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Abstract—In aircraft construction, when creating samples of new equipment, impact tests are often
performed, both of individual components and of the entire product. It requires to introduce
non-destructive testing devices into production, it is one of the most important factors in accelerating
scientific and technological progress, raising the quality and competitiveness of manufactured products.
Applying modern means of non-destructive testing, there is the problem of their protection from external
vibrations, which affect the sensitivity, accuracy and reliability of high-precision measurements. In such
cases the conversion of measuring information during powerful vibration and impact tests, as a rule, is
carried out by piezoelectric acceleration sensors. Although to provide impact testing, there is a need to
develop and use stand-alone recorders. The main requirements for these recorders are to ensure the
autonomy and operability of the recorder on board the test product and to ensure the synchronization of the
registration of the impact load.

Index Terms—Non-destructive testing; impact tests; measurements; sensitivity; accuracy; external

vibrations.
I. INTRODUCTION

Current market is requires improvement of
technical and economic indicators of machines and
equipment that is carried out by increasing their
power and operating speeds while reducing weight,
which increases the level of vibration. Control over
compliance of vibration parameters with the
requirements of current sanitary norms is carried out
at the stage of design, manufacture and operation of
equipment. However, modern precision
instrumentation requires testing of instruments and
systems in conditions of maximum realism that is
close to real operating conditions [1], [2].

When testing objects, there is a need to develop
and use small, portable, autonomous recording
devices that work directly on the test object under
vibration load [3], [4].

Operation of the recorder directly on the tested
object in the conditions of vibration loading imposes
to the recorder the following special requirements:
small dimensions and weight; autonomy; vibration
and  impact  resistance; insensitivity ~ to
electromagnetic radiation; wide temperature range. In
such conditions, the value of the reliability of
hardware and algorithmic support of the
measurement process increases many times over.

It is necessary to carry out:

e ensuring the autonomy of the recording

equipment on board the sample of equipment;

e ensuring synchronization of the course of

registration of measuring information;

e storage and transmission of information in a
computer with subsequent express-analysis of
registered information.

Autonomy is the main property of the registrar,
which indicates its ability to provide its functionality
without additional support. It means the energy,
design and functional independence of the recorders
when taking measurements under heavy load [5], [6].

Operation of the registrar in the independent mode
directly on the tested object in the conditions of
loading imposes special requirements to the registrar.
They are that the recorder must be autonomous,
small, highly reliable and have a minimum set of
functional nodes in the channel — an amplifier, ADC,
microprocessor and storage device, as well as not
serviced. All other necessary functions must be
provided by the control panel and connected to the
recorder during maintenance and testing of the
stand-alone recorder.

Functional autonomy is the ability of the registrar
to perform basic functions without the control
command "outside". It is assumed that preparation for
work is carried out a priori. To ensure functional
autonomy, the recorder must have a number of
properties:

¢ internal management of all elements;

e automatic transfer from registration mode to
standby mode or information issuance mode;

©National Aviation University, 2021
http://jrnl.nau.edu.va/index.php/ESU, http://ecs.in.ua



52 ISSN 1990-5548 Electronics and Control Systems 2021. N 4(70): 51-57

o the ability to program an a priori minimum set
of basic parameters of the registrar.

e To ensure compliance with the requirements for
the registrar, it is necessary to use the following
principles and methods of building registrars:

e structural methods to ensure measurement
accuracy and operational reliability;

e use of vibration and thermostable electronic
components;

o use of structural damping of boards and separate
electronic components and depreciation of
electronic units and especially the power supply
unit of the recorder.

II. PROBLEM STATEMENT

Impact tests are often one-off, destructive tests of
products, which significantly increases the
requirements for calibration and parameterization of
output channels. Piezoelectric accelerometers used in
the study have pronounced resonant properties. The
operating range of the sensor selects no more than
half the resonant frequency of the sensor. A priori
information about the various impact effects has
significant differences, as it is obtained on the basis
of rather rough estimates. In this case, when
conducting the tested spectrum of exposure, it is
possible to achieve the resonant frequency of the
sensor, which can lead to overload from the
measuring channel.

In addition, a fairly low-frequency impact can be
accompanied by  high-frequency  mechanical
perturbations, which also leads to overload from the
measuring channel. Switching of acceleration
coefficients and measurement of frequency
characteristics in autonomous registration is very
difficult (and in the process of testing and operation is
impossible), as it reduces the reliability of recorders,
devices and energy costs.

This is a really important task: to provide a
dynamic range without the use of switching actions
on the measurement signal.

III. SUBJECT & METHODS

In the development of stand-alone recorders, the
problem of providing a dynamic range of the
measuring channel of the recorder with a given
accuracy of registration of the vibration signal by
non-switching method, i.e. without switching the
gain and changing the frequency characteristics of the
channel [7].

Adjusting the gain and frequency characteristics
of the channel in a stand-alone recorder is very
difficult (and in the process of testing and
impossible), because it is associated with a decrease

in the reliability of the recorder, hardware and energy
costs.

The purpose of each test is to establish certain
properties of the object under study in order to control
its qualitative characteristics. To ensure the dynamic
range of the measuring channel range, the recorder
proposes to use the following devices and algorithmic
tools — multi-bit ADC with high resolution; -
high-efficiency filtering of the input signal, which
amplifies the registration (most often looking for a
signal), forgets the sound recording signal in the
computer by the known transmitted function of the
filter in the amplifying recorder.

The conversion of measurement information
during the tests, as a rule, is carried out by
piezoelectric  acceleration sensors of different
sensitivity [15]. These sensors have pronounced
resonant properties. The choice of
piezoaccelerometers is that the frequency of the setting
resonance exceeds the upper frequency of the
spectrum of the acceleration signal, usually three
times, and the expected total value of the acceleration
was less than the linearity range of the accelerometer
with a margin of about 30% [8].

Particular emphasis should be placed on the
problem of providing dynamic range without gain
switching, as the solution to this problem eliminates
overload (invalid measurements) and allows to
coordinate the dynamic range of sensors and recording
equipment. Accurate measurement is obtained from
the first time, even when using mixed sensors.

To select the ADC difference, it is necessary to
develop a method for estimating the dynamic range of
the recorder range according to the known value of the
ADC parameters (bit rate, number of effective bits,
signal-to-noise ratio).

According to [9], the true dynamic range of the
ADC determines the relationship between the
magnitude of the converted load on the RMS (root
mean square) of the total noise component in
digitization systems.

[12 V2o
DAD=2010g{(2M—1) W}’ szz, (1)

where oy is RMS is the sum of internal and external

noises in the digitization system.

From (1) it is seen that the dynamic range of the
ADC is defined in [12] by an expression that does not
include the error of signal measurement, and for
impact tests under uncertainty of the input signal
amplitude, such determination of the dynamic range of
the recorder is incorrect because we need to digitize
and register the signal with a given accuracy.
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The maximum relative error of digitization of the
amplitude of the impact pulse is determined by the
ratio of the noise level of the ADC to the amplitude of
the pulse (for an ideal ADC, the noise level is equal to
the quantization step)

S=yA/ A=yu, 27"/ A, )

where A is the step of quantizing the input signal by
voltage, u,, is maximum ADC input voltage, 4 is impact
pulse amplitude (input signal to ADC), M is number of
quantization levels, y is the number of positive (negative)
noisy lower bits (quantization levels) of the ADC recorder.

The dynamic range of the stand-alone recorder is
determined by the ratio of the maximum input
voltage of the ADC to the amplitude of the input
signal, determined from expression (2), at a given
digitization accuracy.

The dynamic range of the stand-alone recorder is
determined by the ratio of the maximum input voltage of
the ADC to the amplitude of the input signal, determined
from expression (2), at a given digitization accuracy

DR =20log(u,, / 4)=20log(u,d/yA)

3)
=20log (82" /y)dB.
When the noise level of the analog part of the
measuring channel is much less than the quantum
ADC y = 1 (quantization noise), then at M = 16

and 6 = 0.05, DR = 65dB. In the presence of noise
of the analog part of the channel, the number of noisy
quanta increases, for example, y = 2, then at M =

16 and & =0.05, DR = 58dB.

That is, a stand-alone recorder with an operating
frequency band from 2 Hz to 50 kHz and a 16-bit
"sigma-delta" ADC number of noisy effective quants
y = 1.6 y=U, /A (where U, is the effective noise

voltage), is able to provide a basic dynamic range of
the recorder of 60 dB per relative registration error &
= 0.05 (5%). The wuse of algorithms for
high-frequency (HF) filtering and signal recovery,
reduces the probability of channel overload, which is
equivalent to increasing the effective dynamic range
of the recorder.

Consider further the procedure of high-frequency
filtering and subsequent recovery of the signal in the
computer according to the known transfer function of
the filter in the channel of the amplifier signal sensor.

Since real signals are considered, they must
satisfy the requirement of causality (physical ability
to be realized) [9] A(f)=0 when ¢ < 0, that is, the

signal of acceleration, velocity or displacement at the
output of the ADC is zero at ¢ < 0.

We assume that the acceleration signal in the time
domain allows the representation in the form of the
inverse Fourier transform.

As mentioned above, to increase the dynamic
range of the ADC when the signal is amplified, the
high-frequency component of the acceleration signal
is pre-filtered. The signal at the output of the recorder
amplifier has the form

,

'm

~o- [ S(P @)exn(jondo, @

m

A (1)
is the transmission function of the

where F), (o)

high-frequency distorting filter. The transfer function of
the filter in the hardware implementation of the amplifier
in a stand-alone recorder is:

Fi(0)=1+ jot,)/(1+ jor,),
xX=17,/1,=0,/0, <],

)

where 0 <y <1 the level of signal suppression in the
high frequency region of the spectrum, 7,,T, are filter
that determine the characteristic
o, =1/t, and ® =1/t, on the
amplitude-frequency characteristic of the filter.
Next, there should be a procedure for restoring the

constants
frequencies

signal on the spectrum S, (®) obtained by the inverse

Fourier transform from the measured acceleration
signal

_ (] Se (@)
-, Fd (0‘))

S ()= ;[AF (t)exp(—jot)dt.

exp(jot)do,
(0)

Consider signal recovery as the inverse problem
[11], [13].

When restoring the signal (solving the inverse
problem) there are appearing such a problems as:

o [s there a solution to the problem.

o If'there is a solution, is it the only one?

e s the decision stable, i.e., do small obstacles

lead to small changes in the decision.

Existence of a solution. The solution exists and
belongs to the class if the conditions are satisfied
[10]:

Sy (®)/F(®)=S(o) € L, (—o0,). (7)

Unity of solution. Assume that at some interval
Q, bounded by points ®" and ®” on the frequency
axis, the transfer function of the filter is zero



54

ISSN 1990-5548 Electronics and Control Systems 2021. N 4(70): 51-57

F(w)=0; o"<o<o™ 'while at this interval
S(w)#0. Then, according to the equality
S (0) = F(0)S(®w) when added to S(w) an arbitrary
function G(w) in equal to zero outside the interval

Q, , the type of the measured spectrum S, () will
not change, and the signal recovery will be satisfied
by any function of the form S(®)=S(®)+G(®).
Therefore, the recovered signal is determined to the
nearest any function whose Fourier image is zero
outside the frequency range €2,.

Stability of the decision. The solution has stability
if the transfer function F(®w)—>0 at @—oo [11].

Consider the accuracy of the initial estimate of the
spectrum using FFT [14] and the convergence of the
spectrum at Ar —0.

Discrete samples of the acceleration signal
obtained with an ideal ADC can be represented as a
continuous acceleration signal taken at discrete
moments of time

(1)”1

A(tk)zzl—n I S(m)exp(jmlk)d(o,

t, =kAt, (8)

(o, )” = mlax‘g(ooi)—ST( ‘

Vo, e[0;0,]

where S, (®,) is the spectrum of the final continuous
implementation of the acceleration signal.

where At is step by time.

The final discrete sample of the acceleration
signal is stored and used to analyze the signals and
their spectra. Estimation of the acceleration signal
spectrum obtained by the FFT of the final discrete
implementation of the acceleration signal has the
form

N-1

A(t, )Atexp(—jot, )
L )
] ((o)KN (0-0,)do

.

Cn o
where K, is the spectral window function at FFT:
i -, )T /2
KN (m_mi): S.ll’l(((,k) 0),) )
sin((0-o,)Ar/2) (10)
xexp(j((o-o)(T-Ar)/2))

is the spectral window function at FFT.

The error in estimating the spectrum of the output
acceleration signal from the final discrete
implementation of the acceleration signal is defined
as the norm of difference

b

Atc]Soo)KNm o,)do-S, (o)

i

(11)

We convert the expression for error (10), as shown
below

A _exp( '(oo—oai)T—l) exp( '(oa—oo,.)T—l)
s = nLS((D)'_exp(;((o—oai)At—l)_ j](oa—(x)i)At }dm
~ Oonthe exp( (0—0,)T - 1) exp(j(oa—oai)T—l)
B ,,ZM J,l‘ pr( (o oai)At—l)_ Jj(o-w,)Ar }dm (12)
ar M Ao Y exp(ng)—l B exp(jST)—l .
- 2nn=ZM;!‘S( )pr( (o, — o, +8)At) 1 j(oa—oai+8)At} ’

where o, =nAw, M=o, /Ao are the number of
samples on the frequency in the informative region of
the spectrum of the acceleration signal. At AwAf<<1
or N>>2m, o, At—0 and NAf=T <oo expression

for error (11) due to the marginal ratio
1/ (exp(juAr)—-1)—1/ juAt=-0.5 at pAr— 0V,
0<om, <o, will take the form

HSSO.SAt|A(T)—A(O)|. From this expression it
follows that under redescretisation (A¢— 0) the

error (10) goes to zero, which means that the
spectrum obtained by digitization and FFT converges
to the spectrum of the final implementation of the
original continuous signal.

Next, you need to consider the algorithm and
accuracy of recovery of the distorted signal in the
recorder.

The filtered signal is fed to the ADC. The readings
of the filtered and digitized acceleration signals at
discrete moments of time have the form
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®,,

1 .
A (t,)= E_mm S(w)F, (o)exp(jot, )do, (13)
t, = kAt.
The spectrum of the filtered (distorted)
acceleration signal obtained by digitization and FFT,
N-1
S ()= A (1, )Atexp(jor, )
k=0
(14)
At ¢
ZE,;[ S(w)F,(0)Ky(0-0,)do
NN A
I, ZHSF(CO,)_S(CO,-)HZ o I S(co)F ()
-0, D i
MoOALY
= n;% -([ S((on +8)

Decomposing the function F, (o +, —o +€) into
a Taylor series by degrees ®, —®, +& and being
limited to the first three components and using the
condition |(w, -, +&)Af{<0.1, we obtain the
expression for the absolute error of the spectrum
recovery for all o, €[0,0.50,]:

L S((o.+pAco)A(o
Il = 2T T A7) A
5 ,;P 2nF (o) )
[, () , Ao(p+(r-/)/2n) dF, (o)
do 2 do’ ’

(17)
where the summation limit P=1,2,3 is determined

by the allowable energy loss in the spectrum of the
measured signal and the condition 2nP/ N <0.1.

VI. CONCLUSION

Vibration tests are often unique and
non-reproducible (poorly reproducible) tests of
products in extreme conditions, which increases the
requirements for calibration and parameterization of
measuring channels of devices that record
information about the nature of product behavior
during testing. Therefore, the obtained ratios allow to
estimate the dynamic range when constructing
measuring channels of autonomous recorders during
impact tests.

Discrete spectrum, which is used to estimate the
spectrum and restore the initial acceleration signal

SF(mi)ZSF(OJi)/FD(@i)’

Ffo)=|
o, )=
o Fi(o,-0,), o,/2<|o,|<0,.

(15)

oa,.|SooD/2,

This definition of the recovery procedure is
possible because the transfer function of the filter is

not zeroed in the frequency range from 0 to ®,,.

Error in determining the spectrum of the
acceleration signal when using the procedure of

filtering and subsequent recovery Vo, €[0,w,,].

(16)

F,(o,+¢) —1:|' exp(j(w, —o,+€)T)-

1
exp(j(w, —o, +8)At)—1d8 '
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A. II. CraxoBa, C. JI. MakapoBcbkuii. 3HAXOMUKeHHSI IHMHAMIYHOIO Iialma3oHy peecTpaTopiB NpH yJapHHUX
BUIIPOOYBAHHSAX

B aBiaOynyBaHHI IpU CTBOPEHHI 3pa3KiB HOBOI TEXHIKH YaCTO MPOBOASATH yIapHi BUIPOOYBaHHS SIK OKPEMUX BY3JIIB, TaK
i Bcporo BupoOy. lle BuMarae BNIpoBaJDKEHHs Yy BHPOOHHUIITBO NMPWIIAAIB HEPYHHIBHOI'O KOHTPOJIO, HIO € OJHHUM i3
HAaMBaXMBIIIMX  YMHHHUKIB  TPUCKOPEHHS  HAayKOBO-TEXHIYHOrO  TpOrpecy,  MiABUINEHHS  SKOCTI  Ta
KOHKYPEHTOCIPOMOXKHOCTI TPOIYKIII, IO BUIYCKAa€Thcs. I[Ipu 3acrocyBaHHI Cy4acHHX 3aco0iB HEpYHHIBHOTO
KOHTPOJIIO, ITOCTA€ Mpo0sIeMa X 3aXUCTY Bijl 30BHIIIHIX BiOpaIiif, sSKi BILTMBalOTh HA YYTJIMBICTh, TOYHICTh 1 HAJIHHICTh
BHCOKOTOYHUX BUMIpIOBaHb. Y TakuX BHUINAJKaX NEPETBOPEHHS BUMIPIOBAIBHOI iH(pOpMAIii MiJ 4Yac IMOTYXKHHUX
BiOpaIiifHUX 1 yIapHUX BUIIPOOYBaHB, SIK MIPABUIIO, 31IHCHIOETHCS IT'€30€IEKTPUYHUMH JIATYMKAMHU MPUCKOpeHHs. Takox
JUI TIPOBEJCHHS BUIIPOOYBaHb Ha yAap HEOOXiJHO pPO3POOMTH Ta BUKOPUCTOBYBATH ABTOHOMHI PEECTPATOPH.
OCHOBHMMH BUMOTaMH JI0 IUX PEECTPATOPIB € 3a0e3MeueHHs] aBTOHOMHOCTI Ta Mpale3JaTHOCTI peecTpaTopa Ha 00pTy
BUIIPOOOBYBAHOTO BUpOOY Ta 3a0e3IeueHHs] CHHXPOHi3allii peecTpalii yIapHOro HaBaHTaKeHHSI.

Karwou4oBi cinoBa: HepyiiHiBHUII KOHTpPOJIb, BUNPOOYBaHHS HAa y[ap; BHUMipIOBAaHHS; YyTJIUBICTh; TOYHICTh; 30BHIIIHI
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A. II. CraxoBa, C, JI. Makaposckuii. OnpenejieHre JMHAMMYECKOr0 IMANA30HA PErHCTPATOPOB NMPH UCNIBITAHUSAX
Ha yaap

B aBuacTpoeHnu npu cozqaHuu 00pas3ioB HOBOW TEXHUKH YacTO NPOBOIST YAApHBIE HCIIBITAHUS KaK OTACIBHBIX Y3JI0B,
TaK W BCEro u3jenus. 1o TpedyeT BHEIPEHHs B IMPOU3BOJICTBO MPUOOPOB HEPa3pYIIAIOIIETO0 KOHTPOIIS, YTO SIBIISAETCS
OMHMM U3 BaKHEHIIMX (aKTOPOB YCKOPEHMs HAyYHO-TEXHHUECKOrO TIporpecca, IIOBBINICHUS KadecTBa W
KOHKYpPEHTOCIIOCOOHOCTH BBIYCKaeMOW MNpPOAYKUUH. [IpH NpHMEHEHWH COBPEMEHHBIX CPEICTB Hepa3pylIaoIIero
KOHTpOJISI BO3HMKAET MpoOJiieMa MX 3allMThl OT BHEIIHMX BUOPALMiA, BIUSIONMX HA YYBCTBHTEIBHOCTh, TOYHOCTH W
JIOCTOBEPHOCTh BBICOKOTOYHBIX HM3MEpeHHH. B Takux ciyuyasx mpeoOpa3oBaHHE W3MEPUTENFHOH HHGOPMALMH IPH
MOIIHBIX BHOPAIMOHHBIX M YAAPHBIX MCHBITAHUSX, KaK MPABHJIO, OCYIIECTBIISETCS TbE30JIEKTPUUECKIMHU TaTYMKaMU
yckopenusi. Takke JJsi IPOBEACHUS YAAPHBIX HCIBITAaHUH HEOOXOAMMO pa3padoTaTh M UCIOJIb30BaTh aBTOHOMHBIE
peructpatopbl. OCHOBHBIMH TpeOOBAaHHSMHU K O3THUM pPETUCTPAaTOpaM SBISIIOTCS O00ECIeYeHHEe aBTOHOMHOCTH H
paboTOCIIOCOOHOCTH perucTpaTopa Ha OOPTY HCIBITYEMOrO H3JeNusl M o0ecrieueHHe CHHXPOHHM3ALUH PETHCTPAIUN
yIapHOM Harpy3KH.
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