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Abstract

Nowadays, industrial development creates new and more complex processes leading to emergence of specific
conditions for use of sensors and therefore specific measurement tasks. These circumstances lead to new requirements
both for the methods of measurement and for sensors that implement these methods. Devel opments in microe ectronic
technologies and materials science have led to a significant number of types of pressure sensors. However, in recent
years, despite the growing number of sensorsrange, it isin high-tech industries that the need for pressure sensors with
fundamentally new features and characteristics has increased dramatically. This is caused by the need to rapidly
measure unsteady pressurein real time, with anormalized error mostly within the static one. Taking this into account,
the features of non-stationary pressure measurement in real time are analyzed in this paper and the necessary and
sufficient requirements for sensors that alow their effective use are outlined. Thus, the goa of this work is the
andysis of the process of measuring the non-stationary pressure in rea time, aimed at identifying the peculiarities of
the measurement problem and devel opment of ways of its solution.
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1. Main featur es of the measurement task and peculiaritiesof the primary measuring transducer

In today's high-tech systems (automotive, test benches for testing complex aerospace products, liquid rocket
engines control systems, research, etc.) [1-6], in the measurement of pressure we only know its upper and lower
limits while the nature of the measured value in time is mostly unstructured and unpredictable. That is, within one
measurement pressure can be impulsive (shock pressure), and without sudden changes (smooth) — with constant or
variable frequency, moreover, static areas can exist. At the same time these time features can aternate freely and at
significantly different amplitudes.

In general, by the nature of non-stationary process, measured pressure can be divided into the following groups:

- considerably non-stationary pressure as a combination of shock and poly-harmonic pressure with the quasi-
static pressure areas (it isthe hardest dynamic mode);

- non-stationary pressure of shock nature;
- nhon-stationary pressure of harmonic or poly-harmonic nature.

The practice of designing piezoresistive pressure sensors is such that the sensor is a transducer chain, the first of
which are mechanical transducers, eastic elements. Therefore, physics of primary measured transformation in
dynamics is mechanical vibrations of elastic elements. So, speaking of eigenfrequency sensor, we mean the vibrations
frequency of the chain of eastic mechanical transducers. For many types of sensors this is the frequency of natural
oscillations of the membrane or membrane system secondary beam. Therefore, in case of piezoresistive sensors these
are the features of eastic mechanical transducers vibration processes that determine non-dtationary pressure
measurement accuracy in general.
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It is known that given the non-stationary and rapidly changing process the measured values of fluctuations
elastic element will contain trandtiona and well-established components. Thus, the sharper and the more transient the
pressure is, the more pronounced and brighter the transent component is. In practice, when measuring the transent
pressure we deal with transent processes [7]. However, unlike the overall dynamics of elastic systems, in terms of
measurement, it is impossible to wait until transients processes cease to exist, or just ignore them because they are
significant. A signal from the sensor at any given time is perceived by the control system as informative value, and
any part of it entails aresponse. So, despite the fact that the measured pressure is unpredictable, we cannot “warn” the
system when the transient and steady components end.

Since the initid measuring conversion is a mechanical vibration with strong transient and steady phases, the
output signal of the sensor contains a dynamic error, which aso has a dual nature.

We know that the trandtion phase error is most evident when measuring the rectangular pressure pulse [7, 8],

and its maximum relative value is estimated by 5, = e "o where B is damping coefficient and o is natural frequency
of vibration of the sensor system.

Based on thisrelationship, it is obvious that in the transient dynamic mode, the maximum relative error is greater
if the natural frequency of the sensor is higher, and smaler, if the fluctuations damping coefficient is greater.
Therefore, in the elastic e ements operation, the ratio of vibrations damping coefficient and natural frequency of the
element is crucial.

For elastic elements, increase in its own oscillation frequency to some extent entails increase in the damping

factor. In practice, for eastic elements of piezoresistive pressure sensors we get B 0.3... 0.6 [9]. Thus, the dynamic
(O]

maximum error in the transent mode can bes, =€ "°*%% =015 ... 0.39, i.e. 15 ... 40 %. However, even with the

additional measures to increase vibrations damping factor only, error ill can be reduced dightly, but not
significantly. However, increase in the oscillations damping factor will increase the phase shift which will result in
the increase in measurement error. Obvioudly, this error istoo big and makes it impossible to carry out measurement
in modern critical systems.

In case of established form of vibrations, indeed based, on AFC (amplitude-frequency characteristics) of the
sensor, the higher its frequency of oscillations, the wider range of measured pressure it can perceive with a particular
error. However, increase in the natural frequency of oscillation increases the rigidity of the eagtic system, which
resultsin the direct loss of sensation and thus, significant limit in the ability to use the sensor.

Thus, the described features of the pressure measuring dynamics and initial conversion physics determine
strategy for designing piezoresistive unsteady pressure sensors.

Today, to ensure efficiency and metrological reliability of control and automation systems, it is necessary to
ensure the accuracy of the sensors themselves, especially in dynamic mode.

In non-stationary values measurement, such problem can be solved in two ways. by adjusting output value
depending on the dynamic error determined in some way, or by restoring the input signal [10-15]. Efficiency of
determining dynamic error depends primarily on the amount of a priori information about the nature of the measured
pressure. However it is in many modern systems that require high-precision measurement of unsteady pressure that
the volume of thisinformation isminimal. Marginal peak pressure value only ismostly known. Therefore, the method
of direct adjustment of the output signa in trangent automation systems has no wide application.

On the other hand, the dynamic errors can be minimized in the structural way (variation of natural frequency,
damping factor, etc.). However, because of inherent unrecoverable or immanent dynamic error, we qualitatively need
different ways based on the theory of input recovery.

2. Measurement of unsteady pressure asan incorrect task

As it is known, the method for restoring the input signa belongs to a class of inverse problems. For the
successful solution of this problem, it must be set correctly (according to J. Hadamard) and the correctness conditions
are asfollows[15].
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1. There should be asolution to basic integral equation which describes the work of alinear system dynamics.
2. There should be one solution to the basic integral equation.

3. Solution to this equation should be stable, i.e. small perturbations (errors of measurement, outside influence)
of the output signal should remain as small asin the restored input signal.

Since from the physical perspective, measurement transformation, which the sensor performs, isan oscillation of
elastic eements, the work of pressure sensors, in general, is described by the Volterra integral equation or
convolution integral

ut) = n(t- o p(c)de, (1)

where u(t) is output signal of the sensor; h(t—) is impulse transient function of the sensor; p(t) is pressure being
measured (input).

Equation (1) is an integral equation with symmetric kernel in class L,[0,t].

For the physical measurements, the first accuracy condition is met priori, as presently known types of
piezoresitive pressure sensors belong to linear systems [16], and the solution to the integral equation (1) is an
incoming signal itself which exigts.

The second condition isnot satisfied under any circumstances. Thisis explained as follows.
Let us substitute function in equation (1)

5,(0) = p(D)+ & o, %, (1) @

i=1

We get

Ot~ P + & oy xv, (D)]de = Gt - 7) p(r)de +
’ t n - t ’ n t (3)
+ QN(t- D@ o xy; (de = Rt - 1) p(x)de+ § o Pt - Dy (1),

where p(7) is the solution of equation (1); o; are arbitrary constant values; v, (t)...y,(t) are some not equa to zero
almost everywhere functions such that

td1(t -y, (n)dt=0;i=12..,n. 4

In (3), the second summand because of assumption (4) is zero, so the whole expression (3) is u(t). That is, pi(z)
can aso be interpreted as the measured input signal. This means that the input signal can be presented as many
combinations of informative and third-party components, which will give the input signa observed in the
measurement. Therefore, if the difference between measured value and input signa p,(t)- p(t) =A(t) can be

represented as a series é a; Xy, (1), then based on red output signal, the input signal (goal of measurement) is
i=1
determined ambiguoudly.
On the other hand, [15] according to Bord's theorem on convolution, equation (1) using Fourier transform can
be represented asfollows

H (0)>P(0) =U(0),
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where, U(w), H(w), P(w) are Fourier images of functions u(t), h(t—), p(z), i.e. range of output signal, transfer function
of the sensor and input signal range respectively.

Therefore, using the inverse Fourier transform, solution to equation (1) is

WU ()

)——OH—eXp(jtco)dco. (5)

However, the function H(w) can be equal to zero in some pointse = o, , or turn out to be finite and outside some
interval o(£ o £ otbeidentical to zero H(w) ° 0.

Then the solution (1) can be obtained both from the function
P(o) =U(0)/H(0) ; o * o,
and from the function

P.(0) = P(0) +Q & (- o)

and the input signal p(t) will be

p(t) = = oﬂ‘—exp(jtco)dm%é 8, sexp(jto,) (©)

where g are arbitrary constant values.

Thus, equation (1) does not have only one solution if the Fourier image of the sensor transfer function H(w) is
finite or in some points is equal to zero. Therefore, if the range of the input signal P(w) has harmonics with
frequencies that coincide with zero of the transfer function H(w), these harmonics do not affect the output signal u(t)
and therefore cannot be uniquely recovered from it. Since the transfer functions of real pressure sensors are amost
always equal to zero, and the length of the input signal spectrum because of its unsteadiness can be arbitrarily wide,
from this point of view unsteady pressure measurement is atask set incorrectly.

In addition, the solution to theintegral equation (1), the core of which belongsto aclassL,[a,b] (set of functions
integrated in a square on [a,b]), or C[a,b] (a set of al continuous functions [a,b]) can be ungable [17, 18]. This
fact is explained by the fact that the equation operator Z which operatesin L,[a,b] or in C[a,b] converts function p(t)
to function u(t) according to the law

t
zZ[p(t)° An(t- ) p(c)dr = u(t)
0
is a completely continuous operator. It reflects all the compact set of ements { p} into a compact set of e ements
{Zp} since condition
db

Ah(x, &)]2cxds < +¥

for impulse functions of real sensors is met. However, the operator inverse to a fully continuous one is unlimited.
Therefore, if ul(t)and uz(t) are two close elements of space F and both equationsZ| p(t)] =u(t) and

Z[ p(t)] = u, (t) have the solution, the corresponding solutions Z"[u,(t)] = p(t) and Z *[u,(t)] = p(t) may be
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considerably different. That is arbitrarily small error in determining the right side of equation (1) can lead to
arbitrarily large error in the recovery of theinput signa p(t).

So, it is obvious that the last two correctness conditions of setting inverse problem of measurement are not met.
So, unsteady pressure measurement isaclearly incorrect task that requires special methods to solveit.

3. Conclusion

Measurement of unsteady pressure, especially in real time, is a particularly complex technical and mathematical
problem which cannot be solved using traditiona methods. Obvioudly, this requires rethinking of the genera
theoretical concepts of non-stationary values measurement and the need for new research of the opportunities to
address properly set task based on the characteristics of the measured value and peculiarities of instrumentation.

References

[1]  Mokrov E. A. Sdentificingtitute of the physical measurements: 45 yearsin space instrument making. Sensorsand systems. — 2005. —No. 9. —p. 2-3
(in Russian).

[2] Markdov I. G. Complex of pressure sensors for exploitation on the objects of nuclear energy. Sensors & Systems. — 2000. No. 11-12. —
p. 24-25 (in Russian).

[3] SensorsWeb Portal: http://www.sensorsportal.com/html/sensors/Pressure.htm

[4] Sokolov L.V. An analyss of increasing requirements of micromechanics sensors and MEMS. Sensors and systems. — 2005. — No. 6. —
P. 41-43.(in Russian).

[5] JacksonR. G. The newest sensors/ R. G. Jackson. — M.: Technospere, 2007. — 384 p.
[6] Tykhan M. The pressure sensor with sdlf-diagnostics / M. Tykhan, et.c. // IX Scientific Conference on Optoe ectronic and Electronic
Sensors. Krakow-Zakopane, Poland. June 19-22. — 2006 — P. 85-88 (in Polish).

[7]  Tykhan M. O. To the question of dynamics of pressure transducers / M. O.Tykhan // Automation of production processes and technical
control in machine building and instrument making. Proc. of Lviv Polytechnic National University. — 2005. — No. 39. — P. 104-109
(in Ukrainian).

[8] Tykhan M. O. Optimization of parameters elastic elements of piezoresistive pressure sensor by means of dynamic characteristics /
M.O.Tykhan // Measuring technique and metrology. Proc. of Lviv Polytechnic Nationa University. — 2011. — No. 72. — p. 82-88
(in Ukrainian).

[9] Tykhan M. O. Evaluation of error of piezoresistive sensor of dynamic pressure/ M. O. Tykhan // Optimization of production processes and
technical control in machine building and instrument making. Proc. of Lviv Polytechnic National University. —1995. — No. 290. — p. 91-96
(in Ukrainian).

[10] Solopchenko G. N. Compensation of dynamic errors with incomplete information about the properties of the insrument and the
measurement signal / G. N. Solopchenko [and others] // Metrology. — M., 1979. — No. 8. —p. 3-13 (in Russian).

[11] Solopchenko G. N. Methods for taking into account the priori information in the correction of the measurement error in the measurement
computation channe in the dynamic mode / G. N. Solopchenko [and others] // Research in the field of evaluation of measurement errors:
Digest of scientific proceedings VNIIM. — M., 1986. —p. 27-31 (in Russian).

[12] Burovtseva T. I., Zvyagintsev A. M. Correction of sensor error by the methods of fuzzy logic / T. I. Burovtseva, A. M. Zvyagintsev //
Sensorsand systems. —1999. — No. 7. —p. 14-21 (in Russian).

[13] Granovsky V. A. Estimation and correction of dynamic error of measuring instruments/ V. A. Granovsky, Y. S. Etinger // Research in the
field of evaluation of measurement errors: Digest of scientific proceedings VNIIM. — Leningrad, 1986. — p. 3235 (in Russian).

[14] Zemelman M. A. Automatic correction of errors of measuring devices/ M. A. Zemelman. — M. Publishing House of Standards, 1972. —
199 p. (in Russian).

[15] Vasylenko G. |. Theory of restoration of signals. About reduction to the ideal device in physics and technique. — M.: Sov. radio, 1979. —
p. 272 (in Russian).

[16] Azizov A. M. Precision of measuring transducers / A. M. Azizov, A. N. Gordov. ——L.: Energy, 1975. — 256 p. (in Russian).

[17] Tikhonov A. N. Methods for solving theincorrect problems/ A. N. Tikhonov, V. Y. Arsenin. — 2™ Publishing. — M.: Nauka, 1979. — 284 p.
(in Russian).

[18] Tikhonov A. N. Regularizing algorithmsand prior information/ A. N. Tikhonov [and others] . — M.: Nauka, 1983. — 197 p. (in Russian).



24 Myroslav Tykhan

Cneundika BUMipIOBAaHHS HECTALIOHAPHOI0 THCKY B PeajbHOMY 4aci

Mupocinas Tuxan

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexuixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

CpOrofiHi pO3BHTOK TPOMHCIOBOCTI MOPOKYE HOBI Ta Jenalli CKIAAHINI TEXHOJNOrIYHI IMpomecH, 1o €
JOKEPEJIOM TOSIBH CIienU(iYHUX YMOB €KCILTyaTallii CeHCOpIB i, BIAMOBIAHO, CHENU(IYHIX BUMIPIOBAIILHHUX 3a/1a4.
CkazaHe nepuioyeproBo AUKTYE BUMOTH K JI0 METO/IiB BUMIPIOBaHHS, TaK i JI0 CEHCOPIB, 1110 PEati3yloTh Ili METO/H.
3100yTKHM MiKPOEJIEKTPOHHHUX TEXHOJOTIH Ta MaTepiaio3HaBCTBA 3yMOBHJIM TOSIBY 3HAUHOI KiJIbKOCTI THITIB CEHCOPIB
TUcKy. OJHAaK OCTaHHIMH pOKaMH, HE3Ba)KAIOYM HA KUIbKICHE 3pOCTaHHS HOMEHKJIATYpH CEHCOpIB, caMme Y
BHCOKOTEXHOJIOTIYHUX Tajy3sX pi3ko 3pocia nmorpeda y ceHcopax THCKY 3 MPHHIMIIOBO HOBUMH MOXKIIMBOCTSIMH 1
xapaxrepuctukami. s moTpeba 3ymMoBiIeHa HEOOXIAHICTIO BUMIPIOBaHHS IIBUIKO3MIHHOTO HECTAIlIOHAPHOT'O THCKY
B peaJbHOMY 4aci, 3 perilaMeHTOBaHUM 3HAUEHHSIM MOXUOKH, 3/1e01IBIIOr0 Y MeKaxX CTaTUYHOI. 3BayKarouM Ha Iie, B
1iii poOOTI MpoaHani30BaHO OCOOJIMBOCTI MijJ Yac BHUMIPIOBAaHHS HECTAlliOHAPHOI'O THCKY B pealbHOMY dHaci i
OKpECJIEHO HEeOOXiJHI 1 J0CTaTHI BUMOTM [0 XapaKTEepUCTHK CEHCOpiB, M0 JaloTh 3MOry iX e(eKTHBHO
BUKOPHCTOBYBaTH. TOMy MeTOH pPOOOTH € aHayi3 BHUMIPIOBaHHS HECTAlIOHAPHOI'O TUCKY Yy peabHOMY 4aci,
CKEpOBaHO Ha BUSBIICHHS OCOOIMBOCTEN BUMIPIOBAIILHOI 3a/1aui Ta po3po0iIeHHs Croco0iB ii po3B’ s3aHHSI.

KurouoBi ciroBa: crernudika; BUMIpIOBaHHS, HECTAIlIOHAPHUN, THCK; pealIbHUIA 9ac; CEHCOP.





