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Abstract — The paper presents practical aspects of theoving parts of

application of the least squares method as an iiigoifor

both flow velocity and filling measurements in tbase of
electromagnetic flowmeters for open channels. Th¢hod

consists in fitting the flow signal with two wavefos that
carry information about the measuring parametehns. Fasic
drawbacks of the method caused by the necessjigrform

numerical differentiation as well as by the difieces
between the signal components and the signal itself
presented together with the efforts to reduce them.

mechanical devices, especially in
environments with vegetation. In some cases cdsisid
also be taken into account. The electromagnetihodets
an alternative solution for velocity measuremerd analso
met in aforementioned applications. The method ubes
Faraday's law of electromagnetic induction. Accogdito
the law a conductor, moving through a magneticdfiel
produces a voltage. So such sensors generateciattifi
magnetic field and an electric voltage is created in any
conductive liquid that moves relative to the fieldhe
voltage is measured by a pair of electrodes antbvsl is

Keywords: flow measurement in open channels, LSthe higher the faster the liquid moves. It is gisoportional

estimation

1. INTRODUCTION

do the strength of the magnetic induction. The wetfs
very convenient as it does not involve any moviagt gnd
provides the measurement of the average velocityever,
to find the flowQ there is still the necessity to measure the

Measurements of flow for open channels p|ay arhelght of fllllng The fllllng is Usua”y obtainedith one of

important role in many monitoring applications judte
those for storm water management, wastewater tioliec
systems, billing purposes etc. There are also rsamntific
efforts taken to model the effect of land developtmend

the above methods with all of the problems involvéte
paper presents our research that carries on tie \earks
by Bonfig [4] and is going to show some practicgpects of
the new signal processing used for simultaneoussunea

climate change on aquatic ecosystems as well as foent of velocity and filling within the method [5]

preventing, detecting, evaluating and
measurements and to create velocity profiles iersvand
streams. Because of that there is a great neaahfaccurate
and consistent sensors enabled to measure the Tlbe.
flow Q is defined as the amount of liquid moving throwagh
channel in a period of time. There are lots of rdthto find
that. Some of them are based on the measuremdititngf
behind hydraulic structures just like weirs or flesnand
then using a theoretical formula of the fo@wf(h) whereh
is the filling. The height of filling can be measdrin many
ways including pressure sensors [1] or
transducers. With the use of other methods the @aw be
calculated by simple multiplication of two quard#i the
cross-sectional area of the channel and the vgleciThe
first can be easily found using the dimensionsheft¢hannel
and height of filling that can be measured with @fehe
above techniques. The velocity is usually measwigu the
use of Doppler effect based on ultrasound [2] atara
technologies [3] or with the use of turbine devic&bhe
above methods have some limitations connected thith
necessity of temperature compensation, problemsechiy
disturbed reflections of ultrasounds from foam aadious
debris collected by rainwater, inconveniences duehe
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reducing mwate
pollution. The flowmeters are then used for disgbar

2. THEORETICAL BACKGROUND

The approach proposed by Bonfig for the height of
filling measurement is based on an additional gaia that
may be created in the liquid. The voltage is aaliresult of
the transformer effect that appears when there fiame
consisted of the electrodes and the surface dighl, that

is penetrated by time-variant magnetic fi@). The level

of the voltage is directly proportional to the ratechange

of the field and thus to the derivative of the eutri’(t)

ultrasoundriving the coil responsible for the magnetic fieddl the

same time. It is also proportional to the areahef frame,
which is perpendicular to the field. The area clesngith

the height of filling so the voltage can be used aseasure
of the latter. One or both of the electrodes shbedlightly
declined in order to have the possibility of nomezareas.
The general idea of the measurement is depictdeignl

for two different fillings of the channel.

Regardless of the possibility to measure the heafht
filling, the magnetic induction is always time-vamt with
the frequency that usually does not exceed theesahf
several hertz. There are some reasons for thatdimg the
influence of induced eddy currents, reactance efctil and
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various kinds of environmental noises [6]. Takingoi

account all phenomena connected with the generafitime

two voltages together with the conditions depidteéig. 1,

the resulting signal measured by electrodes shdadd
expressed in the case of no noises and no disttebaas a
weighted sum of two components:

u(t) = u,(t) +u, (t) = alvli(t) +bIhli'(t) =

- . 1)
= w(D) [(t) +w(2) 0r (1),

wherei(t) is the current driving the coil and parametars
andb are constant for a given device. The amplitudethef
components w(1) andw(2) do carry information about the
required flow parameters. According to the equatina can
use such an excitation described by the cui(@nthat each

of the amplitudes can be easily measured. With th

subsequent conditions:(t) = 0 andi’(t) = const, the value
for w(1) and w(2) can be found respectively by simple

measurements [4]. That means that we should not us

voltage but rather current excitations to obtaia #Hbove

conditions.
i

L

htga 1

Fig. 1. The idea for the height of filling measugrhwithin the
electromagnetic method. The resultingt) voltage is proportional
to b-tgo-h-B’(t).

In contradiction to that our approach is based o t
assumption that the waveform of the current is rbigcally
of any shape and the flow parameters are provigesigmal
processing algorithms. The first step is to acqthieecurrent
driving the coil and then to find its derivativehd second
step is the application of the measuring algoritifhe
typical method, that can be used, is the leastreguaethod.

For discrete time signals the method minimizes twc

dimensional cost function of the form:
Ts[w@®,w2)] =

N 2
= 3 {um -we i +w@ Eml. ©

The solution is theoretically provided by the stambl
estimator:
w=(ATA)ATU, 3)

where the two-column matriX is constituted in such a way
that its first column contains the samplesij and the

second contains the samplesidt). The method is very
convenient and can be easily extended to estirhatdldw
parameters in the conditions of low frequency disinces
that dominate in real measurement. The disturbaaces
caused by the differences between the electroclaémic
potentials of the fluid and the material the eledé&s are
made of and can considerably degrade the resulfiwf
measurements. With the LS method the only thingois
support the base with polynomials approximating the
disturbances as stated in [5].

3. PRACTICAL CONSTRAINTS

Trying to obtain high accuracy of flow measurement
\évith the above method, one can easily note sometipah
aspects that must certainly influence the resdite first
problem that arises is to find the derivative of tturrent.
T@e procedure for that depends on the waveform of
excitation. In the cases, when the signal as aifumof time
is not exactly known or it is difficult to find, ¢hmethods of
numerical differentiation should be adopted. Statida

methods are based on the Taylor expansion:
it +h) Di(t) +i'(t) Eh+%i"(t) h? +%i"'(t) ... (4)
from which the derivative can be find as a functafriwo,

three or more signal samples, e.g.:

Cit+h)—i(t)
- h

Such methods are computationally attractive but ilire
posed and generate non-stable solutions in noisgscas
depicted in Fig. 2.
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Fig. 2. Results of numerical differentiation accagito eq. (5)
performed on an exemplary real signal excitingdbié of the
electromagnetic flowmeter. The zoomed area shoastiisy
waveform of the currerift) responsible for not acceptable noise in
the derivative.

Similar effects can be observed when another method
differentiation in the frequency domain is appliethe
differentiation is then based on the inverse Fauransform
of the spectrum multiplied bjyu
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. 1% (© _ ‘ As the result, the cost function becomes a funatibthree
i'(t) = 5_[.[ j .[I(t )e““dt)e’“dw (6) variables and the solution (3) is no longer valid.
4. EXPERIMENTS

In this case the reason for the non-stable diffeagon is

the magnification of high frequencies occupied loysa in , . . i
the waveformi(t). The problem to find the derivative is  Vith respect to the above considerations thereriseal

much more simplified when the function describige t fOr tests to point out the best conditions for nrioz
processed signal is known or can be easily estinaie differentiation and for tests to verify how mucte thossible

exemplary case is the mono-harmonic waveform ofakno delay between processed signals is significant eal r

or calculated amplitude and phase: measurements of flow in open channels. In ordatatdhat
we have developed a laboratory model of the
i(t) = asin(at+¢) (7) electromagnetic flowmeter as depicted in Fig. 4.
as the derivative can be obtained by simple miggon

and ther/2 phase shift: ‘

|

. |

I (1) = wlcosE+g). (®) ; ~—@l
|

Besides, even with a proper waveform of the deisieat P, | _ _dataacquisition |
estimated, there may also exists the lack of perfiete electrodes f_'
coincidence between tli@) andi'(t) elements of the bage | N , -~ flow control
and the voltage signal measured by the electradese are H (
several reasons for that. Some of them depend en t (| H |

ic T 1
instrumentation. A good example is the kind of skmap ,Tjﬁn];:g
With the use of popular scanning method adoptednbgt g‘ hinibinioi
ADC converters, two identical analog signals becomg
slightly different when sampled alternatively ahern taken
to calculations. The comparison of such resultiiggrete- @ tank
time waveforms is depicted in Fig. 3.

pump

Fig. 4. Schematic diagram of the experimental setup

1 ; current driving the coil i(t) ||
o8 //W = o © | The artificial channel of 3m in length was supplietith
water in a closed circulation system. We could aarthe
\ flow parameters with the use of an electric pung aset of
\ little sluices. In the conditions of the constamtiumetric
\ flow, the higher was the level of filling the loweras the
\ velocity and vice-versa. A simple computer meagyrin
system with the scanning sampling DAQ was usedbitee
08y N the coils with rectangular or arbitrary voltage fefquency
08 NG e 5Hz and to collect the waveforms of the resultingenti(t)

1| Hiian mang and the induced voltaggt). The electrodes were arranged

OO RO 000 O e e e according to the conditions depicted in Fig. 1.

An obvious way to obtain reliable estimate of
differentiation is to improve the quality of theogessed
signal by one of the de-noising techniques. Discvedvelet
Even if we used ADC converters with simultaneoudransform can be successfully used because okdsllent
sampling, we could not avoid the discrepancies betw properties in reducing high-frequency noise. Howexzare_
propagation times in the signal conditioning citsdori(ty =~ Must be taken as some of the highest frequencyalsign
and u(t). The signal paths for them are different becauskformation is usually also lost during the de-mugs
they are different quantities. Besides, there afferdnces Process. To make an assessment of the numerical
between signals that depend on the method — thectsg differentiation a quantltat_lve_comparlson sh_oul_d _made
inertial behavior of the environment. All that gsmabout Detween the accurate derivativlf) and the derivative es(t)
the necessity to modify the cost function by inidosa estimated upon the noisy signal. The surrogateheffirst

delay 7 representing the overall lack of coincidence betwe can be available W't.h.the use Of. polynomials apipnaking
signals: the real current driving the coil. To get the satoan

additive white noise can be applied. Thanks to ¢hsimple
Tau[W@),w(2),7] = mean squared criterion:

N 9
= {u(n) - W@ fi(n - 7) + W) @ (n- )]} ©

n=1
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Fig. 3. The effect of scanning sampling of ideritgignals.
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Z[i'(n)—i' (n)]z flow conditions. Additionally, we used special sggn

_ |~ oot stabilizers to hold the laminar flow.

em= Z[i- (n)]? (10) Results of the verification for an exemplary flow
= Q=0.75dm3/s and a height of filing h=9cm are desicin

Fig. 6. The acquired waveforms that can be treatedoise

free thanks to the above efforts, are compared with

{faveforms obtained as a result of synthesis aftér L

@stimation of w(l) and w(2). One should notice the

QRaveforms of error as well as the difference betwee

estimated parameters in the case of pure LS estimat

according to (3) and in the case of LS estimatigopsrted

by polynomial approximation. The results prove tliae

influence of the examined delay on estimation dggigicant

— the polynomial intended for nothing but the appration

of disturbances started to work causing estimagioors.

points out the quality of the numerical differetiba. The
results of such assessment in the case of curre
corresponding to rectangular voltage excitation ar
presented in Table 1. Wavelet technique based
Daubechies 10 was used to suppress white noigeinase
of typical SNR=40dB.

Table 1. The quality of numerical differentiatiomgpressed
in the terms of (10) for rectangular voltage exaita

processed differentiation | differentiation
current signal | according to (5)| according to (6)

raw signal 1.794 2.292 60 ‘
de-noised signal 0.111 0.157 L A /\
40
The waveforms obtained with the wavelet processirng s \ /
depicted in Fig. 5. One should note the considerabl ¥ \\\\~
. . . o ——
reduction of noise as compared to the correspondisglts £, |
presented in Fig. 2. 2 r /_.__._J
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Fig. 5. Results of numerical differentiation afteeprocessing TE 20
the real current signal with the use of wavelendising. The
zoomed area shows the original (gray line) andalsed current 40 e [
signal (black dotted line). i 722 (V4 el
. . . -600 0.02 0.04 0.06 0.08 0i1 0.12 0.14 O.iIG O.iIB 0.2
It should be also mentioned that with the mono-tuanim tis]

excitation, when the Fourier transform was usefino the
amplitude and phase of the noisy current, the vafuerr  Fig. 6. Comparison of real flow signals (the graes) with signals
for the differentiation according to (8) was only16". synthesized after the use of the classic LS metthedblack thick

Unfortunately, having done a simple analysis ofatjgation lines): A —the pure LS case, B — LS with Chebyshegrele 6

(9) one can easily conclude that mono-harmonictatcn polynomial support.

(7) should not be applied at all. A bagisghat is composed ) )

of the sine and cosine functions is a completesbiasiany Formal solution with respect to the delay can be

signal of the formi(t) = asin(at+¢) and any delay will be obviously achieved by means of optimization prodesshe

treated as a change in the parameters. As thet rmul COSt function (9). However, we have tested a simplethod
voltage rectangular excitation was used in furthefhat converts the function of three variables thi® function

experiments. of one variabler by replacingw(1l) andw(2) with their

To verify the overall effect of the expected dethgre ~counterparts described by the typical LS solutidime
should be the access to the non-disturbed versibrtee  effects can be observed in Fig. 7. The resultirgy imction
waveforms. We got them using averaging over singlé€aches its minimum for the delay at which thenestion

periods acquired during long term data acquisitioateady ~Seeéms to be done properly — the synthesized wawsfor
cover the acquired ones and the parameters refirgsen
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flow are almost the same. However, the modifiedt cogo obtain differentiation and requires some rededdion to
function has some local minima and to find the glob obtain a reliable estimate. Discrete wavelet tramsfcan be

minimum we had to penetrate the whaldomain. Besides,
the analyzed signals are discrete time signalst@fidd the
exact delay precisely, high oversampling or intéafon

used as an effective technique to suppress thee.nois
Moreover, the examinations confirmed the existeote
delay between acquired signals and their influemcethe

must be used. The results presented in the papes wedlow parameters. In this context mono-harmonic &ticin
obtained with the sampling frequency of 2.56kHz andappeared to be useless as the sine function wih it

interpolation that increased the number of samplesmes.
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Fig. 5. The effects of taking into account the gdiatween
acquired waveforms. There are separate axes favakeforms
(left and bottom) and for the cost function (topl aight).

5. CONCLUSIONS

derivative constitute a complete base for any haimo
signal, including signal with a delay caused byttmics or
the method. In contrast to that, examinations wiitie
current signal corresponding to the rectangulartagel
excitation show that taking into account the dedsables
the least squares approach to be effective forl@meous
estimation of flow parameters within one, fully
electromagnetic method. Application of polynomial
approximation of existing low frequency disturbasmce
becomes effective. Thanks to that there is no tesdpport
typical electromagnetic velocity measurement with
additional methods to find the height of filling dan
eventually — the volumetric flow.
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