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The article focuses on the development of vortex shedding frequency estimation algorithm.
It shows the difficulties of the application of classical algorithms (moving average and median fil-
tering) for whole measurement range of vortex sonic flowmeter. These algorithms are effective at
the high flow region, where frequency of arrival of information about vortex frequency is high.
However, at the low flow region where aforementioned frequency equals to tenths of hertz these al-
gorithms are ineffective.

A new adaptive algorithm is offered which can operate in a whole range of flowmeter measur-
ing. It combines an ability to react immediately if a flow starts changing, and to provide stable mea-
surements if the flow is stable. The simulation of the proposed algorithm is implemented and its
advantages over the algorithms used in serial manufacture are shown. It is noted that the developed
algorithm does not need in powerful computing facilities.

Keywords: vortex flowmeters, vortex sonic flowmeters, algorithm for estimating vortex shed-
ding frequency, time series.

Introduction

Today the automatic process control systems (APCS) are wide-spread in many production branches.
The most accepted elements of APCS are liquids and gas flowmeters. In the hard service conditions
the vortex sonic flowmeters have shown good results but their inherent weakness is measurement error
growth under the low-flow condition in comparison with the main measurement range [1]. In the pre-
vious review of the measurement accuracy increase methods, the authors demonstrated the efficiency of
algorithmic methods. One of them is the modern development of algorithm for estimating a vortex shed-
ding frequency, which allows to support the comparable accuracies of the measurement in the full-scale
range of the vortex sonic flowmeter.

The vortex sonic flowmeter principle is based on a physical phenomenon known as Karman vor-
tex sheet [2, 3]. The core of the phenomenon discovered by Theodore Van Karman is described with
a formula:

=S xv/d, (1)
where f is an instantaneous vortex shedding frequency; S; is a dimensionless number called Strouhal
number; v is instantaneous velocity of the measured medium flow; d is the characteristic dimension of
the bluff body. The vortex shedding frequency f for the medium after the bluff body is proportional to
the medium flow velocity v and depends on the Strouhal number S, and the bluff body dimension d.

The flow rate calculation for each measured value of the vortex shedding frequency fis difficult be-
cause of its instability [4]. For this reason, it is necessary to apply the information-processing algorithm
to the vortex shedding frequency data in order to estimate a real value. The development of such algo-
rithms is complicated by the vortex shedding frequency varying from tenths (for low flow) to hundreds
of hertz in the vortex sonic flowmeters.

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 75
2016. T. 16, Ne 3. C. 75-82



MpubopocTpoeHue, MeTponorus

1. Disadvantages of existing algorithms for estimating vortex frequencies

The application of the complex algorithms [5—7] requiring the powerful microcontrollers is imprac-
tical for most series-produced flowmeters of low and medium price bracket.

The application of simple algorithms like moving average and median filtering [4] does not allow
the vortex sonic flowmeters to show equal accuracy under low and high flow conditions. For low flows,
the shedding data arrival rate may be tenths and units of hertz. In case of using the algorithm with aver-
aging the great number of instantaneous frequencies, f values it results in sufficient delay of flowmeter
response on flow variation. However, if a number of f averaged-values is decreased or the flow calcula-
tion is done for each obtained value of f then the instability of flowmeter readout and measurement er-
rors grows up. As for the high-flow measurements, the application of the above-mentioned algorithms is
appropriate and maintains the required metrological performance of the flowmeters.

2. New (adaptive) algorithm for estimating vortex frequency

In order to develop the suggested algorithm it is necessary to define two qualitatively different
modes of flowmeter behavior: stable (steady) flow mode and flow variation mode. A flowmeter opera-
tion can be presented as a sequence of the two defined modes. Whether the measured flows are low or
high, the flowmeter readout in the steady flow mode should be stable. As for the flow variation mode,
the time of the flowmeter response to change should be minimal to support the desired accuracy of
the flow and accumulated volume measurements.

The main requirements for the developed algorithm are the following.

— When the medium flow is stable, the algorithm should provide low dispersion for frequency esti-
mations. As a research showed, the instantaneous values of the vortex frequencies in a vortex sonic
flowmeter varied from 3 % to 9 % in the whole range of measurements, while a variation of the refe-
rence flowmeter readings did not exceed 0.3 %.

— A time of response on a flow variation should be minimal for both high-flow and low-flow mea-
surements.

The main point of the algorithm is using of several methods for processing the time series of vortex
shedding frequency instantaneous values relevant for each measurement mode (steady or variable).
The proposed algorithm scheme is given on Fig. 1.

The algorithm allows combining the advantages of the two data processing methods that are
the moving average and the exponential smoothing. The first method provides an effective elimination
of a noise term while measuring the steady or slowly varying values, so it is applicable to data
processing in a steady flow mode. The method of exponential smoothing is adaptive to a new level of
a process without substantial delay and significant response on chance deviations. Because of the named
properties, this method is applied in the flow variation mode. It should be mentioned that both methods
are not resource-intensive.

At the first stage of the algorithm operation, a new measured value of the vortex frequency is input,
whereas the oldest value is eliminated. It results in updating a sample of m instantaneous values of vor-
tex frequencies.

At the second stage the calculation for the sample and the coefficient of variation is performed.
The value of the variation coefficient is necessary for determining a current mode of a flow measuring.

The third stage includes a choice of a data processing method of instantaneous vortex frequencies
based on a comparison of a calculated variation coefficient with a set level defined by the design fea-
tures of the flowmeter.

If the variation coefficient is less than the set level, it indicates a steady flow mode. In this case
the moving average method is used to estimate the vortex shedding frequency [8]. If the variation coef-
ficient exceeds the set level, it is an attribute of a flow variation mode. In this instance the vortex fre-
quency sample estimation is realized by the exponential smoothing [8] using a formula:

F,~=0L><ﬁ+(1 —U.) XF,;],
where F; and F; are the vortex frequency estimations received by means of the exponential smoothing

for i and i—1 measurements; f; is an instantaneous value of the vortex shedding frequency; a is
a smoothing parameter; i is an index of a current measurement.
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Fig. 1. Scheme of adaptive algorithm for estimating vortex frequency

At the final stage, the flow is calculated by means of the preselected model of the transformation
function [2] on the ground of the vortex frequency estimation obtained using one of the methods.

The proposed algorithm is adaptive both to the steady flow mode and the flow variation mode en-
suring the operating efficiency either for a high flow or low one.

3. Functional testing for adaptive algorithm

A program for algorithm testing developed in MATLAB environment allows simulating a time se-
ries of the instantaneous vortex frequencies with preset parameters as well as applying the algorithm of
vortex frequency estimation to it. The time series simulating the flowmeter operation has an expectation
value equal to a value of a simulated stable flow. An interference with the normal law of distribution is
imposed on the time series. A level of the interference dispersion is to be selected in such a way that
the preset variation coefficient is provided at the simulated value of the flow. To simulate an operation
of the vortex frequency estimating algorithm, the following parameters can be preset: the number of
values in a sample of instantaneous frequencies m, and a level of a comparison with the variation coef-
ficient Level (Fig. 1).

To compare a response time of the algorithms, let us examine a performance of the flowmeter with
50 mm nominal diameter (Dn) and 0.5-50 m’/h flow range under condition of instantaneous (step) flow
variation being measured in low flow area. In so doing, the variation coefficient of the simulated time
series should be set on the level of 8 % while the number of values in a sample of instantaneous fre-
quencies m=31, and the level of a comparison with the variation coefficient Level/=10 %. It should be
noted that the vortex shedding frequencies for the Dn 50 flowmeter at 2 m’/h and 0.5 m’/h are 10 hz and
2.5 hz respectively.
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Fig. 2 demonstrates an instantaneous adaptivity of the algorithm to a flow variation. Under the con-
ditions of rare reception of vortex frequency data, the moving average and exponential smoothing me-
thods have strong delays in comparison with the adaptive algorithm (about 15 and 7 seconds respective-
ly for the example).
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Fig. 2. Algorithm response to step flow variation

Along with the instantaneous response to the flow variation, the suggested algorithm shows excel-
lent stability in the steady mode. As a result of the algorithm operation, the variation coefficient of
the estimated vortex frequencies reaches 0.5 % while the variation coefficient of the vortex frequency
instantaneous values was set at the level of 8 %.

4. Comparison of algorithms

A comparison of the suggested adaptive algorithm accuracy with the moving average and median
filtering algorithms is based on a procedure, which is used for a flowmeter calibration test [1]. That is
a measuring error calculation of an accumulated volume of a medium in a specified time range.

The operation of the Dn 50 vortex flowmeter should be simulated at low flow with the following
sequence of the operating modes.

— For the first 30 seconds, the flow through the flowmeter is 2 m’/h.

— For a 5-second period from the 30th second up to the 35th one, the harmonic variation (in a sec-
tion from 7/2 to m) of the flow takes place.

— Beginning from the 35th second up to the 65th one, the flow corresponds to 0.5 m*/h.

Each of the modes has a random noise with the normal law of the distribution and the dispersion
supporting the variation coefficient of 8% at the simulated flow.

Let us apply the above-mentioned algorithms of estimating the vortex shedding frequencies to
the simulated time series. A fluent velocity v can be expressed and calculated at every instant using
the instantaneous frequencies estimated by the formula (1) for each of the algorithms. Then we can cal-
culate the instantaneous values of the flows (Fig. 3) according to the formula:

0=v5,
where S is a cross-section area of a flow tube.
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To estimate an accumulated volume of a medium, let us integrate the flow values over a period ¢ ac-
cording to the following formula:

V ziQI‘ 'Ati >
i=1

where V is an accumulated volume; Q; is an instantaneous flow in an instant i; A¢; is a period of an inte-
gration time; 7 is a number of readings over a period ¢.

It is possible to calculate a relative error of an accumulated volume measurement:

= Valgorithm -V,

true .100%’

true

where Vgorimm 15 an accumulated volume based on the vortex frequencies estimated by applying the al-
gorithm; V. is a true (simulated) accumulated volume.
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Fig. 3. Simulation of algorithm operation

In order to obtain the average error of measurement &, the above-mentioned sequence of the opera-

tions is to be repeated 5 times. The results are given in Table 1. It is evident that the suggested algorithm
provides a measurement error to be an order less in low flow.

Table 1
Comparison of algorithms for estimating vortex frequency
Average error of accumulated volume measurement, %
Average
1 2 3 4 5
Adaptive algorithm 0.56 0.77 0.22 1.73 0.90 0.84
Moving average 8.83 8.75 8.32 9.85 7.23 8.60
Median filtering 6.94 6.45 6.34 7.76 9.93 7.48
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In case of the low flow measuring, the developed algorithm significantly reduces the time of re-
sponse on a flow variation and keeps stability in a steady mode. These properties of the algorithm allow
decreasing the low flow measurement error considerably. In high flow measuring, the suggested algo-
rithm is also highly competitive with the two others because the more is the data arrival rate, the less is
the variation coefficient sensitivity to a flow variation. In this case, the suggested algorithm practically
develops into the moving average algorithm.

Conclusion

The proposed adaptive algorithm for processing the vortex frequencies data is able to maintain sta-
ble estimating of the vortex shedding frequencies in a steady mode. It is shown that the algorithm allows
to reduce the time of a flow variation response. It results in reducing the measurement error in a low
flow area. Meanwhile, in high flow measuring, the suggested algorithm is as good as the two others dis-
cussed above.

The new adaptive algorithm needs no powerful microcontroller. It can take the place of the classical
and widespread algorithms without any modification of the flowmeter construction and element base
and herewith increase the accuracy of measurement for series-produced flowmeters.
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AOANTUBHbIA ANNTOPUTM OLIEHKU
YACTOTbl BUXPEOBPA3OBAHUA
B BUXPEAKYCTUYECKUX PACXOOOMEPAX

A.ll. llanun, A.M. Opyxkoe
HOxHo-Ypanbckul eocydapcmeeHHbil yHUsepcumem, 2. YensabuHck

CTtaTrhs MOCBSIIEHA BOMPOCY pa3pabOTKU alrOpyuTMa OIIEHKH YacTOThI BUXPEOOpa3oBaHUsS IS
NIPUMEHEHHUS €r0 B BUXPEaKyCTHUECKHX pacxonomMepax. [IokazaHo, 4TO IpUMEHEHHE KITaCCHYECKUX
ANTOPUTMOB (CKOJIB3SIIET0 CPEIHET0 M MEAWAaHHOW (PuibTpanyy) BO BCEM AMAIAa30HE M3MEpEHHS
paccMaTpuBaeMbIX pacXxoJ0MepoB 3aTpyiHeHo. VX npumeHeHne 3G ¢GeKTHBHO B 00JacTH OONBIINX
pacxoyoB, TJ€ 4acTOTa MOCTYIUICHHUS MH(OPMALMK O 4acTOTe BUXpeoOpa3oBaHus Beianka. OqHAKO
IIPU M3MEPEHHH MAJIBIX PACXOJ0B, a BBIMICYIOMSHYTAs YacTOTa JOCTHUTaeT IECATHIX NOJed repi,
MIPUMEHCHUEC BBINICTICPCUNCIICHHBIX aJITOPUTMOB HpO6J’IeMaTI/I‘-IHO.

[IpennoskeH HOBBII aaNTHBHBIN aNrOpPUTM, PabOTAIOIIKI BO BCEM AHMAINa30HEe M3MEPEHHS pac-
xozmomepa. OH coderaeT B cebe CIIOCOOHOCTh MTHOBEHHO pearnpoBaTh Ha W3MEHEHHE pacxoia H
obecrieuynBaTh CTAaOMIHHOCTh M3MEPEHUH B YCTAaHOBMBIIEMCS peXUMeE pabOTHl pacxogoMepa Kak B
obyacT OONBIINX PacXoOB, Tak M B oOmacTu Maibix. [IpoBeneHo MoaenupoBanue paboThl peasa-
raeMoro aJIrOpUTMa, IIOKa3aHo €ro MPEUMYIIECTBO Ha/l AITOPUTMAMH, IPUMEHIEMBIMH B CEPHIHOM
mpou3BoacTBe. OTMEUEHO, YTO Pa3pabOTaHHBIN aNrOpUTM He TpedyeT OONBIINX BBIYMCIHTEIBHBIX
MOIIIHOCTEH.

Kniouegvie cnosa: suxpesoii pacxodomep, uxpeakycmuiecKuii pacxooomep, ai2opumm oyeHKu
4aCmombl GUXPeoOPA306aHUSL, BPEMEHHOU PAO.

Jumepamypa

1. Ilpeobpazosamenu pacxooa suxpeaxycmuueckue Mempan-300[IP. Pykosoocmeo no skcniyama-
yuu. — hitp://www2.emersonprocess.com.

2. Kpemnescrui, ILI1. Pacxooomepul u cuemuuxu xonuvecmea. Cnpasounux / ILI1I. Kpemnesckuii. —
JIL.: Mawunocmpoenue, 2004. — 701 c.

3. Pankanin, G.L. The vortex flowmeter: various methods of investigating phenomena / G.L. Panka-
nin // Measurement science and technology. — 2005. — No. 16. — P. RI-R16.

4. Pankanin G.L. Influence of vortex meter configuration of measure signal parameters / G.L. Pan-
kanin // Instrumentation and Measurement technology conference, 1993, IEEE. — IEEE, 1993. —
P. 337-340.

5. Hongjun Sun. Digital signal processing based on wavelet and statistic method for vortex flowme-
ter / Hongjun Sun, Tao Zhang, Hua-Xiang Wang // Proceedings of the third international conference on
machine learning and cybernetics. — 2004. — No. 5. — P. 3160-3163.

6. Sun Zhi-qiang. Application of Hilbert-Hang transformer to denoising in vortex flowmeter /
Sun Zhi-giang, Zhou Jie-min, Zhou Ping // Journal of central south university of technology. — 2006. —
Vol. 13, no. 5. — P. 501-505.

7. Meng Hua. High precision flow measurement for an ultrasonic transit time flowmeter / Meng
Hua, Wang Hui, Li Mingwei // Intelligent system design and engineering application, 2010. — IEEE. —
2010.—Vol. 1. — P. 823-826.

8. Kopn, I'. Cnpasounuk no mamemamuxe 05 HAYYHbIX PAOOMHUKO8 U UHIICeHepos. OnpedeieHus,
meopemul, popmyavt / I'. Kopn, T. Kopu; nep. c anen. 4. I'. Abpamosuua. — M.: Hayxa, 1973. — 832 c.

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 81
2016. T. 16, Ne 3. C. 75-82



MpubopocTpoeHue, MeTponorus

Jlanun Anpapeii [1aBjaoBu4, KaHa. TeXH. HAYK, JOLEHT Kadeapsl HHPOPMAITMOHHO-U3MEPUTEIEHON
TexHUKH, KOXHO-YpaJabcKuil rocy1apcTBEHHbBIH YHUBEPCUTET, I'. YensOunek; a_lapin@mail.ru.

JApyxkoB Ajiekcanap MuxaijJoBud, acnupant kageapbl HHOOPMAIIMOHHO-U3MEPUTEILHON TeX-
HUKH, KOXHO-Y panbckuil rocy1apCcTBEHHBIH YHUBEPCUTET, I. Yensounck; sandruzh@gmail.com.

Ilocmynuna ¢ pedaxyuio 18 pespana 2016 e.

OBPA3EIl MUTUPOBAHUSL FOR CITATION
Lapin, A.P. Adaptive Algorithm for Estimating Vor- Lapin A.P., Druzhkov A.M. Adaptive Algorithm for
tex Frequencies in Vortex Sonic Flowmeters / A.P. Lapin, Estimating Vortex Frequencies in Vortex Sonic Flowme-
AM. Druzhkov // Bectauk IOYpI'Y. Cepus «Komrbro- ters. Bulletin of the South Ural State University. Ser. Com-
TEpHbBIC TCXHOJIOTHH, YIPABICHUE, PATHOIICKTPOHUKA». — puter Technologies, Automatic Control, Radio Electronics,
2016.—T. 16, Ne 3. — C. 75-82. DOI: 10.14529/ctcr160308 2016, vol. 16, no. 3, pp. 75-82. DOIL: 10.14529/ctcr160308
82 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.

2016, vol. 16, no. 3, pp. 75-82



