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Abstract

Purpose: to do research on the pneumatic line length impact on the bandwidth of the useful signal and phase
shift. Method: the processing of experimental data was carried out in MatLab environment, where was
constructed the model of transient characteristic, and by using model was determined amplitude-frequency
and phase-frequency characteristics. Results: the paper considers the experimental results regarding the
dynamic calibration of the pressure measurement systems. This system consists of a pressure sensor and a
pneumatic line that connects the sensor and the inlet pressure receiver. As a result of research, the amplitude-
frequency and phase-frequency characteristics of the measuring system were obtained for different values of
the pneumatic line. The paper also specifies the recommendations how to select lengths of the pneumatic line
from the pressure receiver to the sensor when measuring pressure pulsations. Conclusion: for the Motorola
MPXV5004DP sensor, the studies have been carried out in order to determine the impact of the pneumatic
line length on the bandwidth and phase shift. During research, specific interrelations have been obtained. By
means of these interrelations, it is possible to estimate the limiting transmission frequency and the phase lag
of the measuring system. The obtained data allow to provide the correct planning of the experiment and to
perform the high quality experiment on the investigation of the dynamic characteristics of the flow
interacting with the streamlined object.

Keywords: amplitude-frequency characteristics; bandwidth; damping ratio; dynamic gradation; phase shift;
phase-frequency characteristics; pneumatic line, pressure sensor, time constant

1. Introduction pneumatic line on which the dynamic characteristics
of the measuring system depend. Therefore, this
paper is dedicated to the research concerning the
pneumatic line length impact on the dynamic
pressure measuring system characteristics.

When carrying out aerodynamic studies related to
the distribution of pressure along the aircraft bearing
surface, as well as studies of velocity fields
characteristics in the nuclei of vortices inherent in
various structures, it is necessary to analyze the 2. Analysis of recent research and publications
dynamic characteristics of the flow. As a rule, the
measuring system intended for studies of these
processes contains a pressure receiver, a pneumatic
line, and a pressure sensor respectively. The most
critical element of this stucture is the length of the

A connecting tube between the measured object and
the pressure sensing element is a common
component part of pressure measurement systems.
Dynamic characteristics of the resulting fluid
oscillator may  significantly influence the
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magnitudes of dynamic measurement errors [1-3].
This paper presents an experimental analysis of
dynamic characteristics of connecting tubes of
different lengths and diameters. Inlet step pressure
changes were generated by a system of two
loudspeakers [4-5], but this method allows to
calibrate in a small range of pressure changes

3. Description of the experimental installation

To conduct research, an experimental installation

was created. The installation consists of the
following components:
e Freescale Semiconductor MPXV5004DP

integrated pressure sensor: operating pressure range
—from 0 to 3,92 kPa (0+400 mm H20), power supply
— 5B, measurement accuracy — 2,5% of the full scale
[6];

e MMH-2400(5)-1 micromanometer: operating

pressure range — from 0 to 2,354 kPa (0+240 mm
H20), measurement accuracy — 1% [7];

e PCI-6025E (12 bit , 200 kHz) multifunctional
ADC board intended to convert sensor analog
signals into the digital domain. [8];

e Software environment for data acquisition,
processing and visualisation — LabVIEW [9];

e Software environment for final data

processing — MatLab [10].

All components of the experimental installation
are shown in fig. 1.

Fig. 1. Experimental installation for the measurement
system dynamic characteristics—_

1. Receiver for a pressure variation jump; 2.
pneumatic line of a specific length; 3. reference
manometer; 4. pressure sensor MPXV5004DP; 5.
pump for creating pressure in the system; 6. device
for creating a predetermined pressure bias in the
system; 7, 8, 9 — shut-off valves of the system; 10.
data interface to the PC ADC board (PCI-6025E).

With the rubber pump (5) being used, the
experimental installation allows to create the
necessary pressure in the receiver (1), the value of
which is referred to the manometer (3). To maintain
the preset pressure in the receiver, a shut-off valve
(7) is applied. The structure of the receiver includes
an elastic latex membrane (see Picture A of Figure
2). When the membrane is impacted by a sharp
needle heated to 300 °C, its instantaneous rupture
occurs and the pressure in the system falls to zero
(see Picture B of fig. 2, where the state of the
membrane after its rupture is shown). Thus, a
pressure variation jump is caused in the system. The
application of compact installation adapters leads to
the fast connection between pneumatic lines of
different lengths, the receiver (1), and the board of
pressure sensor MPXV5004DP (4). It should be
noted that pipes made of a transparent polymer
material with an internal diameter of 2 mm and an
outer diameter of 5 mm are used for the pneumatic
line. To create a preset pressure in the sensors of the
system, a 10 ml syringe (6) is used. Additional shut-
off valves (8, 9) make it possible to fix a constant
pressure in the specified sections of the system.

Fig.2 Device for physical modeling of a pressure variation
jump in the system: a) the latex membrane under the
impact of a preset pressure in the system; b) the
membrane after the creation of a pressure jump as a result
of its rupture

3.1. The experiment order

The pneumatic line length impact on the dynamic
characteristics of the measuring system is estimated
taking into account its amplitude-frequency and
phase-frequency  characteristics. =~ A physical
experiment is carried out for different lengths of the
pneumatic line. As a result of this experiment, a
response to the spepwise pressure variation impact
has been recorded at the input of the MPXV5004DP
sensor. Using the PCI-6025E ADC board, the analog
signal of the sensor is sampled with frequencies
from 1000 Hz to 30000 Hz. The obtained data are
transferred to the LabVIEW software environment
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where a corresponding data file is generated and a
diagram is constructed. The following pneumatic
lines have been considered in the experiment:
30mm, 500mm, 1000mm, 2000mm, 3000mm,
4000mm, 5000mm, 5500mm. The experiment for a
given length of the pneumatic line has been
performed twice to confirm the estimation
correctness obtained for the the transient process
parameters. Figures 3-6 show the transient process
diagrams for different lengths of the pneumatic line.

With an increase in the pneumatic line length, the
time of the transient process is also increased. That is
why different sampling frequencies of the process are
set. The following markings are illustrated on the
diagrams given below: an input signal (modelled by the
membrane rupture); system response to the input signal
(experiment); variation in the transient process, which is

calculated by using the obtained model.
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Fig. 3. Recorded pressure jump in the measuring system.
Pneumatic line length — 30mm.
Sampling frequency — 30 kHz
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Fig. 4. Recorded pressure jump in the measuring system.
Pneumatic line length — 1000mm.
Sampling frequency — 20 kHz
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Fig. 5. Recorded pressure jump in the measuring system.
Pneumatic line length — 3000mm.
Sampling frequency — 5.0 kHz.

Pressure (mm H20)
200 ———— N E— [ N T

150
100

50 A -

-50

-100
0 0.1 0.15 0.2 0.25
Time (sec)
Fig. 6. Recorded pressure jump in the measuring system.
Pneumatic line length — 5000mm.

Sampling frequency — 1.0 kHz.

As seen from fig. 3,4,5,6, the transient functions
obtained as a result of the experiments have an
oscillatory transient process, which allows them to
be approximated by the following transfer function:

k
W(p)= 1
(p) T 428+ (1)

where T is the time constant of the system, ¢ is the
damping factor of the system, k is the amplification
factor.

To determine the values of T, &, k search
parameters, the MatLab software environment is
used. Programs helping to search for unknown
parameters T, &, k are developed, and the

amplitude-frequency
characteristics of the

and phase-frequency
measuring system are
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calculated from the transfer functions (1). The
unknown parameters of function (1) are determined
applying the simplex search method [11]. This is a
direct search method which does not include
numerical or analytical gradient values during
optimization. In the MatLab software environment,
this method is implemented by wusing the
"fminsearch" built-in function.

For further data processing, the transfer function
(1) should be converted into the following form:

a
Wp=——, 2)
p +bp+c
where: bzg;c:%; a = ke.
T T

The transfer function (2) given above allows to
apply the "Bode" built-in function in order to
calculate the logarithmic frequency characteristics
(Bode diagrams) [12]. The application of this
function makes it possible to determine the
following system parameters: bandwidth; resonant
frequencies; amplitude and phase stability margin.
The bandwidth of the measuring system is the point
of interest in the experiment described in this paper.
The obtained values of the time constant, damping
factor and the bandwidth of the system with a certain
pneumatic line length are the required data.

As an example, fig. 7 shows the amplitude-
frequency characteristics of the system for different
lengths of the pneumatic line on the logarithmic
scale. As seen from the presented figure, an increase
in the length of the pneumatic line leads to a
decrease in the magnitude of the amplitude
characteristic resonance peak, as well as a decrease
in the frequency at which this peak is located.
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Fig. 8 shows the phase characteristics of the
system for different lengths of the pneumatic line.
These characteristics are necessary to determine the
phase shift of the signal at the boundary of the
transmission frequency of the system.
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Fig. 8. Phase-frequency characteristics of the measuring
system depending on the length of the pneumatic line

3.2. Main research results

The experiment makes it possible to determine the
parameters of model 1 for pneumatic lines with
different lengths. The values of these parameters are
presented in tab. 1. In addition, the adequacy of the
transient process model obtained as a result of
identification has been checked. The mismatch
between the model output data and the experimental
data has been calculated. A test has been performed
to ensure that the resulting sample complies with the
normal distribution. To achieve this goal, the built-in
Matlab-jbtest function is applied. This test is
asymptotic and adequately operable for large
samples.

Table 1
The pneumatic line length impact on the
characteristics of the measuring system

Pneumati | Time | Dampin | Transmis | Phase
c line consta | g factor sion shift,

length nt frequency

9 2 d
Lam | T(s) | ¢ | ,cadsy | @9
30 0.0001 | 0.0416 15860 -178.6
500 0.0011 | 0.0690 1432 -177.2
1000 0.0022 | 0.1057 694 -174.2
2000 0.0044 | 0.1663 347 -167.9
3000 0.0064 | 0.2180 210 -159.9
4000 0.0085 | 0.2807 174 -151.2
Frequency (rad/sec)

5000 0.0103 | 0.3477 140 -139.5
Fig. 7. Amplitude-frequency characteristics of the 5500 00112 | 03740 129 1332

measuring system depending on the pneumatic line length
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The data 7 and & obtained for model 1 (see

Table 1) are approximated by the dependencies in
the form of polynomials of the second degree:

T(L)y=a,+a,L+a,L;

E(L)=b,+bL+b,L’. 3)

These analytical dependencies allow to calculate the
coefficients of model 1 for any given length of the
pneumatic line within the limits up to 5.5 m. The values of
the obtained function coefficients (3) are given in tab. 2.

Table 2

Functions coefficient values (3)

a, a, a, b, b, b,
o~ N = V) e
=
@ g S g g S
- o ) <t o )
S K ) X 2 )
S (o)} — o O O
S A o S 3 =
= < — S < <,
T [q\] OIO O lf[)

The diagrams calculated with the help of the
obtained functions (3) are presented in fig. 9, 10.
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Fig. 9. Impact of the pneumatic line length
on the time constant.
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Fig. 10. Impact of the pneumatic line length on the
damping factor.
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The transfer of the model 1 to the model 2 makes
it possible to obtain logarithmic amplitude-phase
frequency characteristics of the measuring system
for the given lengths of the pneumatic line using the
built-in Bode function (see fig. 7, 8). These models
are the starting points for calculating the system
bandwidth.

The bandwidth of the measurement system is the

frequency range from w, =0 to the frequency W,

where the following condition is fulfilled:

A()utput — 0’707
input

Where A

input

is the input signal amplitude, A4

output
is the output signal amplitude The frequency at
which the signal ratio is equal to 0.707 is the
limiting transmission frequency o, of the system.
On the logarithmic scale, this ratio is as follows:

A
mag dB = 20 1;{%’“"} =201g(0,707)=-3,01dB

input

Using the obtained diagrams of the amplitude-
frequency characteristics of the system, the limiting
transmission frequency can be found . The values of
the limiting transmission frequency of the system
obtained as a result of the experiment are presented
in tab. 1. fig. 11 shows the dependence of the
limiting transmission frequency of the system from
the length of the pneumatic line.
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Fig. 11. Length impact on the limiting transmission
frequency

As seen from the figure given above, the value of
the limiting transmission frequency is significantly
reduced with the increase in the pneumatic line
length from 30 mm to 500 mm. With a further
increase in the length of the pneumatic line (from
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500 mm to 5000 mm), the rate of decline in the
limiting frequency can be reduced to the greater
extent only in case of a significant increase in the
length of the pneumatic line. Thus, in order to
provide dynamic studies of the flow characteristics,
it is necessary to select the pneumatic line length by
taking into account the frequency range of the
processes included into this research. The
dependence presented in fig 11 can be used to
adequately select the pneumatic line length
depending on the nature of the analyzed processes.
During research, an important role is played by
the lag of the measurement system, which is
connected with the length of the pneumatic line.
This lag can be estimated by the phase-frequency
characteristic of the system. The maximum lag value
in the system bandwidth is a characteristic for the
limiting transmission frequency wcp (see fig. 8).
Using the functions which are presented in Figure
8, the phase shift between the output and input
signals are determined for different values of
limiting transmission frequency. The obtained
values of the phase shift are presented in Table 1.
The diagram which shows the impact of the
pneumatic line length on the phase shift value is
presented in fig. 12. As seen from fig. 12, an
increase in the pneumatic line length leads to a
decrease in the phase shift, which is approximately
60 degrees. This situation arises due to the decrease
in the frequency of the useful signal transmitted by

the system.
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Fig. 12. Impact of the pneumatic line length onto the
phase shift

4. Conclusion

When performing the studies of dynamic flow
characteristics, it is important to take into account
the length of the pneumatic line between the
pressure receiver and the corresponding sensor. For
the Motorola MPXV5004DP sensor, the studies
have been carried out in order to determine the

impact of the pneumatic line length on the
bandwidth and phase shift. During research, specific
interrelations have been obtained. By means of these
interrelations, it is possible to estimate the limiting
transmission frequency and the phase lag of the
measuring system depending on the pneumatic line
length. The obtained data allow to provide the
correct planing of the experiment and to perform the
high quality experiment on the investigation of the
dynamic characteristics of the flow interacting with
the streamlined object.
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HocaigxeHHs BIVIMBY JOBKMHH THEBMOTPACH HA JUHAMIYHI XapaKTepPUCTUKHA CHCTEMH BUMipHOBaHHS
THCKY
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Mera: mpoBecTH AOCHiIKEHHS BIUIMBY [OBKHMHHM ITHEBMOTpPaccH Ha CMYTY MpPOIYCKaHHS KOPHUCHOTO
curHany i ¢azoBuii 3cyB. Meroa: oOpoOka eKCIIEpUMEHTAIbHUX JAaHWUX 3MIMCHIOBANacs B CEepeIOBHUII
Matlab, ne OymyBamacs MOIenhb MEPEXiTHOT XapaKTEPUCTHUKH, a TI0 MOJETIi aMILIITyIHO-4acTOTHI Ta (ha30-
4acTOoTHI xapakTepucTukd. Pe3yabrar: HaBeneHo pe3yibTaTH —eKCHEPUMEHTAIbHHUX — JOCHIIKEHb
JTUHAMIYHOTO KalliOpyBaHHS BUMIPIOBAIBHOI CHCTEMH, IO MICTHTH JaTYMK THCKY 1 ITHEBMOTpacy, fka
3'eMHye NMATYMK 1 BXITHUH OTBip mpuiiMayda THCKy. B pe3ynbTaTi MpoBeIeHUX BHIPOOYBaHb OTPHUMAHO:
aMILTITYTHO-9aCTOTHI, ()a30-4aCTOTHI XapaKTEPUCTUKH BHMIPIOBAIBHOI CHCTEMHU TPH PI3HUX 3HAYCHHSX
JOBXHHM ITHEBMOTPACCH. 3ampolOHOBAHO PEKOMEHZalii Imoao BHOOpPY MOBXKMHH ITHEBMOTPAcCH Bif
npuitMada THCKY IO JaTdMKa IMPH BUMIPIOBAaHHI IyJbcalliii THCKy. BHcHOBOK: mis matumka Motorola
MPXV5004DP Oynu mpoBeneHi AOCHTIIKSHHS, II00 BU3HAYWTH BIUIMB JOBXHHHM ITHEBMATHYHOI JIiHII Ha
LIMPHHY CMYTH 1 (hazoBuii 3cyB. [1ix 4ac HOCHiAKEHh OTPUMAaHO KOHKPETHI 3aJ€KHOCTI. 3a TOTIOMOTO0 IIHX
3aJIe)KHOCTE MOYKHO OIIIHUTH YacTOTy 3pi3y Ta (ha3oBWil 3CYB BHMIipIOBalIbHOTO KaHaimy. OTpuMaHi aaHi
JI03BOJISIIOTHE KOPEKTHO 3pOOWTH TUIAHYBAaHHS Ta MPOBECTH BUCOKOSKICHUH €KCIEPUMEHT IPU TOCIIHKEHHI
JMHAMIYHUX XapaKTEPUCTHK MOTOKY, 110 B3aEMOJIE 3 O0TIYEHUM 00'€KTOM.

Kuiro4oBi cj0oBa: aMIUTITYAHO-9aCTOTHI XapaKTEPUCTHKH; NaTYMK THCKY; IUHAMIYHE KaliOpyBaHHS;
KoedimieHT nemripyBaHHS; MHEBMOTpaca; TOCTiHHA Yacy; cMyra TpoIyckKaHHs; (a3oBuil 3cyB; (¢a3o-
YacTOTHI XapaKTepUCTUKU

C.0. Mmenko', M.P. Crenuska’, B.M. Paguenko’

HccnenoBanne BJIMSAHUS UIMHBI ITHEBMOTPACChl HA XaPaKTEPUCTHKH HW3MEPUTEIbHOI CHCTEMbI
TWHAMHYECKOTO TaBJICHHUS

HanmonanbHbI aBUaIMOHHBIA YHUBEPCUTET, npoctl. KocmonasTa Komapoga, 1, Kues, 03680, Ykpauna
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MeTa: TpoOBECTH HCCIEIOBAHUS BIUSHUS JUIMHBI THEBMOTPACChl HA TMOJOCY MPOMYCKAHUS IOJIE3HOIO
curHana u (a3oBeiii caBur. MeToa: oOpaboTKa 3KCIEPUMEHTANBHBIX JaHHBIX OCYIIECTBILIACH B Cpeie
Matlab, rae crpomsiach MOJENb NEPEXOAHONH XapaKTEPUCTUKHU, a 10 MOJCIH  aMIUIUTYAHO-4aCTOTHBIC Ta
(haz0-yacTOTHBIE  XapaKTepucTHUKW. Pe3yJbTaT: TpHBENEHBI  Pe3yNbTaThl  AKCHEPUMEHTAIBHBIX
HCCIIEIOBAHUIN JUHAMUYECKON TpaJydupOBKH HU3MEPUTEIIBHOM CHCTEMBI, coJep alleld NaT4yuK JaBICHUS U
MMHEBMOTpacy, COCIUHAIONICH [aTYMK M BXOJHOE OTBEpPCTHE TpPUEMHUKA JaBicHUs. B pe3ynbrare
MPOBEJEHHBIX HCIBITAHUNA TIONYYCHBl aMIUIMTYIHO-4acTOTHBIE, (Da30-4acTOTHBIC XapaKTEPUCTUKHU
HU3MEPUTEIHLHON CUCTEMBI TIPU Pa3HBIX 3HAYEHUAX JIJIMHHBI MTHEBMOTpAcchl. [IpeioxkeHbl peKoMeHaaIuu 110
BBEIOOPY JUTMHBI THEBMOTPACCHI OT IIPHUEMHUKA JTABJICHUS 10 JaT4YUKa MPH U3MEPEHUU MyJIhCAIUil JaBICHIS.
3akawuenue: s garyrka Motorola MPXV5004DP Gbutn ipoBeieHBI UCCIIEA0BaHUS, YTOOBI OMPEICIUTh
BIIMSIHAC JUTHHBI ITHEBMATHUYECKOHN JIMHUH HA IMTHPHUHY ITOJIOCH B (Pa3oBeIid caBHUT. Bo Bpems ucciiemoBaHus
OBLTH TONy4YeHBI KOHKPETHBIC B3aMMOCBS3U. C IMOMOIIBIO ATHUX B3aMMOCBSI3EHd MOXKHO OIICHUTH YacTOTY
cpe3a u (a30BOM CIBUT U3MEPHUTEIBHOTO KaHamy. [loy4eHHBbIC NaHHBIC MMO3BOJIIOT KOPPEKTHO MPOBECTH
IJIAHUPOBAHUE JKCIEPUMEHTAa U KAYECTBEHHO BBIIOJHUTH CaM HKCIEPUMEHT 10 HCCICIOBAHUIO
TUHAMAYICCKUX XapaKTEPUCTHK TTOTOKA, B3aMMOJICHCTBYIOIIETO ¢ 00TEKaeMBIM 00BEKTOM
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