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Abstract

The piezoelectric accelerometer is an electronic instrument based on the direct effect
of the piezoelectric material, this device is widely used in the industries to monitor
and detect defects of rotating machines in an early stage. In this paper, a thorough
study of the piezoelectric accelerometer is carried out to understand its design and
operation principle. A mathematical model of the accelerometer is developed based
on Newton motion law then a new relative sensitivity equation in function of meas-
urement error is extracted. This new equation has allowed a significant reduction in
the measurement error, a maximum improvement in the precision and an optimiza-
tion of the piezoelectric accelerometer relative sensitivity by the appropriate choice
of damping rate. These improvements have optimized the accelerometer parameters
and performances.
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List of Symbols

The relative frequency
The natural frequency

The damping rate

The mass

The damping factor

The elasticity coefficient
The absolute motion

The relative vibratory motion
S1 The mechanical sensitivity
The acceleration

The measurement error
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Q  The electric charge

S The sensitivity

C  The accelerometer internal impedance
R The insulation resistance

S, The electrical sensitivity

S, Relative sensitivity

1 Introduction

Machines monitoring relies essentially on the extraction of information revealing
the encountered degradation conditions. Several sources of information have been
explored and tested in the past, with more or less efficiency. Among these we cite oil
analysis, temperature analysis, acoustic emission and vibratory analysis with higher
intensity.

Vibration analysis plays a major role in the detection and diagnosis of defects in
rotating machines, and this is increasing, because of the ever increasing performance
in signal processing. The acquisition of vibratory information is done in several
steps. The first, the transformation of the mechanical displacements into an electri-
cal signal by means of sensors installed on the machine, followed by signals acquisi-
tion and sampling (conventionally at constant time step) in order to be processed by
computing devices. The final step is the signals digital processing in order to extract
information useful for the recognition of operating states [1, 2].

The vibratory analysis method is composed from a series of elements such as the
accelerometer, the amplifier and the FFT analyzer. The accelerometer transforms the
vibratory motion into a temporal electrical signal, the amplifier amplifies the signal
and the FFT analyzer converts the temporal electrical signal into a frequency elec-
tric signal (frequency information) [3-6].

In this work, the piezoelectric accelerometer is chosen because of it has many
advantages compared to other types of accelerometers (capacitive, resistive, tunnel
effect...). The piezoelectric accelerometer is based on the piezoelectric effect and
the piezoelectricity is the ability of certain crystalline materials to produce an elec-
trical charge proportional to the mechanical stress. The application of an external
electric field causes a mechanical deformation; this phenomenon is called inverse
piezoelectric effect.

Several research studies were conducted in order to improve the performance
of the piezoelectric accelerometer especially the electrical part [7-17]. However,
the study of Hu et al. [18] introduces a piezoelectric sensor based on vortex-
induced vibrations. This sensor module is endowed with a piezoelectric cantilever
and cylinder, which can be used to measure the wind flow from the characteris-
tic of vortex signals. The application potential for the on-line detection of par-
tial discharges of a new generation of piezoelectric sensors (High Temperature
Ultrasonic Transducers, HTUTSs) is presented in [19]. Such sensor was recently
developed by Canada’s Industrial Materials Institute (IMI). The proposed sensor
system in [20] consists of a piezoelectric energy harvesting device and a signal
conditioning circuit. This device is used to sense and convert ambient vibration to
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a relevant output voltage. The signal conditioning circuit, designed by a Bias-Flip
circuit, a pulse shaper and a low pass filter are employed to generate a DC output
voltage which is proportional to the vibration frequency magnitude.

However, in the present work, a mathematical model suitable to the piezoelec-
tric accelerometer will be developed and proposed. With this model it will be
possible to optimize the sensor relative sensitivity, to minimize the measurement
error and to improve the accuracy. These improvements in the characteristics and
in the parameters make possible to propose a new design of piezoelectric acceler-
ometer with higher precision and reliability.

2 Research Methodology

In the piezoelectricity section, the piezoelectric material direct effect is explained,
and in the piezoelectric accelerometer section, this type of sensor is described
with their operating principle, then in the accelerometer modeling section, the
mathematical model of the accelerometer physical behavior (mechanical and
electrical model) is extracted. Finally, in the results analysis section, the devel-
oped model is validated and confirmed by simulation. The obtained results are
analyzed and discussed before a conclusion is drawn.

3 Piezoelectricity

The piezoelectricity phenomenon is observed naturally in crystals quartz. In the
absence of deformation, the crystal remains electrically neutral. Under the effect
of a mechanical action, an electric dipole appears in each mesh of the material by
displacement of the barycenter’s positive and negative charges. The application
of a mechanical action on one of the faces of a piezoelectric sample breaks its
natural electrostatic balance and causes the appearance of an electric field at its
terminals (see Fig. 1).

The sum of elementals electric fields gives birth to a macroscopic electric
field. The piezoelectric materials are able to generate electrical charges on certain
faces of the sample under the effect of an external mechanical stress (whatever
the internal constraints of the existing material before the presence of external
effort). This effect is called direct piezoelectric effect and is used in the manufac-
ture of force, pressure, acceleration sensors and others. On the other hand, when a
voltage is applied across two opposite faces, the produced electric field causes the
appearance of a mechanical stress (which results in a shape variation if the sam-
ple is free or force if the sample is flush). This property is called reverse effect of
piezoelectric. This effect is used for high quartz oscillator frequencies or to make
actuators such as sonars or resonators [21].
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Fig. 1 Direct effect of the piezo- Direct effect
lectri terial: o ge ;
electric materials Application of a constraint

- Applying a polarization

4 Description of Piezoelectric Accelerometer

Generally, the piezoelectric accelerometer converts a mechanical deformation
(charge or mechanical force) into a temporal electrical signal (the direct effect
of piezoelectricity). In this type of sensor, the vibration measurement is based on
the deformation of the piezoelectric material. This material is characterized by
two parameters, the electromechanical torque k and the piezoelectric constant d
[21]. The main advantages of these materials reside in the excellent piezoelectric
property, a high coefficient of electromechanical coupling which leads to high
efficiency of actuation and high linearity of properties. The composition of the
piezoelectric accelerometer is shown in the following figure (Fig. 2).

In the piezoelectric accelerometer, the seismic mass is supported by a piezo-
electric element, which delivers an electric charge proportional to the restoring
force, and therefore to the displacement of the seismic mass. The assembly is
secured by a rigid base, the whole being contained in a hermetic housing.

Fig.2 Piezoelectric accelerom-
eter structure
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—
—
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elements
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Fig. 3 Mass, spring and damper f—— Dampet

system
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5 Accelerometer Modeling

In this section, the mechanical and electrical part of the piezoelectric accelerometer
will be modeled and the accelerometer modeling is presented as follows:

5.1 Mechanical Model

Accelerometers can be considered as a system with a single degree of freedom as
shown in the following figure (Fig. 3).

Implantation of piezoelectric accelerometer is in the main sensor sensitivity direc-
tion. It must be closer to the vibrating area of interest (see Fig. 4). Fixing the acceler-
ometer on the structure can have a real influence on the quality of the measured signal.
It can be fixed in various ways on the machine: screwed into the structure, screwed on a
glued base, magnetic for ferric structures, or attached with a touch point.

The following relation shows the relative motion of the piezoelectric accelerometer

(2):
z(t) = x(1) — y(1) (H

Applying the first law of motion, we can write the following equation:

2 F=my= mpzz 2)

With: p is the Laplace coefficient
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The piezoelectric accelerometer is considered as a system composed by mass, spring
and damper, then Eq. (2) becomes as follows:

mp*z + cpz + kz = —mp*y 3)
With: m is the mass, c is the damping factor, k is the elasticity coefficient, y is the
absolute movement and py is the absolute acceleration.
The natural frequency of the accelerometer can be expressed as a function of the
seismic mass and the elasticity coefficient, its expression is illustrated by the following
relation:

w5

m

The damping rate is the ratio between the damping factor, the seismic mass and the
natural frequency, thus; we can write:

c

¢= (2maw,) ®)

@, is the natural frequency and & is the damping rate.
By substituting Eqgs. (4) and (5) in Eq. (3), the relative motion z is expressed as
follows:

w?

=
P+ 200p + W ©)

The Laplace coefficient (p) can be replaced by (jo), Eq. (6) becomes:

yo'
= @)

- + 2jww, + o]

o is the relative frequency of vibratory movement.
Equation (7) can be written as follows:

_ yo?
o~ () + (%) v
Equation (8) is a complex function, its module is:
yo?

(- (=) +(2)

This equation illustrates the relative motion of the vibrations measured by the piezo-
electric accelerometer.
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If we denote by y the acceleration of the vibratory movement (input quantity) meas-
ured by the piezoelectric accelerometer and Q the electric charge (output quantity)
therefore, the sensitivity S is written as:

s=2_5,.5s, (10)

4

where S; is the mechanical sensitivity of the seismic mass system (2" order
response):

<
(- (2)) ()

S, is the electrical sensitivity of the sensor (1st order response):

|S2|=‘%’=d'c 2 12
1+<&> (12

[

d: the piezoelectric constant; C: the stiffness of the sensitive element o, is the low
cutoff frequency of the accelerometer + conditioner assembly.
The sensitivity of the accelerometer is:
2
d-C 1/ wy

Vol gy

The relation of the accelerometer relative sensitivity can be expressed as follows:

S =

S=1 (14)
With:
d-C
Sn = (15)
o
So:
1 . 1

S, =
V@) Jo-g)ecer

From Eqgs. (9 and 16), the new formula of the relative sensitivity as a function of the
relative movement is obtained, which is illustrated by the following equation:
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’ " Yo? (17)

The measurement error of the piezoelectric accelerometer has the following
expression:

(d?y/di?)
E=W—l=[z-cog/yw2]—l (18)

E: the measurement error
Then, from Eq. (9), the measurement error is defined by the following formula:

E= ! -1

\/(1 - (co/con)z)2 + (2Ca)/wn)2

19)

The new relation that relates the relative sensitivity according to the measurement
error is:

Sr=—1 B+

() @0

w

With this equation, it becomes possible to improve the parameters and propose a
new design of the piezoelectric accelerometer.

5.2 Electrical Model

The piezoelectric material of the accelerometer can be considered as a current gen-
erator of intensity 1=dQ/dt in parallel to internal impedance, the following figure illus-
trates the diagram of a current generator (Fig. 5).

The corresponding equivalent Thevenin scheme is shown in Fig. 6:

From Fig. 6, the transfer function of this circuit can be extracted as follows:

2L

With: C is the accelerometer internal impedance and R is the insulation resistance of
the piezoelectric material,
The amplitude of this transfer function is:

w

[w? + ($)2 (22)

|H(jw)| =
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Fig.5 Current generator of the
piezoelectric material dQ/dt

all

Rg

@]

Fig.6 The equivalent diagram
of Thevenin

- R

And the phase shift is given by the following relation:

0(jw) = 90° — tan"'w.R.C (23)

The cutoff pulse o can be expressed by the formula presented below:
we = 1 24
c=R.C (24)

The insulation resistance of the piezoelectric material is given by the expression:

tan O tan O

" f-C w-C 25)
Replacing Eq. (25) in Eq. (24) yields Eq. (26):
o= @

€7 tans (26)

The following table shows the parameters of the PZT (PZ27) piezoelectric material
(see Table 1)

6 Simulation and Results Interpretation

Simulation refers to the execution of a program on a computer or network in order
to simulate a real and complex physical phenomenon. In this work, Matlab soft-
ware will be used to simulate the developed mathematical model of the mechani-
cal behavior of the piezoelectric accelerometer. In simulation, the accelerometer
natural frequency is take equal to 10,000 Hz, the relative frequency is varied
from O to 4200 Hz (respecting the condition that the maximum relative frequency
is smaller compared to the sensor natural frequency to avoid the resonance
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Table 1 PZT (PZ27)

. ; . Parameters Value Unit
piezoelectric material
parameters Accelerometer internal 7835 a1kHz pf
impedance (C)
Piezoelectric constant (d) 500 pC/N
tan § 15.85 107

phenomenon effect) and the damping rate is varied from 0.6 to 0.7, taking its best
value in order to optimize the parameters of the piezoelectric accelerometer. The
parameters used to simulate this model are presented in Table 2:

The equations (Egs. 9, 19 and 20) are used to perform the simulation of rela-
tive movement, measurement error, and relative sensitivity of the piezoelectric
accelerometer as a function of relative frequency. The simulation results are pre-
sented in the following figures (Figs. 7, 8 and 9).

Figure 7 illustrates the relative movement as a function of relative frequency
for five damping rate values (0.6, 0.63, 0.65, 0.68, and 0.7). From these five
curves, it is observed that there is a difference between these curves because of
the damping rate variation. It can also be seen that the damping rate has an effect
on the piezoelectric accelerometer accuracy. To extract the appropriate value of
damping rate which reduces the measurement error to a minimum, Eq. (19) is
simulated.

The simulation of the error equation helps to choose the appropriate damping
rate to obtain a more accurate accelerometer (with small measurement error, a
high accuracy is obtained). The simulation results are presented in the following
figure (Fig. 8).

Figure 8 shows a graphical presentation of the measurement error as a function
of relative movement frequency for five values of damping rate (0.6, 0.63, 0.65,
0.68 and 0.7). From Fig. 6, it can be observed:

e For a damping rate equals to 0.6, the measurement error value is less than or
equal to 3.7%.

e For a damping rate equals to 0.63, the measurement error value is less than or
equal to 2.2%.

e For a damping rate equals to 0.65, the measurement error value is less than or
equal to 1.2%.

Table 2 Simulation parameters

Parameters Value
Natural frequency of the accelerometer (Hz) 10,000
Damping rate 0.6, 0.63,
0.65, 0.68,
0.7
Relative frequency of vibratory motion (Hz) 0-4200
Movement amplitude (mm) 0.5
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Relative movement curves
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Fig. 7 Relative movement as a function of the relative frequency for various values of the damping rate

Measurement error curves
4 T T T T T T T T

Damping rate=0.6
Damping rate=0.63
Damping rate=0.65
Damping rate=0.68
Damping rate=0.7

Error (%)

1 1 1 1 1
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2 ! ! !

Fig. 8 Measurement error as a function of relative frequency for various values of damping rate

e For a damping rate equals to 0.68, the measurement error value is less than or
equal to 0.3%.
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Relative sensitivity curves
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Fig.9 Accelerometer relative sensitivity as a function of relative frequency for various values of the
damping rate

e For a damping rate equals to 0.7, the measurement error value is less than or
equal to 1.2%.

It can be also noted that the damping rate equal to 0.68 is the appropriate value
to reduce the measurement error to a value not exceeding 0.3% and increasing the
accelerometer precision to the maximum.

The simulation results of the new expression of relative sensitivity are pre-
sented in Fig. 9:

Figure 9 illustrates the piezoelectric accelerometer relative sensitivity as a
function of relative frequency for five damping rate values. From this figure it can
be noted that:

e For a damping rate equals to 0.6, the uncertainty of relative sensitivity is
to +0.0005 — (3.5%).

e For a damping rate equals to 0.63, the uncertainty of relative sensitivity is
to+0.00035 — (2.2%).

e For a damping rate equals to 0.65, the uncertainty of relative sensitivity is
t0+0.0002 — (1.26%).

e For a damping rate equals to 0.68, the uncertainty of relative sensitivity is
to+0.00005 — (0.35%).

e For a damping rate equals to 0.7, the uncertainty of relative sensitivity is
to+0.0002 — (1.26%).
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With a damping rate equal to 0.68, it is possible to obtain a relative sensitivity
slightly constant compared to others (a change in relative sensitivity does not exceed
a value equal to 0.62%); this implies that the accelerometer is more sensitive. The
selected value of damping rate (0.68) has improved the piezoelectric accelerometer
parameters such as precision and relative sensitivity (measurement error minimiza-
tion implies that the precision is optimized, and the sensitivity is enhanced).

7 Conclusion

In this work, the piezoelectric accelerometer and the piezoelectric material effect are
studied to understand the structure and the operating principle of this type of sensor.
Then an appropriate mathematical model of the physical behavior of this acceler-
ometer is extracted. The developed model of the mechanical part shows two impor-
tant formulas. The first is the expression of the relative movement as a function of
the damping rate, the accelerometer natural frequency and the movement relative
frequency. The second formula expresses the measurement error according to the
parameters of the accelerometer, whereas, the new formula of the relative sensitiv-
ity relates the electrical and the mechanical parameters of the piezoelectric accel-
erometer. The developed model is validated by simulation tests and the obtained
results have showed that a damping rate of 0.68 minimizes the measurement error to
a value equal to 0.3%, increases the accuracy to a value equal to 99.7% and a change
in relative sensitivity not exceeding a value of 0.62%. In future work, the fidelity and
the availability of the piezoelectric accelerometer will be studied and a new will be
proposed.
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