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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. Developments in microelectronic
technologies and materials science have led to a significant number of types of pressure sensors. However, in recent
years, despite the growing number of sensors range, it is in 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 pressure in real time, with a normalized 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 allow their effective use are outlined. Thus, the goal of this work is the
analysis of the process of measuring the non-stationary pressure in real time, aimed at identifying the peculiarities of
the measurement problem and development of ways of its solution.
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1. Main features of the measurement task and peculiarities of 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 alternate freely and at
significantly different amplitudes.

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

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

¢ non-stationary pressure of shock nature;
e non-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, elastic 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 elastic 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 elastic mechanical transducers vibration processes that determine non-stationary 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 transitional and well-established components. Thus, the sharper and the more transient the
pressure is, the more pronounced and brighter the transient component is. In practice, when measuring the transient
pressure we deal with transient 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 a response. So, despite the fact that the measured pressure is unpredictable, we cannot “warn” the
system when the transient and steady components end.

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

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

. . . S Bt . . . .
and its maximum relative value is estimated by 6, =e © where B is damping coefficient and w is natural frequency

of vibration of the sensor system.

Based on this relationship, 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 smaller, if the fluctuations damping coefficient is greater.
Therefore, in the elastic elements 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 elastic elements of piezoresistive pressure sensors we getE =0.3 ... 0.6 [9]. Thus, the dynamic
®

maximum error in the transient mode can bed, = e 0309 =0 15 | 0.39, i.e. 15 ... 40 %. However, even with the

additional measures to increase vibrations damping factor only, error still can be reduced slightly, but not
significantly. However, increase in the oscillations damping factor will increase the phase shift which will result in
the increase in measurement error. Obviously, this error is too 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 elastic system, which
results in 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 this information is minimal. Marginal peak pressure value only is mostly known. Therefore, the method
of direct adjustment of the output signal in transient 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 as an incorrect task

As it is known, the method for restoring the input signal 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 as follows [15].
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1. There should be a solution to basic integral equation which describes the work of a linear 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 as in the restored input signal.

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

u(t)= [ h(t -0y p(a)ar, (1)

where u(f) is output signal of the sensor; A(z—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 Z,[0,].

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

The second condition is not satisfied under any circumstances. This is explained as follows.

Let us substitute function in equation (1)
pi(D) = p(D)+ D 0,y (7). ®)
i=1
We get

[h =@+ X, v, @t = [ - Dp(de+
’ t n - t ’ n t (3)
+ jh(r ~0Y o, -y, (1)dt = jh(r ~Dp(di+ Y a, -jh(r — 1)y, (1)dx,

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

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

In (3), the second summand because of assumption (4) is zero, so the whole expression (3) is u(f). That is, p,(T)
can also 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 signal observed in the
measurement. Therefore, if the difference between measured value and input signal p,(t)— p(1) =A(t) can be

represented as a series o; -y,;(t), then based on real output signal, the input signal (goal of measurement) is
p 1 Wl

i=1

determined ambiguously.

On the other hand, [15] according to Borel's theorem on convolution, equation (1) using Fourier transform can
be represented as follows

H(0)-P(0) =U(0),
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where, U(o), H(®), P(®) are Fourier images of functions u(f), 2(t—), p(t), 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

1 U
p0=5- ! o) exp(jtw)do . (5)

However, the function H(®) can be equal to zero in some points ® = ,, or turn out to be finite and outside some

interval o' < o < »" be identical to zero H(w) =0.

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

P(0)=P(0)+ Y a;-3(0-o,)

and the input signal p(¢) will be

_1le RS
p(t)= o ! Ho) exp(jto)do + o Za, exp(jtm,) . (6)

where q; are arbitrary constant values.

Thus, equation (1) does not have only one solution if the Fourier image of the sensor transfer function H(®) 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(f)
and therefore cannot be uniquely recovered from it. Since the transfer functions of real pressure sensors are almost
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 a task set incorrectly.

In addition, the solution to the integral equation (1), the core of which belongs to a class L,[a,b] (set of functions
integrated in a square on [a,b]), or Cl[a,b] (a set of all continuous functions [a,b]) can be unstable [17, 18]. This

fact is explained by the fact that the equation operator Z which operates in L,[a,b]or in C[a,b] converts function p(f)

to function u(f) according to the law
ZLp(e) = [ (- v p(e)dt = u(o)
0

is a completely continuous operator. It reflects all the compact set of elements {p} into a compact set of elements

{Zp} since condition

ﬁ[h(x, &) dxde < +o0

ca

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

Z[p(t)] = u, () have the solution, the corresponding solutions Z'l[ul(t)] = p(t) and Z"[uz(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 the input signal p(¢).

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

3. Conclusion

Measurement of unsteady pressure, especially in real time, is a particularly complex technical and mathematical
problem which cannot be solved using traditional methods. Obviously, this requires rethinking of the general
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.
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Cneundika BUMipIOBAaHHS HECTALIOHAPHOIO THCKY B PeajbHOMY 4aci

Mupocinas Tuxan

Hayionanvnuii ynieepcumem «Jlvsiscoka nonimexuixay, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalia

CpOrofiHi pO3BHTOK TPOMHCIOBOCTI MOPOKYE HOBI Ta JeNali CKJIAAHINI TEXHOJOTIYHI IMpOLEecH, 1o €
JOKEPEJIOM TOSIBH CIienn(piYHUX YMOB €KCILTyaTallii CeHCOpIB i, BIAMOBIAHO, ceUU(iYHUX BUMIPIOBAIBHHUX 3a/1a4.
CkazaHe MepuioyeproBo AUKTYE BUMOTH SK 10 METOJIiB BUMIPIOBAaHHS, TaK i JI0 CEHCOPIB, 110 PEati3yloTh IIi METOIH.
3100yTKHM MiKPOEJIEKTPOHHHUX TEXHOJOTIH Ta MaTepialo3HaBCTBa 3yMOBHJIH IOSIBY 3HAYHOI KiJIBKOCTI THIIIB CEHCOPIB
TUCKy. OJHAaK OCTaHHIMH pOKaMH, HE3Ba)KAalOYM HAa KUIbKICHE 3pOCTaHHS HOMEHKIATYpH CEHCOpIB, came Y
BHCOKOTEXHOJIOTIYHUX Tajy3sX pi3ko 3pocia morpeda y ceHcopax THCKY 3 MPHHIMIIOBO HOBUMHU MOXKIIMBOCTSIMH 1
xapaxrepuctukamu. L{s moTpeba 3ymMoBiIeHa HEOOXIAHICTIO BUMIPIOBAHHS IIBUIKO3MIHHOTO HECTAILlIOHAPHOT'O THCKY
B pEaJIbHOMY 4aci, 3 perilaMeHTOBaHUM 3HAUCHHSIM TOXUOKH, 3/1e01IBIIOT0 Y MeKaxX CTaTUYHOI. 3Ba)KaIO4YM Ha I, B
1iii poOOTI NpoaHaNi30BaHO OCOOJIMBOCTI MijJ Yac BHUMIPIOBAHHS HECTAlliOHAPHOTO THCKY B pealbHOMY dHaci i
OKpECJIEHO HEeOOXiJHI 1 JOCTaTHI BUMOTM [0 XapaKTEepUCTHK CEHCOpiB, M0 Jal0Th 3MOry iX e(eKTHBHO
BHUKOPHCTOBYBaTH. TOMy MeTOI pPOOOTHM € aHali3 BHUMIPIOBaHHS HECTAllIOHAPHOI'O TUCKY Yy peaJbHOMY 4aci,
CKEpOBaHO Ha BUSBIICHHS OCOOIMBOCTEN BUMIPIOBAIILHOI 3a/1a4i Ta po3po0iieHHs crioco0iB ii po3B’si3aHHSI.

KurouoBi ciioBa: crenudika; BUMIpIOBaHH:; HECTAIlIOHAPHUN; THCK; PEaIbHUN 9ac; CEHCOP.



