at the resonance frequency. Low-pass fifters may be used in applications
where significant resonance frequency excitation occurs.

The frequency of maximum response is the resonance frequency. The
mathematical relationship between the resonance frequency and the undamped
natural frequency is given by

£, = font1 -2 (2-7)

where f, is the resonance frequency. The resonance frequency equals the un-
damped natural frequency for undamped accelerometers. The resonance fre-
quency is somewhat lower than the natural frequency for accelerometers having
significant damping values.

The phase angle response of accelerometers is plotted in Fig. 2-3. this plot is
obtained by inserting frequency values in Eq. (2-4), mostly below the resonance
frequency. The response in Fig. 2-3 indicates that the phase angle is O degrees
for the undamped accelerometer throughout its operating frequency range,
which is below the resonance frequency. The phase angle of a damped acceler-
ometer having a value of { = 0.7 varies almost linearly with frequency through-
out its operating frequency range. However, the phase angle variation with
frequency is somewhat nonlinear for smaller values of damping, and it is desirable
to maintain values of damping greater than Q.4 of critical damping. The damping
value of 0.7 of critical damping is preferred because it provides linear phase
response.

It is necessary to use either undamped accelerometers or damped acceler-
ometers exhibiting linear phase angle response, to avoid waveform distortion in
measuring complex vibrations or shock motions. Accelerometers having non-
linear phase angle response produce a nonuniform time shift of frequency com-
ponents that represent the complex vibration or shock motion. This shifting
produces waveform distortion. Accurate measurements of complex vibrations
and shock motions are made with undamped accelerometers or damped ac-
celerometers having damping values approaching 0.7 of critical damping.

Velocity Pickup Equations

Velocity pickups in common use are built with electrodynamic coils. The coil
in a velocity pickup produces an electrical output proportional to velocity Sw
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Fig. 2-3. Phase angle response of an ac-
celerometer

relative to the case of the transducer. The ideal response of these velocity pick-
ups is determined by solving Eq. (2-1) for the ratio dw/ucw, as follows:

5 w (w/ wn )2

Uw

(2-8)

V(1 - @?[w?)? + 4t (wlw,)? '

Equation (2-8), written in this form, describes the ideal response of a velocity
pickup because the transducing element produces an electrical output propor-
tional to dw. The left side of this equation has constant values for excitation
frequency w that are large compared to w,. In other words, the velocity pickup
sensitivity (the ratio of its electrical output to the velocity uw of the pickup base
or moving part) is constant throughout the operating frequency range. This
constant sensitivity occurs at frequencies above the resonance frequency. Note
that w could be canceled on the left side of Eq. (2-8). If this were done, the

-
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Fig. 2-4. Normalized response of a velocity transducer

ratio 8/u would represent a displacement pickup. Such a pickup would be built
with a transducing element that produces output proportional to 6. The sensitiv-
ity of the displacement pickup would be constant at frequencies above reso-
nance. Displacement pickups of this type are not in common use, however.

The values of the normalized velocity sensitivity are plotted in Fig. 2-4 for
damping ratios { = 0.2 and ¢ = 0.7. Usually velocity pickups are built with
significant amounts of dampiiiy 30 that vibration measurements can be made
at reasonably low frequencies close to the resonance frequency. Without signifi-
cant damping, resonance frequency excitation would occur and cause waveform
distortion or “bottoming” of the mass element to the case of the pickup. The
sensitivity of a velocity pickup is constant at frequencies above three times the
resonance frequency.

The maximum sensitivity of a velocity pickup is given by

5_(.) = ___l_ (2:9)
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Fig. 2-5. Phase angle response of a velocity transducer

This computation from Eq. (2-8) indicates that the sensitivity increase by a
factor of 2.5 at the resonance frequency when the velocity pickup has a damping
value of { =0.2.

The equation for the resonance frequency is given by

J
B = (2-10)

V1-2¢?

This equation applied for damping values of less than 0.7 of critical damping.
Velocity pickups with these values of damping have a resonance curve showing
a normalized velocity sensitivity of more than unity and therefore have a reso-
nance frequency. The resonance frequency is slightly higher than the natural
frequency.

The phase angle response of the velocity pickup is illustrated in Fig. 2-5. It
shows that when the transducer is operated in its normal operating range above
[, the electrical output or mass element motion lags the motion of the driven
case by close to 180 degrees. In other words, the mass element motion reaches
the maximum value in the negative direction when the velocity pickup case
reaches a maximum value in the positive direction. This characteristic has little
significance in using or calibrating a velocity pickup except when it is desirable
to identify the direction of motion of an object that is vibrating. It is good to
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identify the electrical terminals to indicate positive electrical signal for positive
velocity, defined as motion upward from the base of the velocity pickups.

Special Pickups

Other scismic transducers can be used to measure shock and vibration. These
special transducers are not commonly used and will be briefly described.

A velocity pickup can be built with a transducing element that produces an
electrical output proportional to the displacement of the mass element relative
to its base. One such type of pickup uses a variable-reluctance transducing ele-
ment. This velocity pickup is used in the frequency range at and near its natural
frequency. lts theoretical response would be determined by solving Eq. (2-1)
for ratio 6/ucw, so that

2
5 wlw,
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Fig. 2-6. Normalized response of a velocity transducer
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Figure 2-6 gives the normalized sensitivity of a velocity pickup built with this
type of transducer element. This velocity pickup may be used over a limited
frequency range, up to at least twice its natural frequency if large values of
damping are used.

A jerk pickup may be built with a transducing element that produces an
electrical output proportional to the velocity of the mass element relative to its
base. The theoretical response of such a pickup, used at frequencies far telow
the resonance frequency, is given by the right side of Eq. (2-5) and is illustrated
by Fig. 2-2. Both the numerator and denominator of the left side of Eq. (2-5)
are multiplied by w to describe a jerk pickup. A transducer of this type could
use an electrodynamic coil as a transducing element. This jerk pickup would
have constant sensitivity at frequencies up to at least one-fifth of its resonance
frequency.

2.3 Shock Motion Response

Several factors must be considered in making shock motion measurements
and calibrations, including the resonance frequency and frequency response of
the transducer at both high and low frequencies. The shock motion pulse shape
and duration determine the frequency requirements. The natural period of an
accelerometer must be much smaller than the pulse duration. Its low-frequency
time constant must be large compared to the pulse duration. These characteris-
tics are determined by examining the theoretical response. The theoretical
response is described for the half-sine pulse most frequently used in shock
calibrations. This response is similar to that of other shock motion pulses that
occur in practice, such as triangular shaped pulses.

Resonance Frequency Response

The resonance frequency of an accelerometer is excited to some small ampli-
tude during shock motion calibrations. it is preferable when calibrating and
using accelerometers to have a relatively long pulse duration compared to the
natural period of the accelerometer. The response, for a pulse duration selected
to demonstrate resonance frequency excitation, is given in Fig. 2-7. For a pulse
duration of three times the accelerometer’s natural period the peak of the reso-
nance frequency response is 17% higher than the peak value of the pulse. The
actual calibration error is quite small, however, if care is taken to fair a line
through the resonance frequency response. Resonance frequency excitation is
insignificant if the accelerometer selected has a natural period of less than about
one-fifth the pulse duration or if it has internal damping of about 0.7 of critical
damping.
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Fig. 2-7. Response of an accelerometer subjected
to half-sine shock pulse with a duration of three
times the natural period [11]

High-Frequency Response

For accurate shock motion measurements it is necessary to consider the
Fourier components of the shock motion pulse. Care must be taken with damped
accelerometers to ensure that the sensitivity is constant at frequencies
corresponding to the frequency content of the pulse. In undamped acceler-
ometers sensitivity is constant, because the accelerometers are selected to have a
very high resonance frequency.

Fourier spectra for a half-sine pulse are given by Fig. 1-6. The frequency com-
ponent at twice the reciprocal of the pulse duration is 23 dB smaller than the
components at very low frequencies. Accordingly, when using damped acceler-
ometers, it is necessary to select one that has constant sensitivity at frequencies
up to at least the reciprocal of the pulse duration. It is important to perform
frequency response and resonance frequency calibrations on accelerometers
and velocity pickups, to demonstrate that the sensitivity is constant at high

frequencies corresponding to the main frequency components of the shock
motion pulse.

i bl i
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Fig. 2-8. Response of acceleration systems with various RC time constants to a half-
sine shock pulse

Low-Frequency Response

Accelerometers, amplifiers, and signal conditioners must be carefully selected
to ensure adequate low-frequency response. If accelerometer sensitivity is not
constant at sufficiently low frequencies, the shock motion pulse will not be
accurately measured and undershoot will occur after the pulse is terminated.
This is illustrated in Fig. 2-8. This response indicates the need to select amplifiers
used with piezoelectric accelerometers depending on the low-frequency require-
ments in the test application. These amplifiers roll off at frequencies below
about 2 Hz. Large errors are avoided only if the reciprocal of the frequency at
which amplifier output is down 3 dB is large compared to the pulse duration.
These errors will be 3% when this reciprocal is at least twice the pulse duration.

Similar rules must be applied to velocity pickups used for shock motion
measurements. The resonance frequency must be low enough that the sensitivity
is constant at sufficiently low frequencies. In piezoresistive and wire strain-gage
accelerometers, sensitivity is constant to zero frequency and low-frequency dis-
tortion does not occur.




CHAPTER 3
TRANSDUCERS AND AUXILIARY INSTRUMENTS

Transducers for measuring vibration and shock motion are built using elec-
tromechanical elements such as piezoelectric ceramics, piezoresistive and wire
strain gages, variable capacitors, inductive elements, mechanical recording
devices, and optical systems. It is useful to understand the characteristics of
these elements as well as to evaluate the effects of various environments on these
characteristics. Some of the transducers can measure low-frequency vibrations,
including static accelerations. Others measure vibrations over a very wide fre-
quency range, at both low and extremely high frequencies. These and other
performance characteristics provide a basic description of the operating charac-
teristics of accelerometers, velocity pickups, and displacement measuring
instruments.

Several environmental factors may affect shock and vibration measurements.
A description of the effects of temperature, transverse and rotational motions,
mounting effects, strain, and high-intensity acoustic noise on the transducers
provides further insight into their operating characteristics. These effects may
affect measurement accuracy. Accordingly, some quantitative information is
necessary to ensure that errors caused by the environment are reasonably small.
In the calibration laboratory environmental effects are carefully minimized by
selecting good-quality calibration shakers and shock calibrators to eliminate
unneccessary calibration errors.

In our missile and space development programs it became apparent that mini-
ature accelerometers were needed for accurate vibration and shock motion
measurements in many applications. The piezoelectric accelerometer is a highly
developed instrument and satisfies many of the requirements for accurate meas-
urements. Piezoresistive and wire strain gage accelerometers accurately measure
long-duration shock motions and vibrations down to zero frequency. Piezoresis-
tive accelerometers have the advantage of high sensitivity, which indirectly
extends their operating ranges to relatively high frequencies.

The principal use of inductive transducing elements is in velocity pickups.

All accelerometers and velocity pickups, regardless of the sensing element
employed, operate according to the theory of seismic transducers.

3.1 Piezoelectric Accelerometers

Piezoelectric materials generate an electrical charge when subjected to a de-
formation or mechanical stress. The Greek word piezein means to squeeze or press.
This effect was discovered about a century ago by Jacques and Pieree Curie,
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who found that materials such as quartz, Rochelle salt, and tourmaline exhibit
piezoelectricity. Some modem-day accelerometers are built with quartz. Their
principal advantage is freedom from most temperature effects over quite wide
temperature ranges.

Most accelerometers are built with piezoelectric ceramics, such as lead
zirconate titanate and a variety of other ceramics. Accelerometers built with
ceramics are very sensitive and are less prone than other types to exhibit errors
in severe environments. Most accelerometers are usable in almost any tempera-
ture environment encountered in practice. Special ceramics are used in acceler-
ometers for use at extremely high temperatures in excess of 600°C (112°F).

Basics of Piezoelectric Materials

To visualize piezoelectricity, consider a crystal as illustrated in Fig. 3-1 [13].
Each unit cell has a dipole resulting from a difference between the location of
Positive and negative charges in a unit cell, A crystal composed of identical unit
cells will produce electrical charges as the crystal is squeezed or stretched ina
direction parallel to the dipole. These charges appear on the surfaces of the
crystal, and electrodes are attached to conduct the charges. A positive charge
appears when the crystal is squeezed or compressed. A negative charge appears
when the crystal is extended or, if the crystal is preloaded, as a result of a reduc-
tion in compressive stress.

-+

Fig. 3-1. Unit celis
in  piezoelectric
crystal material
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Ferroelectric materials are used to make piezoelectric ceramics. The ceramic
is composed of a multitude of crystals, polarized by a strong d.c. field. This
alines most of the dipoles paralle! to the direction of the field. Care is taken in
fabrication of the ceramics, including appropriate aging processess to ensure
extreme stability of the piezoelectric properties. The piezoelectric properties
should remain virtually unchanged with time as long as excessive environments
are avoided. If changes in characterisiics occur, they are usually catastrophic and
are caused by exposure to environments far exceeding rated specifications. The
piezoelectric constants of the material determine the amount of electrical charge
generated by particular types of mechanical stress. Piezoelectric accelerometers
are designed to use compressive, shear, or bending stresses. Tensor notation is
used to identify the stress applicable to each piezoelectric constant.

Piezoelectric accelerometers built with polarized ceramics make use of the
dy4 piezoelectric constant. This peizoelectric constant and the compressive
stress on the ceramic element are illustrated in Fig. 3-2a. The ceramic is polarized,
and the z-direction electrodes are placed on top and bottom surfaces described
in Fig. 3-1a. Subsequently when a compressive stress 7,. is applied, a positive
electrical charge is generated and measured by appropriate electronic instru-
ments connected to the top and bottom surfaces of the ceramic element. The
term 7,, describes the mechanical stress consisting of a force applied in the z
direction. This force acts on a cross-sectional area described by z equal to a
constant. In the compression-type accelerometer the force is produced as a result
of inertial loading of the mass element placed on top of the ceramic in addition
to the inertial loading of the mass of the ceramic element on itself.

Compressive-type accelerometers built with quartz crystals use the d,,
piezoelectric constant. This piezoelectric constant is applicable because X-cut
quartz is used. The operating principles are the same as those described for
ceramics using the d;, constant. However, these two types of accelerometer are
quite different in performance because of differences in the piezoelectric
constants.

Compression accelerometers may also be built by applying a Ty Stress to a
ceramic polarized in the z direction. Figure 3-2b illustrates a ceramic element
using the d3, piezoelectric constant, which is used by applying a compressive
stress consisting of force applied in the x direction on a cross-sectional area
described by x equal to a constant. This ceramic element is polarized in the z
direction, and the electrodes are attached to the top and bottom surfaces
described by z equal to a constant, in order to measure the electrical charge
generated as a result of the 7, stress.

Shear-type accelerometers use the d, 5 piezoelectric constant. This constant
is illustrated in Fig. 3-2. The ceramic element may be in the shape of a hollow
cylinder or a flat plate. It is polarized by applying a strong d.c. electrical field in
the z direction. Subsequently, electrodes are applied to the surfaces described by
x equal to a constant. The d, ¢ piezoelectric constant is used when this ceramic
element is subjected to shear stress 7, . This shear stress is produced by applied

pow o no— g ‘ﬁr Iwi N |‘_ .-"-I"Ml'—-l .l i o uwd w .
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Table 3-1. Typical Values of Piezoelectric Constants

d d Curie ‘
; 33 15
Material wCIN) (CIN) Tempoerature
(&)
Lead Zirconate Titanate 260 460 370 1
Endevco P-10 18 22 480 ‘
Endevco P-15 6 68 1200
Quartz 3 — 570
Barium Titanate 148 225 120

*dyy piezoelectric constant.
Source: Ref. 14.

force in the z direction, as indicated by the arrows in Fig. 3-2c, across surfaces
of x equal to constants. The electrical charges generated are measured with suit-
able instruments by making electrical connections to the surfaces described by x
equal to constants.

Most piezoelectric accelerometers are designed to use one of the above
piezoelectric constants of some materials [14] are listed in Table 3-1. (Curie
temperature is the temperature at which the ceramic becomes depolarized.)
The piezoelectric constants of lead zirconate titanate are much higher than
corresponding constants for barium titanate and quartz. It also happens that the
piezoelectric constant of lead zirconate titanate remains almost constant over a
rather broad temperature range. Most accelerometers are built with lead zirconate
titanate or other proprietary ceramics exhibiting good piezoelectric properties.
Some are built with quartz, particularly those intended for use in special appli-
cations.

Temperature variations produce two effects in piezoelectric materials. Very
large changes in temperature cause changes in the piezoelectric constant, which
in turn causes a change in the sensitivity of the accelerometer. These changes are
instantaneous and are known for each operating temperature. Upon return to
room temperature, the piezoelectric constant returns to its original value. The
second effect of temperature is known as pyroelectricity. An electrical charge is
generated when the crystal material is subjected to a temperature transient. This §
charge superimposes itself on the charge generated due to piezoelectricity. 3
Fortunately, temperature changes are very gradual in almost all applications, so
that pyroelectric effects can be virtually eliminated by proper selection of signal
conditioners having suitable roll-off characteristics at very low frequencies.

Accelerometer Construction

Most accelerometers are built with piezoelectric materials fabricated as
hollow cylinders, thin circular disks, or flat plates. Compression and shear ac-
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Fig. 3-3. Cross sections of typical piezoelectric accelerometers: (a) compression, (b) shear,
(c) bender (Endevco)

celerometers are in very common use. Also, some accelerometers are built using
the ceramic element in bending, which produces tensile and compressive stresses
on the top and bottom surfaces of thin ceramic elements.

The compressive- and shear-type accelerometers shown in Figs. 3-3a and 3-3b
measure shock and vibration in the direction of their axis of symmetry, which is
perpendicular to the bottom of the accelerometer. When the accelerometer is
moved upward the mass tends downward, toward the bottom of the accelerom-
eter. Downward motion of the accelerometer case tends to move the mass
upward. In shear-type accelerometers, this upward and downward motion applies
a shear stress to the piezoelectric ceramic (k), which is cemented inside the mass
element (M). Both the mass element and the piezoelectric ceramic are cylindrical.
The ceramic is also attached with cement to the central post, which forms a part
of the base of the accelerometer. The mass element does not touch the outer
case. In this shear accelerometer design, the only stresses applied to the crystal
are the dynamic stresses produced when the case is move as described above.

The compression accelerometer has a compressive static preload applied to
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piezoelectric ceramic k,. The preload is applied by tightening the nut connected
to the top of post k. The static tension preload in the post equals the static
compression preload in the ceramic. The static preloads are selected so that they
greatly exceed the highest dynamic stress produced when the accelerometer case
is subjected to a shock or vibration motion. Upward motion of the case produces
an inertial force in the mass element, which increases the compression stress on
the ceramic. Conversely, downward motion decreases the compressive stress on
the ceramic.

The accelerometer illustrated in Fig. 3-3¢ produces bending stresses in ceramic
element k,. Essentially, the piezoelectric ceramic acts as a strain gage attached
to the circular metallic structure. When the accelerometer is moved upward,
mass element M tends to move downward and radial tensile stresses are produced
in the ceramic. Downward motion of the accelerometer case tends to move the
mass upward and produce compressive radial stresses in the ceramic. An electri-
cal charge is generated in the ceramic by these radial stresses.

All piezoelectric accelerometers are self-generating and require no electrical
excitation. The electrical charge generated on the ceramic is given by the fol-
lowing equations:

Q = doA coulombs (3-1)

where

d = piezoelectric constant of the crystal

A = stressed area on the crystal
0 = stress on the crystal,
and
Q=CsC (32)
where
C, = constant determined by the above equation and by the specific ac-
celerometer design
& = deflection of mass element relative to the accelerometer base.

The piezoelectric constant d used depends on the accelerometer type. Shear
accelerometers use d, 5, and compression accelerometers use dy; or d,,. The
numerical values of these piezoelectric constants are determined by the piezo-
electric material.

The acceleration sensitivity of many accelerometers can be accurately com-
puted from the mass properties of the ceramic and mass element. The product
o A equals the inertial force of the mass acting on the piezoelectric material. The
inertial force is the product of effective mass M times the acceleration applied to
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the accelerometer. The acceleration sensitivity is expressed as the charge output
divided by the acceleration (measured in g units), and the following equation
applies:

%)
[}

= dM . (3-3)

w |

For example, the d3; constant for a particular lead zirconate titanate ceramic
is 260 pC/N (1157 pC/ibf). An accelerometer having an effective mass of 10 g
and using a single piezoelectric element in compression would have an accelera-
tion sensitivity of 26 pC/g, where g is the acceleration of gravity, 9.8 m/s¢
(386 in./s2).

Signal Conditioners

The piezoelectric material is a capacitor whose capacitance is determined by
the dielectric constant. The electrical impedance of a piezoelectric accelerometer
becomes extremely large at low frequencies. Accordingly, suitable circuitry must
be used on the input of the signal conditioner, to allow flat frequency response
at the lowest frequency of interest. The charge amplifier is designed to provide
constant gain throughout the operating frequency range. Voltage amplifiers with
high input impedances are still used in some laboratories. Also, special signal
conditioners such as source followers and impedance converters are used in
special applications.

Charge Amplifiers. Charge amplifiers are used to measure the output of
piezoelectric accelerometers throughout their operating frequency ranges. A
schematic of a charge amplifier is shown in Fig. 3-4.

The output of the charge amplifier is given by the following equation:

-SqA
E. =
L (C‘!,*rC,_)+(l+A)C,+|/iaRs

(3-4)

where

i

charge amplifier output per unit g

acceleration cherge sensitivity of the accelerometer
= amplifier gain

= capacitance of the piezoelectric material

= capacitance of the connectors and cable

= feedback capacitance used in the charge amplifier
imaginary vector

circular frequency

= shunt resistance of the accelerometer and cable.

B

#
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Typical values for accelerometers and charge amplifiers include 1000 for the

amplifier gain, 1000 pF for the accelerometer and cable capacitance, 1000 pf’

for the feedback capacitor, and 10 M) for the shunt resistance. Substituting
these values in Eq. (3-4) shows that the output voltage is nearly equal to the
charge divided by the feedback capacitance. Accordingly, Eq. (3-4) is simplified
as follows:

E = L. 4 (3-5
0 = - g Ve 3-5)

This ratio remains nearly constant even when extremely long cables are used
between the accelerometer and the charge amplifier.
The time constant applicable to the schematic in Fig. 3-4 is given by

T =1/2nf, = R[C, +C +(1 +A)Cy] (3-6)

where f, = the frequency at which the response is down 3 dB and the other
terms are as listed above. Equation (3-6) indicates that the time constant is
extremely large and the amplifier response would normally be flat to frequencies
much less than 1 Hz. However, it is desirable to eliminate quasi-d.c. outputs,
which can be produced in the accelerometer by pyroelectric effects. For most
shock and vibration applications, flat frequency response is required only at
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Fig. 3-4. Simplified schematic of a typical piezo-
electric transducer connected to a charge converter
(amplifier)
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frequencies down to about 2 Hz. In some applications it is desirable to limit the
flat response to frequencies somewhat above 5 Hz. One of the advantages of the
charge amplifier is that any desired low-frequency response can be achieved in
the amplifier design. For example, a feedback resistor Ry put in parallel with the
feedback capacitor has a time constant of R;Cy. For zpplications involving shock
motions, this time constant should be long in comparison with the duration of
the shock motion pulse.

Voltage Amplifiers. In the past only voltage amplifiers and cathode followers
were available for use with piezoelectric accelerometers. With these instruments,
it is necessary to use the voltage sensitivity of the accelerometer,

E = . e (3-7)
YOG, v 6 +C, \
where
E_ = voltage sensitivity of the accelerometer
C, = input capacitance of the voltage measuring instrument.

One of the precautions necessary in using voltage measuring instruments with a
piezoelectric accelerometer is that it is difficult to achieve adequate low-frequency
response for certain applications.

The low-frequency response of the cathode follower is determined simply by
the product of the frequency (in hertz) times the input resistance of the cathode
follower (in ohms) times the total capacitance of the accelerometer, cable, etc.
(in farads). The frequency response is flat only when this fRc product is equal
to or greater than one. At frequencies at which this product is less than one,
the response decreases. For example, the response is down 3 dB when fRC
equals about 0.16.

It is also necessary to consider this product when using other voltage ampli-
fiers. However, the product is usually less than one only at frequencies below
the low-frequency cutoff of the voltage amplifier itself. In this case, the low-
frequency response characteristic of the amplifier is the determining factor. It is
important that the frequency at which the response is down 3 dB, as a result of
either the voltage amplifier or the fRC characteristic, occur at a low enough
frequency. For example, in shock motion applications, the reciprocal of the
frequency of the 3-dB-down point must have a value that is large compared to
the duration of the shock motion pulse.

It is important to know the low-frequency characteristics of voltage amplifiers
and cathode followers when making sinusoidal and random vibration measure-
ments at frequencies below 50 Hz. When low-capacitance accelerometers are
used, the response of cathode followers falls off rapidly at low frequencies. In
addition to the flat-frequency requirement, it is necessary for the phase shift of
the amplifier to vary linearly with frequency. This phase-shift requirement is not
met in voltage amplifiers that have poor low-frequency response. Accordingly,
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such amplifiers distort the accelerometer output in random vibration and shock
motion measurements.

In addition to the low-frequency response problem with voltage amplifiers
and cathode followers, it is necessary to determine the change in sensitivity
brought about by changing cables. The output decreases as the capacitance in
parallel with the accelerometer is increased. When cables are changed, it is neces-
sary to compute the new sensitivity from Eq. (3-7) or to recalibrate the accelero-
meter.

Impedance Converters. Specialized integrated circuit elements are built into
the cases of accelerometers to provide low impedance at the electrical output
terminals. A monolithic integrated circuit amplifier (Fig. 3-5) is shown con-
nected in an impedance converter for use with piezoelectric transducers [16].
The integrated circuit amplifier, and the source resistor and attenuating capaci-
tor in parallel with the piezoelectric crystal element, are built into the accel-
erometer case as shown in Fig. 3-6 [16]. A coaxial cable connects the piezo-
electric accelerometer to the source resistor and power supply. Connecting the
source resistor to the power supply permits the use of a two-wire system, such as
the coaxial cables normally used with accelerometers. The circuit operation is
similar to a conventional voltage-type piezoelectric system. The charge generated
on the piezoelectric elements forms a voltage at the amplifier input gate on the
parallel combination of crystals, electrodes, and transistors. The amplifier con-
verts this signal to a voltage change at its output, of equal amplitude and with
the same polarity. The amplitude range of the accelerometer is usually determined
by the attenuating capacitor in parallel with piezoelectric element.

Although specialized signal conditioners of this type are useful in certain
applications, two limitations must be considered. First, the dynamic range is
decreased because of the difficulty of changing amplifier gain to make convenient
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Fig. 3-5. Schematic of a typical piezoelectric transducer with an inter-
nal integrated circuit amplifier
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Fig. 3-6. Typical instrument connections for a piezoelectric transducer with
internal electronics [16]

acceleration range changes. Second, the high-frequency response is restricted by
the limited current capability of the integrated circuit amplifier.

Performance Characteristics

Performance characteristics of some piezoelectric accelerometers remain un-
changed whether a charge or voltage amplifier is used. These characteristics
include frequency response, resonance frequency, and amplitude linearity for
accelerometers manufactured with quartz and certain proprietary ceramic
materials. Accelerometers made with lead zirconate titanate ceramic have slightly
different frequency response and resonance frequency characteristics when
charge and voltage amplifiers are used. Except for quartz, the temperature
response of most accelerometers is somewhat different when charge and voltage
amplifiers are used.

Acceleration Sensitivity. The typical acceleration sensitivities for various
piezoelectric accelerometers are listed in Table 3-2. For simplicity, the accelera-
tion sensitivities are rounded to the nearest factor of 10. The acceleration sen-
sitivity depends on the particular accelerometer design. Accelerometers can be
built to have various sensitivities simply by using different ceramic and mass
elements. For example, shear accelerometers using lead zirconate titanate
ceramics are made with sensitivities of about 1 pC/g and 10 pC/g. Usually the
shear accelerometers are made with one or two ceramic elements. Compression
accelerometers are frequently made with several ceramic elements connected
electrically in parallel. Therefore, the charge sensitivity is determined from the
sum of the charge generated by each ceramic element.

Accelerometers built with lead zirconate titanate ceramics have the highest
acceleration sensitivity. Accordingly, they have many applications, including
measurement of relatively low accelerations.

Quartz accelerometers have the lowest available acceleration sensitivity.
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Accelerometers made with Endevco Piezite ® 10" ceramic have acceleration
sensitivities between those obtained the other two crystal materials, as shown by
Table 3-2.

Frequency Response. Typical frequency response characteristics of various
accelerometers are shown in Fig. 3-7.

The charge sensitivity of an accelerometer using P-6% and P-8% ceramic ma-
terials decreases about 1% for each octave increase in frequency. This is typical
of lead zirconate titanate accelerometers. It happens that the capacitance of
these accelerometers has the same frequency characteristic. Therefore, if the
voltage sensitivity of the accelerometer is desired, the charge sensitivity at the
frequency of the capacitance measurement is divided by the sum of the acceler-
ometer capacitance, cable capacitance, and other capacitances that are connected
across the accelerometer. Use of charge amplifiers eliminates the need for this
computation. Accelerometers built with P-107 ceramic material and quartz do
not have this frequency characteristic; both the charge and voltage sensitivities
are constant at all frequencies up to about one-fifth the resonance frequency.
As with all accelerometers, the increase in sensitivity at high frequencies is due
to the resonance frequency.

It should be pointed out that the frequency response of all accelerometers is
flat in a manner similar to the P-10 curve in Fig. 3-7 when voltage amplifiers
with extremely small capacitances are connected between the accelerometer and
the amplifier. With small external capacitances, the accelerometer experiences a

Table 3-2. Sensitivity of Piezoelectric Accelerometers

Acceleration
Capacitance b
Crystal Material Design Mode p(p F)
Charge Voltage
(»Clg)  (mV]g)
Lead-Zirconate- Shear 1000 1-10 1-10
Titanate Compression 1000-10 000 10-100 10-100
Quart7 Compression 100 1 10
Endevco P-10 Shear 100 0.1 1
Compression 1000 1-10 1-10

Source: Ref. 15.

*“Piezite” is a registered trademark of Endevco, San Juan Capistrano, Calif.
TP-6, P-8, and P-10 are proprietary materials made by Endevco, San Juan Capistrano, Calif.
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Fig. 3-7. Charge frequency response characteris-
tics for three piezoelectric accelerometers of
various designs and crystal materials

virtual open-circuit condition. However, if the external capacitance, including
the cable capacitance, is near or larger than three times the accelerometer capaci-
tance, the accelerometer experiences a virtual short-circuit condition. Therefore,
with large external capacitance the response of all accelerometers is identical
whether voltage or charge amplifiers are used, and the curves in Fig. 3-7 apply. If
the external capacitance has a value between one and three times the acceler-
ometer capacitance, the response of lead zirconate titanate accelerometers using
voltage amplifiers will be somewhere between the two lower curves in Fig. 3-7.
In other words, sensitivity decreases a fraction of 1% per octave increase in fre-
quency; the fraction is determined by the amount of external capacitance.

Charge amplifiers are used for most shock and vibration measurements, and
the curves in Fig. 3-7 apply. Corrections for the lack of flat frequency response
are usually not made.

It is good practice to consider the accuracy desired and select the accelerometer
type and resonance frequency to make corrections of the data unnecessary.

Resonance Frequency. The resonance frequency of an accelerometer varies
slightly, depending on the rigidity with which the accelerometer is mounted.
Typical variations in resonance frequency are shown in Fig. 3-8. The most rigid
mounting and highest resonance frequency are achieved by using metal studs
with lubricated surfaces or by cementing the accelerometer in place. For
example, the resonance frequency is 34 400 Hz in Fig. 3-8a and 34 300 Hz in
Fig. 3-8d. With completely dry surfaces, using a metal stud can decrease the
resonance frequency to 31 040 Hz, as in Fig. 3-8b; using an insulated stud can
further reduce it to 20 150 Hz, as in Fig. 3-8c. These variations in resonance
frequency are typical of many piezoelectric accelerometers when various mount-
ing techniques are used.
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The magnification factor at resonance is significantly lower when an insulated
mounting stud is used, as in Fig. 3-8c. This indicates that the effective damping
of the accelerometers increased. The approximate damping is 0.02 of critical
damping when the insulated stud is used, and 0.01 for other types of mounting.
For practical purposes the damping of piezoelectric accelerometers under these
mounting methods is small enough that it can be considered nil, and the
theoretical response curve for zero damping can be used to predict frequency
response characteristics in the operating frequency range.

Some accelerometer designs have additional resonances at frequencies above
the normal operating range but below the resonance frequency. These additional
resonances, called local or minor resonances, exhibit themselves as perturbations
when resonance frequency measurements similar to those of Fig. 3-8 are made.
These deviations from normal response occur over only a narrow frequency
band at the local resonance and usually do not affect response at frequencies
significantly below or above this band. They therefore do not affect response in
the operating frequency range. Examples of local resonances include the plate
and shell resonances found when thin-walled cases are used to house acceler-
ometers.

Accelerometers are usually selected to have sufficiently high resonance fre-
quencies that the frequency response can be considered flat throughout the
operating frequency range. Accordingly, the accelerometer resonance frequency
should be at least five times the maximum frequency of interest. If this rule is
followed, slight variations in resonance frequency due to different mounting
methods and any local resonance can be ignored.

The resonance frequency of accelerometers made with quartz and P-10 ma-
terials remains unchanged when they are used open circuit with voltage ampli-
fiers or with the virtual short-circuit condition due to the use of charge ampli-
fiers (see Table 3-3). The resonance frequencies of accelerometers made with
lead zirconate titanate ceramic decreases slightly when charge amplifiers are
used. This indicates that the modulus of elasticity of lead zirconate titanate
ceramics is less in the short-circuit condition. The fact that the decrease in reson-
ance frequency is only 0.6% for one shear accelerometer in Table 3-3 in-
dicates that the ceramic contributes only part of the effective stiffness of the
accelerometer. The differences in magnification factors indicated in Table 3-3
are considered insignificant. It is expected that damping in accelerometers does
not depend on whether charge or voltage amplifiers are used.

Amplitude Linearity. The sensitivity of pieozoelectric accelerometers in-
creases linearly with increasing acceleration, as shown in Fig. 3-9. The amount of
the increase depends on the piezoelectric material used in the accelerometer and
also on the design of the accelerometer. Accelerometers designed to have rela-
tively low dynamic stress applied to the crystal have relatively small sensitivity
increases at high accelerations. This is accomplished by the use of small mass
elements in such accelerometers.
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Table 3-3. Typical Resonance Frequency Characteristics of
Piezoelectric Accelerometers Using Voltage and Charge Amplifiers

Resonance Magnification
Frequency Factor
Accelerometer Crystal
Type Material Open- | Shart- Open- | Short-

Circuit | Circuit | Change
Voltage | Charge | (%)
(kHz) | (kHz)

Circuit | Circuit
Voltage | Charge

Compression | Lead-Zirconate- | 30.84 |29.65 | -3.9 57 33

Titanate

Compression | Lead-Zirconate- | 1540 | 1492 | -3.1 70 62
Titante

Shear Lead-Zirconate- | 34.2 33.0 -35 38 66
Titanate

Shear Lead-Zirconate- | 32.2 320 -0.6 35 35
Titanate

Compression | Quartz 322 32.2 0.0 23 24

Compression | Endevco P-10 29.6 29.6 0.0 45 47

Source: Ref, 15.

Similarly, when large mass elements are used, the dynamic stresses are rela-
tively large and the increase in sensitivity at high accelerations is significant for
some accelerometers. For example, a lead zirconate titante accelerometer having
a charge sensitivity of 10 pC/g increases its sensitivity 1% for each 250-g increase
in acceleration, whereas a similar accelerometer with a smaller mass element and
a sensitivity of 1 pC/g increases its sensitivity only 1% per 2500 g. Sensitivity in-
creases of accelerometers made with P-10 are significantly less, as indicated by
Fig. 3-9. Amplitude linearity errors are insignificant in shock and vibration
applications, provided accelerometers are selected to have low sensitivity when
measuring relatively high accelerations.

Temperature Response. The sensitivity of a piezoelectric accelerometer
changes with temperature. These changes can be attributed solely to variations in
the piezoelectric constant of the crystal material, provided that care has been
taken in the design of the accelerometer. Typical sensitivity variations due to
temperature are shown in Fig. 3-10. The variations are quite small for acceler-
ometers made with P-10 ceramic or quartz. The operating temperature range is
highest for accelerometers made with P-10 ceramics.
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Fig. 3-9. Typical increases in sensitivity of piezo-
electric accelerometers with increase of accelera-
tion [15])
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Fig. 3-10. Typical temperature response charac-
teristics: changes in charge sensitivity of piezo-
electric accelerometers using different crystal
materials [15]

Modulus-of-elasticity and damping changes in accelerometer materials are
relatively small throughout the operating temperature range. For this reason, the
resonance frequency of an accelerometer changes only very slightly over the
operating temperature range. Since accelerometers are used only at frequencies
up to one-fifth the resonance frequency, their frequency response is constant
at all temperatures.

Usually it is unnecessary to correct data for changes in sensitivity at various
temperatures. It is good practice to select accelerometers that have small enough
sensitivity changes over the desired temperature range that such correction is
unnecessary. Possible exceptions to this rule are measurements below about
-184°C (-300°F) and above about 260°C (500°F) where the changes exceed 5%.

The capacitances of most piezoelectric accelerometers change with tempera-
ture. The capacitance change of a good-quality accelerometer is about twice the
charge sensitivity change as a function of temperature. The voltage sensitivity
equals the charge sensitivity divided by the capacitance. Therefore, when voltage
amplifiers are used the sensitivity varies significantly as external capacitance

PR
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changes. This is one reason why charges amplifiers are preferred for use with
piezoelectric accelerometers.

Environmental Effects

Environmental effects concern the extremes to which an accelerometer can
be exposed without permanent changes in performance characteristics. Also,
certain environments can cause error signals in the accelerometer output when
shock and vibration measurements are made. One reason for identifying the
characteristics discussed below as environmental effects is that it is usually not
practical to correct data for errors produced by the environment. However, if
accelerometers are properly used, environmental errors should be insignificant.
Measurement errors are avoided by recognizing the environmental effects and
taking certain precautions in the use of accelerometers.

Transverse Sensitivity. The sensitivity axis of the crystal in an accelerometer
deviates slightly from being perfectly perpendicular to the mounting surface.
This results from practical limitations in fabricating ceramic materials and
machining of the various accelerometer parts. In addition, static preload stresses
are applied to the crystal in some accelerometer designs, and these tend to change
the poled axis of the crystal slightly. These effects combine in the accelerometer
so that it produces some output as a result of excitation in a direction parallel to
the mounting surface on the accelerometer. This transverse sensitivity is illus-
trated schematically in Fig. 3-11.

Y

Fig. 3-11. How transverse and axial accelerations
combine to produce an output along the sensing
direction of an accelerometer [15]

b
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The poled axis of the crystal is represented by a vector in the xz plane. The
mounting surface of the accelerometer lies in the xy plane. A transverse accel-
eration  applied in the xy plane has a component G cos¢ along the x-axis.
This x-axis component has a component G cos ¢ sinf along the poled axis of
the crystal. An acceleration G applied perpendicular to the mounting surface
has a component G cos@ along the poled axis of the crystal. The transverse
sensitivity of the accelerometer is the ratio of the two components along the
poled axis, such that

% transverse sensitivity = 100 tanf cos¢. (3-8)

The factor of 100 is introduced to express the transverse sensitivity as a per-
cent of the axial acceleration sensitivity. For each fabricated accelerometer
tan0 is a fixed value, assuming that no environmental effects change the poled
axis of the crystal. Angle ¢ is determined by the direction of the applied motion
in the plane of the mounting surface. Therefore, the transverse sensitivity varies
as the accelerometer is rotated about the z-axis. The cosine variation in trans-
verse sensitivity is illustrated in Fig. 3-12 for various values of ¢.

Several experimenters make this plot on polar graph paper. Usually the
transverse sensitivity is small enough that only the maximum value in Fig. 3-12
need be considered. In other words, the accelerometer is selected so that the
maximum transverse sensitivity is small enough to produce negligible errors in
most shock and vibration measurement applications. The transverse sensitivity
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Fig. 3-12. Variation in transverse sensitivity
of a piezoelectric accelerometer as it is rotated
about its sensitive axis [18]
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value provided by the manufacturer is the maximum value of transverse sensitivity.

In good-quality piezoelectric accelerometers, the transverse sensitivity is
constant throughout the operating frequency range because care is taken in
design to ensure that all local resonances are above the operating frequency
range. Sometimes measurements give a false indication of variations in trans-
verse sensitivity at certain frequencies in the operating range. These variations in
output are caused by transverse motion in the shaker used for the measurements
or by other environmental effects applied to the accelerometer while the trans-
verse sensitivity is being measured. It is important to distinguish one environ-
mental effect from another. For example, errors due to environmental effects,
such as certain local resonances, would be present in the output even though no
transverse motion were applied to the accelerometer. Responsible accelerometer
manufacturers use extreme care in design and conduct extensive tests to ensure
that all local resonances are above the operating frequency range. The manu-
facturer should make sure that all environmental effects are minimized in the
accelerometer design.

Transient Temperature Effects. Piezoelectric accelerometers produce outputs
while the temperatures of their crystals are being changed. This is called
pyroelectricity. In almost all testing applications, the temperature changes in
accelerometers occur gradually over a period of several seconds or minutes. As a
result, pyroelectric outputs are generally not detected because most amplifiers
have inadequate low-frequency response to measure the slowly varying pyro-
electric outputs. The pyroelectric outputs contain only extremely low frequency
components, usually less than 1 Hz. However, these outputs must be considered
if the amplifier passes the low frequencies or if the outputs are large enough to
overload the amplifier input and make it inoperative while the output is present.
The pyroelectric characteristics of piezoelectric crystals are known, and the out-
put for any particular accelerometer-amplifier combination can be experimentally
determined under specified temperature conditions.

There are three types of pyroelectric outputs. A primary pyroelectric output
is the charge produced as a result of a uniform temperature change throughout
the crystal. A secondary pyroelectric output is the piezoelectric charge produced
as a result of a dimensional change in the crystal, caused by a uniform tempera-
ture change. A tertiary pyroelectric output is a piezoelectric output caused by a
temperature gradient across the crystal. Pure primary pyroelectric outputs
occur when crystals are constrained to prevent dimensional changes. Pure
secondary and tertiary pyroelectric outputs occur when crystals are unconstrained.
Primary pyroelectric outputs are present only on the crystal surfaces perpendicu-
lar to the direction of polarization, whereas secondary and tertiary outputs
appear on the electrode surfaces of the crystal regardless of polarization. Shear-
type accelerometers are designed so that the electrode surfaces are not in the
direction of polarization. Consequently, shear accelerometers do not produce
primary pyroelectric outputs and generally are less affected by temperature
changes than compressive accelerometers, which do produce primary pyro-

electric outputs.

-
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All ceramic crystals produce secondary pyroelectric outputs. However, quartz
produces only tertiary pyroelectric outputs. Therefore, accelerometers using
quartz are preferred when amplifiers designed for use at frequencies near or
below 0.1 Hz are used. These amplifiers are required for shock motion testing in-
volving extremely long pulses (e.g., pulses of 100-ms duration). In most shock
and vibration testing applications, amplifiers that cut off at frequencies near or
above 2 Hz are used, and no errors due to pyroelectric outputs arise.

Radiation Effects. Nuclear reactions involve the splitting of atoms to pro-
duce a bombardment of particles. Heat, associated with the release of gamma
rays and neutrons, is produced when these particles collide with surrounding
atoms. Large doses of this nuclear energy can affect the properties of materials.
At moderate levels, gamma radiation produces a temperature environment
to that present in other accelerometer applications.

The fission process can be produced with Uranium-235 when a free neutron
strikes the heavy U-235 nucleus, breaking it into two fragments and releasing
two or three new neutrons. The kinetic energy of the flying fission fragments are
converted to heat when they collide with surrounding atoms. The released
neutrons cause a chain reaction by initiating new fissions in other atoms. Some
30 billion fissions occur each second to release each watt of energy. The job of
the nuclear reactor is to control the fission reaction and to remove the heat and
convert it to electrical energy, use it in propulsion systems, etc.

Fusion is another means of releasing energy in a nuclear reaction. However, a
fusion reaction requires temperatures in the millions of degrees. This can be
achieved in a fission reaction, which is then used to initiate fusion. Atoms of
deuterium and tritium, which are heavy isotopes of hydrogen, combine to form
helium atoms. Fusion is used to produce thermonuclear explosives, which are
considerably more powerful than pure fission explosives.

During the fission process high-speed neutrons are released; they are difficult
to stop. Neutral particles are also released in the form of gamma rays, which
carry heat and have other characteristics similar to those of X-rays. The neutrons
and gamma radiation are absorbed by the materials in transducers. In addition to
the normal thermal effects on the properties of the materials, sufficiently large
doses of radiation can cause permanent changes in material. The neutron density
is the number of neutrons per cubic centimeter. The neutron flux is the density
multiplied by the average velocity of the particles; it is expressed in units of
neutrons per square centimeter per second. The time-integrated flux is determined
by multiplying the flux by the period of exposure and has units of neutrons per
square centimeter, written as n/cm2. The roentgen unit, denoted by the symbol
R, can be used to measure gamma radiation. In energy units 84 ergs (8.4 X 10-8J)
are absorbed per gram of air for each roentgen. One R is also equivalent to 87
ergs per gram absorbed in carbon (87 erg/g (C)). Another unit used is the rad,
which equals 100 erg/g(C) (1 X 10-5J/g(C)).

Extremely large doses of radiation are required to deteriorate the materials
in accelerometers. Accordingly, in most nuclear applications accelerometers are
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affected merely by the heat produced or by the measurement errors produced
by the radiation field. Little, if any, permanent damage is produced directly by
the radiation in accelerometers built with radiation-hardened components.

Very large doses of radiation cause depolarization of piezoelectric materials.
For example, X-rays have been used to adjust frequency characteristics (Radia-
tion effects decrease the resonance frequencies of crystals.) Quartz crystals are
less excited by radiation than lead zirconate titanate ceramics. The threshold of
radiation damage approached a neutron fluence of 1020 n/cm2. However, no
information is available concerning the testing of piezoelectric accelerometers at
such high levels of radiation. Piezoelectric accelerometers have no lattice changes
at neutron fluences as high as 108 n/cm?2. However, it is necessary under such
conditions to avoid the use of organic materials such as Teflon, ® which can be
damaged by nuclear radiation and cause malfunction due to breakdown of
insulation resistance. The most radiation-resistant accelerometers are of the
piezoelectric type. However, in the more severe environments, it is necessary
to use accelerometers built with high-temperature ceramics according to manu-
facturers’ recommendations.

Mounting Conditions. An accelerometer tends to alter slightly the motion
of the structure or component to which it is attached. This produces a slight
error in measuring the motion that would exist if the accelerometer were not
present. This error is usually insignificant and need be considered only when
making measurements on light and flexible structures. Very light accelerometers
should be selected for these applications. The specific requirement is that the
dynamic mass of the accelerometer must be less than the dynamic mass of the
structure at thé point of attachment. The magnitude of the dynamic mass of an
accelerometer is simply equal to its total weight, because accelerometers act as
rigid bodies throughout their normal operating frequency range. The dynamic
mass of the structure will be large enough if the accelerometer is attached at a
point where the cross-sectional dimensions of the structure are large compared
to the dimensions of the accelerometer. Applications where the structure’s
dynamic mass may be relatively small include thin plates and beams, panels, and
circuit boards, particularly at frequencies at which resonance takes place. Accurate
measurements can be made even on these structures, since piezoelectric acceler-
ometers weighing a fraction of a gram are available.

In some extreme applications, the case of an accelerometer can be distorted
significantly when high strains are present in the mounting surface of the ac-
celerometer or structure. These strains may be produced by mechanical loads or
by nonuniform heating. Their effect on the performance of accelerometers is
determined on beams that are vibrated so that the radius of curvature is 1000
in. (254 m) and the bending strain is 250 microstrain. These test conditions
are given in published standards. The strain sensitivity of most shear-type ac-
celerometers is extremely small, and in most test applications mounting strains
can be ignored. The strain sensitivity of compressive accelerometers is sometimes
significant. Accelerometers with high-performance characteristics (e.g., extremely
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high resonance frequency and extremely high acceleration rating) are usually
more susceptible than others to output errors due to strain. In test applications
where the static or dynamic surface strain in the structure is near or above 250
microstrain, it may be desirable to use insulated studs or rigid fixtures as strain
filters. This need be considered only when high-performance accelerometers
are used in testing applications where it is also necessary to measure low ac-
celerations and when excessive strains are expected. A better solution for these
applications is to select accelerometers that have high vibration sensitivity and
therefore low strain sensitivity.

Acoustic Sensitivity. Although modern accelerometers produce negligible
error signals when exposed to high-intensity acoustic sound fields, it is interesting
to explore the mechanics of gas or fluid pressures applied to an accelerometer
case. The same types of forces are applied to an accelerometer in acoustic fields
as when dynamic fluid pressures are present.

When pressure is applied to an accelerometer case, the case deflects and pro-
duces a pressure on the crystal due to compression or expansion of the gas in the
accelerometer. An approximate calculation on a typical compressive acceler-
ometer indicates that the stiffness of the accelerometer is sufficient to attenuate
the pressure about 55 dB and produce an error signal of about 0.003 g/psi of
external pressure.

The pressure outside the accelerometer produces radial strains in the acceler-
ometer base. Many compression accelerometers have the crystal mounted on the
inner surface of the base, and in these the crystal experiences the same radial
strain. As a result the ceramic material produces an output from the d5; piezo-
electric constant. For compression accelerometers typical error signals due to
radial strain are about 0.03 g/psi

For shear accelerometers error signals due to internal gas pressure and radial
strain are much less and can be considered nil.

A third effect, present in all accelerometers, is-produced because the external
pressure changes the height of the accelerometer base. For dynamic pressures
this change in height applies a motion to the accelerometer crystals. The equiva-
lent acceleration at the top surface of the base increases with increasing fre-
quency. For a typical accelerometer the error produced by this effect is about
0.04 g/psi at 10 000 Hz and much less at lower frequencies.

All these errors are negligible when the accelerometer is subjected to extremely
intense acoustic fields. False indications of acoustic sensitivity have been pre-
viously reported because of the difficulty of separating the above-mentioned
outputs from the accelerations applied to the mounting surface of the acceler-
ometer by the acoustic field. In other words, the accelerometer truly measures
the acceleration applied to the accelerometer, even though this acceleration is
produced by the acoustic field acting on the structure to which the accelerometer
is attached.
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3.2 Wire Resistive and Piezoresistive Accelerometers

Wire resistive strain gages have been widely used in a number of applications.
Such a strain gage consists of a fine wire that changes its resistance when its
length is changed, as strain is applied to a structure to which it is attached.
Similarly, wire strain gage accelerometers have been used for shock and vibration
measurements at moderate accelerations over limited frequency ranges. These
accelerometers are built by using a fine wire strain gage element to support a
mass element from the case of the accelerometer. Such accelerometers have
relatively low acceleration sensitivities because the gage factors of the materials
used for the wires are limited to a value of about two.

Recently, strain gages have been developed from piezoresistive materials that
have a much higher gage factor. Piezoresistive strain gage elements are now used
in a variety of accelerometers used for shock and vibration measurements. Be-
cause of the high gage factors, the piezoresistive accelerometers have higher
sensitivities and higher operating frequency ranges than wire strain gage acceler-
ometers.

Piezoresistive Accelerometers

The gage factor of a strain sensing material is the ratio of its change in resistance
to initial resistance divided by its change in length to its initial length. For a
piezoresis ive material this ratio is given by

AR

R

K =——= (1+2ut+En)) (3-9)
AL
L

where

gage factor of resistance element

= change in resistance

= initial resistance

change in length of resistance element

= initial length of resistance element

= Poisson’s ratio for the sensing material

= modulus of elasticity for the sensing material

= piezoresistive coefficient for the sensing material.

D o hkx%k
]

The sum of the first two terms, 1 + 2y, is almost 2, which also happens to be
the gage factor ordinarily achieved in wire strain gages, because for them m, is
near zero. For piezoresistive materials, the third term, En,, can have values well
above 100, which is about 50 times the gage factor for wire strain gages. This
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advantage makes possible accelerometers with high resonance frequencies and
sensitivities.

The piezoresitive strain gage element is built into an accelerometer in such a
way that the change in length of the gage is proportional to the motion of the
mass element in the accelerometer relative to its case. Accordingly, the above
equation for the change in resistance can be simplified as follows:

AR = (0] (3-10)
where

C, = constant determined by the specific accelerometer design
6 = deflection of the mass element relative to the accelerometer base.

i

Equation (3-10) indicates that a piezoresistive accelerometer will have fre-
quency response characteristics like the theoretical response of the seismic ac-
celerometer. Many piezoresistive accelerometers have resonance frequencies near
and above 30 000 Hz, like piezoelectric accelerometers. It is difficult to induce
artificial damping in these high-frequency accelerometers, and the theoretical
curves for zero damping apply. Accordingly, the normal operating range of these
accelerometers is up to about one-fifth the resonance frequency where the
sensitivity increase is less than 5%. The important difference in piezoresistive
accelerometers is that their sensitivity is constant to zero frequency. Therefore,
piezoresistive accelerometers are used for measuring constant accelerations as
well as extremely long duration shock motions. Piezoresistive accelerometers are
also built with resonance frequencies significantly below 5000 Hz. For those
low-frequency accelerometers it is practical to introduce artificial damping, and
the theoretical curves for 0.7 of critical damping apply.

The internal construction of a piezoresistive accelerometer is shown in Fig.
3-13 [14]. The peizoresistive strain gage elements are identified as R1 ,R2, R3,
and R4. These elements are fastened on each side of slots machined in a cylin-
drical member. When upward motion is applied to the base of the accelerometer
along the sensitive axis, the mass element part of the cylinder bends very slightly
toward the base, causing the length and resistance of Rl and R3 to increase
while the length and resistance of R2 and R4 decrease. These piezoresistive ele-
ments are connected electrically in a Wheatstone bridge in a similar way to other
resistance strain gage circuits. Direct current voltage excitation is applied to the
bridge input, and the bridge voltage output varies with time along with the time
variation of the acceleration applied to the accelerometer. Frequently this volt-
age output requires no amplification; it is measured by using the same readout
instruments used with other strain gage accelerometers. If desired, other instru-
ments can be used, such as constant-current power supplies and d.c. amplifiers,
which are normally used with strain gage circuits.
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Fig. 3-13. Internal construction of a piezoresistive
accelerometer

Performance Characteristics. A summary of performance characteristics of
piezoresistive accelerometers is given in Table 3-4.

In addition to those for which acceleration ranges are given in Table 3-4,
other piezoresistive accelerometers are available, with ranges below and above
2500 g. The sensitivities of these accelerometers are related to their acceleration
ranges. Accelerometers designed for high shock motion measurements have low
sensitivity. Accelerometers with high sensitivities, for example 50 mV/g, are
intended for vibration measurement applications at relatively low accelerations,
up to 25 g. The sensitivity given in Table 3-4 applies when the rated excitation
voltage is provided at the input of the Wheatstone bridge in the accelerometer.

The results of shock and vibration calibrations on piezoresistive accelerometers
are illustrated in Fig. 3-14. These data indicate that sensitivity is constant over
the operating ranges of the accelerometers. Shock calibrations on piezoresistive
accelerometers indicate freedom from zero shifts, which frequently occur in
piezoelectric accelerometers used at high accelerations. Accordingly, piezore-
sistive accelerometers are preferred for cases in which it is desirable to perform
electrical integration of the accelerometer output to determine thie velocity
change in shock motion testing applications.

The frequency response characteristics of piezoresistive accelerometers with
damping near zero are similar to those of piezoelectric accelerometers. Oil
damping is provided in the accelerometer having a resonance frequency of 2700
Hz. The damping is in the range of 0.4 to 0.7 of critical damping at room tempera-
ture. With this damping, sensitivity is nearly constant from 0 to 750 Hz over the
full operating temperature range. The piezoresistive accelerometer using oil
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Table 3-4. Typical Performance Characteristics of

Piezoresistive Accelerometers

o High-Acceleration Low-Acceleration
Characteristics Model Model
Acceleration Range, g + 2500 +25
Sensitivity, mV/g 0.1 50
Excitation V d.c. 10 24
Resonant Frequency Hz 30 000 2700
Damping Ratio 0.03 04-0.7
Frequency Range Hz 0-6000 0-750*
Temperature Range °C (°F) -54to 121 -7t093
(~65 to +250) (20 to +200)
Resistance, §2 500 1500
Transvere Sensitivity % <3 <3
*Recommended frequency range over full operating temperature range.
Source: Ref. 15.
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Fig. 3-14. Calibrations indicating typical linearity characteristics of piezoresistive
accelerometers

damping is intended for use in the temperature range from -7°C to 93°C
(20°-200°F).

At high temperatures the viscosity of the oil decreases, resulting in low
damping. The viscosity increases at lower temperature, which causes high damp-
ing. Accordingly, the frequency response characteristics change as a function of
temperature, as illustrated in Fig. 3-15a.
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Fig. 3-15b. Typical temperature response of a piezoresistive
accelerometer [15]

At 93°C (200°F) the damping is near 0.2 of critical damping, and at 10°C
(50°F) the damping is about 0.7. For accelerometers using oil damping it is
desirable to perform frequency response calibrations throughout the operating
temperature range if the accelerometer is normally used at temperature extremes.
In addition to the frequency response changes near the resonance frequency
at various temperatures, the sensitivity varies as a function of temperature, as
shown in Fig. 3-15b, in a manner similar to that of undamped piezoresistive and
peizoelectric accelerometers. This change in the sensitivity is caused by changes
in the gage factor and is determined by the temperature characteristics of the
modulus of elasticity and the piezoresistive coefficient of the piezoresistive

> R A ——————
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sensing element. The sensitivity deviations are minimized, as indicated in Fig.
3-15b, by installing compensation resistors in the bridge circuit in the piezo-
resistive accelerometer.

One final effect present in the accelerometer is that the bridge becomes
slightly unbalanced when subjected to temperature changes. This unbalance
(zero measurand output) is due to small differences in resistance changes of the
sensing elements as a function of temperature. This change in resistance produces
small changes in the d.c. voltage output of the bridge. Care is taken in the
design of the piezoresistive accelerometer to keep the changes in the d.c. voltage
output a small fraction of the output at the maximum rated acceleration of the
accelerometer.

Environmental Effects. The environmental characteristics of transverse
sensitivity and the effect of the accelerometer mass on the motion of the struc-
ture are similar in piezoresistive and piezoelectric accelerometers. The typical
values of near or less than 3% for the maximum transverse sensitivity are common
for piezoresistive accelerometers. Just as for piezoelectric accelerometers, it is
desirable to select piezoresistive accelerometers that weigh significantly less than
the mass represented by the cross-sectional dimensions of the structure to which
the accelerometer is attached. If this is done, the accelerometer will not signi-
ficantly change the motion of the structure. Frequently, this requirement is
satisfied simply by care in selecting the mounting location on the structure.

Piezoeresistive accelerometers are capable of withstanding shock and vibra-
tion accelerations significantly above their rated acceleration ranges. However,
the piezoresistive materials used are quite brittle and it is necessary to limit the
applied stresses. In accelerometers designed for high shock motions, the moving
elements can be designed to avoid excessive stresses even at the highest shock
motions normally encountered. However, some precautions are necessary with
piezoresistive accelerometers designed for use at moderately low accelerations.
In the high-sensitivity piezoresistive accelerometers designed for use at low ac-
celerations the stresses are minimized by built-in stops that limit the motion of
the mass element. The stops engage at deflections corresponding to applied
accelerations of several times the rated acceleration range.

It is sometimes desirable to take special precautions to avoid damage to piezo-
resistive accelerometers used in extremely severe shock environments. For
example, shock motions of ship structures subjected to underwater explosions
produce a high-frequency excitation that tends to excite the resonance frequency
of the accelerometer, which may cause damage. To overcome this problem, the
accelerometer may be installed in a mechanical shock isolation fixture, as shown
in Fig. 3-16, which is attached to the structure. The urethane disks are designed
to have enough stiffness, when supporting the accelerometer and steel slug, that
high frequencies are filtered out to prevent damage. Of course, the transmissibility
of this shock isolation system is near unity for the frequency components that
represetit the shock motion being measured. This method of mounting acceler-
ometers may be used in similar shock measurement applications.



TRANSDUCERS AND AUXILIARY INSTRUMENTS 63

Lucite
Plug
Aluminum Top
Urethane & Case
Discs -
™ =
’:F - //Steel Slug
\ A4 . . .
: | _— Piezo-Resistive
Accelerometer

Fig. 3-16. Mechanical shock isolation fixture
that reduces excitation of the resonance fre-
quency of an accelerometer [20]

Piezoresistive accelerometers are used in some testing applications in the
presence of nuclear radiation environments. Piezoresistive accelerometers cannot
withstand radiation evironments as well as piezoelectric accelerometers. Neutron
fluence of the order of 10'3-10'%n/cm? and gamma radiation of 10® erg/g(C)
tend to damage the silicon crystals used in piezoelectric accelerometers. The
ability to withstand these high radiation environments depends on the particular
semiconductor material and processing used. For example, radiation-hardened
piezoresistive accelerometers operate satisfactorily during transient nuclear radia-
tion environments.

The sensing elements in piezoresistive transducers have a high temperature
coefficient of resistance. Shunt calibration techniques such as those used with
wire strain gage transducers should be avoided. Since these elements are resistive
and are energized with an external d.c. voltage or current, they generate low-
level, low-frequency noise typical of resistive elements.

3.3 Capacitive Accelerometers

A capacitive accelerometer has the characteristics of a seismic transducer. One
of the capacitive plates is supported by a spring of flexure mechanism from the
case of the accelerometer. The change in capacitance is a function of the displace-
ment of the capacitor plate relative to the accelerometer base. Figure 3-17 illus-
trates the construction of a capacitive accelerometer. The change in capacitance
per unit of acceleration applied to the base is given by the following equation:

AC  Kr*

£ d?

(3-11)

o




64 CALIBRATION OF SHOCK AND VIBRATION MEASURING TRANSDUCERS

ot e

[} b [

¢ j=—CLAMPING RING

| m————p——WASHER
-DIAPHRAGM

[——STATIC ELECTRODE
—POTTING COMPOUND

Fig. 3-17. Exploded view of a laboratory model
capacitive accelerometer

where

AC = change in capacitance
K = constant determined by the design of the accelerometer
r = radius of the capacitive plates
d = spacing between the plates

f, = resonance frequency of the accelerometer.

The acceleration sensitivity of the accelerometer is proportional to the change
in capacitance. A capacitive accelerometer is inherently nonlinear, since the
change in capacitance is inversely proportional to the spacing of the plates. The
shock motion calibration documented in Table 3-5, performed on a capacitive
accelerometer, is an example of this nonlinearity. The changes in sensitivity at
high accelerations exceeding 10% limit the usefulness of this accelerometer. A
frequency response calibration is illustrated in Fig. 3-18. It indicates significant
deviations from the nominal response of a seismic accelerometer. These calibra-
tion results indicate the importance of performing sensitivity, frequency re-
sponse, resonance frequency, and shock motion calibrations.

3.4 Inductive Transducers

Various inductive transducers are used for measuring vibration and shock
motion. They include the proximity, movable-core, and seismic transducers
listed in Table 3-6. A proximity pickup is attached to a fixture and positioned
with a small gap between it and the object whose motion is being measured.
It does not mechanically load the object. In the case of movable-core trans-
ducers part of the transducer must be attached to the vibrating object and the
other part to a rigid fixture.
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Table 3-5. Amplitude Linearity Calibration of a Capacitive Accelerometer

Applied Acceleration
Acceleration Sensitivity
® (mV/g)
92 0.495
980 0475
1650 0.450
2250 0.420
+10
—
i
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30 | |
50 100 1000 10,000
FREQUENCY, Hz

Fig. 3-18. Frequency response calibration of a capacitive acceler-

ometer

The most popular of the seismic inductive transducers is the electrodynamic
type. It is designed to have a very low natural frequency and is used as a velocity
pickup. Differential-transformer and variable-reluctance seismic transducers are
used as accelerometers. Some inductive transducers are in limited use. The in-
ductive transducers must be calibrated to establish their accuracy within their
operating frequency ranges. Some are quite large and require special fixtures
when calibrations are performed on small shakers. The most widely used induc-
tive transducers are the electrodynamic velocity pickup and the variable-reluctance
accelerometer. The descriptions of these transducers provide information helpful
when performing calibrations. More detailed information about the design and
description of the other inductive transducers may be found by consulting the

bibliography.
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Electrodynamic Velocity Pickups

A typical electrodynamic velocity pickup is illustrated in Fig. 3-19. A coil of
wire forms part of a seismic mass, which is supported on a column by springs.
When the case of the velocity pickup is vibrated the coil slides up and down the
column at frequencies above the natura! frequency of the single-degree-of-
freedom spring-mass system. The coil remains virtually motionless as the case
vibrates. Therefore, the magnetic lines of force from the magnet vibrate up and
down about the coil. The output voltage of the coil is proportional to the
relative velocity of the coil and magnet. The open-circuit voltage generated in

the coil is
e = - BWw(107'?) (3-12)
where
e = output voltage generated, in volts
B = flux density, in teslas
2 = total length of the coil wire, in centimeters (in.)
v = relative velocity of coil and magnetic, in centimeters per second (in./s).

It is common to use air or oil damping in velocity pickups to limit excessive
motion of the coil, particularly when it is subjected to vibration and shock
motions and at frequencies near the natural frequency. A typical calibration per-
formed on a velocity pickup is plotted in Fig. 3-20. The sensitivity decreases
sharply at frequencies below resonance, in accordance with the nominal re-
sponse for seismic transducers used above the natural frequency. Sensitivity
decreases at the higher frequencies above resonance are due to eddy-current
losses.

INNER POLE PIECE
SPRINGS
— OUTER POLE PIECE
COIL AND SEISMIC MASS
| - '\) — MAGNET

CASE

| Fig. 3-19. Construction of an electrodynamic velocity
| pickup [22]
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Fig. 3-20. Frequency response of a velocity pickup [22]

Variable-Reluctance Accelerometers

The construction of a variable-reluctance accelerometer is illustrated in Fig.
3-21. Almost all inductive transducers are quite large; this design uses miniature
components to keep the size small. Miniature accelerometers have little effect on
the shock and vibration motions of structures to which they are attached.

The mass element consists of magnetic material suspended by a flat spiral
spring from the case of the accelerometer. Since the operating range of the
seismic accelerometer is at frequencies below resonance, the mass element ex-
periences small deflection motions up and down when the case is vibrated. This
motion varies the gap between the magnetic mass element and the coils, which
are fixed to the accelerometer case. As this occurs the inductance of one coil
increases while that of the other decreases. The inductance of the coils is given
approximately by the following equation:

L 4rn%5(10°°)

2 2 (3-13)

where

=

coil inductance, in henries

total number of coil turns

= area of the gap, in square centimeters (in.?)

length or thickness of the gap, in centimeters (in.).

1)

o3 ™
n
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Fig. 3-21. Construction of a miniature variable-reluctance accelerometer {23}

Since the inductance is inversely proportional to the length of the gap, the
acceleration sensitivity is inherently nonlinear. Amplitude linearity calibrations
are made to determine the degree of nonlinearity. A typical variable-reluctance
accelerometer has a resonance frequency of about 200 Hz. Oil damping is used
to extend the operating frequency range to about two-thirds of the resonance
frequency. Temperature response calibrations are performed to determine the
variation of accelerometer sensitivity at the various temperatures encountered
in service.

3.5 Servo Accelerometers

Servo accelerometers are used for measuring low-amplitude vibrations at fre-
quencies ranging from zero to several hundred hertz. Servo accelerometers are
used extensively as guidance instruments in aircraft and space vehicles. They are
also useful for various applications requiring the measurement of small accelera-
tions, such as those present in buildings subjected to machinery vibrations and
earthquakes. The construction and operating principle of a servo accelerometer
are illustrated in Fig. 3-22. When subjected to motion, the proof mass tends to
deflect relative to the base of the accelerometer, and the pickoff changes its
capacitance as a result of changes in the damping gap. As this occurs, the servo
supplied current to the coil, located in the gaps of the permanent magnets. The
resulting force restorcs the coil to its equilibrium position. The output signal is
a measure of the coil current and is proportional to the applied acceleration.

Servo accelerometers have high acceleration sensitivities and wide frequency
ranges. Typical values for the accelerometer illustrated in Fig. 3-22 are a sensitiv-
ity of 250 mV/g and an operating frequency range of 0 to 500 Hz.

3.6 Self-Contained Recording Instruments

Mechanical instruments used for recording shock and vibration are used for
measuring vibration of transmission lines, impacts occurring in railroad vehicles,
and impact studies with explosions. A simple peak-reading acceleration recorder
is shown in Fig. 3-23. This particular recorder has eight separate reeds, for
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Fig. 3-22. Construction of a miniature variable-reluctance acceler-
ometer [23]

b o

recording various accelerations up to 10 000 g. Each reed has a diamond-tipped
stylus on the free end to inscribe a permanent record on a gold-plated disk.
Calibration sheets give the resonance frequency and acceleration sensitivity of
each reed.

The Impact-O-Graph self-recording instrument is used for measuring shock
motions and impact in vehicles. This recording instrument uses a low-frequency
mass-spring system that includes a recording stylus. The stylus assembly is built
with a 10-to-1 amplifying linkage. The stylus motion is recorded on wax- or
plastic-coated tape. Three of these mechanisms are assembled in one instrument
to record accelerations in three mutually perpendicular directions. Some
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ACTUAL SIZE
Reed Plate and Record Hub TYPICAL RECORD
(for Sensing and Recording) (10 Times Size)

Fig. 3-23. Peak-reading mechanical shock recording accelerometer (Engdahl Enterprises)

instruments use a moving tape to record frequency and accelerometer amplitude
data. Accelerometer measurements are made in ranges from 1 to 20g.

A self-recording instrument for measuring vibrations of overhead conductors
is used in the electric power industry. This recorder consists of a mechanical
linkage system that provides a magnification factor of five to a stylus, which is
used to record the vibrations. The stylus scribes the vibrations on a tape travel-
ing at a constant speed so that both displacement amplitude and frequency are
recorded.

To obtain accurate data, it is important to perform calibrations on both
vibration and shock motion self-recording instruments. Moving parts tend to
wear and are sometimes damaged during use.

3.7 Auxiliary Instruments

. The simplest instruments to use in measuring vibration and shock motion
are the electronic voltmeter and the oscilloscope. These instruments allow the
amplitude of the vibration to be read from the output of the signal conditioner
used with the transducer. The oscilloscope permits viewing the vibraton or
shock motion waveform. A dual-trace oscilloscope permits measuring two
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outputs simultaneously to obtain phase angle data. These instruments are the
least that are required in the calibration laboratory. Other more specialized
instruments are available for use in testing and sometimes are used in calibration.

A number of vibration-indicating meters are used in various applications.
Some include electronic integrating circuits so that direct readings of velocity
and displacement amplitudes may be obtained from accelerometers. Other
basic voltmetertype instruments include low-pass, high-pass, and band-pass
filters for limiting the frequency range of the vibration or shock measurement.

Digital indicating instruments represent a recent, more sophisticated approach
to making measurements. Rectifying circuits are used to change the analog out-
puts from the signal conditioners into d.c. signals so that the amplitude of the
vibration or shock motion may be displayed digitally. Some of these instruments
are also equipped with digital displays of the pulse amplitude and the width of
pulses from shock motion measurements.

Use of digital instruments for vibration calibrations reduces calibration time
and minimizes human error. Their use is generally encouraged. However, it is
recognized that small additional errors (less than 1%) are introduced as a result
of using these instruments for sinusoidal motion calibrations. These errors are
acceptable in most calibration laboratories. On the other hand, the Primary
Standards Laboratory may want to perform certain calibrations with voltage
divider circuits and voltmeters to eliminate these errors.

The use of digital instruments is important in shock motion calibrations. For
example, shock motion calibration errors of about 2% are frequently present
when peak accelerations are read from an oscilloscope. These errors can be
eliminated by using digital instruments to measure peak accelerations.

System calibrations are frequently performed on accelerometers and signal
conditioners used as shock and vibration standards. This has the advantage of
yielding the acceleration sensitivity including the gain of the amplifier. However,
it is unnecessary to perform the system calibration of the accelerometer and
amplifier together with the auxiliary instruments. Auxiliary instruments can be
calibrated electrically to demonstrate their accuracy, so that vibration and shock
motion calibration laboratories can use them with confidence.

3.8 Displacement Measurements

Displacement measurements are made with inductive proximity pickups and
with a variety of optical instruments, including lasers. The inductive pickups are
useful when direct measurement of displacement amplitudes is necessary and
where it is practical to use the proximity pickups. These pickups are in limited
use in calibration laboratories. Direct-viewing optical instruments and lasers are
useful for certain types of calibrations, including absolute measurements at high
frequencies.

PR
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Fig. 3-24. The vibrating wedge dis-
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Direct-Viewing Optical Instruments

The simplest optical vibration measurement is made with the naked eye. The
vibrating wedge (Fig. 3-24) is a useful and reasonably accurate instrument for
direct-viewing measurements. [t consists of accurately drawn lines that appear to
intersect when the wedge is vibrated. When the wedge is subjected to sinusoidal
vibration, the velocity is zero when the displacement amplitude is at its positive
and negative maxima. This causes the wedge to dwell at the displacement maxima.
The vibration measurement is made by observing the intersection of the lines
and reading the graduated scale at the bottom of the wedge.

A microscope may be used for making direct-viewing vibration measurements.
Reflective tape or other highlights on a sinusoidal vibrating shaker are used to
provide an image on a graduated scale.
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The vibrating wedge and measurements with microscopes are useful in the
calibration laboratory when it is necessary to perform calibration at frequencies
near and below 50 Hz. Otherwise more modern techniques are generally used.

Lasers and Holography

Optical holography and laser interferometry are valuable tools that are making
significant advances in vibration analysis and in other applications. These techni-
ques are useful for making ultrahigh-frequency shock and vibration calibrations
and for making certain evaluations on calibration shakers or other vibrating
objects.

Holography uses a laser beam to record light interference fringes on a photo-
graphic plate. Illuminating the plate, after development, produces a three-
dimensional image of the original object used to make the hologram on the
plate. Lasers are required because they provide a coherent light source. Spatial
coherence implies uniformity of the wavefront in the plane transverse to the
light beam. Lasers have almost perfect spatial coherence. Any lack of spatial
coherence results in background noise in the hologram for a portion of the
object, as a result of scattering of the light. Such noise is worse for opaque ob-
jects than for transparent ones.

Temporal coherence is achieved by maintaining uniform intensity along the
length of the beam. Each wave has the same intensity as other waves along the
length of the beam. For the perfectly monochromatic source single-free light,
the temporal coherence is infinite. In other words, good-quality fringes would be
produced regardless of the path lengths of the object and reference beams. How-
ever, lasers contain a number of frequencies in a narrow bandwidth, which
results in limited temporal coherence. This produces irregularities in the light
wave at the distance corresponding to odd-integer multiples of the length of the
cavity in the laser. This limits the field of depth to less than the cavity length
because fringes disappear at distances corresponding to these lengths. The
coherence length is about 7 in. (180 mm) for lasers used in holography, and this
is the limit for the size of the object. However, the various modes of the laser
are in phase again at even multiples of the cavity length, which means that
present-day lasers can be used in certain interferometry applications at path
length differences up to several kilometers.

Holograms are made of vibrating objects in a form of double-or multiple-
exposure interferometry. It should be possible to perform a complex motion
analysis on a vibrating object when coherent lasers of controlled pulse durations
are available. However, experimental work at present is limited to sinusoidal
motion excitation; the hologram is thus the same as if a double exposure were
made at the extremes of the displacement amplitude.

Figure 3-25 shows the test setup for studying the vibration of a sonar trans-
ducer. Photographs of the reconstructed hologram are shown in Fig. 3-26. These
depict the transducer vibrating at its fundamental mode; the number of fringes
gives a quantitative measure of the vibration amplitudes at various locations on
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Fig. 3-25. Typical setup for using a laser beam to measure vibration of an acoustic trans-
ducer [25]

Fig. 3-26. Photographs of reconstructed holograms made with the setup
shown in Fig. 3-25 [25]
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the object. For higher mode resonances, the hologram is a more complicated
array of fringe patterns which makes it practical to identify the resonant mode
in addition to the amplitude of vibration.

Conventional interferometry does not use the holographic procedure of
reconstructing an image after developing a photographic record of the fringe
pattem. Usually conventional interferometry is used to examine the motion or
dimension of a point, whereas holography makes a record of entire surfaces.




CHAPTER 4
CALIBRATION SHAKERS

The shaker, or vibration generator, is the heart of any calibration system.
Very accurate calibrations can be performed on almost any shaker. However,
this accuracy is achieved only at those frequencies for which the vibration is
rectilinear and free of transverse motion and acceleration waveform distortion.
When a shaker is selected for calibrations it is necessary first to perform rather
elaborate evaluations to determine the frequency ranges in which this pure sinu-
soidal motion is produced. It is best to select shakers that are virtually free of
transverse motion and accelerometer waveform distortion throughout their
operating range. Good-quality calibration shakers are commercially available.
One is shown in Fig. 4-1.

Most calibrations are performed with electrodynamic shakers. Electro-
dynamic shakers are generally capable of producing sinusoidal motion at fre-
quencies between 10 and 50 000 Hz. Special shakers are used for calibrating at
frequencies lower than 10 Hz. Some piezoelectric shakers are used at selected
high frequencies to produce the sinusoidal motion required for interferometric
calibrations. A special mechanical shaker is used for transverse sensitivity calibra-
tions.

4.1 Electrodynamic Shakers

The electrodynamic shaker is the counterpart of the inductive velocity pick-
up. In the shaker the inductive coil is used in its reciprocal sense, to produce
rather than measure vibration. The coil is wound on an armature and becomes
the moving element of the shaker. The coil is positioned in the gap of a strong
magnet. Motion is produced by applying a sinusoidal alternating current to the
coil. The resulting alternating magnetic field produced by the coil interacts with
the steady flux of the magnetic field of the magnet to produce sinusoidal vibra-
tion.

Two characteristics are important in the design and use of calibration shakers:
(1) the size and weight of the armature and (2) the suspension system used to
support it in the magnetic structure. The armature should be small, so that its
resonance is as high as possible. The resonance of the armature should be above
the operating frequency range of the shaker. The suspension system used in the
shaker should be as soft as practical and substantially free of effects due to sus-
pension resonances. The soft suspension system also provides freedom from
acceleration waveform distortion at low frequencies. Air-bearing shakers permit
low-frequency operation without distortion and eliminate suspension resonance

77
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Fig. 4-1. Shaker designed for calibrating accelerometers and other vibration
transducers. (Bouche Laboratories)

effects. Flexure plate supports used in other shakers have resonances that pro-
duce transverse motion in certain frequency ranges

Armature Materials

Selection of the material for the moving element in the calibration shaker is
the key to achieving a high resonance frequency. Many calibration shakers use a
moving element fabricated from a single piece of material. The resonance fre-
quency is determined by the mechanical properties of the material.

Evaluations of prototype high-frequency calibration shakers using beryllium
alloy, alumina (sintered aluminum oxide), and magnesium alloy have provided
useful performance data. The important properties of these materials are shown
in Table 4-1. Beryllium alloy, like alumina, has a high modulus of elasticity,
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Table 4-1. Characteristics of Materials Used for Shaker Armatures

Material
l‘ acr ietice
Characteristic Beryllium e Magnesium
Alloy Alloy
Modulus of Elasticity, 290 (42) 345 (50 45(6.5)

E, 109 N/m2 (106 Ibf/in.2))

Density

8,103 kg/em? (Ibm/in 3) 19 (0.067) 3.9(0.14) 1.8 (0.065)

Root Modulus/Density,

EI8)12, cm12/(10% in 1/2) 40(25) 30(19) 16 (10)
Normalized Resonance 25 19 1
Frequency, Hz 3 ’

Angatesl Peaiping, 0.000 05 000006 | 03*

Logarithmic Decrement

*Achievable only when the material is mechanically stressed at 500 psi or above.
Source: Ref. 26.

while magnesium alloy has a low value. Alumina has the disadvantage of a den-
sity approximately twice that of beryllium and magnesium alloys. Taking the §
square root of the ratio of the modulus to the density shows that the resonance :
frequencies of shaker armatures of similar design are highest when the armatures
are of beryllium alloy. Table 4-1 shows that the resonance frequency of the
shaker with beryllium alloy is 2.5 times that obtained with magnesium alloy
and 1.9 times that obtained with alumina.
One of the reasons for considering magnesium alloy is that under certain con-
ditions high internal damping is obtained; whereas the internal damping is quite
small for beryllium alloy and alumina. If high damping is achieved, the magnifi-
cation at resonance is small and harmonic distortion in the motion caused by
exciting the resonance is also small. However, this high damping is achievable
only when magnesium alloy is subjected to significant mechanical stresses. In
these prototype shakers there was no indication that high stresses are produced
at resonance, and the magnesium alloy armature exhibited high magnification,
like armatures built with beryllium alloy or alumina. Thus, there is no apparent
. advantage in using magnesium alloy for the moving element. The magnesium 3
alloy armature has the disadvantage of a much lower resonance frequency, which ‘
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Table 4-2. Summary of Prototype Shaker Performance Characteristics

Specification

Characteristic
Shaker A | Shaker B | Shaker C Shaker D

Moving Element, material | Beryllium | Beryllium | Alumina | Magnesium
Alloy Alloy Alloy

Moving Element,mass | 14 04y [ 032(07)| 045(1) | 0450)

kg (Ibm)

Resonance Frequency 55 35 30 10
kHz

Relative Motion at 2 4 5 10

Maximum Frequency %

Sensitivity and Frequency | ¢ 1 09 | 5.10000 | 510000 | 5-5 000

Response Calibration Hz

Resonance Frequency

Calibration Hz el e ] oy
Acceleration Distortion % 2 2 3 S

Source: Ref. 26.

causes excessive relative motion when the shaker is used to calibrate at high fre-
quencies.

The alumina armature has almost as high a resonance frequency as the beryl-
lium alloy armature. However, the mass of an alumina moving element is signifi-
cantly higher, and more power is required to drive it. The alumina armature
has the further disadvantage that the material is brittle and is more easily dam-
aged by handling. It is apparent that beryllium alloy is the best material for the
armatures of calibration shakers.

Shaker Performance

A summary of specific performance characteristics of prototype shakers built
with these materials is shown in Table 4-2. The resonance frequency of the
shaker was measured by putting a noninductive resistor in series with the driving
coil. The current through the resistor, therefore, was identical in magnitude and
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phase angle to the current in the driving coil. A high-resonance frequency
accelerometer was attached to the shaker’s moving element. The resonance fre-
quency of the accelerometer was significantly higher than that of the shaker.
The resonance frequency of the shaker was determined by observing when the
ratio of accelerometer output to coil current was maximum and the phase angle
between these signals changed from O degrees through 90 degrees and up to 180
degrees. Some care is required in interpreting such data if local resonances are
present in the shaker’s moving element or in the accelerometer used.

The resonance frequency measured or four prototype shakers is given in
Table 4-2. The performance of these shakers is in agreement with the mechanical
properties listed in Table 4-1. The shaker built with magnesium alloy has the
lowest resonance frequency, and the beryllium alloy shaker has the highest. The
slight variations between the mechanical properties of the material and the re-
sultant shaker performance were caused by the fact that the moving elements of
the different prototype shakers had somewhat different dimensions.

Relative Motion. An accelerometer standard is mounted in the calibration
shaker armature to measure the motion of the armature table. The signal from
the standard establishes the reference acceleration with which the test accelero-
meter is calibrated. Any motion between the standard and the mounting surface
to which other accelerometers are attached is called relative motion. Relative
motion is significant at high frequencies and varies with the mass of the test
accelerometer mounted on the armature.

The relative motion between an accelerometer standard built into the shaker
armature and the surface to which the other accelerometers are attached is
determined by using a test accelerometer subassembly whose resonance fre-
quency is not significantly changed when it is built with various accelerometer
bases having masses up to 100 g. In other words, the distributed stiffness of the
various bases, together with the stiffness of the mounting joint, are large com-
pared with the effective stiffness of the seismic system in the accelerometer.
Since the resonance frequency of the accelerometer with these bases is nearly
unchanged, any variation in the ratio of the output of the standard built into the
shaker would be a direct measure of the relative motion in the shaker.

The result of an evaluation of prototype shaker A is given in Fig. 4-2. For any
accelerometer having the larger mass, 100 g, the motion at the base of the
accelerometer was more than that for an accelerometer having a low mass, such
as 20 g. Accordingly, the correction factor for heavy accelerometers is slightly
less than 1.00. For shaker A, the amount of the correction for most accelero-
meters is less than 2% for calibrating at 10 000 Hz. The relative motion and
correction factors for the other prototype shakers are given in Table 4-2. (Ac-
celeration distortion in a shaker is usually caused by harmonic distortion in the
driving power signal.) In the case of the magnesium alloy shaker, the relative
motion is excessive, and corrections to calibration data at frequencies at or
above 5 kHz would not be practical.
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Fig. 4-2. Correction factors in measuring frequency response for a
calibration shaker with various weights attached to the armature
[26]

Distortion. The principal source of distortion in the acceleration motion of
the shaker at high frequencies is harmonic excitation of the armature resonance
frequency. The power amplifiers used with shakers produce harmonic distortion
principally at odd harmonic frequencies of 3, 5, 7, 9, etc., times the excitation
frequency. Accordingly, the shaker produces motion at the odd harmonics in
addition to the motion produced at the fundamental or excitation frequency.
It follows that shakers with lower axial resonance frequencies have more distor-
tion for the same operating frequency range. The distortion of the various shaker
designs is measured using a commercial distortion meter on the output of the
accelerometer mounted on the shaker.

Transverse Motion. Transverse motion in a shaker produces calibration errors
because the accelerometer standard and the accelerometer being calibrated pro-
duce a small output when subjected to vibration in a direction transverse to the
axial motion of the shaker. This output is due to the transverse sensitivities of
the accelerometers. Generally, the transverse sensitivity of the accelerometer
standard is less than that of the accelerometer being calibrated, and most of the
error is due to the latter.

The transverse sensitivity stated for an accelerometer is the maximum trans-
verse sensitivity that occurs in a particular direction in the plane perpendicular
to the accelerometer sensitive axis. When the accelerometer is vibrated in a direc-
tion that is in the transverse plane and also perpendicular to the direction of
maximum transverse sensitivity, the output of the accelerometer is extremely
small since the transverse sensitivity in that direction is small or zero.

If the transverse motion of the armature happens to occur in the direction of
maximum transverse sensitivity of the accelerometer, the error can be computed
by taking the product of the accelerometer transverse sensitivity and the armature
transverse motion. For example, the maximum error would be 0.75% if the
transverse motion were as large as 25% and the transverse sensivitity were 3%.
However, it is very unlikely that the direction of transverse motion would
exactly coincide with the direction of maximum transverse sensitivity. The
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calibration error caused by transverse motion is nearly always considerably
less than this value.

Another error produced by transverse motion is the output caused by the
strain sensitivity of the accelerometer. When the armature experiences transverse
motion, dynamic strains are produced in the accelerometer mounting surface.
These strains can produce a measurable output in accelerometers with high
strain sensitivities.

Significant transverse motion calibration can be avoided by using shakers
with reasonably low transverse motions. The transverse motion of a shaker is
often measured with a miniature triaxial accelerometer that is suitable for meas-
urements throughout the frequency range of the shaker. The shaker is slowly
swept through the frequency range, and measurements are made at each fre-
quency exhibiting significant transverse motion, as indicated by the outputs
from the X-and Y-axes of the triaxial accelerometer. The transverse motion of
the shaker is computed by the ratio of the X-axis output divided by Z-axis
output and the Y-axis output divided by the Z-axis output.

The maximum transverse motion is less than 25% for all the shakers listed in
Table 4-2. This transverse motion occurs at several frequencies in the operating
range up to 10 000 Hz. As discussed above, this performance produces very
small calibration errors.

Low-Frequency Shakers

Most commercial shakers designed for calibration purposes have a low-
frequency limit of 5 to 10 Hz. This makes it necessary to devise special fixtures
that permit vibration calibrations at lower frequencies. The air-bearing shaker
illustrated in Fig. 4-3 uses an extension table for these low-frequency calibrations.
A second longitudinal air-bearing surface guides the moving element, permitting
it to vibrate at amplitudes of at least 2.5 cm peak-to-peak. Elastic supports are
used to apply a slight torsional moment against the second air bearing to
eliminate torsional motion. The elastic supports also position the armature drive
coil properly in the magnetic field. A servo accelerometer is built into the arma-
ture and serves as the calibration reference standard.

Some accelerometers and velocity pickups contain magnetic parts and are
adversely affected by magnetic fields. This is especially noticeable when low-
frequency calibrations are done because of the requirement to vibrate at large
displacement amplitudes in order to maintain adequate signal-to-noise ratio in
the outputs. At large displacement amplitudes the transducers move through a
nonuniform stray magnetic field emanating from the magnetic structure of the
shaker. This produces, at the operating frequency, an error signal that is either
in or out of phase with the vibration output. Whether this error is present may
be determined by repeating the low-frequency calibrations when the transducer
is attached to an extension rod several inches in length. The transducer is
vibrated several inches further away from the magnet structure at a point where




84  CALIBRATION OF SHOCK AND VIBRATION MEASURING TRANSDUCERS

Fig. 4-3. Calibration shaker with provision for calibrating ac-
celerometers at frequencies below 10 Hz (National Bureau of
Standards)

the stray magnetic field is much lower. Care must be taken that the motion
remains sinusoidal with the extension in place.

4.2 Piezoelectric Shakers

Piezoelectric shakers are built for those primary standards laboratories per-
forming interferometric calibrations at high frequencies. Piezoelectric shakers
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Fig. 4-4. Construction of a piezoelectric shaker {27]

consist of combinations of damped resonance cylindrical elements. They are
built so that multiple resonances are present, to provide sinusoidal motion over
the designed frequency range. These shakers are used mainly at selected fre-
quencies as high as 100 kHz. However, most interferometric calibrations are
prrformed at frequencies below about 10 kHz.

The design of a piezoelectric shaker is illustrated in Fig. 4-4. This shaker
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Fig. 4-5. A mechanical shaker for measuring transverse sensitivity of
accelerometers

consists of alumina elements, piezoelectric disks, and tungsten carbide elements,
separated by thin layers of butyl rubber. The shaker in the figure has several
damped resonances between about 10 and 50 kHz.

4.3 Mechanical Shakers

The use of mechanical shakers should be limited to transverse motion calibra-
tions. Mechanical shakers inherently produce sinusoidal motion with significant
acceleration waveform distortion. However, in such specialized calibrations
(such as measuring the transverse sensitivities of accelerometers) the effects of
this distortion are insignificant. The reason for using mechanical shakers is thei
simplicity in operation and freedom from transverse motion at the low frequencies
at which these calibrations are usually performed.

The shaker in Fig. 4-5 uses a scotch-yoke mechanism to produce quasi-
sinusoidal motion. Virtually no transverse motion is produced because of the
large displacement amplitude and because guides are used to prevent it. The
transverse sensitivity calibrations are performed by first attaching the acceler-
ometer to the shaker so that its sensitive axis is parallel to the shaker motion and
its output is recorded. The accelerometer is then remounted so that its sensitive
exis is perpendicular to the shaker motion. The mechanism in the shaker permits
rotating the accelerometer about its sensitive axis through 360 degrees. The out-
put of the accelerometer is observed as it is rotated. The ratio of the maximum
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| transverse output to the output in the sensitive direction, multiplied by 100, is
the transverse sensitivity.
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Chapter 5
PRIMARY SHOCK AND VIBRATION STANDARDS

A primary standard is one that is calibrated by an absolute method. The
accuracy of a primary standard is determined by two factors. The first is the
uncertainty of the measurements made while performing the absolute calibra-
tion on the primary standard. Second are the performance characteristics of the
primary standard and their influence on the calibration results, which must be
determined quantitatively.

The absolute calibration methods for shock and vibration standards are
reciprocity, interferometry, direct-viewing optical, and centrifuge calibration, as
well as calibration in the earth’s gravitational field. The reciprocity method is
used extensively in primary standards laboratories. Its most important advantages
include high accuracy and broad frequency range. The principal advantages of
interferometric calibration is its usefulness at very high frequencies (up to at
least 10 000 Hz). Calibration in the earth’s gravitational field is very useful for
calibrating accelerometers having zero frequency response. The measurements
made in performing these absolute calibrations are carefully evaluated so that
calibration errors can be identified and recorded.

5.1 Description and Performance Characteristics

Piezoelectric acceierometers and electrodynamic velocity pickups are used as
primary standards. The piezoelectric accelerometer has the advantage that it can
be used as both a vibration and shock motion standard. It is designed to be used
as a standard and to have nearly constant sensitivity over the frequency and
amplitude ranges within which calibrations are performed. The electrodynamic
velocity standard has a limited frequency range.

Piezoelectric Accelerometer Standards

A piezoelectric accelerometer standard is illustrated in Fig. 5-1. This acceler-
ometer has an integral mounting stud that is electrically insulated from the case.
The connector on the side of the accelerometer is also electrically insulated from
the case, but it has a knuried grounding nut that is screwed in or out from the
case to ground or insulate the accelerometer output. A seismic accelerometer is
built inside the case, as close as possible to the top mounting surface. The mass
element and piezoelectric crystals are designed for a very high resonance fre-
quency. The top mounting surface has a threaded hole to accept threaded
adaptors that accommodate the thread sizes used in mounting most acceler-
ometers. It is most important to mount these accelerometers flush with the top

89
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Fig. 5-1. A piezoelectric accelerometer standard
(Endevco)

mounting surface of the standard; this minimizes calibration errors at high
frequencies. Fixtures that separate the mounting surface of any test acceler-
ometer from that of the accelerometer standard should be avoided.

The performance characteristics of a piezoelectric shock and vibration stand-
ard are listed in Table 5-1. These performance characteristics are established by
rigorous evaluation tests.

Sensitivity. The value of 0.5% for the error and stability of the sensitivity is
obtained by performing numerous reciprocity calibrations and carefully analyzing
the various error sources. The mass effect on the sensitivity is 0.2% when 100 g
is attached to the mounting surface. In other words, the piezoelectric acceler-
ometer standard is deformed minutely by mechanical stresses, due to mounting
torque and inertial forces created by the test accelerometer. Acutally, the errors
due to this effect are much less than 0.2% because the mass of most acceler-
ometers is less than 100 g.

Frequency Response and Relative Motion. The frequency response of the
accelerometer standard is determined by performing comparison calibrations
using an accelerometer previously calibrated at the National Bureau of Standards.
The comparison is made by attaching this accelerometer to the mounting surface
of the standard and measuring the ratio of their outputs at frequencies from 5
to 10 000 Hz. Typical results for this comparison calibration are given in Fig.
5-2. The sensitivity of this accelerometer standard is constant at frequencies up
to 2000 Hz. The sensitivity gradually increases to about 2% at 10 000 Hz. This
sensitivity of 1.02 mV/g is applicable for test accelerometers having a mass of
20 g, the mass of the National Bureau of Standards calibrated accelerometer
used in this comparison calibration.

The sensitivities applicable at high frequencies for test accelerometers having
various masses are determined by performing additional comparison calibrations.
These calibrations are performed using several accelerometers, of known frequency
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Table 5-1. Shock and Vibration Standard, Endevco Model 2270

91

Performance Characteristic Specification
Sensitivity Error +0.5%
Sensitivity Stability at 100 Hz +0.5%/year
Mass Effect on Sensitivity at 100 Hz +0.2%/100 g
Frequency Response and Relative Motion

Sensitivity Change, 5-5000 Hz with

up to 100 g Attached Mass -2%*
Sensitivity Change, 5-10 000 Hz with

up to 50 g Attached Mass +4%*

Amplitude Linearity Sensitivity Change
Transverse Sensitivity

Temperature Response Charge
Sensitivity

Strain Sensitivity

+0.1%/1000 g

3%, maximum

+0.3%/10°C

0.001 g/microstrain

Source: Ref. 28.
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Fig. 5-2. Calibration of accelerometer standard against an
accelerometer calibrated by the National Bureau of Standards
[29]

*Estimated maximum error of correction made from curves showing that the nominal
response is +1%.
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Fig. 5-3. Calibration of a standard accelerometes with accelerometers having various
masses [30]

response characteristics and with masses ranging up to 100 g. The frequency
responses of these accelerometers can be established from resonance frequency
calibrations. However, it is preferable to have each of the accelerometers pre-
viously calibrated up to 10 000 Hz by either comparison or absolute methods
traceable to the National Bureau of Standards. The results of these calibrations
(Fig. 5-3) determine the change in sensitivity of the accelerometer standard at
high frequencies.

The correction factor is + 2% for a test accelerometer weighing 15g and - 2%
for one having a mass of 50 g. In other words, the acceleration sensitivity of a
standard must be changed by this amount when comparison calibrations are
performed on test accelerometers having masses corresponding to those listed in
Fig. 5-3. These changes in sensitivity at high frequencies are caused by relative
motion. (That is, the motion of the mounting surface is changed as a function of
the mass attached to it.) It follows that the sensitivity of the accelerometer
standard is the ratio of its electrical output to the acceleration motion at the
mounting surface. Since this motion changes at high frequencies depending upon
the attached mass, sensitivity also changes at high frequencies. It is customary to
apply these correction factors when making comparison calibrations on various
accelerometers. As indicated in Table S-1, these correction factors are made with
an uncertainty of +1%.

Amplitude Linearity. It is known that the sensitivity of a piezoelectric
accelerometer increases linearly with applied acceleration. For useful accuracy
in shock motion standards, this sensitivity increase should not exceed a few per-
cent at the highest acceleration of intended use. It would be even better if the
sensitivity increases were as small as 1% throughout the rated acceleration range.
It is difficult to prove experimentally that the sensitivity increase is only 1% at
high accelerations up to 10 000 g, because shock motion calibration errors can
be as large as 5%. Accordingly, to prove that the amplitude linearity deviations
of a shock standard are less than 1%, it is necessary to perform calibrations on
the standard at accelerations five times the maximur acceleration of intended
use. For example, a shock calibration with errcis up to 5% performed at

-
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accelerations up to 50 000 g is adequate for confidence in the linearity of the
standard for use at accelerations up to 10 000 g. Similarly, shock calibrations
performed on standards up to 10 000 g provide confidence of adequate linearity
in the standard at accelerations up to only 2000 g.

Calibrations at accelerations up to the equivalent of 50 000 g are performed
by building a special accelerometer standard with an extra heavy mass element.
By this means the same mechanical stress is applied to the crystals at low
accelerations as would be present at high accelerations if a light mass element
were used. For example, if the ratio of the heavy mass to light mass is 10, the
equivalent acceleration will be 25 000 g if 2500 g is applied. If the mass element
ratio 20, the equivalent acceleration -would be 50 000 g, and so on. Performing
comparison calibrations in this way determines the accelerometer standard
sensitivity applicable at various amplitudes throughout the range of intended
use.

The results of these comparison shock motion calibrations are shown in Fig.
5-4. Each point in the figure is obtained from an oscillogram from which the
ratio of the output of the heavy mass element to that of the light mass element
is measured. All the data points are used in a least-squares computation to
determine the plotted line describing the amplitude linearity. The sensitivity
increase is 5% at 50 000 g, 1% at 10 000 g, and 0.1% at 1000 g. Accordingly,
correction factors of plus 0.5% are included when this standard is used to
make comparison shock motion calibrations at 5 000 g, and 1% corrections are
made at 10 000 g.

Transverse Sensitivity. The maximum transverse sensitivity of the acceler-
ometer standard in Table 5-1 is + 3%. This value is very acceptable because the
transverse motion of good-quality calibration shakers is small. Errors due to the
transverse sensitivity of the standard are negligible if reasonable care is used in
selection and use of calibration shakers.
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Fig. 5-4. Shock motion calibration of an accelerometer standard to establish
amplitude linearity {28}
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Temperature Response. Sensitivity calibrations are performed while the
accelerometer standard is vibrated in a temperature chamber. These tempera-
ture response acceleration sensitivity calibrations are performed over the tempera-
tures in the range from about 20°-30°C. However, if the standard is to be
used for temperature response calibrations on other accelerometers it is impor-
tant to calibrate the standard at both the high and low temperatures of intended
use. The charge acceleration sensitivity of the standard in Table S-1 increases
0.3% per 10°C. It is unnecessary to correct for the small temperature changes
that occur in the calibration laboratory.

Strain Sensitivity. The strain sensitivity of the accelerometer standard is
determined on a beam that applies known bending stresses to the mounting
surface that is normally attached to calibration shakers. The maximum strain
sensitivity of the standard in Table 5-1 is 0.001 g per microstrain. This indicates
that the design of the standard provides good isolation from bending stresses.
These stresses would be applied to the standard if the shaker used for calibra-
tions had resonances that produced transverse motion within the operating
frequency range.

Electrodynamic Velocity Standards

The electrodynamic standard consists of the velocity sensing coil and
permanent magnet illustrated in Fig. 5-5. This standard is part of an electro-
dynamic shaker. The velocity sensing coil, driving coil, and mounting table are
attached to a hollow shaft to form the moving parts of the shaker, which are
suspended with the leaf springs. A constant magnetic field is developed around
the driving coil as a result of supplying direct current to the field magnetic coil.
Altemating current is supplied te the driving coil to create a sinusoidally varying
magnetic field, which interacts with the constant magnetic field to procuce
sinusoidal vibration along the axis of symmetry of the moving parts. The electro-
dynamic standard is limited in use to frequencies at which there is negligible
transverse motion and acceleration waveform distortion caused by resonances in
the moving parts and leaf springs. This good motion is achieved at only a limited
number of frequencies in the operating range. As a result, electrodynamic velocity
standards are rarely used. However, it is instructive to examine their performance
in detail in order to become familiar with the absolute reciprocity method.

VELOCITY SENSING COIL

PERMANENT MAGNET ——— FIELD MAGNET COIL

Fig. 5-5. Construction of a velocity standard
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5.2 Reciprocity Calibrations

The reciprocity calibration is an absolute method for determining the sensitiv-
ity of a primary shock and vibration standard. The method requires the use of a
reciprocal transducer. A reciprocal transducer is one that is capable of generating
motion as a result of electrical excitation, producing an electrical output as a
result of being subjected to mechanical shock or vibration. Piezoelectric acceler-
ometers and electrodynamic velocity transducers are reciprocal transducers.

Accelerometers are designed to produce large electrical outputs when used to
measure shock and vibration. Conversely, they do not produce very large motions
when subjected to electrical excitation. Accordingly, it is desirable to use
another transducer in the reciprocity calibration. It happens that the driving coil
of the electrodynamic shaker is suitably designed to act as a reciprocal trans-
ducer. It is used both to produce vibration and to measure it during separate
parts of the reciprocity calibration procedure.

Electrodynamic Standard Calibration

The equations that relate the mechanical and electrical quantities of an elec-
trodynamic primary standard operating within its linear range are [31, 32]

V, = CF, + AL,E, (5-1)
I; = - AL,F, + BL\E, (5-2)
E, = HF, + NL,E, (5-3)

where V, and F, are, respectively, the velocity and force at the mounting table;
I and E, are, respectively, the current and applied voltage in the driving coil;
and E, is the voltage generated in the velocity sensing coil. The constants L,=
2.249 X 10°7 and L, =2.540 X 1078, are multiplying factors used when inches,
pounds, seconds, amperes, and volts are used for the dimensions of the other
quantities.* The constants A, B, C, H, and N depend on the construction of the
standard. All the above symbols except L, and L, represent complex numbers
in the manner commonly used in alternating current electrical theory.
The reciprocity relation for this combined electromechanical system is

F, E,
L\ V,=0 " LV, |I;=0

*These equations were originally developed using English units of inches and pounds
for length and mass, respectively. These units are retained in this theoretical discussion and
in the data obtained from measurements made at that time.
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This relation is determined by evaluating Eq. (5-1) when ¥, = 0 and Eq (5-2)
when /; =0 and solving the two pairs of equations simultaneously.

To develop the equations that make possible calibration of the electrodynamic
vibration standard, we define calibration factor F of the standard as F = E(/V,,
the ratio of the voltage in the velocity sensing coil to the velocity at the mount-
ing table. If an object with mechanical impedance Z is attached to the table in
such a way that F, is its only reaction, then

F,=-Vv,Zz  DbiW). (5-4)

Substituting Eq. (5-4) into Eqs. (5-1) and (5-3) and combining the results by
eliminating £, we obtain

F=a+bZ Vliin.[s (VIm]/s) , (5-5)

where a and b are combinations of the above-mentioned constants.

The relationship for the transfer admittance 1,/E; between the coils is ob-
tained by substituting Eq. (5-4) into Eq. (5-1) and then substituting the result
into Egs. (5-2) and (5-3). Thus,

I; B+ @c+4L )z
<. : 5-6
E, N+ (NC-AH)Z (5-6)

Now consider attaching on the mounting table weights of known acceleration
impedance Z, = jw m = jw W[g where m is the mass in kilograms, W is the
weight in pounds, w is the circular frequency in radians per second, j is the
unit imaginary vector, and g is the acceleration of gravity (386 in,/s*; 9.80 m/s?)
From Eq. (5-6) we can form the relationship

14

=J + QW, 5-7
1, I Q0 (5-7)
Es w Es 0

where I,/E|,, and I4/E |, are the values, respectively, of the transfer admittance
at a given frequency with a weight of W pounds attached to the mounting table,
and with no weight attached.J and Q are combinations of j, w, g, and the above-
mentioned constants. Note that if the transfer admittance is measured with at
least two known weights attached to the table and with no weight attached,
intercept J and slope Q of Eq. (5-7) can be determined.

An expression for the voltage ratio,
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R = E’l
E i, = o,

is obtained by letting /, = 0 in Eq. (5-2) and substituting the result into Eq.
(5-3), so that

b‘S
E,

-HBL, + ANL, L,

= (58)

R =
1,=0 AL,

Having formed these relationships, we can show by considering the relation-
ship of all the constants that, in Eq. (5-5),

E.\‘
0171wl ==
R 7O P

a:
d
b = 6.601Q il s (59
' jwlE M, =0"

Thus we can determine the calibration factor of the electrodynamic standard
at the frequencies w desired by measuring (a) voltage ratio R and (b) transfer
admittance G with a series of weights on the mounting table, and also with no
weight on the table, to establish J and Q.

Voltage Ratio Measurement. Voltage ratio E(/E; when I; =0 is measured
by driving the standard with a second vibration exciter through a mechanical
connector. The magnitude of the voltage ratio is measured by using a voltage
dividing circuit and a high-impedance voltmeter. The accuracy of the meas-
urements depends only on how accurately the impedance values of the com-
ponents in the circuit are known and on the repeatability of the voltmeter
reading. The phase angle of the voltage ratio is measured with a phase angle
meter or computed from a polygon of voltages. The polygon is constructed from
voltage readings taken with a simple circuit connected across the driving coil.
Determination of the phase angle depends on the accuracy of the voltmeter. The
electrical impedance of the components of the circuits is such that at all fre-
quencies the driving coil is effectively open-circuited. In making the voltage ratio
measurements, care is taken to avoid frequencies at which transverse motion is
present.

The results of the voltage ratio measurements (£/E, when /[, = 0) on an
electrodynamic standard are shown in Fig. 5-6. The first axial resonance occurs
at approximately 1500 Hz. Above this frequency the driving coil and the velocity
sensing coil move in opposite directions. There is another resonance near 4500
Hz, where another phase shift occurs. It is difficult to perform an accurate
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Fig. 5-6. Variation in the magnetic and phase angle of voltage
ratio

calibration near resonance frequency because significant changes in the voltage
ratio result from small changes in frequency and the large amplitude of the
driver coil may exceed its linear range.

The effect of temperature on the voltage ratio is also particularly significant
near resonance because of its effect on elastic constants and the tightness of
Joints. At frequencies considerably below the first axial resonance, the effect of
temperature on the electromechanical characteristics of the standard are small.

Transfer Admittance Measurement. Transfer admittance measurements are
made by putting a known resistor in series with the driving coil. The magnitude
and phase of the transfer admittance is measured by connecting the circuits used
for the voltage ratio measurements across this resistor.

The transfer admittance is measured with a sequence of weights attached to
the mounting table at each frequency at which the voltage ratio is measured,
but frequencies near the resonance are avoided. Care is taken to make transfer
admittance and voltage ratio measurements at the same temperature. Transfes
admittance values are separated into their real and imaginary parts, and the
computation
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Fig. 5-7. Plot of transfer admittance as a function of mass
at (a) 900 Hz and (b) 5000 Hz

are plotted in Fig. 5-7. The data are fitted by a weighted-least-squares procedure
to a straight line.

Weighted-Least-Squares Procedure. To determine intercept J and slope Q of
Eq. (5-7), it is necessary to measure transfer admittance Y, with at least two
known weights W, attached to the mounting table and Y,, with no weight
attached. These measurements must be made at each frequency where J and Q
P are desired. Plots of the real and imaginary parts of W,/(Y,,, - Y,,) yield the

‘ is performed. Typical results of these values at frequencies of 900 and 5000 Hz

P it i R
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real and imaginary parts of J and Q. If more than two weights are used and the
corresponding additional transfer admittances are measured, J and Q will be
more accurately determined. Usually several weights (5 to 10, depending on the
frequency) are used. Weights W, are selected so that W, =n(AW)and AW =
W,~-W, . wheten=1,2,3,..., and W,_y, for n = 1 implies no weight. We
have in general

Wn(yenr - Yeor)

(yenr ~ Yeor)2 * (Yem' B Yeoi)z

=J, +QW, (5-10)

and
wn(yeni = Yeoi)

(Yenr =i Yeor)’2 * (¥,

2
eni = Yeoi)

=-J; - oW, (5-11)

where the additional subscripts 7 and i respectively refer to the real and imaginary

parts of these quantities. Except near certain resonances, (Y,,; ~ Y, o0 >>
(Yenr = Yeo,)- Consider the approximate value
W
n
(5-12)
(Yem' =Yool

on the left side of Eq. (5-11). Let 8¢ni and 8, ,; be the experimental errors that
occur during the measurement of Y,,; and Y, ; respectively. Then, assuming

negligible experimental error in W,,, the left side of Eq. (5-11), i.e., Eq. (5-12),
becomes

wn i Wn 1 aem' = 6eoi
) =

- = ) (5'13)
o )eoi) + (5em' i 6901‘) (Yem' = Yeoi Yem‘ =3 Yeoi)

eni

if other than first-order terms are neglected in the expansion of the small error

quantities. Experiments show that (Y,,,; - Y,,;) = n(AY,;), where AY,, is the

change in the imaginary part of the transfer admittance due to the addition of
weight AW to the mounting table. If this approximation is applied to the error
terms, Eq (5-13) becomes i

W, W, 1 AW
;; 2 (Beni -Seo{) i
A Yﬂ)

(Yenl = Yeoi) + (8enl -5eoi) (Yeni - eoi)

(5-14)
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The quantity in brackets is the error that results in the left side of Eq. (5-11) due
to the experimental error (8,,, - 8,,;) of the transfer admittance measurements.
Now, if (8,,; - 8,,;) is assumed to be nearly constant for all values of n, Eq.
(5-14) shows that the error is proportional to 1/n. For example, the error in the
left side of Eq.(5-11) for n =10 is 1/10 that for n = 1. Likewise it can be shown
that the errors for the real parts of the transfer admittances, the left side of Eq.
(5-10), behave in the same manner.

Let y,, represent the left side of Eq. (5-10). Then the equations for the usual
least-squares procedure are

ry =V - (Qrwl +',r)

r, = Yar - (Qrw2 +"r)

Tn = Vnr - (Qrwn +"r)'
However, in our case the residuals or errors 7, are proportional to 1/n. To pro-

petly adjust our least-squares procedure for the best fit of the data, the procedure
should be modified as follows:

ST ST (IR A
r, = 2,, - 2Q,W,+J,)
nr, = ny,, - n@QWw,+J).

Squaring these equations and summing the results, we find that the sum of the
squares of the residuals is least when

J,Zn® + Q, Zn?wW,

Enzyn,
I ZnW, + 0, 2n*W,? = TnW,p,,

For W,=0.2,04,...,2.0Ib, the real parts of J and Q are

J, = 00420409807 = n?y,, - 0.025 100401 6 T n*W,y,, (5-15)
and
Q, = - 0025100401 6 En?y, + 00159729828 Zn*W,y,,. (5-16)
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Similarly, for the same set of weights, the imaginary parts of J and Q are

u

J; = - 0042040890 7 T n’y,, + 0025100401 6 = n*W,y,, (517)

and

u

Q; = 0.025100401 6 = n°y,; - 00159729828 Zn’W,y,,;, (5-18)
where y, ; represents the left side of Eq. (5-11).

The ordinate intercepts J and the slopes Q are determined with the above
equations. The values of J and Q are substituted, together with the voltage ratio
measurements at their respective frequencies, into Eq. (5-9) and the values of
a and b are computed.

Calibration Results. Substituting the values of a and b into Eq. (5-5) gives
at each of the calibration frequencies an expression for the calibration factor of
the electrodynamic standard as a function of the mass of any vibration pickup
that is attached to the mounting table. To illustrate the effect of a transducer
on calibration factor F, the factors have been computed for transducers having
masses of 0, 0.5, and 1.0 1b (0.45 kg). These factors are shown in Fig. 5-8. The
calibration factors are constant to within 1% at frequencies up to 900 Hz. Also,
for this particular electrodynamic vibration standard, the effect of transducer
mass up to 1 1b (0.45 kg) is negligible at frequencies up to 900 Hz. Above 900
Hz this effect becomes significant, being greatest at 5000 Hz. This is due to
relative motion between the velocity sensing coil and the mounting table.

Piezoelectric Standard Calibration

Piezoelectric accelerometer standards have the advantage of broad frequency
range. The acceleration sensitivity of such a standard is usually constant through-
out the range from about 10 to almost 5000 Hz. The small variations in sensitiv-
ity at higher frequencies (up to 10 000 Hz) are determined by comparision
calibrations traceable to the National Bureau of Standards. The accuracy of the
primary standard is enhanced by performing the absolute reciprocity calibration
at a low frequency in the range at which sensitivity is constant. The particular
frequency selected will depend on the characteristics of the electrodynamic
shaker selected.

It is important to recognize that there is no relative motion in the standard
throughout the frequency range in which the sensitivity is constant. This is
confirmed by the fact that slope Q in the plots of transfer admittance vs mass
tends to zero, and Eq. (59) indicates that term b in Eq. (5-5) may be ignored.
These particular equations apply only for veloicty standards. Making them
applicable to acceleration standards requires merely dividing the right side of
Eq. (5-9) by the circular frequency, jw = j2nf. Accordingly, the sensitivity of
an accelerometer standard calibrated by the reciprocity method becomes [29]

- o . e
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Fig. 5-8. Variation in magnitude and phase angle of the calibra-
tion factor of an electrodynamic standard, as computed for various
transducer masses

S, = 2635 VIR]if (5-19)

= sensitivity (mV/g) of the piezoelectric accelerometer standard
= transfer admittance intercept (the intercept of a plot of weight vs

transfer admittance ratio, in lbm/mho where transfer admittance ratio
G is driver-coil current/piezoelectric-accelerometer voltage output, and
weight refers to the 10 valves (0.1-1 Ibm) used for the calibration here
described)

voltage ration (voltage output of the piezoelectric accelerometer stand-
ard divided by the voltage output of the driver coil when the shaker
is driven by a second driver coil and the first driver coil is open-circuit)

= 4/-1, the 90-degree vector

the frequency in hertz at which the voltage ratio is measured

The transfer admittance intercept is given by

J = 004204 Z n*Y,, - 00502 n*w,Y,,. (5-20)

In Eq. (5-20),

integers from 1 to 10 corresponding to the number of weight incre-

ment W, (see Table 5-2)
weight, in Jbm (¥), increments of 0.1 1bm, from 0.1 to 1.0 Ibm in this

calibration see Table 5-2).
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Table 5-2. Transfer Admittance Measurements on Piezoelectric
Standard PX-SP46 Serial Number 10

2 b AR (lbY-i'f'/A)
- 0.0 24 84 =
1 <l 31.55 0.014 92
2 2 38.17 .01500
3 a 4474 01508
4 4 51.55 .014 98
S 5 58.14 01502
6 6 64.72 01505
E 7 o 71.17 01511
é 8 8 78.03 01504
9 9 84.64 01505
10 1.0 91.32 01504 ‘
— 0 24 .84 - E

n Source: Ref. 29.

The term Y, , in Eq. (5-20) is computed as follows:

Y,, = W,/G, -G,), (5-21) ,
E
where
G,, = the transfer admittance ratio, as defined for Eq. (5-19)
G, = the transfer admittance ratio with no weight attached to the shaker.

Use of these equations is further simplified by examining the phase angle of
the measurement quantities. It is helpful to operate the shaker selected for the
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reciprocity calibration at a frequency far below the axial resonance of the
moving element. This assumes that the moving element acts as a rigid body and
that there is no relative motion between the reciprocal velocity coil in the
shaker and the acceleration standard. It is also concluded, from Newton’s second
law of motion, that the acceleration motion of the piezoelectric standard is in
phase with the force exerted by the table, and therefore, that the phase angle
between the acceleration motion of the reciprocal coil and piezoelectric stand-
ard is O degrees.

For sinusoidal motion, the phase angle of velocity is 90 degrees relative to the
acceleration. Accordingly, the phase angle of the voltage ratio is 90 degrees and
cancels the 90-degree vector j in Eq. (5-19). Furthermore, it is known that the
phase angle between the driver coil current and the output of the piezoelectric
accelerometer standard is O degrees. This follows from a similar consideration
of Newton’s second law of motion and the fact that the force generated in the
coil is proportional to the current. This physical interpretation of the piezo-
electric standard and electrodynamic shaker characteristics is justified as long
as care is taken to perform the reciprocity calibration at a low frequency. This
analysis eliminates the necessity of measuring phase angle during the reciprocity
calibration procedure and thereby eliminates errors that would be present in
phase angle measurements.

Reciprocity Calibration Procedure. A shaker selected for the reciprocity
calibration of piezoelectric accelerometer standards is illustrated in Fig. 5-9.
The moving element of the shaker is equipped with two driving coils, one (coil
no. 1) of which is used as the reciprocal transducer. Coil no. 2, near the center
of the shaker, is used merely to produce sinusoidal motion, while the first coil
is used as velocity transducer during the voltage ratio measurement of the
calibration procedure. The axial resonance frequency of the moving element of
this shaker is more than ten times the reciprocity calibration frequency. The
frequency selected for performing reciprocity calibration is 100 Hz, which is
far below axial resonance and assures that there is no relative motfon between
the reciprocal coil and the accelerometer standard.

The calibration procedure is summarized in the following steps:

1. Calibrate 10 weights in equal increments of 0.1 16 from 0.1 to 1.0 16 on a
scale balance.

2. Determine transfer admittance ratio G with each weight and with no
weight attached to the shaker. This requires measuring the driver coil current
and piezoelectric accelerometer voltage output at each step, since these quantities
form this ratio.

3. Sum the transfer admittance measurements as indicated by Egs. (5-20)
and (5-21), and calculate J.

4. Measure the voltage ratio R (the piezoelectric standard output divided by
the open-circuit driver coil output when the shaker is driven by a second driver
coil or shaker).

sl bt i
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Fig. 5-9. Setup for transfer admittance measurement

5. Use an electronic counter to measure the frequency at which step 4 is
performed.

6. Using the values of J, R, and f from steps 3, 4, and § respectively, com-
pute from Eq. (5-19) the sensitivity of the piezoelectric accelerometer standard.

Transfer Admittance Measurement. A sample calibration that follows the
above procedure will be described. First to be discussed will be the transfer ad-
mittance measurements, the block diagram for which is illustrated in Fig. 5-10.
Although two driver coils are permanently built into the shaker, only the
reciprocal driver (coil no. 1) is used for the transfer admittance measurements.

The shaker is free of excessive transverse motion and has a sinusoidal motion
whose distortion is less than 1%. Also, the driver coil current /; and the standard
accelerometer outputs £, have a phase angle of O degrees as verified by the
oscilloscope. All of these shaker characteristics are present throughout an
appreciable frequency range, including the calibration frequency.

Each of the ten weights is attached to the shaker for measurements of trans-
fer admittance (G, ), which is defined as

I
G, = 1D, =— (5-22)

s h o'n
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Fig. 5-10. Equipment for transfer admittance measurements
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Fig. 5-11. Equipment for voltage ratio measurement [29]

where D, is the divider setting that exactly equates divider voltage output to
the output from the piezoelectric standard. The voltage divider and resistor,
1-Q precision type, should be noninductive and of a quality commonly found in
standards laboratories.

Table 5-2 lists the values of G,, and the corresponding values of Y,,, computed
for a typical reciprocity calibration. When the products of n’Y,, and n*W,,Y,,,
are summed and substituted in Eq. (5-20), J is computed to be 0.015 03 Ib-V/A
for the measurements listed in Table 5-2.

Voltage Ratio Measurement. Figure 5-11 illustrates the block diagram for this
measurement. The setup is the same as for Fig. 5-10 except that the masses are
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removed and the second driver coil is used to excite the shaker. The oscilloscope
or a phase angle meter is used to indicate that the phase angle of the voltage
ratio is 90 degrees, and the electronic counter measures the frequency at which
the voltage ratio is taken. As before, an adjustment is made of the voltage divider
output until it equals that of the piezoelectric standard. Voltage ratio R, then, is

R =D,

where D, is the setting on the voltage divider. As an example, the value of R was
0.047 9 V/V at 50 Hz on PX-SP46 piezoelectric standard serial no. 10.

Equation (5-19) is used in the computation, with the values of J, R, and f ob-
tained above; this results in a sensitivity of 10.00 mV/g for piezoelectric acceler-
ometer standard no. 10. Close agreement with this value is shown by a previous
calibration at the National Bureau of Standards. The latter calibration, an
average of 38 points from 10 to 4000 Hz, established a sensitivity of 10.02
mV/g with 0.5% standard deviation.

Reciprocity Calibration Accuracy. The calibration results described above are
included in Table 3-5, which also includes results obtained on other vibration
standards calibrated by the reciprocity method. All the standards were adjusted
so that their sensitivities were multiples of 10 for simplicity of use. All are
piezoelectric standards except for the first row, which covers the electrodynamic
standard. In the last column of the table the standard deviation is expressed as
a percentage of the average sensitivity of all the calibrations performed on each
standard.

The piezoelectric accelercmeters used in these calibrations are specially
designed to have a minimum of calibration errors due to temperature, strain, and
other environmental factors. For these accelerometers, the sensitivity was ad-
justed prior to the first calibration in Table 5-3 by inserting capacitance or ad-
justing the gain of the standard amplifier shown in Figs. 5-9 and 5-10. In the case
of the electrodynamic standard the proper value of resistance was put in series
with the coil to obtain the desired sensitivity.

An error analysis of the reciprocity calibration method is given in Table 54,
where an estimate of the individual errors is listed for the various error sources
present. In addition to 100 Hz, the reciprocity errors apply to any frequency at
which the O-degree admittance and 90-degree voltage ratio phase angles are
present. The square root of the sum of the individual errors squared is determined,
to yield the final estimated error.

The 0.5% sensitivity error listed in Table 54 agrees closely with the standard
deviations for piezoelectric accelerometer standards listed in Table 5-3. A similar
analysis for the electrodynamic velocity standard produces an estimated error of
0.3%, which is close to the standard deviation in Table 5-3.

In addition to performing the low-frequency reciprocity calibration for the
piezoelectric accelerometer standards, it is necessary to obtain accelerometer
response at higher frequencies. This is done by a comparison calibration up

8

st i i R
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Table 5-3. Summary of Reciprocity Calibration Results
on Primary Vibration Standards

Calibration Number of PN Standard i
Standard History Reciprocity Sensitivity® Deviation
(years) Calibrations (%)
Electrodynamic’ 3 10 99.8 0.5
P6SP31 17 1 4 100.2 4 ]
PesP31 27 1 2 999 A 1
P10SP46 3 6 10 10.00 3
P10SP46 4 6 8 997 4
P10SP31 5 6 8 100.8 8 J
P10SP46 10¥ 3 3 1001 | 0
P10SP46 11T 2 2 10.05 0
P10SP46 12 4 3 10.04 3
P10SP46 141 2 3 9.97 2
2270NA09* 4 13 1001 3
2270NA21¥ 4 8 1000 i
2270PA068 3 4 1003 D

*Units per pC/g or mV/g ; for the electrodynamic velocity standard the units are applica-
ble at 50 Hz only.

Calibrations have been discontinued, since these standards are no longer in use.
Standard no. 10 was also calibrates at N.B.S.; 10.02 mV/g was the average sensitivity
reported up to 4 kHz with a standard deviation of 0.5%.

SCalibrated with a charge amplifier using the gain range of 1000 mV/g.

#Standard NA09 was also calibrated from 10 Hz to 10 000 Hz at N.B.S. on the gain
range of 1 000 mV/g; the average of all the calibration points was 100.4 MV/g with a stand-
ard deviation of 0.9%.

Source: Ref. 29.

to 10 000 Hz with an accelerometer standard previously calibrated at the National
Bureau of Standards. The errors of this comparison calibration are included in
Table 5-4.

5.3 Interferometric Calibrations

Interferometry is used in some primary standards laboiatories for absolute i
calibrations at high frequencies to supplement reciprocity calibrations. The '
reciprocity calibration errors increase at high frequencies at which significant

relative motion is present. Accordingly, there is a choice between using reci-

procity or interferometry at frequencies in the range of about 2000 to 10 000 Hz.

Sometimes interferometric calibrations are performed at higher frequencies,

up to about 40 000 Hz.
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Table 5-4. Analysis of Calibration Errors in Determining the Sensitivity of
the Endevco Model 2270 Accelerometer Standard at Various Frequencies

Reciprocity Calibration, 100 Hz Comparison Calibration, 5-10 000 Hz
Error Error
Measurement (%) Measurement (%)
percent percent
Mass 0.5 Optical Calibration, 5 Hz 1.0
Transfer Admittance
Intercept 0.2* NBS Calibration, 10-900 Hz | 1.0
Voltage Ratio 0.2* NBS Calibration, 900-
100 000 Hz 20
Distortion 0.1
Distortion 0.2
Frequency 005
Accelerometer Effects, Accelerometer Effects,
Transverse Sensitivity, Transverse Sensitivity,
Strain, Temperature, etc. 0.2 Strain, etc. 0.2
Amplifier Effects, Fre-
quency Response, etc. 0.1
Amplifier Effects,
Gain Stability Relative Motion, 900-
Source Capacitance, 10 000 Hz 0.5
i o Voltage Ratio 0.2
Estimated Error, ; +
100 Hz 05t Estimated Error, 5900 Hz 1.1
Estimated Error, 900-
10 000 Hz 211
*Assume 0° and 90° phase shifts for transfer admittance and voltage ratio measurements,
respectively.
tDetermined from the square root of the sum of the squares of the applicable individual
©€IToI1S.

Source: Ref. 29.
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INTERFEROMETER

ACCELEROMETER © @)
TV
j

Fig. §-12. Equipment formerly used for interferometric calibration
at the National Bureau of Standards

Figure 5-12 is a block diagram of an interferometer, shaker, and instruments
formerly used at the National Bureau of Standards. The interferometer is a
Fizeau type, which reflects light using a mercury source. The light is reflected
from a small, plain, unsilvered mirror attached immediately beside the acceler-
ometer base. The missor and accelerometer experience the same vibration ampli-
tude. A small-curvature planoconvex lens is mounted on a stationary frame
above the plain mirror. An image of the Newton’s ring pattern is brought to
focus on a circular aperture in such a way that only light from the center spot is
allowed to fall on the photomultiplier. The signal from the photomultiplier is
sent through a narrow-band filter tuned to the shaker driving frequency before
being measured by a vacuum-tube voltmeter.

A vibration isolation system is used to decouple the interferometer from
building vibrations.

As the vibration amplitude is gradually increased from zero, the fringe pattern
disappears and a null indicates zeros of a Bessel function of the vibration ampli-
tude and the interferometer light wavelength. The photomultiplier current
becomes zero at these nulls, as illustrated in Fig. 5-13. The light used is mercury
5461 A. The first null corresponds to a vibration amplitude of 1045 A. The
photoelectronic null detection used at the National Bureau of Standards per-
mitted determining this vibration amplitude with an uncertainty of 0.5%. The
calibration is completed by measuring the electrical output of the accelerometer
and the frequency from which the applied acceleration is computed. The total
calibration error would include errors present due to distortion in the sinusoidal
motion waveform and to measuring the voltage and frequency.

TR P R PR -»—-‘J

2 = 2 oDk
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Fig. 5-13. Photomultiplier current versus vibration ampli-
tude sensed by an interferometer using 546 1-A light, show-
ing characteristic nulls

Several interferometric calibration setups are used. Some laboratories use
lasers as a light source in the interferometer.

The instrumentation setup for interferometric calibrations is usually quite
elaborate, and the calibration errors are somewhat larger than those obtainable
by the reciprocity method, particularly at lower frequencies.

5.4 Zero-Frequency Calibrations

The earth’s gravitational field provides a very accurate means for calibrating
accelerometers at zero frequency. This method is used with accelerometers
designed for measuring constant accelerations. Of course, vibration and shock
motion calibrations should also be performed on each accelerometer throughout
its operating frequency and amplitude range.

An indexing head used for zero-frequency calibrations is illustrated in Fig.
5-14. A good-quality level is used to adjust the head so that the sensitive axis
of the accelerometer attached to it is exactly parallel to the earth’s gravitational
field. The output of the accelerometer is measured with a d.c. voltmeter with the
accelerometer in this position. The head is rotated exactly 180 degrees to change
the applied acceleration from exactly plus 1 g to exactly minus 1 g, and the out-
put of the accelerometer is again measured. The acceleration sensitivity is the
average of the two outputs. The estimated error in adjusting the tilting support
to 1 gis £0.00 3 g. The total calibration error would also include the uncertainty
in measuring the voltage outputs of the accelerometer.
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Fig. 5-14. Indexing head for performing zero-frequency calibrations [34]




Chapter 6
SINUSOIDAL COMPARISON CALIBRATIONS

The comparison method is used in most shock and vibration calibration
laboratories. Absolute calibrations should be used only in establishing and main-
taining primary standards; it is economical for the calibration laboratory to send
its vibration and shock standards to a primary standards laboratory yearly for
recalibration. These recalibrations can be used to establish a history of the
accuracy and quality of the standards. Variations in calibration results from year
to year should not exceed the calibration errors stated by the Primary Standards
Laboratory. Significantly larger variations indicate that the standard is of poor
quality or has been damaged.

6.1 Sensitivity and Frequency Response
Calibration Setup

The first step in performing accurate sensitivity and frequency response cali-
brations is to obtain good-quality instruments or at least evaluate the perform-
ance of those on hand. This precaution pertains particularly to accelerometer
standard and shaker. The accelerometer standard should have good performance
characterisitics, and the shaker should have good-quality motion throughout the
operating frequency range. The shaker should not be used at frequencies at
which excessive transverse mation-or acceleration waveform distortion is present.

Generally, a simple setup makes it easy to perform accurate calibration.
Attention to the following laboratory procedures is important for obtaining
consistently accurate calibration results. Elaborate automatic systems, however,
may be used to minimize human errors, shorten training periods for operators
and aid in maintaining permanent records of calibrations.

A simple calibration setup is illustrated in Fig. 6-1. It includes a shaker and
accelerometer standard to which the test accelerometer standard is attached.
Charge amplifiers are used with both the standard and test accelerometers. The
voltage divider is connected to the standard amplifier, since its output is made
larger than the output of the test accelerometer by selecting the appropriate
gain ranges on both amplifiers. The voltage divider is a precision resistance dec-
ade instrument that directly indicates the ratio of test to standard outputs with a
precision of four significant figures. This ratio is obtained with the electronic
voltmeter by alternating the switch to the up and down positions and adjusting
the voltage divider until the two readings are identical. A dual-beam oscilloscope
is used to monitor the waveforms from both accelerometers. This procedure is
repeated at selected frequencies by manually adjusting-the audio oscillator.

When a standard accelerometer-amplifier system with a sensitivity of 1000
mV/g, 100 mV/g, etc., is used, the decimal point of the test accelerometer
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Fig. 6-1. Typical setup and block diagram for sinusoidal comparison calibration

sensitivity is determined by the ratio of gain ranges used on the amplifiers. This
procedure is summarized in the following equation:

K (6-1)
S, = SR~
t s
K,
where
S, = sensitivity of test accelerometer, in millivolts per g
S, = sensitivity of standard accelerometer, in millivolts per g
R = ratio of test accelerometer to standard accelerometer outputs
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K = gain of standard amplifier
K; = gain of test accelerometer amplifier.

1

The acceleration charge sensitivity of a piezoelectric accelerometer is determined
by dividing the test accelerometer sensitivity by the gain of its charge amplifier,
expressed in millivolts per picocoulomb.

An appropriate voltage amplifier is used in place of the test charge amplifier
for calibrating piezoresistive or strain gage accelerometers.

Velocity pickups are usually calibrated without a test amplifier since the out-
put may be measured directly with an electronic voltmeter. The sensitivity of
the velocity pickup is given by

o
1

y = 0.6417 SRS, in millivolts per meter per second

|95}
<
"

0.0163 SR/, in millivolts per inch per second

§, = velocity sensitivity in millivolts per meter (or inch) per second
R = ratio of velocity pickup to accelerometer standard outputs
frequency, in hertz.

~
u

Typical Calibration Results

Calibration results for three representative piezoelectric accelerometers are
illustrated in Fig. 6-2. The total mass of each accelerometer ranges from 2 to
78 g, and the sensitivity ranges from approximately 3 to 100 pC/g. The acceler-
ometers using the P6 and P8* ceramic materials show a gradual decrease in
acceleration sensitivity of somewhat less than 1% per octave increase in f| requency.
The accelerometer using the P10* ceramic material has virtually constant sensi-
tivity throughout most of its operating frequency range. All the accelerometers
increase in sensitivity at higher frequencies. This is due to the resonance fre-
quency of the accelerometer.

The calibration errors applicable to these and similar piezoelectric acceler-
ometers are given in Table 6-1. Each error listed is determined by careful consi-
deration of the performance characteristics of the accelerometer standards, test
accelerometers, charge amplifiers, shaker, and other instruments used. The
estimated error of 1% is routine in laboratories using reasonably good laboratory
practices. It is common for laboragdy calibration to differ by less than 2% in
the same accelerometer, even though the calibration instruments, procedures,
and laboratory conditions vary somewhat. The calibration errors at frequencies
up to 10 000 Hz increase to as much as 2.5%. It is necessary to state these larger

*P6, P8, and P10 identify proprietary ceramic materials made by Endevco, San Juan
Capistrano, Calif,




118 CALIBRATION OF SHOCK AND VIBRATION MEASURING TRANSDUCERS

" aun
L
100
0
-3
k 220,
E 20 N 2
27
) 212 P10
3lgm
1 =
1 ~i0 [ — oo
FREQUENCY, Kz

Fig. 6-2. Calibration results on three piezoelectric
accelerometers [29]

errors, in order to demonstrate traceability with and to include the error in an
accelerometer standard previously calibrated at the National Bureau of Standards.
In practice, the larger calibration errors at higher frequencies are due mostly to
environmental effects and to relative motion between test and standard acceler-
ometers. The errors due to relative motion are substantially reduced by selecting
accelerometer standards and shakers having very high resonance frequencies,
preferably near or above 50 000 Hz.

Calibration results for a velocity pickup are illustrated in Fig. 6-3. The velocity
sensitivity changes significantly over the operating frequency range. The calibra-
tion errors would be large compared to those obtainable with accelerometers.

Undesirable Calibration Results

Calibration are usually performed to accurately determine the sensitivities
and operating frequency ranges of transducers. Other possible purposes include
determining whether the transducer is adversely affected by certain environmen-
tal effects or whether undesirable resonances exist. For example, poor-quality
piezoelectric accelerometers may experience sensitivity changes due to strain
effects produced by different mounting torque requires some experimentation
because the changes in sensitivity are constant over the entire frequency range.
Errors due to strain and inertial forces produced by cable effects are present
only at low frequencies, where visibly large displacement amplitudes are present.

A number of accelerometers may have responses similar to those shown in
Fig. 6-4. The irregular response in Fig. 6-4a is due to the performance charac-
teristics of the particular accelerometer. The minor resonance at 7300 Hz may
be due to a resonance in the accelerometer case. Another accelerometer (Fig.
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Table 6-1. Analysis of Errors in the Sensitivity of Test Accelerometers
Calibrated by the Comparison Method

Measurement Sensnt(;n)ty Ervor
Reciprocity Calibration Error for Standard, 100 Hz 0.5
Stability of Standard 0.5
Comparison Frequency Response Calibration
Error for Standard
5 - 1000 Hz 1.1
1000-10 000 Hz 2.1
Relative Motion, 1000-10 000 Hz* 1.0
Distortion 0.2
Voltage Ratio 0.2
Amplitude Linearity, 0.2-100 g 0.2
Range Tracking, Standard Amplifier, 1, 10, and
100 g/V Ranges 0.2
Range Tracking, Test Amplifier 0.2
Amplifier Relative Frequency Response 0.1
Amplifier Gain Stability, Source Capacity, etc. 0.2
Environmental Effects on Accelerometers, Transve:se
Sensitivity, Strain, Temperature, etc. 0.st
Environmental Effects on Amplifiers, Residual Noise, etc. 0.2%
Estimated Error, 100 Hz 108
Estimated Error, 5-1000 Hz 1.58
Estimated Error, 1000-10 000 Hz 2.58

*Highest frequency is 5000 Hz for test accelerometers, with a total mass exceeding
35g.

1 The error varies from 0-0.5% for most accelerometers operated under controlled labo-
ratory conditions.

tApplies for controlled laboratory conditions.

§ Determined from the square root of the sum of the squares of the applicable individual
efrors.
Source: Ref. 35.

6-4b) has a minor resonance with unusually high sensitivity between 8000 and
94 000 Hz. Figure 64c shows an erratic frequency response that sometimes
occurs in very small accelerometers. The frequency response of an accelerometer
with damaged mounting threads is shown in Fig. 6-4d. These results are some-
what extreme and occur only in certain accelerometers.

It is important to know that the frequency response is normal throughout
most, if not all, of the operating frequency range. The presence of large sensiti-
vity changes in narrow frequency bands may be overlooked or mistakenly

e
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Fig. 6-3. Calibration of a velocity transducer

attributed to shaker characteristics if the calibration is performed on shakers
having excessive transverse motion or acceleration distortion. In some test appli-
cations it is important to avoid accelerometers having poor frequency response,
such as that illustrated in Fig. 6-4. It is easy to cull these accelerometers when
routing frequency response calibrations are made. Abnormal frequency response
in accelerometers may be due to internal damage, internal lead wire resonances,
connector resonances, accelerometer case resonances, etc.

6.2 Resonance Frequency Calibrations

Although sensitivity and frequency response calibrations are required for the
accurate use of accelerometers, the plot of resonance frequencies is a very
important and definitive calibration. The resonance frequency calibration is the
best method for evaluating the basic performance characteristics of any acceler-
ometer and its operating conditions. It determines whether the accelerometer
operates as a single-degree-of-freedom mechanical system. Perhaps even more
important it can detect internal damage. Resonance frequency calibrations re-
quire the use of a high-frequency shaker (that is, one in which the resonance
frequency of the moving element exceeds those of the accelerometers being
calibrated). The resonance frequency of most accelerometers is less than 50 000
Hz. However, some accelerometers used for shock measurements have resonance
frequencies above 100 000 Hz. Even with those accelerometers it is useful to
perform resonance frequency calibrations up to 50 000 Hz to detect any unusual
performance characteristics at lower frequencies.

2
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Ideal Accelerometers

Many accelerometers now used are similar in operation to the almost ideal
accelerometer whose performance is shown in Fig. 6-5. It has a single resonance
and few, if any, minor resonances. This response is very similar to the theoretical
response for seismic accelerometers.

It is good practice for users to perform resonance frequency calibrations on
accelerometers to establish their performance characteristics and to allow any
changes in future years to be detected. This practice should be followed on all
accelerometers used for important measurements. The resonance frequency cali-
bration should be repeated when there is evidence that the accelerometer has
been subjected to severe environments or rough handling. Although there may
be no external indications, internal damage may occur.

Another reason for making resonance frequency calibrations is to determine
whether the response is like that of the ideal accelerometer. The use of acceler-
ometers having a single resonance (Fig. 6-5) may be preferred when high accuracy
and reliability are required. On the other hand, accelerometers with multiple
resonances (Fig. 6-6) are suitable for most applications and may be used for
other desirable characteristics, such as size or shape.

Damaged Accelerometers

Although it is difficult to damage many piezoelectric accelerometers, the
design of some accelerometers makes them vulnerable to shock motions far
above their rated environmental limits. Such high shock motions may be applied
by rough handling. Resonance frequency calibration is the most accurate method
for determining accelerometer damage. Figures 6-7a and 6-7b show the resonance
frequency calibrations before and after an accelerometer was subjected to ex-
cessive shock motion. The resonance frequency of the accelerometer is decreased
from 32 000 to 29 500 Hz, and a minor resonance is introduced at 9000 Hz. The
decrease in resonance frequency is a definite indication of internal damage. This
is the same accelerometer used during the frequency response calibration in Fig.
6-4b. On the basis of the frequency response calibration alone, the minor
resonance at 9000 Hz may have been overlooked because the response is accept-
able at lower frequencies. However, the resonance frequency calibration in Fig.
6-7b establishes that the accelerometer is damaged and probably should not be
used in important tests.

It is good practice to perform resonance frequency calibrations to detect any
changes in the operating characteristics of the accelerometers. In most acceler-
ometers no malfunction is detected. An exception to this is the accelerometer
shown in Fig. 6-8. The result of the shock motion calibration, illustrated in Fig.
6-8a, is perfectly normal. No unusual response is present in the oscillogram, and
the shock motion sensitivity agrees precisely with the sinusoidal calibration.
However, the routine resonance frequency calibration (Fig. 6-8b) shows multiple
resonances and a resonance frequency of 28 500 Hz. The nominal resonance

T TT—

i




e i

SINUSOIDAL COMPARISON CALIBRATIONS 123
e
0 P
@}
s
. +10
= oF
s
E
g o
-0 b
2 - A 'y
100 1000 10. 000 100 000
FREQUENCY W2
(a)
a -180
-
180 A A J
100 1000 10.000 100. 000
FREQUENCY. W2
(b)

Fig. 6-5. Calibration of an accelerometer having almost
ideal characteristics {35]

frequency of this accelerometer is 35 000 Hz. The low resonance frequency
again indicates internal damage.

Failures in damaged accelerometersinclude such things as cracked piezoelectric
elements and epoxy joints, plastic deformation in screws, defaced accelerometer
mounting surfaces, deformed accelerometer cases, etc.

Minor Resonances

Minor resonances detected during frequency response calibrations are the
result of resonances in lead wires, accelerometer cases, etc. Minor resonances in
some accelerometers occur at frequencies above 10 000 Hz, which is the upper
limit of most frequency response calibrations. The accelerometer in Fig. 69a
has a minor resonance at 37 000 Hz. It is known that this is a minor resonance
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Fig. 6-6. Calibration of an accelerometer having multiple
resonance frequencies [35)

because the phase angle changes abruptly to 100 degrees at the resonance and re-
turns to O degrees above the resonance, and because the sensitivity increase is 20
dB, which is much less than usual. This accelerometer is used for shock motion
measurements, and the presence of the minor resonance should have little effect
in many test applications. However, it is good to be aware of such local resonance
in selecting accelerometers, particulaily when very high frequency components
are to be measured. The calibration in Fig. 6-10 shows the response of a shock
accelerometer having no minor resonances up to 50 000 Hz.

Accelerometer Effects on Structures

Resonance frequency data on an accelerometer are helpful in considering
possible effects of the accelerometer on the motion of the structure. Neglecting
the affects of rotary inertia, the motion of the structure with the accelerometer
attached is given by

A= (6-3)
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Fig. 6-7. Calibrations performed on an accelerometer,
showing a resonance frequency of (a) 32000 Hz before
damage and (b) 29500 Hz after damage [35]
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Fig. 6-8. Shock calibration of an accelerometer (a)
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bration indicates internal damage [35]
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e i

A = amplitude of motion of the structure with accelerometer attached
A, = amplitude of motion without accelerometer attached
M; = point dynamic mass of the structure at the accelerometer mounting
location in the sensitive direction of the accelerometer
M, = dynamic mass of the accelerometer in its sensitive direction.

The dynamic mass of the accelerometer at frequencies below the Jowest
resonance is equal to the total mass of the accelerometer measured statically.
However, it should be expected that the dynamic mass of the accelerometer
changes significantly at minor resonances particularly if the response has a
rather large sensitivity change at the resonance. The largest changes in dynamic
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Fig. 6-9. Calibration of an accelerometer with a minor
resonance [34]
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Fig. 6-10. Calibration of an accelerometer with no
minor resonances below 50000 Hz [35]

mass should occur at the accelerometer resonance frequency. It is usually dif-
ficult to compute the change in response of the structure as a result of reso-
nances in the accelerometer. However, a reasonable prediction of the effect can
be obtained by using the above equation if the resonance frequency of the accel-
erometer and the characteristics of the structure being tested are known.

Accelerometers With Damping

A resonance frequency calibration on a piezoresistive accelerometer with oil
damping is illustrated in Fig. 6-11. During manufacture the damping is adjusted
at room temperature to approximately 0.7 of critical damping, to ensure that
complex vibration and shock motions are measured accurately. The phase angle
must vary linearly with frequency, as in Fig. 6-11b (taking into account the
logarithmic frequency scale) to avoid distortion in the accelerometer output.
The waveform of the accelerometer output is identical to that of the measured
complex motion only when the phase angle response has this characteristic or
is O degrees, as in the case of undamped accelerometers. The accelerometer is
selected so that this proportionate phase response is maintained at all significant
frequency components of the motion to be measured. This usually requires that
the proportionate phase response is maintained at frequencies up to about two-
thirds of the natural frequency for damped accelerometers.

Damped accelerometers are preferred when it is desirable to filter out fre-
quencies near and above the natural frequency or resonance frequency of the
accelerometer. However, if the damping changes significantly for any reason, the
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Fig. 6-11. Calibration of a damped piezoresistive ac-
celerometer [35]

output will be distorted when damping exceeds about 0.5 to 0.85 of critical
damping. Large changes in damping can occur in oil-damped accelerometers at
temperature extremes, due to viscosity changes (see Fig. 3-15a). It is important
that no large changes in damping occur due to damage or air leaks. Periodical
resonance frequency calibrations should be useful for detecting changes in damp-
ing by comparing the response to that of an ideal accelerometer.

6.3 Transverse Sensitivity

Transverse calibration is done to determine the maximum value of the trans-
verse sensitivity of a transducer, in a particular direction in a plane perpendicular

—rvely R a—
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to the sensitive axis. It should be necessary for the manufacturer alone to measure
the transverse sensitivity of an accelerometer or velocity pickup. Some have a
very low maximum transverse sensitivity (less than 1%) by virtue of their design.
Piezoelectric accelerometers have some variation in transverse sensitivity, depend-
ing on several factors in the design. The best quality accelerometers have a
‘maximum transverse sensitivity value of significantly less than 3% of the ac-
celerometer sensitivity.

Transverse sensitivity calibrations are routinely performed at a single frequency
in the rated frequency range of the accelerometer. As the accelerometer is
vibrated rectilinearly in a plane perpendicular to its sensitive axis, the output
of the piezoelectric accelerometer depends on the angular position of the direc-
tion of vibration in this place (see Fig. 6-12). The variation in transverse sensitiv-
ity, as the accelerometer is rotated around its sensitive axis, describes a sinusoid.
The maximum value of this curve is the maximum transverse sensitivity.

The accelerometer in Fig. 6-12 has a transverse sensitivity of less than 0.5%.
It is useful, in evaluating electrodynamic shakers, to determine their suitability
for measuring the transverse sensitivity of other accelerometers. Figure 6-13a
shows the results of such an evaluation. The transverse motion of the shaker is
less than 1% except at the shaker resonance frequencies, near 500 and 100 Hz.
The shaker should not be used above 3000 Hz because of the significant resonance
at 4500 Hz.
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Fig. 6-12. Variation of transverse sensitivity
with rotation of accelerometer
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Fig. 6-13. Calibrations of the transverse motion of a shaker
with (a) an accelerometer with low transverse sensitivity and
(b) an accelerometer with high transverse sensitivity

Figure 6-13a also implies that the transverse sensitivity of the accelerometer,
which is less than 0.5%, as indicated in Fig. 6-12,is constant at various frequencies.
Results from another accelerometer, shown in Fig. 6-13b), indicate this more
clearly. This accelerometer, selected to have high transverse sensitivity as an ex-
ample, is useful for experimentally demonstrating the constant frequency char-
acteristic of transverse sensitivity. The transverse sensitivity of the accelerometer
is a constant value near 5% at all frequencies up to 3000 Hz, the useful range of
the shaker. The irregularities in the transverse sensitivity plot occur at the same
frequencies where the shaker exhibits resonance response (Fig. 6-13a).

6.4 Amplitude Linearity

Accelerometers are inherently linear, with little or no changes in the sensitivity
throughout their rated amplitude ranges. There is little need to perform
amplitude linearity calibrations on these accelerometers, particularly when
accurate information is available from the manufacturer. Amplitude linearity is
calibrated for accelerometers exhibiting measurable deviations from constant
sensitivity. However, the deviations are nearly the same for all accelerometers
having the same design and the same performance characteristics. This means it
is necessary to perform amplitude linearity calibrations on only a very few
accelerometers of each type.

The amplitude linearity calibrator is shown in Fig. 6-14a. High accelerations
are achieved with a resonant beam attached to a 50-N (10 Ibf) force rated shaker.
The moving element of the shaker is small enough that the beam resonates at its
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Fig. 6-14a. Amplitude linearity calibrator using a resonant beam [36]

75 WATT
OSCILLATOR ATTENUATOR POWER SHAKER
AMPLIFIER
Resonant
Beam

| Decade Voltage
r Amplitier

| Decade L1 Voltage \éolt‘gge __I
Amplitier Twet

O =

Oscilloscope

Fig. 6-14b, Block diagram of equipment used in measuring amplitude linearity
[36]
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fundamental free-free mode. The beam is designed with a clamping fixture to
minimize stress concentrations on the beam and thus avoid excessive beam
failures due to fatigue. The design of the beam with this particular shaker results
in a resonance frequency of approximately 220 Hz. With this beam many hours
of operation at 100 g can be obtained before fatigue failure of the beam occurs.
Operation at up to 200 g can also be performed with somewhat lesser beam life.
This design is particularly advantageous in that there is no relative motion
between the test and standard accelerometers. The standard accelerometer is
mounted at the opposite end of the shaker moving element from the beam.
If desired, a back-to-back fixture may be used. Both test and standard acceler-
ometers are then mounted on the fixture, and the fixture may be attached either
on the beam or on the opposite end of the moving element.

Figure 6-14b shows a block diagram of the 100-g calibrator. The decade
capacitors and the voltage divider are adjusted until the outputs from the test
and standard accelerometers are equal at 10 g as indicated by the electronic
voltmeter. The applied acceleration is then increased to the desired level while
the frequency is adjusted to the beam resonance. Amplitude linearity deviations
are determined from the change in voltage reading obtained by switching the
voltmeter from the test accelerometer output.

The estimated error in measuring amplitude linearity deviations does not ex-
ceed 1%. The standard accelerometer is previously calibrated by one of the
absolute calibration methods. The standard accelerometer may be verified by
calibrating at higher accelerations on a shock calibrator.

6.5 Temperature Response Calibrations

The temperature response calibrator shown in Fig. 6-15a is used for calibra-
tions from -184°C to +400°C (-300°F to +750°F). These calibrations are
usually performed at a single frequency. A comparison i thod is used; the
standard accelerometer is kept at room temperature ¢+ ‘2 the temperature
chamber at the opposite end of the shaker moving eleme.. .com the test acceler-
ometer. The shaker is operated in the vertical direction. A ceramic rod is attached
to the top of the moving elerent and passes through the wall of the chamber. A
steel fixture with a thermocouple inserted is attached to the top of the ceramic
rod, and the test accelerometer is mounted on the fixture. Chamber temperature
is automatically controlled by the output of the thermocouple.

The block diagram of the calibrator is shown in Fig. 6-15b. The shaker is
vibrated at approximately 3 g. In practice, as many as ten accelerometers may be
calibrated simultaneously by using a larger mounting fixture and additional
amplifier-voltmeters for each additional accelerometer. The standard acceler-
ometer is monitored to ensure that the acceleration remains unchanged during
calibration. Since the standard accelerometer is at the bottom of the shaker, it
remains at room temperature. The sensitivity deviation at each temperature is
indicated by the changes in voltmeter readings for each test accelerometer.
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Fig. 6-15a. Temperature response calibrator [36]
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Fig. 6-15b. Temperature response calibrator (36]

Three sources of error are present in performing this calibration. First, the

error in maintaining constant acceleration throughout the calibration is approxi-

mately 0.57%. Secoud, the scale reading of the voltmeter for the test accelerometer

4

may be in error up to * 2% if readings at all temperatures are made on the same
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range. The third source of error is the combined effect of the temperature
response of the particular accelerometer being calibrated and the accuracy of
the temperature measurement. More specifically, it is determined by the rate of
change of the test accelerometer output with respect to temperature. The
temperature is measured by the thermocouple output on a potentiometer to
within the accuracy of the thermocouple. For most accelerometers, the estimated
total calibration error is significantly less than 5%.

6.6 Combined Environmental Calibrations

It is extremely difficult to combine calibrations of temperature response,
amplitude linearity, and frequency response. Fortunately, accurate calibrations
can be achieved by performing the amplitude linearity and temperature response
calibrations at a single frequency, as described above, and then combining the
results analytically with sensitivity and frequency response calibration data. This
procedure is recommended for accelerometers with small internal damping that
are not used near their resonance frequencies. It is particularly suitable for piezo-
electric accelerometers that have almost zero damping and are normally used at
frequencies below one-fifth of their resonance frequency. Although very small
changes in internal damping and resonance frequency probably occur at tempera-
ture extremes, these changes have no effect on the response below one-fifth the
accelerometer resonance frequency.

Other vibration pickups that are normally used near their resonance frequencies
require combined amplitude linearity and temperature response calibrations.
Fortunately, the transducer types that require combined environmental calibra-
tions are normally used only at frequencies up to a few hundred hertz, and
special back-to-back fixtures need not be used inside the temperature chamber.

The internal resistance of piezoelectric accelerometers decreases at elevated
temperatures, and this may affect the response of the associated amplifier
(particularly voltage amplifiers at frequencies below 50 Hz). For this reason, it
is sometimes desirable to verify the response of the accelerometer-amplifier
system at the lower frequencies while the accelerometer is subjected to high
temperature. The combined high-temperature, low-frequency calibration may
be omitted if the resistance of the accelerometer is measured at the maximum
operating temperature and the low-frequency characteristics of the amplifier
are known.
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CHAPTER 7
SHOCK MOTION CALIBRATIONS

Shock motion calibrations are performed routinely at accelerations from 20
to 10 000 g. The most accurate calibrations are performed by the comparison
method using an accelerometer standard. Absolute shock motion calibrations
can be performed at the same accelerations, but the resulting calibration errors
are somewhat larger than those achievable by the comparison method. Special
test equipment is required for absolute shock motion calibrations at accelera-
tions up to 100 000 g.

7.1 Comparison Calibrations

Comparison shock motion calibrations are made simply by subjecting the test
and standard accelerometers to the same pulse and measuring the ratio of their
peak acceleration outputs. The accelerometer standard is previously calibrated
by the reciprocity method to determine its sensitivity and establish it as a pri-
mary standard. Frequency response calibrations are performed on the acceler-
ometer standard up to 10 000 Hz, to demonstrate a constant sensitivity
corresponding to the frequency components in the shock pulse. In addition,
resonance frequency calibrations on the standard can identify resonances that
may be excited during shock motion calibrations. Amplitude linearity calibra-
tions are performed on the standard so that accurate correction factors may be
applied for any changes in sensitivity occurring at the peak accelerations present
during shock motion calibrations.

Calibration Procedure

Comparison shock calibrations are performed with the calibrator and other
instruments shown in Fig. 7-1. The standard and test accelerometers are attached
back-to-back on a cylindrical anvil, and the anvil is held in place with magnets.
A steel ball is allowed to fall and strike the anvil.

The accelerometers are connected to amplifiers equipped with low-pass
filters. The filter cut-off frequency should be between 15 and 20 kHz. Voltage
dividers are used to produce approximately equal signals at the storage oscilloscope
input and to make the pulse heights approximately 6 cm. A dual-trace oscillo-
scope is used to record both accelerometer outputs simultaneously. A common
calibration voltage standard signal is afterwards applied simultaneously to both
channels to calibrate the oscilloscope.
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The formula for calculating the sensitivity of the test accelerometer is

RAXANY L
FC D CE
where
Q, = sensitivity of test accelerometer, in picocoulombs per gram
H, = pulse height of test accelerometer, in centimeters
H_ = pulse height of accelerometer standard, in centimeters
D, = divider setting on test accelerometer
D, = divider setting on accelerometer standard
C, = calibration signal on test channel, in millivolts per centimeter (mV/in.)
C, = calibration signal on standard channel, in millivolts per centimeter
(mV/in.)
K, = gain of test amplifier, in millivolts per picocoulomb
K, = scale range of standard amplifier, in millivolts per gram
A = amplitude linearity correction for accelerometer standard.

Typical oscillograms obtained during a comparison shock calibration are
illustrated in Fig. 7-2. The shock pulse outputs from the standard and test ac-
celerometers are inverted with respect to each other for ease in separating the
traces. The sinusoidal traces are for calibration purposes; the upper sine trace
is for the standard channel, and the lower trace for the test channel. The gain
and scale ranges used in the equation are noted from the test and standard
amplifiers. Amplitude linearity correction A for the standard illustrated in Fig.
7-1 is 1% per 10 000 g or 0.1% per 1000 g.

The results of the calibrations illustrated in Fig. 7-2 are given in Table 7-1.
The results show that the charge sensitivity of this accelerometer increases at
high accelerations. A plot of the response indicates that the charge sensitivity
increases linearly with applied acceleration to a value of 4.5% at 10 000 g.

Error Analysis

The error analysis must include estimated errors for the applicable perform-
ance characteristics of all the instruments used in comparison shock calibrations
of test accelerometers. Such instruments include charge amplifiers for the test
and standard accelerometers, low-pass filters, resistance decade dividers, and
dual-trace oscilloscopes. The error analysis must include those characteristics of
the test accelerometer that could produce error signals or change the sensitivity
of the test accelerometer during calibration.

Customary procedures are used in performing the error analysis. The actual
error used for certain performance characteristics is usually less than the maximum
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Fig. 7-2. Oscillograms obtained with a shock calibrator

limits stated for the instrument. This is acceptable because the nominal perform-
ance of the instruments is generally less than the limit established for acceptance
or rejection of instruments during manufacture. Furthermore, the specific errors
used in the analysis are sometimes less than nominal performance of the instru-
ment. This is to account for the fact that conditions during calibration are
generally not in the operating extremes of the instrument. Therefore, case is
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taken in assigning errors so that the nominal error used in the analysis never ex-
ceeds two-thirds of the maximum possible error under extreme conditions.

The results of an error analysis are shown in Table 7-2. Expericnce shows
that the errors of the reciprocity calibration of the accelerometer standard are
usually less than the +0.5% (See Table 5-3). Therefore, the estimated error in
Table 7-2 is given as 0.35%. The acceleromete: standard could be calibrated by
the sinusoidal comparison method rather than the absolute reciprocity method if
the standard is to be used only for shock motion calibrations. However, the
reciprocity calibrations are accurate enough to demonstrate the stability of the
standard with time.

Other possible errors in the accelerometer standard include 2.1% for the fre-
quency response calibration of the standard. The errors for measurement 2 in
Table 7-2 apply for good-quality charge amplifiers. The errors for the low-pass
filters in the charge amplifiers are listed separately. Calibration of the low-pass
filters is illustrated in Fig. 7-3. Identical filters are used in both amplifiers, and
the errors due to gain and frequency response tend to cancel. Therefore, the
errors of 1% in lines 3.1 and 3.2 in Table 7-2 should be more than adequate. The
phase angle of the filters changes linearly with frequency (Fig. 7-3), which is the
requirement for avoiding distortion in the shock pulse waveform. The propor-
tional phase response extends to 10 000 Hz, which is adequate for the frequency
components produced by the shock motion calibrator. Therefore, the errors due
to phase angle characteristics of the filters, are estimated at less than 1%.

The comparison calibration is performed by simultaneously recording the
outputs from the standard and test accelerometers on a dual-trace oscilloscope.
Decade voltage dividers are used so that the height of the shock pulses and
sinusoidal calibration signals on the oscilloscope can be adjusted in the range of
5 to 8 cm. If this procedure is followed, the pulse height can be measured with
errors less than 2%. The oscilloscope is also calibrated to allow for differences
between the voltage scales. An error of up to 2% is allowed for this calibration.

An error of 1% is allowed for environmental effects on the standard and test
accelerometer and amplifiers. These include errors due to transverse sensitivity,
strain effects, temperature, distortion, etc. To minimize distortion errors necessi-
tates use of anvils that produce pulse durations of at least five times the natural
period of the test accelerometer. This requirement is usually met because most
accelerometers having a low resonance frequency are limited to use at low
accelerations, and the low-acceleration anvils produce long pulse durations.
Some distortion is also produced by exciting the resonance frequency of the
outer case and base of the standard. These errors tend to cancel because they
occur equally in both test and standard outputs.

The estimated error in the test accelerometer sensitivity is determined by
calculating the square root of the sum of the squares of the individual errors
listed in Table 7-2. This error in the shock motion comparison calibration of the
test accelerometer sensitivity is 4.8%, but numerous shock motion calibrations,
on accelerometers having known characteristics, indicate that the error is usually
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Table 7-2. Analysis of Errors in the Sensitivity of Test Accelerometers
Calibrated on Endevco Shock Motion Calibrator Model 28701

Measurement (E:;:)r
1 Accelerometer Standard
1.1 Reciprocity Calibration at 100 Hz 0.35
1.2 Stability of Sensitivity 0.35
1.3 Mass Effect on Sensitivity at 100 Hz 0.14
14 Comparison Frequency Response Calibration Error 2.1
for Standard
1.5 Relative Motion up to 10 000 Hz 1.0
1.6 Amplitude Linearity Corrections up to 10 000 g 0.5
2 Charge Amplifiers
2.1 Range Tracking of Standard Amplifier 0.7
2.2 Gain of Test Amplifier 0.35
2.3 Range Tracking of Test Amplifier 0.2
24 Relative Frequency Response 0.1
2.5 Gain Stability, Source Capacity, etc. 0.2
3 3 Low-Pass Filters
3.1 Relative Gain 1.0
3.2 Relative Frequency Response to 10 000 Hz 1.0
3.3 Phase Angle Linearity 1.0
4 Voltage Ratio Measurement
4.1 Decade Voltage Divider 0.05
4.2 Height of Standard Pulse 2.0
4.3 Height of Test Pulse 2.0
4.4 Calibration of Oscilloscope 20
5 Environmental Effects on Amplifiers and Accelerometers,
including Transverse Sensitivity, Strain Effects, Tempera-
ture, Distortion, etc.
6 Estimated Error in Test Accelerometer Sensitivity 48"

*Determined from the square root of the sum of the squares of individual errors.
Source: Ref. 28.

significantly less. Errors of less than 3% are achievable if some skill is used to
F measure accurately the pulse heights and sinusoidal calibration traces.
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Fig. 7-3. Amplitude and phase angle response for a low-
pass filter used in shock calibrations

7.2 Absolute Calibrations

An absolute shock motion calibration is made by subjecting the test acceler-
ometer to a mechanical pulse and measuring the resulting velocity change. The
pulse output from the accelerometer is integrated to determine the indicated
velocity change. The acceleration sensitivity of the accelerometer is determined
using the ratio of the indicated velocity to the actual velocity sensitivity measured
by an absolute method.

Theory of Operation

An absolute calibration of the sensitivity of an accelerometer is performed by
measuring the velocity of the anvil resulting from the shock motion and dividing
it into the integral of the output from the accelerometer.

Velocity u, of the anvil when its top is between the second and third photo-
junction cells (Fig. 7-4) is given by

u, = (u3 +25)' (7-2)
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Fig. 7-4. Equipment for absolute shock motion calibration [37]

anvil velocity at middle diode sensor, in meters per second (in./s)
acceleration of gravity,9.81 m/s? (386 in./s?)
distance, in meters (in.).

If u, = ds/dt is used, Eq. (7-2) can be integrated;

Solving Eq. (7-3) yields

where

S, =

% sz
f dr = f i I (7-3)
0 o (u}+2s)'7
S
. (7-4)

distance between the second and third diode sensors
time elaspsed while anvil travels distance S, . Velocity u, of the anvil at

the end of the shock motion pulse is
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uy = (W} - 2%8,)"? (7-5)

where S| is the distance the anvil travels after the shock motion until the top of
the anvil reaches the middle diode sensor. The change in velocity due to the
shock pulse is determined by combining the equations:

52 2 12
u =|[—=-Z) -2, | . (7-6)

The absolute calibration is completed by computing sensitivity S of the

accelerometer:

o KK,

Uy

7-7)

where

K, = voltage scale factor
K, = time scale factor
A = area under the pulse of the accelerometer output vs. time.

The acceleration output is photographed from the oscilloscope. Numerical
integration of the output is performed using transparent graph paper or a plaini-
meter; this accurately yields area A. Accelerometer voltage per division on the
graph paper K, the time in seconds per division K,, area A, and u, are sub-
stituted into Eq. (7-7). The result is the sensitivity of the accelerometer under
shock motion conditions.

Description of Shock Calibrator

The shock calibrator for performing absolute calibrations is similar to that
used for comparison calibrations. Additional circuitry is used for making an
absolute measurement of the velocity resulting from the shock motion. Figure
7-4 illustrates the apparatus used for the sensitivity measurement. Light-activated
diodes are used as sensors to trigger the oscilloscope and measure the velocity
with a time interval counter. To complete the sensitivity measurement, neces-
sitates an accurate measurement of the distance between the middle sensor and
the bottom sensor, which produces signals for starting and stopping the counter.
The best method for measuring this distance is to drop the ball from a known
height while the anvil and accelerometer are removed from the calibrator. As the
ball passes the middle and bottom sensors the distance between the sensors can
be computed as follows:
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S, =443 X 107 th'? + 490 X 10°1* m
(7.8)
S, =0.0278¢h'? + 0.193 X 102 (% in.

S, = distance between middle and bottom sensors, in meters (in.)

t = time for the ball to travel the distance S, in milliseconds
distance between the middle light beam and top of the ball just before
release, in meters (in.).

=
[}

The shock motion calibration is performed by inserting the anvil in the cali-
brator and dropping the ball onto the anvil to produce the desired shock pulse.
Rubber padding is put on top of the anvil to control the desired pulse duration.
The peak acceleration of the shock pulses is determined by the mass of the anvil,
the mass of the ball, and the material of the padding.

Typical Results

Typical examples of absolute shock motion calibrations are illustrated in Fig.
7-5. The calibration of these three piezoelectric accelerometers of different
design demonstrate the practicability of performing absolute calibrations. The
Model 2221 accelerometer (Fig. 7-5a) shows some increase in acceleration
sensitivity at 1250 g compared to the results at lower accelerations. This increase
in sensitivity is typical for this accelerometer. The slight decrease in sensitivity
at 7610 g for the Model 2225 accelerometer (Fig. 7-Sb) is not typical. It is
expected that the slight decrease in acceleration sensitivity at this high accelera-
tion is due to calibration error, since the sensitivity should increase a few per-
cent instead of decreasing. The nearly constant sensitivity of the Model 2242
accelerometer (Fig. 7-5¢) is typical for this particular accelerometer.

Calibration Errors

The calibration errors present during the absolute shock motion calibration
are listed in Table 7-3. The estimated calibration errors of +4.3% are achieved
consistently at accelerations up to at least 1000 g. At higher accelerations it is
sometimes difficult to control the trajectory of the anvil to eliminate its rotation
during the velocity measurement. When this rotation occurs the errors in the
sensitivity measurement are somewhat larger than those given in Table 7-3.
Considerable experience in performing absolute shock motion calibrations and
familiarity with the amplitude linearity characteristics of the accelerometer
being calibrated are necessary for culling poor calibration results. Accordingly,
absolute shock motion calibrations in the range of 5000 to 10 000 g should be
performed only in laboratories prepared to cope with this problem. Additional
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development work on absolute calibration is needed, to lessen the erross in the
campasison shock calibration method. Hopefully, this improvement will be
accomplished by the use of lasers with specially designed shock calibrators.

Calibrations up to 100 000 ¢

Shock motion calibrations in the range of 10 000 to 100 000 g can be per-
formed by applying pulses with an air gun making an absolute measurement
of sensitivity. An air gun is illustrated in Fig. 7-6. Compressed air in the reservoir
is applied to the ram projectile, which accelerates down the barrel and strikes
the anvil to which the accelerometer is attached. The resulting shock pulse is
recorded on an oscilloscope. The velocity sensitivity change resulting from the
shock pulse is measured using photodiodes positioned above the slots in the
barrel, as indicated in Fig. 7-7. The calibration is completed by following the
absolute method of integrating the accelerometer pulse output and computing
the sensitivity with the aid of the measured velocity change. Typical results,
illustrated in Fig. 7-8, indicate that the sensitivity of this accelerometer increases
47% at an acceleration of 100 000 g. Since an accelerometer used for shock
measurements should be limited to accelerations at which its sensitivity increase
does not exceed 10%, this accelerometer should be restricted to 20 000 g.
Accelerometers having with amplitude linearity deviations should be used for
measurements above 20 000 g.

Table 7-3. Estimated Errors for Absolute Shock Motion Calibrations
Using Endevco Model 2965A Shock Calibrator

Measurement (E;;Z)r
1. Area under the Pulse 3
2. Velocity 2
3. Oscilloscope Voltage Scale 1.0
4. Oscilloscope Time Scale )
5. Scale Factors 2
6. Estimated Error in Accelerometer Sensitivity 4.3

*Determined from the square root of the sum of the square of the individual errors.
Source: Endevco, San Juan Capistrano, Calif.
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CHAPTER 8
FORCE GAGES AND IMPEDANCE HEADS

Dynamic force gages (transducers) are built using piezoelectric ceramic,
piezoresistive strain gage, or wire strain gage transducing elements. The basic
construction of a force gage is similar to that of an accelerometer, except that
force transducers have mechanical terminals. The top and bottom mounting
surfaces of a force gage are the mechanical terminals; in an accelerometer only
one end of the transducing element is attached to the case of the accelerometer.
The force gage, having two mounting surfaces, is more susceptible to environ-
mental effects such as externally applied strain.

Force and structural impedance play a very important role in shock and
vibration and it is important to recognize any large errors in their measurement.
In both calibration and testing, the errors in measurements made with force
gages are several times greater than those made with accelerometers. However,
with reasonable care very useful force measurements can be made and good
accuracy maintained.

An impedance head (transducer) consists of a force gage with a built-in ac-
celerometer. The impedance head has the internal accelerometer connected to
one mounting end, and the force gage is connected to both ends. Impedance
measurements may also be made with individual force gages and accelerometers.
Care must be taken in the design of fixtures to avoid relative motion between
the force gage and accelerometer. For this reason impedance heads are preferred
for use at higher frequercies in making point impedance measurements. Transfer
impedance measurements require the use of a force gage at one point on the
structure and an accelerometer at another point, to measure the ratio of force to
acceleration. A reasonable amount of skill in using these transducers is necessary
if useful data are to be obtained with confidence. This should require only a
small amount of experience, including some familiarity with the design and
operating characteristics of force gages as well as experience in performing
calibrations in the laboratory.

8.1 Description and Performance Characteristics

One type of impedance head is illustrated in Fig. 8-1. This head is 1 in. (25.4
mm) high and 2 in. (50.8 mm) in diameter. It contains three peizoelectric force
gages and three piezoelectric accelerometers. The three accelerometers are
attached to the bottom surface of the top plate on the head at the location of
the three darkened circles in the figure. The force gages are attached to the top
plate at locations between the three accelerometers. The other ends of the force

153
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Fig. 8-1. Mechanical impedance trans-
ducer. (Endevco)

gages are attached to the bottom plate. The outputs of three accelerometers are
electrically connected internally in the head, as are those of the force gages.
Separate connectors are provided to transmit outputs from the accelerometer
and force gages. It is customary to connect the top plate of the head to the
structure being tested, particularly when high-frequency measurements are
made. The bottom plate of the head is attached to a shaker.

The impedance head in Fig. 8-1 is used with a bolt passing through the hole in
the center. This construction allows a most rigid connection of the head to a
structure, which is important for making measurements in the upper frequency
range, to about 5000 Hz. It is important to perform calibrations using the same
type of bolt to be used in making force or impedance measurements, because
the force is shared between the bolt and the head in proportion to their stiff-
nesses. For example, if the stiffness of the bolt is one-tenth that of the head, it
will carry one-tenth of the total load. Bolts made of materials having different
stiffnesses would carry a different share of the load. The force gage is calibrated
in terms of its output per unit of total applied force including that carried by
both the head and the bolt.

The impedance head and force gage illustrated in Figs. 8-2 and 8-3 are used
with two bolts, one attached to the top mounting surface and the other to the
bottom mounting surface. The total load applied is measured by the force gages,
and there is no load sharing with the mounting bolts. These force gages have
somewhat lower stiffness, which may limit their use at very high frequencies.
Calibrations should be performed over the frequency range in which force or
impedance measurements are to be made.

8.2 Calibration of Force Gages

Force gages and impedance heads are most accurately calibrated with sinusoidal
motion on a shaker at an amplitude in the range of about S to 50 N (1-10 Ibf)
throughout the operating frequency range. Shock motion calibrations may also
be made, particularly for determining the amplitude linearity characteristics.
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Fig. 8-2. Mechanical impedance transducer.

(Wilcoxon Research)

Fig. 8-3. Force transducer. (Endevco)
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Fig. 8-4. Sectup for calibrating the force transducer and accelerometer in an impedance
head [39]

The sensitivities of the force gage and accelerometer in an impedance head are
calibrated on an electrodynamic shaker using a test setup like that illustrated in
Fig. 8-4. The sensitivity of the force pickup is determined by measuring its out-
put at a selected acceleration, first without and then with an external mass
attached to the impedance head. First, the output from the force gage. with a
standard accelerometer mounted on top of the impedance head, is measured.
Then the measurement is repeated with an external mass and accelerometer
attached to the impedance head. The force sensitivity is the change in force gage
output divided by the product of the external mass and the applied acceleration:

(—)m - Qu

5y == (8-1)
/ Ma

where

S, = sensitivity, electrical output per unit force. in millivolts per newton

/ ) I I I
(mV/Ibf)
Q,, = clectrical output with external mass attached. in millivolts
Q, = electrical output without external mass. in millivolts
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M = external mass, in kilograms (lbm)
a = applied acceleration, G X 9.81 m/s? (386 in./s?).

The effective end mass of the impedance head and bolt is measured by re-
peating the above-described force calibration with several different attached
masses. The output from the force gage corresponding to 1 g acceleration is
measured for each weight applied externally to the impedance head. These data
are plotted. The results for two impedance heads of the same type are shown in
Fig. 8-5. The intercepts of the lines with the abscissa indicate that the effective
end mass of the impedance head is about 0.3 16 (0.14 kg).

From this force sensitivity calibration performed at one frequency, the effec-
tive portion of the mounting bolt through the head (if a through bolt is used)
and the effective end mass of the head are determined. If this total mass is
known, the frequency response can be determined by measuring the ration of
the force gage output to standard accelerometer outputs from 10 to 5000 Hz
without the external mass attached. This part of the calibration is repeated to
measure the ratio of the output of the accelerometer in the head to the standard
accelerometer output throughout the operating frequency range. The external
mass is not used at the high frequencies to avoid relative motion between the
standard accelerometer and impedance head.

The results of a calibration are shown in Fig. 8-6. The sensitivity of the
accelerometer in the impedance head is nearly constant throughout the frequency
range, increasing slightly near 5000 Hz. The sensitivity of the force gage is also
nearly constant in the same frequency range. The sensitivity for use with an
aluminum 1/2-in.-diameter (12.7 mm) through bolt is 5.8 mV/Ibf (1.3 mV/N).
The sensitivity is reduced to 5.1 mV/Ibf when a 1/2-in.-diameter (12.7 mm) steel
through bolt is used. This change in sensitivity is due to the difference in stiff-
ness of the bolts. A small portion of the total force is applied to the bolt while
the rest of the force is applied to the head. The force sensitivity is the voltage
output divided by the total force.

The phase angle between the force and acceleration outputs is 0 degrees
throughout the frequency range. This indicates that the acceleration motion and
force applied to a structure are faithfully reproduced in the output signals from
the head, and no correction to the measured phase angle of the impedance
need be made.

8.3 Environmental Characteristics

Considerable care is necessary in the design of a force gage to minimize errors
in output due to mechanical strain on the mounting surface.

Static strain is applied to the force gage in the process of mounting and can
effectively change its sensitivity. The amount of static strain depends on the
torque applied to the mounting bolts. Accordingly, this may be evaluated by
performing calibrations using different mounting torques. The amount of
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variation in sensitivity with various torques is the measure of the gage’s quality.
It is good practice to perform final calibrations at the mounting torque of in-
tended use.

Dynamic strains are present during shock and vibration excitation. Usually
the error signal due to strain occurs at the same frequency as the force vibration.
Therefore, the error signal from the strain adds or subtracts from the output due
to the applied force, depending on the phase angle of the two signals. Since it is
impractical to correct this error, evaluations to measure this environmental
characteristic should be made.

The response of a force gage to strain at the mounting surface can be evaluated
by using a beam. The amount of strain at the mounting surface of the force gage
may be measured with strain gages or computed from beam theory. The results
of data obtained on a beam are shown in Fig. 8-7. These results apply for an
impedance head attached with a particular rotational orientation (0 degrees)
relative to the direction of bending in the beam.

The results would be somewhat different if the impedance head were rotated
around its sensitive axis to a different mounting position. For example, the
results shown in Fig. 8-8 apply for a position at 30 degrees rotation, for which
the force output due to strain is somewhat less. Compare Figs. 8-7 and 8-8. If
the direction of bending strain is known in the testing application it is desirable
to mount the impedance head in this position. At most mounting torques the
error signal expressed as force increases with applied strain. Note in Fig. 8-8 that
the inertial force in this test setup is less than the error signal produced due to
bending strains. It was the intention of the test setup to produce large bending
strains in the presence of low inertial force. The test results indicate that it is
important to select mounting locations on the structure at which the dynamic
bending strains are expected to be small.
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