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base of the accelerometer to the seismic masses via the rigid triangular centre
post. When the accelerometer is vibrated a force, equal to the product of the
acceleration of a seismic mass and its mass, acts on each piezoelectric ele-
ment. The piezoelectric elements produce a charge proportional to the applied
force. The seismic masses are constant and consequently the elements pro-
duce a charge which is proportional to the acceleration of the seismic masses.
As the seismic masses accelerate with the same magnitude and phase as the
accelerometer base over a wide frequency range, the output of the accelerome-
ter is proportional to the accelération of the base and hence to the acceleratio

of the surface onto which the accelerometer is mounted. i

The above model can be simplified as shown in Fig. 2.2.

2.2.1. Analytical Treatment of Accelerometer Operation

Fig. 2.2 shows a simplified model of the accelerometer described in the last
section and referenced to an inertial system. The two masses are unsupported

and connected by an ideal spring. Damping is neglected in this model because
Briel & Kjser accelerometers have very low damping fagtors,

4 X
im, o
mn
k L(at rest)
m
My > X,
Fe = Fgsinwt - 0

B51006

Fig. 2.2. Simplified model! of an accelerometer

3
i

total seismic mass

3
[}

mass of the accelerometer base

<
1

displacement of the seismic mass

&
0

displacement of the accelerometer base

14

L = distance between the seismic mass and the base when the
accelerometer is at rest in the inertial system

k = equivalent stiffness of the piezoelectric elements

F. = harmonic excitation force

F = amplitude of excitation force

w = excitation frequency (rad/s) = 2rf

w, = patural resonance frequency of the accelerometer (rad/s)

W = mounted resonance frequency of the accelerometer
(rad/s)

£ = Bo_”:_:ma resonance frequency of the accelerometer (Hz)

f = excitation frequency (Hz)

The following expressions describe the forces present in the model

F = k( xs— X,~ L )} (spring force)
myX, = F + F, (force on base)
mg; = -F (force on seismic masses)

The equation of motion for the model can be found

ﬁ
P L ik Ly SO Sy Y )
d mg my M my
or
; L Fsinwt
t\ = —kr- °m=u€
m,
Where
1 = 1,1
1 ms My
or
_ msm,
" " my+m,

u is often referred to as the “reduced mass” and r is the relative displace-
ment of the seismic mass to the base

15
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the natural resonance frequency of the accelerometer. Consequently the force
on the piezoelectric elements and the electrical output from the accelerometer
also increase. As the piezoelectric elements used in Briiel & Kjeer accelerome-
ters exhibit constant force sensitivity the increase in electrical output of an
accelerometer near its resonance frequency is attributable entirely to the natu-
ral resonance of the accelerometer. The typical shape of a frequency response
curve of an accelerometer (see Fig. 2.3) and amplitude measurement errors are
related to this equation. This is covered in section 2.3.

;w free hanging natural resonance frequency of the accelerometer depends
heavily on the ratio of the total seismic mass to the mass of the rest of the
transducer but primarily to that of the base. As a general rule the total seismic

mass of an accelerometer is approximately the same as the mass of the base
and this gives the relationship

mounted resonance frequency 1
free hanging resonance frequency - ﬂmn

2.3. Frequency Range

The relative change in electrical output from an accelerometer is shown in
Fig. 2.3. A frequency response curve of this kind shows the variation in the
accelerometer’s electrical output when it is excited by a constant vibration level
over a wide frequency range. To obtain such a frequency response curve the
accelerometer is mounted onto a 180 g exciter head. Hence the approximation

—

30

dB

20

Uselul Frequency ranges

10% limit = 0,3 f,,

=]

3dB limit =~ 05 f,,

Relative Sensitivity

(=]

Main Axis Charge or Vollage Sensitivity |l\

- 10 .
0.0001 0,001 0.01 0 i

7‘ Proportion of Mounted Resonance Frequency fm

Fig. 2.3. Relative sensitivity of an accelerometer vs., frequency
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to the mounted resonance frequency of the accelerometer can be found. This
frequency response curve is related to equation (4) in the last section. However,
the mounted resonance frequency can now be directly substituted into (4) to
obtain

1
(i
@

Equation (5) can be used to calculate the deviation between the measured
and the actual vibration at any frequency and to define useful frequency ranges.

A = Amv

2.3.1. Upper Frequency Limit

Fig. 2.3 shows that the mounted resonance frequency determines the fre-
quency range over which the accelerometer can be used while a constant
electrical output for a constant vibration input is still maintained.

The higher the mounted resonance frequency, the wider the operating fre-
quency range. However, in order to have a higher mounted resonance frequen-
cy it is necessary to have either stiffer piezoelectric elements or a lower total
seismic mass. The stiffness of the piezoelectric elements is generally constant
so a lower seismic mass is required. Such a lower mass would however exert
less force on the piezoelectric element and the accelerometer would conse-
quently be less sensitive. Therefore accelerometers possessing very high fre-
quency performance are less sensitive. Conversely, high sensitivity accelerom-
eters do not have very high frequency measurement capability.

Several useful frequency ranges can be defined from the frequency response
curve of an accelerometer. They are:

5% Frequency Limit is the frequency at which there is a 5% deviation between
the measured and the actual vibration level applied to the base of the acceler-
ometer. The maximum vibration frequency which can be measured with this
accuracy is approximately one fifth (0,22) of the mounted resonance frequency
of the accelerometer.

10% Frequency Limit is the frequency at which there is a 10% deviation
between the measured and the actual vibration level applied to the base of the
accelerometer. The maximum vibration frequency which can be measured with
this accuracy is approximately one third (0,30) times the mounted resonance
frequency of the accelerometer.

3dB Frequency Limit is the frequency at which there is a 3dB difference
between the measured and the actual vibration level applied to the base of the

19
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Ferroelectric ceramics may be produced
composition may be varied to give them spe
cations, With piezoelectric monocrystalline
the case as their composition is fixed and th
crystal from which they are cut. Because of this accelerometers which use
monocrystalline elements generally have a lower sensitivity and internal capaci-
tance than those wigh ferroelectric ceramic elements.

i

Piezoelectric materials Used in Briel & K

PZ 23, PZ 27, PZ 45 and PZ 100. These ha

in any desired shape and their
cial properties for different appli-
materials such as quartz this is not
eir shape is restricted by the size of

jeer accelerometers are designated
ve the following properties:

1. PZ 23 belongs to the lead titanate, lead zirconate family of ferroelectric
ceramics and is artificially polarized. It may be used at temperatures up to
250°C (482°F). Due to its high sensitivity (approx. 300 pC/N) and other good
all round properties it is used in most Bruel & Kjzer accelerometers.

2. PZ27is an artificially polarized lead zirconate titanate element very similar
to PZ 23. it is suitable for use in miniature accelerometers.

3. PZ 45 is a specially formulated artificially polarized ferroelectric ceramic
which has a particularly flat temperature response and may be used at
temperatures of up to 400°C (752°F). It is used in Bruel & Kjeer differential,
high temperature and high shock accelerometers.

4. PZ 100 is a carefully selected and prepared quartz crystal. It may be used at
temperatures up to 250°C (482°F) and has excellent stability with low
ternperature transient sensitivity. It is used in the Briel & Kjaer Standard
Reference Accelerometer Type 8305 and in the force transducers.

The type of the piezoelectric element used in any particular Briel & Kjaer
accelerometer can be found in the accelerometer Product Data.

2.5. PRACTICAL ACCELEROMETER DESIGNS

Three different mechanical constructions are used
Briel & Kjeer accelerometers. The first t
Shear* are shown in Fig. 2.5. A Compr
use. Due to its superior performance th
all Briel & Kjer accelerometers,

in the design of
wo designs, Planar Shear and Delta
ession Design (see Fig. 2.6) is also in
e Delta Shear™ design is used in nearly

1. Delta Shear* Design. Three piezoelectric elem
arranged in a triangular confi
are held in place using a hig
are required to hold the a

ents and three masses are
guration around a triangular centre post. They
h tensile clamping ring. No adhesives or bolts
ssembly together and this ensures optimum
performance and reliability. The ring prestresses the piezoelectric elements

to give a high degree of linearity. The charge is collected between the
housing and the clamping ring.

22

Planar Shear Delta Shear*

S60a T

Fig. 2.5. Planar Shear and Delta Shear designs. M=Seismic Mass, P=Piezoe-

lectric Element, R=Clamping Ring and B=Base

The Delta Shear™ design gives a high sensitivity-to-mass ratio oovaqma. to
other designs and has a relatively high resonance frequency and high
isolation from base strains and temperature transients. The excellent overall
characteristics of this design make it ideal for both general purpose accel-
erometers and more specialized types.

Planar Shear. In this design the piezoelectric element c:a.maomm m.:mm:
deformation as in the Delta Shear® design. Two rectangular slices of piezo-
electric material are arranged on each side of a rectangular .o.m:=m .noﬂ.
Two masses are formed as shown in Fig. 2.5 and held in Uo&:o: :m..:@ a
high tensile strength clamping ring performing the same function as 5 the
Delta Shear® design. The base and piezoelectric elements are m:..wo:<m_<
isolated from each other thus giving excellent immunity to base bending and
temperature fluctuations.

Centre Mounted Compression Design. This =mn=zoam_. m::_u_,.w oozw:‘:m-
tion gives a moderately high sensitivity-to-mass _,m:w. The piezoelectric
element-mass-spring system is mounted on a cylindrical centre post at-
tached to the base of the accelerometer. However, cm.omcmm E.m base m:.a
centre post effectively act as a spring in parallel with ::.w piezoelectric
elements, any dynamic changes in the base w:o:.mm bending or thermal
expansions can cause stresses in the piezoelectric m.m:._oi.m and hence
erroneous outputs. Even though Bruel & Kjeer employ very thick vmmmm. to
minimize these effects in compression designs, bending m:a w:.mﬁo:_zo
forces can still be transmitted to the piezoelectric elements. This will ﬁwc:
in an erroneous non-vibration related output at the frequency of :.5 vibra-
tion. In the previous section it was seen that ﬁmsum_‘meqm :comcm:ozm can
also produce charge in the piezoelectrics which are picked up in Compres-
sion Designs.

23
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P

detect charge or voltage as

terms of charge (measure

Likewise, the voltage sensitivi
of acceleration:

2.6.1. Charge and Voltage Sensitivity

The pi i
€ plezoelectric accelerometer ¢an be regarded as either a charge source

:.A.u element acts as a capacitor C, in parallel
Wm_mﬁm:om. R,. which, for practical purposes
ither as an ideal charge source, Q,in umﬁm__mm
C.;or as voltage source V. in series with ¢
2.8. The equivalent circuits .

S can be used independen
culations.

can be ignored. It may be treated e
with C, and the cable capacitance
and loaded by C. as shown in Fig.
are shown in Fig. 2.8. Both model
which model yields the easiest cal

n

Charge Equivalent
Q

Voltage Equivalent

unit of acceleratior unit of wn<0m eration
1 I

B60431
Fig. 2.8. Equivalent electrical circuits for

, Piezoelectric ace
nection cable elerometer and con-

The choice of accelerometer preamplifier depends on whether we want to

the electrical output from the accelerometer.

The charge sensitivity, Sqa of a piezoelectric accelerometer is calibrated in

d in pC) per unit of acceleration:

S _ _ PCqus PCreak

qa = = =
-2 -2 R
ms ms<pys  ms=

peak

va - =

It can be seen from the simplified diagrams that the voltage produced by the
accelerometer is divided between the accelerometer capacitance and the cable
capacitance. Hence a change in the cable capacitance, caused either by a
ditferent type of cable and/or a change in the cable length, will cause a change
in the voltage sensitivity. A sensitivity recalibration will therefore be required.
This is a major disadvantage of using voltage preamplification and is examined

in greater detail in Chapter 3. Charge amplifiers are used nearly all the time
nowadays.

At low and medium frequencies, within the useful operating frequency range
of an accelerometer, the voltage sensitivity is independent of frequency. This
also applies to the charge sensitivity of accelerometers using PZ 45 and PZ 100
piezoelectric materials, but not to those using PZ 23 and PZ 27 piezoelectric
materials. Instead, this piezoelectric material has'been designed so that both
the charge sensitivity and capacitance decrease by approximately 2,5% per
decade increase in frequency. The effect of this decrease is to partially offset
the output rise at resonance. Therefore, the maximum deviation between the
measured and actual accelerations over the useful operating frequency range
of accelerometers employing PZ 23 with medium to high resonance frequencies

is only + 5% of the acceleration applied to the base of the accelerometer, as
indicated in Fig. 2.9.

70+

Useful Frequency Range
~ 03 I,
Charge Sensitivity Deviation < t §%
= == Voltage Sensitivity Deviation < + 10%

 —

Relative Sensitivity

Slope ~ 2,56% / Frequency decade

T T T
0,0001 0,001 0,01 0.1 1 10

Proportion of Mounted Resonance Frequency f,

Fig. 2.9. Charge and voltage sensitivity versus frequency for an accelerometer
using PZ 23 piezoelectric material
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mounting on a flat, clean surface, the maximum transverse sensitivity of most
Briel & Kjeer accelerometers can be kept below 4% of the main axis sensitivity
at 30 Hz (see Fig. 2.11).

At frequencies less than one sixth of the main axis mounted resonance
frequency transverse sensitivity can be kept below 10%. At frequencies just
over one third of the main axis mounted resonance frequency it is difficult to
specify exact values of transverse sensitivity as transverse resonance oc-
curs.This is indicated in Fig. 2.11. s

As illustrated in Fig. 2.12, transverse sensitivity can be regarded as the result
of the maximum charge and voltage sensitivity axis of the accelerometer not
being quite aligned with the mounting axis. Because of this there are directions
of maximum and minimum transverse sensitivity which are at right angles to
one another and to the main sensitivity axis. It is therefore the maximum value
of transverse sensitivity which is specified on the accelerometer calibration
chart. The direction of minimum sens ivity is marked by a red dot on the
accelerometer housing. This is a unique feature of Briiel & Kjeer accelerometers.

It should be noted that the Delta Shear* design, having constant stiffness in
all transverse directions, has only one transverse resonance. Other shear
designs may have two or more transverse resonances.

Axis of
P | maxtmum
- sensitivity
- |
P
'd I
Accelerometer
mounting <2,3° I
axis |
| |
_ |
|
| I
‘ 1
|
|
| |
; N . _
-
| = - S~ h - -
| ~ L~ .
N Axis of maximum
~
= ._.Samxm.am
sensitivity
-
<
_ ~
¥ -
-~
! - Axis of minimum™ ~ -
-7 Transverse sensitivity ~
- . ~
~ (ideally zero ~
-7 sensitivity at the ~
& calibration frequency) 780732
|

Fig. 2.12. Vectorial representation of transverse sensitivity

30

As the transverse resonance is just outside Em :mﬂ:_ onmqmzﬂ_@ :ﬂ:mm:xﬁww
range of an accelerometer and with a peak .mBE_Eam just cm_o_Mz the q”M_sﬁ s
sensitivity, it is important that transverse .<_UE.:o=.w m..:a w.:o.n_u m_ m%o h:@ .
below the specified main axis oo:z.::o_l_ﬁﬂwrwqﬂ_o_“ﬂﬁ“:”.mw_md“mwmqm%w:oMxm .

i ometers can subject
W”HMMM_ nwwmm_omh_ design limits and permanent damage can be caused to the
piezoelectric elements inside the accelerometer.

The following precautions can be taken against severe transverse vibrations:

1. Align the red dot in the direction of maximum transverse acceleration.

Fig. 2.13. Chart for determining the accelerometer transverse sensitivity in any

direction when the maximum transverse sensitivity is known
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i

-~ ~ea— Applied acceleration

Acceleration

Accelerometer
+

preamplifier

o:_t:_

_ Time

-

quasi-static acceleration input
associated with the accelerometer and pream-

Fig. 2.15. The distortion of a waveform of a
caused by “leakage”
plitier

again at point D. The rate of exponential change between A and B and between

C and D is the same and is determined by the time constant set by the
accelerometer and preamplifier.

. This effect causes errors in the measurement of the peak amplitude of the
‘acceleration and is caused by the accelerometer being used with the wrong
Lower Limiting Frequency on the preamplifier. Measurement errors of peak
amplitude due to leakage may be kept to within 5% by ensuring that the —3dB
Lower Limiting Frequency of the preamplifier is less than 0,008/T. where Tis
the period of a square wave transient. For measurements on half-sine tran-
sients the Lower Limiting Frequency must be less than 0,05/T.

The frequency bandwidth of the entire measurement system required to
measure such transients with specified accuracies can be found from Fig. 2.16
which also includes the upper frequency requirement because transient signals

have higher frequency components ‘which must also be reproduced without
distortion.

The distortion of the waveform of transients, and in particular quasi-static
vibrations, caused by using the accelerometer with the incorrect frequency
range can appear similar to the distortion produced by other phenomena such

as zero shift (see section 2.8.3). It must be understood that the causes, and
hence solutions, of the problems are different.
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100000
5 R
Hz
2 High Frequency Cut-Off
(for halt-sine impulse)
10000 e —
5
bl =— —
1000 |— -
m T——
S
2 2 - /
3 Frequency Response <
g 3 ithi limits
.m 100 should be flat within these limi /..... -
5
/ 10%
2
1) P S— —— /i
Y == = //
2 i N
L., [ Low Frequency Cul-Off
5 {tor square wave impulse) ~
: 10%
A
’ 5%
5
) P S
o.a_o 1 0.2 0.5 1 2 5 10 20 50 100 200
Pulse Duration {ms) 2660801

Fig. 2.16. Vibration system -3dB lower and upper limiting an:m:&.mm ﬁmos.ﬁm.q
. for acceleration measurements of pulses of duration T ».mm.b:ﬁ ampli-
tude measurement errors less than 5 and 10% respectively

2.8.2. “Ringing”

This term is used to describe the distortion ancom..u c« an accelerometer
which is being used to measure transient <_cqm=.o=m oEw_am its m_mm‘.c_ :mwwm._.umv‘
range. An example of the resulting a.mﬁo:ma. m_wam_ is shown in .m_@. m . The
resonance of the accelerometer is excited with high :.mnF._msoKsU_‘m:oa ooﬂ-
ponents and this should be avoided. A first warning of ringing might be given by
an overload indication on the preamplifier.

“Ringing” causes errors in the measurement of peak vibration amplitude. For
5% peak measurement error the accelerometer mounted qmmo:.m:ow frequency
should not be less than 10/T where T is the length of the transient in w.ooo:nw.
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