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Recent Developments in
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Abstract

Two-channel FFT analysis is used to evaluate the performance of various
accelerometer designs. The measurements demonstrate the importance of
using the frequency spectrum for evaluation of the environmental perfor-
mance of transducers. Furthermore, the superior environmental-perfor-
mance characteristics of the Briiel & Kjaer Delta Shear® piezoelectric
accelerometer design as compared to other designs are demonstrated.

Sommaire

L’analyse FFT bicanale est utilisée pour évaluer les performances de di-
verses conceptions d’'accélérometres. Les mesures montrent I'importance
de I'utilisation des spectres de fréquences pour I’évaluation de la sensibili-
té des capteurs a 'environnement. De plus, on démontre dans ce domaine,
la supériorité de la conception Cisaillement en Delta des capteurs piezoé-
lectriques Briiel & Kjser comparée a d’autres conceptions.

Zusammenfassung

Mit der Zweikanal-FFT-Analyse kann das Verhalten von Beschleuni-
gungsaufnehmern mit verschiedenen Konstruktionsprinzipien beurteilt
werden. Die Mel3ergebnisse zeigen die Bedeutung des Frequenzspektrums
zur Bewertung der Umwelteinfliisse. Das vorziigliche Verhalten auf Um-
welteinfliisse von Briiel & Kjeer-Beschleunigungsaufnehmern mit Delta-
Scher®-Bauweise wird mit Aufnehmern anderer Bauweise verglichen.



Introduction

In recent years vibration problems associated with advances in structural
design have increased the need for accurate measurement of shock and
vibration. Consequently piezoelectric accelerometers have become very
popular compared to traditional vibration transducers (velocity probes,
eddy current probes, etc.), as they permit full utilization of the wide
dynamic and frequency range and high resolution of the advanced mea-
surement and analysis equipment of today.

The exterior design of the piezoelectric accelerometer has proved to be
very efficient and as a consequence there have been no recent significant
modifications. For general-purpose measurements the piezoelectric accel-
erometer has a metal housing with a microdot connector or an integral
cable. For efficient mounting of the base most types are equipped with a
10-32 UNF threaded hole.

Thus, from the outside most piezoelectric accelerometers look very simi-
lar no matter when they were designed, or by which manufacturer. In spite
of this, piezoelectric accelerometers cannot be considered standardized
products with equally good or bad performance characteristics. This arti-
cle focuses on how changes in the design of the sensing element, introduced
by some manufacturers during recent years, have led to vast improve-
ments in the performance of these accelerometers compared to the tradi-
tional designs.

In accordance with ISO and ANSI standards, the environmental param-
eters for a piezoelectric accelerometer are quantified from the respective
time signals without specifying their frequency content.

In practical measuring situations, temperature transients and base
bending are the environmental effects which most often cause problems.
This paper describes measurements of these effects for different acceler-
ometer designs. A Briiel & Kjeer Dual Channel Signal Analyzer Type
2032/34 was used to quantify the environmental effects in the time and
frequency domain.

Accelerometer Design

In general, a piezoelectric accelerometer can be considered as being a
simple spring-mass system. The piezoelectric material acts as a linear
spring with a high elastic constant which gives a wide, flat frequency range
and a correspondingly wide, flat phase response (see Fig. 1).

While the mechanical properties of the accelerometer described above
are governed by the elastic properties of the piezoelectric elements, the
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Fig. 1. Frequency and Phase response of a Briiel & Kjeer piezoelectric accelerometer

electrical output is determined by the piezoelectric characteristics of these
elements.

As indicated in Fig. 2, there are some electrically charged aligned do-
mains inside the piezoelectric ceramic material. When shear or compres-
sion forces are applied to piezoelectric elements over a very wide dynamic
range (160 dB), they generate a charge on the surfaces perpendicular to the
polarization direction. The charge generated is proportional to the force
applied, and therefore also (in the flat frequency response range of the
accelerometer) proportional to the acceleration applied to the base of the
accelerometer.

Design Considerations

For many years, several stable piezoelectric materials with highly linear
mechanical and electrical properties have been known. The main effort in
optimizing the performance of the piezoelectric accelerometer has there-
fore been devoted to the designing of a configuration of the spring mass
system which gives an optimal utilization of the mechanical and electrical
properties of these piezoelectric materials.
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Fig. 2. Working principle of piezoelectric elements

As described in Ref. [1] the development in the mechanical design of the
spring mass system has focused on
— how the piezoelectric element can be insulated from interaction with

vibration-related forces other than the desired vibrational force
— how undesired signals from the piezoelectric element due to non-vibra-

tional environmental influences can be prevented.

Normally the most serious environmental influences comes from base
bending and from temperature transients. In the following the ac-
celerometer designs shown in Fig. 3, which represent almost 100% of all
piezoelectric accelerometers on the market today, will be used to illustrate
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Fig. 3. Compression and Shear Type accelerometers

how the mechanical design of the sensing element influences the perfor-
mance of the accelerometer. Depending on the way the piezoelectric ele-
ments are loaded, the accelerometers are characterized as shear type or
compression type accelerometers. The measurements on temperature-
transient and base-bending effects discussed in this paper are made on the
following accelerometer designs: single-ended compression, bolted shear,
conical shear, annular shear and the Briiel & Kjar Delta Shear®.

Base Bending

Designing against Base Bending
When vibration is present, so too is bending of the vibrating surface.
Provided that the accelerometer is properly mounted, the bending will be
transmitted to the accelerometer base.

As the output of the piezoelectric accelerometer is related to the force
sensitivity of the piezoelectric material, the mechanical design of the
spring mass system should employ an efficient way of transmitting the
vibrational forces.

The traditional compression designs shown in Fig. 3 have this feature.
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However, a very serious drawback of the compression designs is that
they do not mechanically insulate the piezoelectric element from non-
vibration-related forces.

For that reason the peripheral mounted compression design, where
acoustical pressure acting on the housing will generate a non-vibration
related output as the pressure is transmitted directly to the piezoelectric
element, was given up long ago in favour of the single-ended centre-mount-
ed compression design. Due to the fact that the single-ended compression
design in its basic configuration is simple and inexpensive to make, proba-
bly more than 75% of all piezoelectric accelerometers made today are still
of this design.

In a normal environment with stable temperature the dominating non-
vibration-related forces will be the bending forces transmitted at the vi-
bration frequency from the vibrating structure to the base of the acceler-
ometer. Unfortunately, as shown in Fig. 4, these bending forces, which are
always present, act directly on the piezoelectric element in the single-
ended compression design, and thus cause an undesired output which adds
to the vibrational output of the accelerometer.
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Even when inserting a beryllium disc with high bending stiffness be-
tween the base and the piezoelectric element, the bending forces still cause
undesired output. For that reason some years ago Briiel & Kjeer and other
manufacturers started to design piezoelectric accelerometers where the
piezoelectric elements are exposed to shear forces instead of compression
forces. Fig. 3 shows the most important shear designs used today. The
Delta Shear® and the Planar Shear are the unique Briiel & Kjar designs.

Shear Type accelerometers generally have a much better performance
than compression type accelerometers, as the piezoelectric elements are
mechanically insulated from the base. This is illustrated in Fig.4.

Compared to other shear designs, the Delta Shear® and Planar Shear
accelerometers seem to have the advantage that they employ two or three
mechanically decoupled piezoelectric elements. Thus the “annular” and
“conical” shear accelerometers seem to be rather sensitive to base bending
due to the closed ring shape of their piezoelectric elements. Likewise, some
“bolted” shear accelerometers are also sensitive to base bending. This is
probably because the electrical insulation around the bolt holding the
assembly together gives too stiff a coupling between the centre post pin
and the masses.

Base Bending Test Results

The- standard method for measurements of base strain sensitivity (de-
scribed in I1SO 5347 and ANSI S2.11-1969 and originally in ANSI Z
24.21-1957) is to use a steel beam with dimensions of 3”7 X 0,57 X 57” or
76 X 12,5 X 1240 mm? clamped at one end. The accelerometer under test
and a set of strain-gauges are placed at a distance of 1,5” or 40 mm from
the clamp. The beam is excited by hand. At a strain level of 250 ue peak,
the corresponding peak output from the accelerometer is measured.

An improved method was used to obtain more detailed information. The
excitation was applied by a Briiel & Kjer Vibration Exciter Type
4805/4814 driven by a Briiel & Kjar Frequency Analyzer Type 2032/34.
This was also used to analyze the outputs from the transducers and the
strain-gauges. Examples of the outputs are shown in Figs. 5, 6 and 7.

A number of measurements at strain levels from 10 ue to 250 ue were
made to investigate the harmonic content of the signals and the linearity of
the Delta Shear® accelerometer Type 4371, with respect to this type of
excitation.
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Fig. 5. Base Bending output signal from Briiel & Kjceer T'ype 4371 Delta Shear® Acceler-
ometer at 250 ue. Frequency range 0-50 Hz

The results are shown in Fig. 8 as the change in dB of the ratios between
the accelerometer output and the strain input taken at the excitation
frequency and at the 3™ harmonic.

It is seen that a reasonably good linearity exists up to about 100ue, but
then the transducer signal starts to be distorted, which gives lower output
at the excitation frequency and higher distortion.

This example shows that perhaps the choice of 250 ue peak as the proper
excitation level does not always lead to useful results, especially because
strains of that magnitude do not normally occur.
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Fig. 6. Base Bending output signal from Briiel & Kjeer Type 4371 Delta Shear® Acceler-
ometer at 250 ue 1 second time record

Furthermore the sensitivity at the third harmonic seems to be twice the
sensitivity at the fundamental frequency of 4,75 Hz, i.e. the 3™ harmonic
generated in the transducer is always bigger than the signal generated from
strain at this frequency.

A number of different transducer designs were tested. An old
Briiel & Kjer compression type was found to be more than 40 dB
(100 times) more sensitive than the Delta Shear® accelerometer Type
4371.
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Fig. 7. Strain gauge output at 250 ue on base strain beam. Frequency range 0—50 Hz

Different commonly used compression designs and some bolted, conical
and annular shear types were tested. Base strain output levels 18 dB (8
times) to 33 dB (45 times) higher than the output from Type 4371 were
found — which underline the superiority of the Delta Shear® design.

Temperature Transients

Designing against Temperature Transient Effects

Piezoelectric materials can be divided into three groups: monocrystalline
materials (e.g. quartz), polycrystalline aggregates (e.g. ferroelectric ceram-
ics) and polymeric substances (e.g. polyvinylidene flouride - PVDF).
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Fig. 8. Briiel & Kjer Type 4371 Delta Shear* Accelerometer output linearity for base
strain 10-250 ue

For measurement transducers, by far the most important materials are
quartz from the first group and lead-zirconate-titanate ceramics from the
second group. Polymeric substances are normally considered to be too
unstable for measurement purposes.

When thermal outputs are considered, the important difference between
the piezoelectric materials is whether they exhibit a spontaneous internal
electrical polarization or not. All artificially polarized materials like the
above mentioned ceramics and polymers have internal electrical polariza-
tion whereas quartz and a few other crystals do not.

A change in temperature will impose a change in the internal polariza-
tion, giving rise to a charge build-up on the surfaces perpendicular to the
polarization direction. This is the so-called pyroelectric effect which is
highly undesirable in accelerometers. Pyroelectric effects are normally
divided into primary effects, which occur at constant strain and uniform
temperature, secondary effects, which occur at constant stress and uni-
form temperature and finally tertiary pyroelectric effects which arise in all
piezoelectric materials due to temperature gradients across the piezoelec-
tric element.

This could lead to the conclusion that quartz would be ideal, but its very
low charge sensitivity (approx. 200 times less than ceramics) and the fact

11
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Fig. 9. Sensitivity of Shear and Compression type accelerometer to temperature
transients

that ceramics can easily be made into any shape desired, whereas quartz
has to be ground into the right shape from an artificially or naturally
grown crystal, make ceramics by far the most commonly used material.

Using the shear configuration removes the signals caused by the primary
and secondary pyroelectric effects, as illustrated in Fig. 9, as the surfaces
from which the signals are picked up are parallel to the polarization
direction and therefore do not give output signals due to these effects.

Therefore the mechanical shear configuration also has the advantage
that very sensitive piezoelectric ceramic materials can be used. Further-
more, the necessary preloading in the shear configuration also acts in a
direction perpendicular to the sensitive axis in contrast to the compression
configuration.

In many compression types still produced, the piezoelectric elements are
often, for the above-mentioned reason, made of quartz. In spite of this, due
to forces from thermal expansion/contraction in the preloading mechani-
cal system, they are still very sensitive to temperature transient effects.
Furthermore, these compression type accelerometers often have a degra-

12




4.10°4

a)

[Compression type]

3.10%4
Equivalent ~ 2.10° measured
acceleration
per Kelvin 103_1 = = = calculated
[ms‘zK“]
M) T T T T T
'—07 215 50 75 100 125 150
Elapsed time [s]
b
) 60
Equivalent
acceleration 40 [Shear type, measured]
per Kelvin
[ms’2 K"] 20
Q "1 T T

T T T T
o] 25 50 75 100 125 160
Elapsed Time [s]

870902

Fig. 10. Equivalent acceleration resulting from the pyroelectric response to a tempera-
ture step of +25°K produced by total submersion in water of an unmounted
accelerometer

a) compression type ( Briel & Kjer 4332)

b) Shear Type (Briiel & Kjer 4366)

ded performance due to the built-in electronics employed to compensate
for the low charge sensitivity of the quartz elements.

In Ref. [2] different accelerometers have been modelled. If charge ampli-
fiers with very long time constants (nearly DC response) are used, results,
as shown in Fig. 10, will be found from models and experiments, illustrat-
ing the large reduction in the primary and secondary pyroelectric effects
obtained by the shear configuration (approximately 100 times).

Furthermore, the initial slope on the curves interacts with the lower
limiting frequency of the preamplifier used, increasing the advantage of
the shear configuration as shown in Fig. 11, giving a difference of 2000
times.

Temperature Transient Test Results

Three methods were used to measure the temperature transient sensitiv-
ity of the accelerometers under test.

A test method where the test accelerometer base is mounted on a heat-
ing element was employed to simulate effects from temperature changes of

13
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Fig. 11. Equivalent acceleration produced by a positive temperature step, measured with
a charge amplifier with a third-order Butterworth high-pass characteristic and a 3 Hz —
lower cut-off frequency

a structure (the ambient temperature being constant). To simulate how an
accelerometer responds to changes in the ambient temperature, the test
accelerometer was mounted on a 5 kg aluminium block and hot air was
blown on the accelerometer. The third method employed followed the
guidelines given in ISO 5347. Here the accelerometer was mounted on an
aluminium block. The block and transducer were then immersed in water
with a temperature of approximately 25°C above the ambient
temperature.

The temperature transient effects were measured in the time and fre-
quency domain with a Briiel & Kjeer Dual Channel Signal Analyzer Type
2032/34. The settings on the Briiel & Kjer accelerometer preamplifier
used were LLF: 0,2 Hz ULF: 0,1 kHz.

The transducers tested were a Briiel & Kjeer Type 4371 Delta Shear®
accelerometer, an earlier Briiel & Kjser compression type accelerometer
together with various other compression designs and some bolted, conical
and annular shear accelerometer designs made by other manufacturers.

In general, significant peaks in the frequency spectra from temperature
transient effects are found in a range below 2 Hz.
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Fig. 12. Temperature-transient response for Briiel & Kjer Type 4371 Delta Shear+ ac-
celerometer, heating of base

In the case of temperature transient characteristics, the measurements
also underlined the superiority of the Delta Shear® design. For the Delta
Shear® design, the maximum output from the temperature transient,
when the base of the accelerometer was heated was 60 dB above the noise
while the level for all other accelerometers was 75 dB or more above the
noise. (See Figs. 12,13 and 14). Note that the gain has been reduced 20 dB
in Figs. 13 and 14. This increases the noise level by 20 dB. As the compo-
nents are at low frequencies, this implies in practice that when a Delta
Shear® accelerometer is used, the lower limiting frequency limit on the
preamplifier can be set a factor of approximately 10 times lower than when
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Fig. 13. Temperature-transient response for Briiel & Kjeer Type 4343 Compression type
accelerometer, heating of base

using other accelerometers without overloading the preamplifiers on ac-
count of temperature transients.

The measurements have demonstrated that for low-level measurements
and especially for low-level low-frequency measurements, the effects from
temperature transients must be considered a very important noise source.
The only way to cope with the noise is to try to limit the temperature
fluctuation or to use an accelerometer like the Delta Shear® which has a
low sensitivity to temperature transients.

One of the designs under test, a line-drive compression type employing
quartz as the piezoelectric element, showed a significant change in tem-
perature transient sensitivity depending on how the transient was applied.
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Fig. 14. Temperature-transient response for annular Shear accelerometer, heating of
base

For this accelerometer Figs. 15 and 16 show a difference of 10 times be-
tween the peaks in the spectra obtained by 1) heating the base and 2)
blowing hot air onto the housing. The same thermal inputs gave two nearly
identical peaks in the spectra from the Briiel & Kjer Type 4371 Delta
Shear® accelerometer shown in Figs. 17 and 18.

The published data given for this above-mentioned compression acceler-
ometer seems to be obtained by only heating the base. Therefore, in practi-
cal use, where changes in the ambient temperature are the predominant
form of exposure, it is likely that the measurement error will be bigger than
expected from the manufacturer’s specifications.
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Fig. 15. Temperature-transient response of compression iype accelerometer with built-in
electronics, piezoelectric elements made of quartz, heating of base

The two spectra in Figs. 15 and 16 illustrate yet another aspect of the
same problem. To avoid overloading of the preamplifier, the gain is re-
duced by a factor of 10 in Fig. 16, which gives a preamplifier noise floor
corresponding to a ten times higher vibration. Thus, if very high cut-off
frequencies cannot be used, a significant reduction in the capability of the
transducers to measure low-level low-frequency signals is the result. This
could not be predicted from the manufacturer’s specifications.

ISO 5347 seems to give a good simulation of temperature transient
effects as being a combined thermal exposure to base and housing.
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Fig. ' 16. Temperature-transient response of compression type accelerometer shown in
Fig. 15. The only difference is that the temperature transient has been applied to the
housing of the accelerometer

Other Design Considerations

A very important design consideration is the long-term stability and lin-
earity of the accelerometer. Here, carefully made compression-type accel-
erometers, such as, for example, the Inverse Center Mounted Compression
type used by most manufacturers as Standard Reference Accelerometers
for Calibration and carefully made shear designs are equally good. If the
accelerometer is not stable, it is hardly worth the effort spending time and
money on a calibration by following one of the methods described in
Ref. [3].
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Fig. 17. Temperature transient response of Briiel & chef Type 4371 Delta Shear ¥ accel-
erometer, heating of base

Conclusion

The measurements made demonstrated that a proper accelerometer de-
sign is of great importance if good vibration data is required.

Even though most piezoelectric accelerometers look the same, they do
not have the same performance characteristics, due to different designs of
the sensitive element. At least 75% of all piezoelectric general purpose
accelerometers on the market today are of the single-ended compression
design. These have a very poor performance compared to the shear de-
signs. Among the shear designs available, the Briiel & Kjer accelerometers
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Fig. 18. Temperature transient response of Briiel & Kjoer Type 4371 Delta Shear* accel-
erometer, heating of housing

have some superior design features which make them relatively less sensi-
tive to base bending and temperature transients, and still very rugged and
stable.

The measurements also demonstrated that a single value is generally not
sufficient to give a proper evaluation of the sensitivity of a transducer to
environmental effects. Not only the transducer time signal generated by
the environmental exposure but also the frequency spectrum of this signal
is necessary to reveal the overall behaviour of the transducer.
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The measurements of base strain sensitivities in accordance with the
standards indicated that measurements at lower strain levels give better
information. Thus, at lower strain levels than prescribed in the standards,
3 times higher base-strain sensitivities were found. Furthermore, the har-
monic content, only 10-20 dB lower than the fundamental at higher strain
levels, is important information when possible sources of measurement
errors are investigated.

The superiority of the Briiel & Kjeer Delta Shear® Design compared to a
number of other constructions is proved by improvements from 18 to
33 dB in the base-strain sensitivities.

Measurements on temperature transient effects showed that these are
generally characterized as having a very high amplitude in the low frequen-
¢y region from 0 to 2 Hz. The Briiel & Kjer Delta Shear® Accelerometer
Type 4371 showed a peak level 15 dB lower than others when exposed to a
temperature transient. This means that Briiel & Kjaer, with this design,
has extended the frequency range approximately one decade down com-
pared to the other piezoelectric accelerometer designs.

The measurements also indicated that some designs, here a compression
type accelerometer with built-in electronics, showed a significant varia-
tion of the sensitivity to temperature transients, depending on how the
transient is applied. To ensure that the users are properly informed, the
measurements made indicated that if the manufacturers follow the guide-
lines in ISO 5347, the data given will give a good estimate of the worst-case
temperature-transient sensitivity.
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Trends in Accelerometer Calibration

by Torben R. Licht and Henrik Andersen

Abstract

This paper discusses the calibration accuracy and user-friendliness of
accelerometer calibration using laser interferometry, traditional compari-
son calibration methods and FFT broad-band comparison calibration

methods.

Sommaire

Dans cet article sont discutés la précision de I’étalonnage et la facilité
d’utilisation de ’étalonnage d’accélérométres par interférométrie laser,
par comparaison, et par comparaison utilisant la technique de FFT large-
bande.

Zusammenfassung

Die Genauigkeit und Anwenderfreundlichkeit der Kalibrierung von Be-
schleunigungsaufnehmern mittels Laserinterferometrie, herkommlicher
Vergleichsmethoden und der FFT- Breitband-Vergleichsmethode werden
in diesem Artikel diskutiert.
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Nomenclature

random uncertainty

systematic uncertainty
comparison uncertainty

total uncertainty

number of measurements

value of individual measurement
sample mean value

standard deviation

(est) standard deviation estimate
student ¢ factor

normal distribution factor
semi-ranges for systematic uncertainty components
wavelength of laser light

fringes per period

angular frequency

displacement amplitudes
acceleration amplitudes

charge sensitivity

frequency response function
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Introduction

Advances in the design of structures and machines over recent years have
created more vibration problems. The need for accurate measurement of
shock and vibration has become very important. Consequently, a lot of
effort has been put into optimizing the design of vibration transducers and
into specifying their calibration procedures.

This paper focuses on methods for the dynamic calibration of piezoelec-
tric accelerometers. This type of vibration transducer has become very
popular because of its high sensitivity-to-mass ratio and its low sensitivity
to adverse environments. The piezoelectric accelerometer also has ex-
tremely wide frequency and dynamic ranges to match the performance of
the advanced measuring and analysis equipment of today.

Calibration in general refers to the procedures used to verify all the
performance characteristics which can influence the accuracy of measure-
ments made by the transducer. Even though the performance characteris-
tics are little affected or unaffected by time and extraneous environments,
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good instrumentation practice, and often legal obligations too, require the
users of piezoelectric accelerometers to confirm the manufacturers’ cali-
bration and to recalibrate the transducers at fixed intervals of time.

Recalibration of piezoelectric accelerometers is usually understood to be
recalibration of the main axis sensitivity at a specific frequency, combined
with a frequency response measurement to check the overall state of the
transducer.

In accordance with this, the present paper focuses on the trends in the
methods used for sensitivity calibration and frequency response measure-
ments of piezoelectric accelerometers.

The paper will discuss absolute calibration by using laser interferometry
and two comparison calibration methods, one using sine excitation and
one using random excitation. The methods are compared with regard to
calibration accuracy and user-friendliness.

Classification of Calibration Methods

The main axis sensitivity is determined either by absolute calibration or
comparison calibration.

Absolute Calibration implies that the accelerometer sensitivity is deter-
mined by measurements based on fundamental and derived units for the
physical quantities involved.

Today the most convenient method for absolute calibration is laser
interferometry. Thus, since the advent of the laser, reciprocity calibration
is -becoming rare as this method is rather involved and requires very
careful measurements to obtain good results.

Comparison Calibration implies that the sensitivity of the transducer to
be calibrated is measured relative to a Standard Reference Transducer
with known sensitivity.

Compared to the absolute laser interferometer calibration, comparison
calibration is simpler to perform and requires less complex and expensive
instruments. Therefore comparison calibration is a very attractive calibra-
tion method for average users of accelerometers while the absolute method
typically is applied by International and National Standard Institutes and
major calibration laboratories in industry.

The calibration accuracy will of course depend on the method used. As
comparison calibration requires the use of an absolute calibrated acceler-
ometer, the accuracy of the comparison calibration will, in all cases, be less
than the calibration accuracy of the Standard Reference Transducer used.
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International Calibration Hierarchy; Traceability

To avoid the necessity of carrying out absolute calibrations of all acceler-
ometers for common use, a hierarchy of Standard Transducers, accelerom-
eters used for calibration, is established.

As shown in Fig. 1 the Standard Transducers are ranked in three groups

Primary Standard Transducers are calibrated by absolute meth-
ods. They are kept at the International and National Standard Institutes
or at the Calibration Laboratories where they have been calibrated.

Transfer Standard Transducers are calibrated by comparison or
absolute methods at the above-mentioned Institutes and Laboratories.

By interchanging and recalibrating Transfer Standard Transducers
among International and National Standard Institutes, consistency is
established.

By interchanging and recalibrating Transfer Standard Transducers be-
tween a Standard Institute and various Calibration Laboratories the con-

Fundamental Physical Quantities:
Length, Mass, Time, Current, Temperature, Amount of Substance, Luminous Intensity

!

International and National Standard Institutes
Measuring procedures for fundamental and derived units

Vibration Department Vibration Laboratories

Calibration of Primary Standard Trans- Calibration of Primary Standard

ducers based on fundamental and Transducers, by using traceable instruments
derived units. Calibration (comparison or to measure fundamental units. Calibration
absolute) of Transfer Standard (comparison or“absolute) of ’
Transducers Transfer Standard Transducers

Users of vibration equipment (making comparison calibration of Working
Reference Standard Transducers and measuring Transducers in common use)

r Working Reference Standard
Transducers

811260

Fig. 1. Calibration hierarchy
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sistency of the calibration they carry out is established. To keep track of
which Standard Institute or Institutes have established the consistency of
the calibration performed at a particular Calibration Laboratory, the
transducers calibrated there are designated to be traceable to the Stan-
dard Institute/Institutes.

Working Reference Standard Transducers are used for compar-
ison calibration of accelerometers in common use, i.e. actual
measurements.

Working Reference Standard Transducers are calibrated by Standard
Institutes or Calibration Laboratories by using absoclute or comparison
calibration methods.

The Working Reference Standard Transducers are checked by means of
Transfer Standard Transducers. In this way the consistency and hence the
traceability of the calibration of Vibration Transducers in common use
are ensured.

Calibration Uncertainty

It is important to note that traceability only implies consistency with
calibration performed at the Standard Institute /Institutes referred to,
and thus only that the calibration is within tolerances.

This means that if a Calibration Laboratory is using more accurate
instruments or a more sophisticated calibration set-up than the one used
at the Standard Institute it refers to through the traceability, the uncer-
tainty of the calibration performed by the Calibration Laboratory will be
less than the uncertainty of the calibration performed by the Standard
Institute.

In order to evaluate the accuracy of various calibration methods, the
uncertainty of the calibration must be treated in a consistent way. In this
paper the method described in the British Calibration Service Guidance
Publication B 3003 [1] will be used.

The publication outlines a method for assigning a single (£) value of
uncertainty for the measurement, including a statement of confidence in
terms of the probability that the true value for the measurement lies
between the (*) limits stated.

The contributions to the calibration uncertainty are, for practical conve-
nience, classified as either random or systematic components.

The Randem Uncertainty (U,) appears as variations in the results
when a measurement is performed a number of times under substantially
the same conditions. The small independent random variables causing
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these variations are quantified as the random uncertainty of the
measurement.

By repeating the measurement a large number of times n, the mean
values for the arithmetic means x and the standard deviations s of the
samples will usually approach a Gaussian probability distribution describ-
ing the distribution of all possible results of repeated measurements.

By using a limited number of measurements, an estimate ¢ (est) for the
standard deviation of the probability distribution for the whole population
can be found from the relationship

R N
o (est) __—(n—l) ; (gcl-g;)c)2 (1)

where x; is the value of the individual measurements and # is their mean
value.

The random uncertainty limit (= U, ) about the sample mean X that will
embrace the population mean can, for a given Confidence Level, CL be
calculated from o (est) as

U =t [a (est)] @

/a

where t is the student’s ¢ factor corresponding to the number of measure-
ments used to estimate ¢ (est), and the chosen Confidence Level and n is
the number of measurements made. ‘

The Systematic Uncertainty (U, ) is made up of components which
have constant, but not exactly known, values during the measurements.

The components contributing to the systematic uncertainty come from
calibration factors, measuring apparatus, operational procedures and
items under test.

Often the knowledge of the nature of the contributions will be so limited
that a rectangular probability distribution, in the range of the limits + ¢;
assigned, must be assumed.

When a number of distributions of whatever form are combined, the
probability density distribution will approach the Gaussian Form. By us-
ing the semi-ranges a; for the limits assigned, the systematic uncertainty
limit (= U,) about the sample mean x that will embrace the population
mean can be calculated as
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K n
Us= - aiz (3)
R

where K is the normal distribution factor corresponding to the specified
Confidence Level.
The Single Value of Total Uncertainty is given by

U = ,JU?+ U,? 4)

and the result of the calibration is reported as
% x U, {5)

accompanied by the statement of the Confidence Level of the estimate.

Calibration by Laser Interferometry

A typical set-up for this type of calibration is shown in Fig. 2. The princi-
ples used have been described in various papers [2, 3, 4, 5, 6] and are in-
cluded in ISO 5347. All are based on the extremely stable and well-known
wavelength X of the laser light.

Three different methods are used to obtain information from the read-
out of the photo-diode in the Michelson interferometer. The simplest
method is used at frequencies up to about 1000 Hz. It is based on counting
the number of intensity changes R, per vibration period (also referred to as
“fringe counting”).

It can easily be shown that the displacement amplitude of the vibration
is given by

X0=Rf'

| >

(6)
For a sinusoidal vibration at the angular frequency w for which the dis-
placement is described as

X=X,sinwt (7
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Fig. 2. Laser calibration set-up
the acceleration is given by
A=-w?X,sinwt=-A,sinwt (8)

giving the result for the acceleration amplitude
— 42 = 2 A 9
Ao—wXO—w-R/'g 9

From this it is clear that we have to consider the uncertainties of the fringe
counting and the vibration frequency. From the set-up it is seen that
uncertainties of voltmeter and charge amplifier must be taken into ac-
count, and finally we know that tilting of the transducer during the vibra-
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€4 Voltmeter + Charge Ampl. + 0,08 %
e, Counter x 2 + 0,002 %
ey Fringe Counting (R;) * 0,02 %
e, Distortion + 0,1%
es Tilting +0,2%
€6 Temperature + 0,1%
ey Transverse Vibration (max. 5%} +01%

I Estimated standard deviation (from 3 measurements) + 0,02 %

T01369G81

Table 1. Laser calibration uncertainties at 160 Hz on a« B & K Standard Reference
Transducer Type 8305

tion cycle, together with transverse vibration, distortion of the sinusoidal
movement and temperature, can create errors which must be evaluated.
The estimated errors from a measurement at 160 Hz on a Briiel & Kjeer
Standard Reference Transducer Type 8305 are given in Table 1.
The random error for a 99% Confidence Level is found from (2) by using
n = 3,t =992 and ¢ from the last line in the table.

U, =012% (10)

The systematic error is found from (3) using the values in the table and
K =2,58 (99% CL):

_ 2,58

/5
This leads to the total uncertainty

U=,/Uz2+U,*?=044% 12)

International “Round Robin” calibrations have demonstrated that uncer-
tainties calculated according to these principles are in good agreement
with the observed deviations and do not indicate that more conservative
methods like direct additive calculation of uncertainties can be justified.

Us 612+622+e32+e42+€52+862+e72=0,42% (11)
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Comparison Calibration Methods

Back-to-Back calibration is performed by subjecting two accelerometers to
the same sinusoidal vibration and comparing their outputs. The sensitiv-
ity of one accelerometer can be found if the sensitivity of the other is
wellknown.

Simple Back-to-Back Comparison Calibration Method

A set-up for simple comparison calibration is shown in Fig. 3. The Briiel &
Kjeer Sensitivity Comparator Type 2970 is basically a summation amplifi-
er but simpler systems using a selector and a voltmeter are sometimes
employed.

The system can be balanced initially by applying the same charge input
to both channels (by means of a generator and two matched capacitors).

Afterwards the sensitivity of the unknown accelerometer is found by
changing the settings on the Precision Conditioning Amplifier. When a
minimum is found on the comparator, the accelerometer sensitivity can be
read off the Precision Conditioning Amplifier.

Control and Balancing Signal

Precision
Control Signal Conditioning
J Amplifier
{ 2650
A or
2626
'—_—: R F
e o @
Sine/Noise Generator Conditioning Amplifier Sensitivity
1049 2626 Comparator
Type 2970

Unknown Accelerometer
' Standard Accelerometer
<

Type 8305

|

Vibration Exciter
Body 4801 + Head
4815

Power Amplifier

2707

-
=
- * e ° -

[ I e
PRORL AN ] .@gé

A

840681/1

Fig. 3. Simple comparison calibration set-up
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e Variation of output from 8305 due to transverse component + 0.06%

1 of vibration (max 3%) - SR
e, Transverse component from test accelerometer + 0,15%
e Sensitivity error of 8305 due to a temperature variation of + 0.1%

3 + 3°C from original calibration temperature =

Sensitivity variation of test accelerometer due to + 3°C o

€, e + 0,3%
temperature variation

es Error in setting sensitivity controls on 2650 + 0,1%

e Error in balancing the two amplifier inputs via 2970 balance + 0,3%
control

ey Calibration uncertainty of 8305 (at 99% CL) + 0,6%

o Estimated standard deviation (10 measurements) + 0,13

701370GB1
Table 2. Uncertainties for simple back-to-back calibration at 160 Hz
Table 2 shows the uncertainties in the system.
From (3) the systematic error is:
K 2 2 2 2 2
U=—.e’+e’+e2+e,2+eg (13)
3
at a Confidence Level of 99% K is given as 2,58 giving
U,=0,711% (14)

The standard deviation listed in the table is obtained by means of 10
measurements. We know that ¢ = 3,25 at a Confidence Level of 99%.
Therefore, when only one measurement is made, we use the earlier experi-
ence for o(est) and get the random uncertainty from (2)

U,=3,25- .13 =0,42% (15)

7
The comparison uncertainty is then

U = /U2 +U,2=082% (16)
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The total uncertainty can now be found by including the uncertainty given
for the reference transducer (e;):

U, = ‘/UC2+e72= 1,02% a7

at the Confidence Level of 99%.

Back-to-Back Comparison Calibration by Using FFT
Analysis Method

Modern analysis techniques have made it possible to expand accurate
back-to-back calibration over a wide frequency range without a large in-
crease in calibration time. Simultaneously, the demands for more elabo-
rate documentation on measurements and calibrations have increased
over the last few years.

To fulfil these requirements a system like the one shown in Fig. 4 has
been demonstrated to be useful. The Briiel & Kjeer Dual Channel Signal

Duai Channel
Signal Analyzer
2032

: Tunable Band -
Pass Filter Power Amplifier
s 1621 . anz

e E = —

H 2
O iy 0oy aéw o ® @ o0
Standard
Reference
Unknown Accelero-
> _Accelerator meter
A « # Type 8305

Conditioning
Amplifier
2626

Conditioning

Voltmeter Amplifier
2425 2626

Vibration Exciter
4805/4815

870800

Fig. 4. Back-to-back FFT calibration using random excitation
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Analyzers Type 2032/34 perform the comparison at 800 frequencies and
provide an excitation signal of random nature covering all these
frequencies.

Fig. 5 shows the principle and the formula for the ratio of the sensitiv-
ities which now is a function of the frequency f:

He(f)

Sy

a ‘I‘ |— H(f)

Si(f) l A
Hal)

S HA
s - "0 A

862025

Fig. 5. Working principle of simple FFT calibration

S, (f) is the charge sensitivity of the unknown accelerometer
S,(f) is the charge sensitivity of the reference accelerometer
H(f) is the frequency response function value (analyzer readout)

H,(f)is the frequency response function of the signal-conditioning am-
plifier in Channel A

Hy(f) is the frequency response function of the signal-conditioning am-
plifier in Channel B

If the set-up is used in the simplest direct way, provided that the dynamic
range of the analyzer is used properly, we can give the resulting uncertain-
ty of a calibration of one Standard Reference accelerometer against anoth-
er at 160 Hz by using the uncertainties given in Table 3.
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e, Dual Channel Signal Analyzer Type 2032 Max. error + 3,1%

e, Type 2626 Charge Amplifier (Ch.A) Max. error + 0,5%
ey Type 2626 Charge Amplifier (Ch.B) Max. error + 0,5%
ey Type 8305 Standard Reference Accelerometer sensitiv-

ity error due to temperature variation in the range 23°C

+ 3°C + 0,1%
€5 Type 8305 Standard Reference Accelerometer

Error due to transverse vibration (max. 10%) + 0,2%
€g Unknown Accelerometer Output

Error due to transverse vibration (max. 10%)

Transverse sensitivity max. 2% + 0,2%
e, Unknown Accelerometer Output

Error due to difference between room temperature

measured and temperature of unknown accelerometer

(£ 3°C) + 0,1%
eg | Calibration uncertainty of 8305 (99% CL) + 0,6%
I Estimated standard deviation calculated from ten con-

secutive measurements +0,1%

T01371GB1

Table 3. Uncertainties, simple FFT calibration (two Standard Reference Transducers
Type 8305 at 160 Hz)

From (3) we obtain the systematic uncertainty:

K
U=— /e’ +e’+e’+e’+e’+e’+e.”=48% at 9% CL (18)

B
The random component of uncertainty for one measurement (n = 1) is:
U,=0,33% at 99% CL . 19)

The uncertainty of the comparison calibration measurement for n = 1 is:

U, =‘/U,2 +U,2=481% at 99% CL (20)

The total uncertainty of the calibration is:

U, =,/Uc2 +e2=4,8% at 99% CL (21)
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Although 5% is sufficient for many purposes it is often desirable to im-
prove the accuracy. To do so two self-correcting methods will be shown.

Improved FFT Calibration by Switching

Once one measurement has been made as described above, making a
second measurement with identical set-up but interchanged cable connec-
tions at the transducers will permit cancellation of most of the systematic
uncertainties.

Denoting the two frequency response functions H,, (f) and H,,, (f) we
have

Sl _ gy Halh) @2)
S, (f) uir Hy(f)
S H,(f)
and S W) - Ha(f) (23)
S, (f) Hy(f)
.. S H H
g1V1ng u(f) — u./r(f) or Su(f) - Sr(f) . M (24)
S, (f) H,, (f) H,,(f)
The uncertainties are in this case:
ey Dual Channel Signal Analyzer Type 2032 (Amplitude
resolution)
Max. error +0,1%
e, Standard Accelerometer Type 8305
Sensitivity error due to temperature variation in the
range 23°C + 3°C + 0,1%
€3 Standard Accelerometer Type 8305
Error due to transverse vibration (max. 10%) + 0,2%
ey Unknown Accelerometer Output
Error due to transverse vibration (max. 10%) + 0,2%
e; Unknown Accelerometer Output
Error due to difference between measured room tem-
perature and temperature of the unknown accelerome-
ter (= 3°C) + 0,1%
[ Estimated standard deviation obtained by ten consecu- + 0,1%

tive measurements

T01372GB1

Table 4. Uncertanties, FFT calibration by switching (two Standard Reference Trans-
ducers Type 8305 at 160 Hz)
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and assuming that transverse movements and temperature do not change
between the two measurements, we can find the systematic uncertainty:

U, = % ‘/(% e1)2+(%- e1)2+922 te + el +e;? (25)

258 0,324% = 0,48% (26)

5

U,

where the two 12 e, comes from each H in the formula and 1/2 from the fact
that they are under the square root sign according to the law of propaga-
tion of variance, i.e. by using the expansion :

Y(x 1y XQ....xn) = Y(X_ll ’ 3'62....56")

oY 5Y oY
+[ 5%, Ax, +5—szx2 + ... 5, . Axn} (27)

around the mean values %; leading to the expression

Uy2=i( Z: )2"7i2 (28)

i =

where ;2 is the variance of the variable x; [8].
Similarly, we obtain for the random uncertainty

3,25 1
U, =22 (L o) + (o)’ = 0,23% at 99% CL : 29

\/T 2 2

From this the comparison uncertainty becomes:

U.= /048 +0,28° = 0,53% (30)

and the total uncertainty

U,= 1/0,532 +0,6% = 0,8% at 99% CL (31)
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Improved FFT Calibration by Substitution

This method is also based on two measurements but in this case one
transducer remains fixed to the exciter while a reference and an unknown
transducer are compared to it, as shown in Fig. 6.

He(f)
Sdf) B
a —} |- H(H
S A
Ha(f)
Hg(f)
Su(f)
B8
a«I~ [— Hy(f)
8.(f) A
Ha(f)
862026
Fig. 6. Working principle of FFT calibration by substitution
It is immediately seen that
S () Sf) _S.(f) _ H.(f) H,(f)
= = S (f)=8S.(f) - =~ 32
5.0 S-S BHp =50 g 32
Where:
S, (f) = Charge sensitivity of the unknown accelerometer
S,(f) = Charge sensitivity of the primary standard accelerometer
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S,.(f) = Charge sensitivity of the reference accelerometer for the
measurement

H,(f) = Frequency response function for the unknown accelerometer
relative to the reference accelerometer

H_(f) = Frequency response function for the primary standard acceler-

ometer relative to the reference accelerometer

The uncertainties are

e, Dual Channel Signal Analyzer Type 2032 (Amplitude

resolution)

Max. error + 0,1%
e, Standard Accelerometer Type 8305

Sensitivity error due to temperature variation in the

range 23°C = 3°C + 0,1%
e Standard Accelerometer Type 8305

Error due to transverse vibration (max. 10%) + 0,2%
€, Unknown Accelerometer Output

Error due to transverse vibration (max. 10%) + 0,2%
e; Unknown Accelerometer Output

Error due to difference between measured room tem-

perature and temperature of the unknown accelerome-

ter (£ 3°C) + 0,1%
€ Error due to transverse sensitivity of reference trans-

ducer and change in transverse vibration (max. 5%)

+ 0,1%

[ Estimated standard deviation obtained by ten consecu- + 0,1%

tive measurements of H

T01373GB1

Table 5. Uncertainties, FFT calibration by substitution (two Standard Reference
Transducers Type 8305 at 160 Hz)

Following the same rules as above, we obtain

K
U=— [e®+e"+el+ef+e +e +eg’
B

2
_258 ,36=0,54% at 99% CL (33)

B
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U, = - Jo* + a* = 0,46% at 99% CL (34)

3,25
i

U, = ‘/0,542 +0,46% = 0,71% at 99% CL (35)
U, = 1/0,712 +0,6°=0,93% at 99% CL (36)

Conclusions

It is demonstrated that self-correcting methods, in conjunction with mod-
ern signal analyzers, can improve the accuracy of comparison measure-
ments so that they are better or comparable to dedicated comparison
systems. If calibration of Standard Reference Accelerometers is performed
in a wider frequency range, and if well-designed systems, including exciters
and fixtures, are used, accurate and very fast calibration can be made in
the range 5 Hz to 5 kHz by means of the substitution method. If computers
are used to generate the set-ups etc., a very powerful documentation sys-
tem can be made.

To verify the validity of the switching and the comparison by substitu-
tion methods, a comparison of the two methods against the Laser Interfe-
rometer Method was conducted at six different frequencies from 100 Hz to
650 Hz. Two standard Reference Transducers Type 8305 were used.

It was found that the maximum deviation between the three measure-
ments was in the order of 0,1%. The comparison measurements were
conducted in a well-controlled laboratory environment and great care was
taken to avoid spurious effects.

Over a period of eight months a large number of accelerometer calibra-
tions were performed by using the comparison-by-substitution method.
The measurements were performed under a wide variety of environmental
conditions and after transport of the equipment either by road or by air
[9]. The results were consistent with the uncertainties given in this paper.
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