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Abstract—The lower eigenfrequency of a piezoelectric accelerometer in fixed and unfixed states was deter-
mined by carrying out mounted resonance testing (MRT) of a NEXUS 2692 amplifier. The MRT was com-
plemented by spectral analysis of the piezoelectric-accelerometer response to an electric pulse, which was
performed using the fast Fourier transform method. Based on the lower eigenfrequency of the fixed piezo-
electric accelerometer determined thereby, it was possible to confirm the quality of sensor fixing on the test
object and evaluate the reliability of results obtained after loading.
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When planning measurements of accelerations,
one must correctly select the piezoelectric accelerom-
eter, given that the lower eigenfrequency f;of the fixed
piezoelectric accelerometer must be much higher than
the frequency of the measurable signal f. This problem
was generally solved in [1]. In practice, simpler ratios
are used to avoid distortion of the measurable-signal
frequency, e.g., f; 212f.

For various reasons, it is sometimes impossible to
place a piezoelectric accelerometer directly on a test
object; therefore, gaskets, brackets, adhesives of dif-
ferent rigidities, and other devices can be used to fix
the piezoelectric accelerometer. Depending on the
method for fixing the piezoelectric accelerometer, its
lower eigenfrequency f; may vary significantly (most
often, it decreases); therefore, the measured signal
may be unreliable or be measured with a large error
[2—4]. Even an increase in the layer of adhesive bond-
ing for the same “sensor—test object” pair leads to a
decrease in the lower eigenfrequency of the piezoelec-
tric accelerometer. As an example, the lower eigenfre-
quency of the AP7(AP11) piezoelectric accelerometer
fixed using the VGO-1 sealant is 15 kHz or higher at
an adhesive-layer thickness of 0.15—0.2 mm and no
greater than 8 kHz at 0.7 mm [4].

If the same method is used to fix several piezoelec-
tric accelerometers on the test object it is technologi-
cally difficult to provide equal thickness of the adhe-
sive layer and, hence, the necessary lower eigenfre-
quency of the piezoelectric accelerometer, which will
sometimes differ substantially. In practice, it is impos-
sible to quickly check the thickness of the adhesive
layer and the quality of the adhesive joint between the

sensor and the test object, especially if the sensor is
fixed in place inside the test object. Therefore, in our
opinion, the determination of the lower eigenfre-
quency of the piezoelectric accelerometer after its
mounting on the test object is an urgent task.

An electrical method for determining the lower
eigenfrequency of the piezoelectric accelerometer in
the fixed state was proposed by Bruel & Kjer
(www.bksv.ru). Mounted resonance testing (MRT) is
carried out using a NEXUS 2692-C-001 amplifier
(hereinafter referred to as NEXUS) from this com-
pany. The key characteristics of this amplifier are
listed below:

—nominal charge conversion limit, 10° pC;
—output voltage, <10V;
—nominal conversion factors, from 1073 to 10 V/pC;

—upper cutoff frequencies: 0.1, 1, 3, 10, 22.4, 30,
and 100 kHz.

The MRT is performed as follows. A bipolar rect-
angular voltage pulse with an amplitude of 15V, a duty
cycle of 2 units, and a preset duration (from 0.01 to
0.1 us) is generated at the input of the amplifier to
which a piezoelectric accelerometer is connected. This
pulse initiates vibration of the sensitive element of the
piezoelectric accelerometer. The NEXUS amplifier is
then switched to the measurement mode and auto-
matically measures the time 7'that is spent on measur-
ing N periods of the sensor response signal (/V is spec-
ified by the testing algorithm). The measured fre-
quency F= N/Tis calculated after the measurements
and is shown on the display of the amplifier. It should
be noted that, apart from the vibration eigenfrequency

718



DETERMINATION OF THE LOWER EIGENFREQUENCY

719

(a) (b)
% 3 - 1
11 b -2
2 9
4 _>/ 4
: S
5 P oop 6
6 & R0 o N
"’ ‘></‘ I]

/]| \\ 18
13 20 2115 19

Fig. 1. The designs of the (a) Bruel & Kjer 4344, (b) AP8 and AP11, and (c) AP77 piezoelectric accelerometers: (/) case cover,
(2) disk spring, (3) screw, (4) inertia member, (5) piezoelectric ceramics, (6) current output, (7) case, (&) threaded hole for a
removable stud, (9) ball, (/0) fixed stud (shank), (/7) insulating sleeve, (12) conical support, (13) cable port, (/4) cable, (15) cable
entry unit, (/6) wire binding, (/7) external insulation, (/&) shield, (79) internal insulation, (20) lead, (21) solder that fastens the
binding, and (22) solder that fixes the cable entry unit inside the case.

of the fixed piezoelectric accelerometer, the piezo-
electric-accelerometer response also contains vibra-
tion frequencies of the inertial mass that is a part of the
piezoelectric accelerometer (the vibration eigenfre-
quency of the unfixed piezoelectric accelerometer).

In practice, an attempt to apply the MRT to
domestic AP77M piezoelectric accelerometers manu-
factured by GlobalTest Co. (Sarov, www.globaltest.tu)
and AP11 and APS8 piezoelectric accelerometers man-
ufactured by the Ural Electromechanical Plant
(Yekaterinburg, www.uemz.ru), which were fixed on
the test object, failed to provide a positive result. The
test results were random and did not correspond to the
values of the lower eigenfrequency of the piezoelectric
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Fig. 2. The layout of the MRT.
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accelerometer presented in [2, 4]. A possible cause for
this was the difference in the design of the AP11, AP77M,
and APS sensors from the sensors by Bruel & Kjer (a
4344-type sensor was used for the comparison). The
AP11, AP8, and Bruel & Kjer 4344 sensors (Figs. la
and 1b) use the compression scheme. Nevertheless, in
the AP11 and APS sensors, the piezoelectric element is
pressed by a top sensor over and, in the Bruel & Kjer
4344 sensor, by a screw that is screwed into the sensor
base [2]. The AP77M sensor is built according to a
shear scheme (Fig. 1c).

We proposed to complement the MRT with a spec-
tral analysis of the piezoelectric-accelerometer
response, which was measured according to the dia-
gram shown in Fig. 2. During the MRT, the response
of the piezoelectric accelerometer was recorded by the

API11

VGO-1

Fig. 3. The diagrams of the piezoelectric-accelerometer
fixing: (a) AP11 fixed in place with TK-200 cyanoacrylate
glue through a 3-mm-thick textolite liner, (b) AP8 mounted
on the thread, and (c) AP77M fixed with VGO-1 via a
3-mm-thick textolite liner.
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Table 1. The lower eigenfrequency of the piezoelectric accelerometers in the fixed state

. Frequency corresponding to the Lower eigenfrequency f;, kHz
Experiment no. duration of the driving pulse, kHz MRT FFT
AP11 fixed in place with TK-200 cyanocrylate glue via a 3-mm-thick textolite liner (f; = 25—30 kHz)
1 10 55.4 28.0
2 20 63.2 28.0
3 25 14.5 28.0
4 35 35.7 28.0
5 55 67.1 28.0
AP77M fixed in place with VGO-1 through a 3-mm-thick textolite liner (f; = 17 kHz [2])
6 10 41.2 16.3
7 20 48.8 16.3
8 25 46.0 16.3
9 35 34.3 16.3
10 55 63.8 16.3
APS fixed in place by the thread (f; =40 kHz)
11 10 61.1 >34
12 20 60.6 >34
13 25 66.3 >34
14 35 44.5 >34
15 55 59.0 >34

Table 2. The lower eigenfrequency of the piezoelectric accelerometers in the unfixed state

Lower eigenfrequency of the unfixed |Lower eigenfrequency of the
Experi- Frequency corresponding to the piezoelectric accelerometers f;, kHz piezoelectric accelerometer
ment no.| duration of the driving pulse, kHz according to its certificate
MRT FFT (specifications), kHz
AP11

16 10 554 72.0

17 20 63.2 63.0

18 25 14.5 63.0 80

19 35 35.7 63.0

20 55 67.1 63.0

AP77M

21 10 41.2 32.0

22 20 48.8 64.0

23 25 46.0 32.0 >35

24 35 34.3 32.0

25 55 63.8 32.0

AP8

26 10 61.1 76.0

27 20 60.6 59.0

28 25 66.3 59.0 80

29 35 44.5 59.0

30 55 59.0 59.0
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Fig. 4. Typical examples of the recorded signals for the piezoelectric accelerometer (a) in the fixed and (b) unfixed states. At the
top are the signals at the recorder input: the driving pulse is shown with the dashed line and the piezoelectric-accelerometer
response is shown with the solid line; at the bottom is the FFT spectrum of the piezoelectric-accelerometer response.

first channel of the AKIP 4122/4 oscilloscope, and the
driving voltage pulse generated by the NEXUS S/N
2 645254 amplifier was recorded by the second chan-
nel. After the recording, the fast Fourier transform
(FFT) of the piezoelectric-accelerometer response
was calculated and the lower eigenfrequency of the
piezoelectric accelerometer was determined by the
extremum in the FFT spectrum.

In the course of the investigations, 30 experiments
were conducted with AP11, AP77M, and APS8 piezo-
electric accelerometers fixed in various ways (Fig. 3).
When the eigenfrequencies of the unfixed piezoelec-
tric accelerometer were determined, the latter was sus-
pended by its own cable.

The lower eigenfrequencies of the piezoelectric
accelerometer in the fixed and unfixed states are pre-
sented in Tables 1 and 2. Typical examples of recorded
signals are shown in Fig. 4. The extremum of the spec-
trum at the lower eigenfrequency of the piezoelectric
accelerometer in the fixed and unfixed states is
clearly distinguishable in the FFT spectra that are
also shown in Fig. 4. The amplitude of this peak
increases as the frequency of the driving electric
pulse generated by the NEXUS amplifier approaches
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the eigenfrequency of the sensitive element in the
piezoelectric accelerometer.

Based on the results of the investigations, the fol-
lowing conclusions can be drawn.

1. The use of the NEXUS amplifier MRT for deter-
mining the lower eigenfrequency of the domestic
AP11, AP77M, and APS8 piezoelectric accelerometers
that were fixed in place on the test object using adhe-
sive bonding showed that the results are random in
character.

2. By complementing the MRT of the NEXUS
amplifier with the spectral analysis of the piezoelec-
tric-accelerometer response to the driving voltage
pulse, it is possible to obtain correct values of the lower
eigenfrequencies of the piezoelectric accelerometer in
the fixed and unfixed states, which are consistent with
the data in [4] and with the sensor ratings (specifica-
tions data).

3. The use of the NEXUS amplifier MRT in com-
bination with the spectral analysis of the piezoelectric-
accelerometer response makes it possible to quickly
determine the lower eigenfrequency of the piezoelec-
tric accelerometer that was fixed in place on the object
before the tests. This test of the quality of the piezo-
electric-accelerometer fixing on the test object
Vol. 62

No.5 2019



722 BOROZENETS et al.

reduces the risk of obtaining unreliable experimental 2. Sobolev, M.D., Loginov, P.M., and Ivashin, N.A.,
results. Zashchita datchikov udarnykh uskorenii ot neizmeryae-

. o mykh mekhanicheskikh vozdeistvii (Protection of Im-
4. The method for spectral analysis of the piezo pact Sensors Against Unmeasurable Mechanical Ef-

electric-accelerometer response to a driving pulse is fects), Snezhinsk: Russian Federal Nuclear Center, All-

not bound to the proposed measuring system and can Russian Research Institute of Experimental Physics,
be applied to other measuring systems and piezoelec- 2018.
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