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Abstract

The method of nonlinear inertial measuring systems identification is considered in the article on the example of a
measuring pressure channel, which consists of a measuring line and a pressure sensor. The latter, as a rule, is a linear system,
and the measuring line, which for the pressure channel is a pipe filled with liquid or gas, is projected as a linear system.
During the operation, the measuring line gradually becomes contaminated, the liquid partially freezes or air enters it. In
this case, the loss of the pressure channel linearity is possible, which in practice, is usually not measured. The proposed
method allows to obtain mathematical channel model on the basis of measured input and output signals. It is based on the
well-known model, which divides the channel into two virtual blocks, one of which is a nonlinear inertial, and the other is
linear inertial. The conversion function of the first block is described by a polynomial of finite degree, and the transforming
properties of the second block are described by the convolution integral. This allows to record the signal at the output of
the channel in the form of mathematical dependence on the unknown coefficients of the polynomial and parameters of
the pulse characteristic of the linear block. Then the distance in the functional space with the quadratic metric between
this mathematical dependence and the output signal is minimized. As a result of minimization by the method of the global
random search, the polynomial coefficients and the parameters of the impulse response are calculated, which means that
the solution of the system identification problem is determined. The received channel model was used for the theoretical
determination of the output signal under the already known input signal. The verification of the model based on Fisher’s

criterion with a significance level of 0.95 confirmed its adequacy.
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Introduction

The measuring pressure channel (MPC) contains
pressure sensors and a measuring line (pipe) that
transfers the pressure from the technical object to the
sensors. Before measuring, the system is considered as
a linear inertial system. As a rule, developers provide
the transfer of the input action (signal) to the system
output by a linear part of the conversion function of
the pressure sensor. In addition, based on a priori
information about the width of the spectrum of
random input actions, a pressure sensor is selected with
an appropriate bandwidth or constant time. During
operation, the measuring line is contaminated. The
fluid in the measuring line after getting air bubbles into
it can be compressed and the model of the measuring
pressure channel becomes nonlinear one. This inevitably
leads to an increase of measurement uncertainty, if not
consider this fact before measurement. In addition, a
time constant T, can change which leads to inconsistency
of the channel bandwidth and the width of the input
spectrum. This is also facilitated with the possible
increase in the number of frequency components of
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the spectrum due to the nonlinearity of the channel
conversion function. Therefore, to ensure accuracy of
measurement information in the measuring channels,
it is necessary to check periodically the channel state
and its time constant and conversion function. In the
presence of obvious deviations T, and the form of the
conversion function, a dilemma arises: the stopping of
the technical object with the subsequent maintenance
and repair of the channel or its temporary continuation
of work without a significant reduction in the accuracy
of the measurement information. Of course, the
second option is more economically advantageous.
It is possible due to a mathematical model of the
measuring channel, which can be obtained with the
channel identification.

Analysis of recent research and publications

The universal model of a dynamic system is the
Volterra model, which was considered in many scientific
works, for example, in [1]. It can be used for the
analysis of a nonlinear inertial measuring channel, but
it has extremely large mathematical and computational
difficulties in engineering research and therefore so
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far it is not widely used. In systems that have both
nonlinear and inertial properties, the Hammerstein
model is used instead of the Volterra model, in which
the functions of nonlinearity and inertia are artificially
spaced [2]. Non-linear identification algorithms for
Hammerstein models have several disadvantages. Thus,
in the iterative non-linear optimization algorithms,
used in identification [3], the problem of convergence
is not always well solved due to the local minima of
the aim function and the computer time consuming
is large. Correlation identification methods [4] put
forward stringent requirements for the level of white
noise at the input. The methods of least squares and
the decomposition of singular values [5, 6] have good
robustness and convergence, but the identification uses
inverted matrices, which in some cases do not exist or
are poorly determined. In addition, linear regression is
used to approximate the nonlinear conversion function
of the measuring channel, which results not only in
the increase of model errors and measurements, but
also in the shift of the working point in the linearized
conversion function and in the possibility of obtaining
metrological unreliable results. In general, the process
of identifying nonlinear inertial systems is extremely
cumbersome. Therefore, neural networks are used for
the identification of systems [7]. A well-trained neural
network allows quickly getting the result, but in other
measurement conditions, which are often encountered
in practice, neural network requires re-training.
Consequently, the identification of a non-linear inertial
measuring system should be carried out in ways that
do not statistically linearize the system conversion
function. This function is time-dependent and it does
not impose strict requirements for the position of
the working point on the conversion function. The
developed methods should provide acceptable accuracy

of signal parameters measurement by identifying a
model of the system.

The purpose of the study is to develop a method
for identifying a nonlinear inertial measuring pressure
channel, to create its model for experimental conditions
and to check its adequacy. The information about
the model change can be used, firstly, in order not
to exceed the permissible pressure measurement errors
that were in the system calibration, and secondly, to
identify the hidden factors affecting the system, and,
thirdly, to estimate the possibility of the model system
evolution in the near future.

The proposed method

The general property of the basic methods
of systems identification is the use of the system
experimental input and output signals. The identification
process depends directly on the goals that put for
the achievement results. For our study is important
to obtain a model of measuring system that would
compensate the increase of pressure measurement
errors in service due to loss of system linearity.

For identification, the pressure measuring
system with a heterogeneous air measuring line was
chosen. It can be easily converted into a nonlinear
system by simple valve manipulations inside the line.
In experimental studies, a sensor of low pressure
MPX5050DP was used as a sensor, which according to
the manufacturer [8], has the following characteristics:
working pressure — 0...50 kPa; maximum working
pressure — 200 kPa; supply voltage — 5%0.25 V;
output voltage — 4500 mV; sensitivity — 90 mV/kPa;
temperature range of measurements — 0...85°C; relative
error of pressure measurement — 2.5 %. The choice
of the sensor was due to two reasons. The first one

Measuring line Pressure
Compressor (1 sensor
Control unit
and power supply OP1
Uoutput
Microprocessor
- unit
Synchronization

Fig. 1. The structural scheme of the test stand
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Fig. 2. An example of the coherence function of the input and output signals

is the type of compressor, which could provide a
maximum air pressure of 50 kPa and the second is
the linearity of the sensor conversion function in the
range of measurements. In addition, the need for
temperature correction of the relative error of the
pressure measurement was also considered.

The conversion function of the pressure sensor
MPX5050DP is linear, the range of its input limit
values P and P is 0...50 kPa, and the output voltage
does not exceed 5 V. Due to the high sensitivity of the
sensor, which is

v _ 90 mV / kPa,

oP

even if there is no input signal at the output of
the sensor, there are noises with average value
m=40 mV. The range of pressure measurements
during experimental studies was selected in the range
of 2...40 kPa. To improve the signal-to-noise ratio at
output of the pressure sensor, a threshold processing
with the constant U=40 mV corresponding to 13 code
units of the analog-to-digital converter was used and
implemented in the microcontroller’s measurement
algorithm. Absolute error of the pressure sensor

measurement in the research process was constant
throughout the range of measurements and was
AP=+1.25 kPa. The temperature coefficient of absolute
error of measurement of the pressure sensor, which
must be considered in the measurement algorithm of the
microcontroller, was also experimentally determined.
The research was conducted on a laboratory stand,
which looks like a stand described in [9], the structural
scheme of which is shown in Fig. 1.

Ten tests were performed for each state of
the measuring line and then the measured data
were averaged. All measurements were carried out
synchronously at a single time scale. The periodicity
of measurements in each of 10 series was 30 minutes
and the duration of the time sample of each series —
1 minute. It was determined with the need for pressure
relief to a stable atmospheric one. The discreteness
of measurements within one-time sample was 20 us.
Consequently, for several cases, a plurality of discrete
input signals received from the first pressure sensor and
a plurality of output signal samples from the second
sensor were obtained. These discrete signals were
converted then to continuous ones.

Before measurements, it was known that the
system was inertial, and the system time constant
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exceeded 20 ms. The conversion function of the
measuring system was unknown, that is, we did not
have information how this function differed from the
linear one. Partially the effect of nonlinearity can be
estimated with the degree of distortion of the output
signal compared to the input, but such distortion may
also be due to the inertia of the system and noise. In
[10] it is proposed to use the coherence function yzxy(f)
for this purpose.

An example of the coherence function of input
and output signals, that is, the ratio of the mutual
spectrum square to the product of these signals’ spectra
is shown in Fig. 2.

Since 0<yiy(f)<l, according to [10], this means
that, firstly, external noise may be present in the
measurements, secondly, the output process y(f) is
influenced with other input processes, and thirdly,
the system is perhaps nonlinear. Since the first two
coefficients were eliminated when organizing and
conducting an experiment, the main reason for the
obtained values is the nonlinearity of the system.

Let us denote x(7) realization of a random input
signal, and the output one — y(f). An intermediate
signal between two blocks of Hammerstein model
(nonlinear without memory and linear with memory)
will be denoted as z(f). The signals that were known
from the experiment are x(7) and y(f). The intermediate
signal is connected with the input one by the
polynomial dependence

The output signal of the measuring channel
+00
y(0)= [ 2(Oh(t—)dr, @

where A(f) — pulse response of the linear inertial block
of Hammerstein model. For MPC it is determined
most often with the exponential function of pressure

t

ney="Le (3)
T

0

where T, — time constant of the measuring channel,
A — amplitude coefficient. In practice, partially known
parameters are the coefficients a,, a, in formula (1) and
A, 7, in the formula (3). This is a priori information
about the measuring system. Due to the influence of
the measuring line, these parameters may differ, and,
in addition, new coefficients a(i>1) that characterize
the nonlinear properties of the system may appear.

The method of these coefficients determining, as
well as specifying other parameters, is reduced to the
following. The output signal (2) is written considering
the series (1), i. e.

y()=a, T h(t—t)dt + alTx(t)h(t —1)dt+

—00

N
o

+a, j COh(t-T)dt+ ...+

2(t) = ag + ax(t) + a x> () + ...+ a, X" (1), (1) “oo

where a,, (i =0, ..., n —1) — the unknown dimensional +a,, J. X" (0)h(t = 1)dr. “)
coefficients that need to be determined. —0
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Fig. 3. The examples of input (dash line) and output (solid line) random signals realizations
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Expression (4) describes the theoretical signal
y(f), which should coincide with the experimental one
ycxp(t). We form a functional characterizing the distance

between signals y(f) and yexp(t) in a functional space
with a quadratic metric

J(y, @pyen@, 1 A,70) = [ [9(0) =y O dt. 5)

Minimization of this functional with the method
of random search of the global minimum using a
priori information about these parameters allows us
to determine the specified parameters, that is, to obtain
a model of a nonlinear inertial measuring channel. To
complicate the operation of the channel identification
algorithm for its verification, a non-stationary signal
was generated at the channel input. It was created
by switching the valve that was installed in the pipe
between the compressor and the measuring channel.

The results of modeling

The examples of random input and output signals
realizations obtained in one of the experiments are
shown in Fig. 3.

The model of the measuring pressure channel
was obtained using the formulas (1)...(5). The random

12

search for the global minimum of the function (5)
of several variables was carried out using a genetic
algorithm. For a particular experiment, it turned
out that the coefficients in the formula (1) and the
constant time of all the MPC are as follows: a =1,
a,=0.5, a,=0.2, t,~30 ms. The coefficients a,, a,..., a,_
for this experiment are close to zero and was not used
for the channel identification. The slope of the linear
part of the MPC conversion function is determined by
the coefficient @ =0.5. A small value of the coefficient
a,=0.2 indicates that the channel is nonlinear, but one
should not expect large nonlinear distortions of the
signal in the range of variations of its amplitude. The
specific magnitude of signal distortion in the measuring
channel can be estimated only for a specific problem,
when the characteristics of the signals and the channel
are known, as well as the requirements for them. The
small value of the constant time of the measuring
channel means the presence of a wide bandwidth of
the MPC, and, therefore, small distortions of the input
signal due to the inertia of the channel.

The range of search parameters of the MPC model
was limited to a priori information about the process.
For example, the time constant of a MPC with the
ideal measuring line is equal to the time constant
of the MPX5050DP sensor used in the experiment,
that is, 7,20 ms. The inhomogeneous measuring line

-
o
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Fig. 4. The smoothed realizations of the experimental (solid line) and the theoretical (dashed line) signals
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Fig. 5. An example of a confidence interval for error estimating the output signal based on the developed model

(a pipe filled with air under pressure) increased a
time constant and the latter was determined during
the minimization of the function (5). Consequently,
for this experiment, the initial time constant of the
channel 1,20 ms is increased to 7,~30 ms.

After obtaining the MPC model for one particular
experiment, this model was used to analyze the
results of another experiment conducted in similar
conditions, that is, the channel model was the same.
For this purpose, the input signal x(f) was measured
and further converted into a signal y(7), using formulas
(2)...(5). This signal is theoretical (calculated) one.
It was compared with the experimental one yexp(t),
that is, with the measured signal. These signals do
not match, since the experimental signal is measured
together with the noise. In the channel model,
obtained using the genetic algorithm, the coefficients
(T), @) do not consider the noise components, that is,
the genetic algorithm has a filtering property. If the
experimental signal is smoothed with the method of
“sliding window”, then the noise of the output signal
is significantly reduced. The smoothed realizations of
experimental and theoretical signals are shown in Fig. 4.
All signals are calculated for this model of MPC.

As it can be seen from Fig. 4, the signals are close
in shape. Calculated values of Fisher’s criterion (for
example, 273.38 and 64.70 for two different conditions)
appeared to be much more tabular critical values with

a significance level of 0.95. All this indicates that the
model of the pressure measuring channel is adequate.
The calculation of the confidence interval shows (Fig. 5)
that with the probability of 0.95 errors of evaluation of
the output signal based on the model does not exceed
10 %, and in most cases they do not reach 5 %.

Consequently, the identification problem is solved
by the proposed method with high reliability.

Conclusion

A method for the identification of a measuring
pressure channel is proposed in the article. It does not
require the linearization of the conversion function.
This function, as well as the time constant of the
channel during operation, may change. The measuring
channel model will also change, ensuring the stability
of the channel characteristics, and the maximum
measurement errors caused by changing the model will
not exceed 10 %. The method is appropriate to use in
all non-linear measuring information systems with or
without memory. Finally, the method allows to detect
and evaluate the nonlinearity of the measuring channel
by the value of the coefficients of the conversion
function, which is described by the polynomial. The
small values of the coefficients of a polynomial at
the second, third, and so forth degrees indicate the
linearity of the transformation function.
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NnenTnykanusa HeJUHEHMHOr0 MHEPIUOHHOIO
N3MEPHUTEJIbHOT0 KaHAJIAa JaBJIEHMS
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AHHOTAUMSA

PaccmatpuBaercss MeTon MACHTU(UKALMU HEJIUHEHHBIX MHEPLUUOHHBIX M3MEPUTEIbHBIX CUCTEM Ha NMPUMEpe U3Me-
PUTEIHLHOTO KaHaja OaBJICHUS, COCTOSIIIETO M3 M3MEPUTETbHON JMHMM W JaTtyuka gaBieHus. [locimemHuii, Kak IpaBHIIO,
SIBJISIETCSI JIMHEMHOM CUCTEMOIi, a u3MepUTeibHasl JIMHUsI, KOTopas JUIs KaHaja AaBJeHUs sBjsieTcsl TpyOoii, 3aroJHeHHON
XKHMIKOCTBhIO WJIM Ta30M, MPOCKTUPYETCS KakK JMHeiHas cuctema. B Tpoliecce sKCITyaTalldM M3MEpPUTEIbHAS JIMHUS T10-
CTETNEHHO 3arpsi3HSETCSl, B XXUIKOCTb IMOIMAaJaeT BO3AYX WJIM OHAa YaCTUYHO 3amep3aeT. B 3ToMm ciyyae BO3MOXHa MOTeps
JIMHEHOCTU KaHajla NaBJeHMS, KOTOpash Ha TMpakKTHKe, KaK MpaBujiao, He uaMmepsieTcs. [IpemnokeHHBbI MEeTOn IMO3BOJISI-
€T Ha OCHOBE M3MEPEHHBIX BXOJHOTO M BBIXOAHOIO CUTHAJIOB TOJYYUTh MaTeMaTUUeCKyl0 MoIejb KaHajaa. B ee ocHoBe
JIEKUT M3BeCTHasi Monesb [lammepinTeitHa, KOTopaslh pasfesisieT KaHaJl Ha JBa BUPTYaJbHBIX OJIOKA, OAMH U3 KOTOPBIX
SIBJISIETCS HEJIMHEWHBIM WHEPLUMOHHBIM, a BTOPO — JIMHEMHBIM MHEpLMOHHBIM. DyHKIIMS TTpeoOpa3oBaHus TIEPBOTO 0J10-
Ka SIBJIIETCS TIOJIMHOMOM KOHEYHOI CTeNeHM, a IMpeoOpasylollre CBOMCTBA BTOPOro OJI0Ka OMMCBHIBAIOTCS MHTErpajioM
CBEpTKU. DTO TTO3BOJIAECT 3alycaTh CUTHAJ Ha BBIXOAE KaHaja B BMIE MaTeMaTHUYECKON 3aBUCUMOCTH C HEHU3BECTHBIMM
Koa(duIIMeHTaMu TIOJIMHOMA M TlapaMeTpaMM MMITYJbCHOM XapaKTepUCTUKM JIMHeiiHOoro Oyioka. Jlajee MUHUMU3UPYETCS
paccTrosiHuEe B (DYHKIIMOHAJIBHOM IIPOCTPAHCTBE C KBAaApAaTUYHOW METPUKOM MEXKIy yKa3aHHOW MaTeMaTHMYeCKON 3aBUCH-
MOCTBIO U BBIXOAHBIM CUTHaJIOM. B pesysibraTe MMHMMU3ALMU 3TOTO PACCTOSIHUSI METOJOM IJIOOAJIBHOTO CIy4yailHOro mo-
MCKa HaXoASATCS KO3(MGUIIMEHTHI TTOJIMHOMA W TTapaMeTphl MMITYJIbCHON XapaKTepUCTUKU, YTO CBUIETEIBCTBYET O PEIICHUM
3a1a4n uAeHTU(UKAUMU cucTteMbl. st aTOoro Obl1a co3maHa 3KCIepUMEHTalbHasi M3MEpUTeNIbHas JTUMHUS, 3aroJIHEHHast
BO3IyXOM IOJ TaBJIEHHUEM, KOTOPOE M3MEPSIIOCh IBYMSI OMMHAKOBBIMU JaTYMKAMM, PACITOJIOKEHHBIMU Ha BXOJE U BBIXOIE
suauu. [IpoBepka Mozien Ha ocHoBe Kputepuss Puinepa ¢ ypoBHeM 3Hauumoctu 0.95 monrBepamia ee ajaeKBaTHOCTb.

KiioueBbie ciioBa: MaeHTU(DUKALIUSI CHUCTEM, M3MEPUTEIbHBINM KaHaJl IaBJICHWSI, U3MEpPUTEIbHAs JIMHUS, TaTYMK IaB-
JIeHus1, YHKIMS Tpeodpa3oBaHusl, TTOCTOSTHHAsT BPEMEHU.

InenTudikanisa HeJiHIAHOrO IHEPUIHOr0 BUMIPIOBAJILHOIO
KAHAJIy THUCKY

O.B. lMongapyc, O.A. Kosanb, A.C. Mensenosceka, €.0. lNonskos,
C.[0. Axywkesny

Xapkiecbkuli HayjoHanbHUli asmomobinbHo-00poxHil yHieepcumem, 8yn. fpocrnasa Mydpoeo, 25, 61002, Xapkis, YkpaiHa
poliarus.kharkiv@gmail.com

AHoTauis

Posrnsamaetbes MeTon imeHTHMbiIKALT HETIHIMHUX iHEPUIMHUX BUMIipIOBAIIBHUX CUCTEM Ha MPUKIIAAI BUMipIOBaJIbHOTO
KaHaJly TUCKY, SIKMI CKJIaZa€eThCsl 3 BUMIpIOBAIbHOI JIiHil Ta gaBaya TMUCKY. OcTaHHil, SIK MpaBUJIO, € JIIHIHHOIO CUCTEMOIO,
a BUMIpIOBajJibHA JIiHisI, sfKa ISl KaHajly TUCKY € TpyOolo, 3allOBHEHOIO PiAMHOI0 ab0 ra3oM, MPOEKTYEThCS K JiHiliHa
cucteMa. Y mpolieci eKcrityaTallii BUMiploBajibHa JIiHisl TTOCTYIOBO 3a0PYNHIOETHCS, B PilMHY MOTpAIUIsiE€ MOBITPsI a00 BOHa
YaCTKOBO 3aMmep3a€. Y LbOMY BUIIAAKy MOXJIMBA BTpaTa JiHIMHOCTI KaHAlTy TUCKY, sKa Ha TPAKTHL, K MPaBUIO, HE BU-
MipIOEThCS. 3aMPONOHOBAHUI METOJ O3BOJISIE HA OCHOBI BUMIPSIHUX BXiIHOTO i BUXiTHOTO CUTHAJIiB OTPUMATU MaTeMaTU4YHY
MoJeab KaHaly. B ii ocHOBI JIeXXuTb Bizoma Mozaesib aMMepinTeiiHa, sika po3aiisge KaHall Ha JBa BipTyaJIbHUX OJIOKU, OOUH
3 SIKUX € HEeJIHIMHUM iHepIiiHUM, a APYTUid — JiHiiHUM iHepiiitHuM. DyHKIliS TTepeTBOPEHHS MEePIIOro OGJIOKY OMUCYETHCS
MOJiHOMOM KiHIIEBOTO CTYMEHs, a MEePEeTBOPIOOYI BJACTUBOCTI JPYroro OJIOKY OMUCYIOThCS iHTerpajiom 3ropTku. Lle mo-
3BOJISIE 3alMCaTU CUTHAJ Ha BMXOJi KaHAaJly y BUIJISII MaTEeMaTUYHOI 3aJIeXKHOCTI 3 HEBITOMUMU KoedillieHTaMU TToJliHOMa
i mapameTpaMM iMITyJIbCHOI XapaKTepUCTUKU JIiHiiHOTO 0JI0KY. Jlaji MiHiMi3y€eThbcsl BincTaHb y (PYHKIIOHATBHOMY ITPOCTOPi
3 KBaJpaTUYHOIO METPUKOIO MiX 3a3HAYEHOI0 MaTeMATUYHOIO 3aJIeXKHICTIO i BUXiAHUM CUTHaAJIOM. Y pe3ysbTaTi MiHiMi3allil
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1€l BimcTaHi METOIOM TJIOOATBLHOIO BUITAAKOBOTO TOLIYKY 3HAXOMAThCS KOe(DilliEeHTH MOJIiHOMA i TapamMeTpy iMITyJIbCHOT
XapaKTEepPUCTUKU, 110 CBITYMTh MPO pillleHHs 3a1adi ineHTudikauii cuctemu. A5t 1boro 6yjao CTBOPEHO eKCMEPUMEHTAIbHY
BUMIpIOBAJIbHY JIiHilO, 3alIOBHEHY TOBITPSIM i TUCKOM, SIKWI1 BUMIpIOBaBCS ABOMA OJHAKOBUMM JaBayaMu, 110 pO3TalllOBaHi
Ha BXo[i i Buxoni JiHii. OTpruMaHa MOJie/ib KaHaly BUKOPUCTOBYBaJIacs ISl TEOPETUUHOTO BU3HAYEHHS BUXiJHOTO CUTHALY
IpY BiIOMOMY BXe iHIIOMY BXimHoMmy curHaii. IlepeBipka momeni Ha ocHOBiI Kputepis @imrepa 3 piBHeM 3Hauyiocti 0.95
miaTBepauia ii anekBaTHICTb.

KinrouoBi cioBa: ineHTudikallis cucteM, BUMIPIOBaIbHUN KaHal TUCKY, BUMIpPIOBAJIbHA JIiHis, JaBad TUCKY, (PYHKILis
MepPeTBOPEHHSI, cTaja 4yacy.
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