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Abstract

Instrumentation and measurement have become a very important field in the developing industry. This development reveals
requirements such as minimization of measurement errors. Accurate measurement of flow and consumption is a significant proces s to
avoid wrong billing and entanglement for water utilities. This paper presents an ultrasonic Time-of-Flight (TOF) estimation algorithm
evaluation for liquid or gas flow rate measurement applications for electronic smart meters. Transducers, as a piezoele ctric material,
are employed in flow measurement industry, and generate ultrasonic sound waves against pressure. Reciprocal located transducers in
a flow medium are triggered to obtain ultrasonic sound waves in both flow direction. Due to the small distance between transducers
and speed of sound in flow medium, TOF calculation becomes a challenging process. Equivalent circuit model of a transducer is
implemented on MATLAB/Simulink environment numerically, and both upstream and downstream signals, which are the transit
waves between transducers and named in order to triggering order, are obtained. Firstly, behavior of an excited transducer is evaluated
on simulation environment, and a random signal, which simulates measurement noise, is employed to mimic the real-world
conditions. Problem definitions and proposed algorithms given in the literature are investigated, and candidate TOF measureme nt
algorithms are selected. Each method is implemented. Afterward, obtained transit waves are employed with the conventional method
to compute TOF at each zero-crossing point. To improve the measurement performance, a cross -correlation based method is proposed
for TOF estimation process, and results are compared to conventional method-based measurements. Possible future directions of the
study are indicated.
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Ucus Siiresi Hesaplamasinda Farkli Yontemlerin Degerlendirilmesi

Oz

Enstriimentasyon ve Ol¢iim gelisen endiistride olduk¢a Onemli bir alan haline gelmigtir. Bu gelisim 6lgiim hatalarinin eniyilenmesi
gibi gereklilikler ortaya ¢ikartmaktadir. Akis ve tiiketimin dogru &lglimii, yanhs faturalandirma ve sular idaresinde meydana
gelebilecek karigikhiklart 6nlemede O6nemli bir siiregtir. Bu caligmada, elektronik akilli sayaglarda sivi veya gaz akis hizi dlgiim
uygulamalari i¢in ultrasonik ugus siiresi (TOF) hesaplama algoritmalarmm degerlendirilmesi sunulmaktadir. Transdiiserler, bir
piezoelektrik malzeme olarak akis 6l¢iim endiistrisinde kullanilir ve basinca karsi ultrasonik ses dalgalan iiretiler. Bir akis ortaminda
kargihkh olarak yerlestirilmis transdiiserler, her iki akis yoniinde ultrasonik ses dagalar iiretmek amaci ile tetiklenir. Transdiiserler
aras1 kisa mesafe ve akig ortaminda sesin yiiksek hizt nedeniyle, TOF hesaplamasi1 zorlu bir siire¢ haline gelmektedir. Bir transdiiserin
es deger devre modeli MATLAB/Simulink ortamunda niimerik olarak uygulanmakta ve transdiiserler arasi geg¢is dalgalar olan ve
tetiklenme sirasma gore isimlendirilen yukarv/asag: akis sinyalleri elde edilmektedir. Tlk olarak, tetiklenmis bir transdiiserin davranisi
benzetim ortammnda incelenir ve gercek diinya kosullarmi taklit etmek i¢cin Olgiim giiriiltiisiinii benzeten bir sinyal kullanilir.
Literatiirde verilen problem tanimlari ve Onerilen algoritmalar incelenir ve aday TOF 6lgiim algoritmalar segilir. Segilen her y ontem
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gerceklenir. Daha sonra elde edilen gegis dalgalan, her sifir gegis noktasinda TOF degerini hesaplamak i¢in geleneksel yonte m ile
kullanihr. Olgiim performansi arttrmak igin ¢apraz korelasyon tabanl bir TOF tahmin siireci metodu 6nerilir ve sonuglar geleneksel
yontemtabanli dl¢limler ile kargiagtwilir. Calismanmn gelecekteki olasi yonleri paylagilmistir.

Anahtar Kelimeler: Ultrasonik ugus siiresi, ultrasonik sayag, ¢apraz korelasyon, akis 6lgiimii.

1. Introduction

In flow rate and velocity measurement, ultrasonic
flowmeters (UF) are extensively used devices (Cengel and
Boles, 2015) due to it's advantages as follows; i) Easy to install
(Rajita and Mandal, 2016), ii) No pressure drop (Lynnworth and
Liu, 2006), iii) No moving parts (Mousavi et al, 2020), iv)
Measuring reverse flows (Chen et al., 2020). UF devices
measure the ultrasonic wave flight time, also known as Time-of-
Flight (TOF), to compute the flow rate of fluid (Peng et al.,
2018). For this process, transducer components are employed.
Transducers are piezoelectric materials which provide bipolar
transformation between electrical signals and sound-waves
(Chen et al., 2021). A flowmeter consists of two transducer (A
and B) which are triggered sequentially. Firstly, transducer A is
triggered to generate the ultrasonic wave called upstream signal
in fluid, and transmit to transducer B. Secondly, transducer B is
triggered, after the upstream signal is read, to generate another
ultrasonic wave called downstream signal, and transmit to
transducer A. TOF difference (TOFD) of upstream and
downstream signals may be determined to compute the direction
and velocity of flow on an embedded system (Uchiyama et al.,
2019).

As for the measurement of TOFD signal, related literature is
investigated (Willigen et al., 2021; Sun et al., 2021; Huang and
Young, 2009; Angrisani et al., 2006; Gueuning et al., 1996;
Demirli and Saniie, 2001; Andria et al., 2001; Barshan, 2000).
Willigen et. al. (2021) proposed different excitation signal
characteristics to minimize measurement zero-flow error. Sun et.
al. (2021) proposed an interpolation based method to increase
measurement accuracy of TOF signal. Huang and Young (2009)
defined a temperature problem on TOF measurement, and
designed a novel self compensated TOF measurement syste.
Angrisani et. al. (2006) proposed a discrete Kalman filtering
based method on TOF measurement process, and reliability of
the system is investigated. Gueuning et. al. (1996) combined the
conventional method and phase-shift method, and performed
experimental studies to investigate the performance of the
proposed system. Demirli and Saniie (2001) proposed a
parametric generalized echo model based method to estimate the
actual TOF value. Andria et. al. (2001) proposed to use wavelet
and short time Fourier transform to determine the enveloped
signals, and applied pulse detection algorithms for measurement
process. Barshan et. al. (2000) employed threshold, correlation,
curve-fitting, and sliding-window based measurement methods,
and compared to results considering the different error
evaluation metrics.

This paper represents a comparison of different methods on
computation of TOF value of the streams. Firstly, a RLC
equivalent model of transducer is employed to mimic it's
dynamics and behavior as given in Willigen et al (2021).
Numerical implementation and analysis of the model is
performed on MATLAB/Simulink environment. Nonlinear and
complex dynamics of the transducer model are evaluated.
According to the evaluations, necessary implementation
conditions of the proposed method are determined. Equivalent
circuit parameters are changed to generate phase-shift on signals.
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This phase-shift provides the upstreamand Downstream signals.
Afterward, these signals are contaminated by a noise signals to
mimic the real system conditions. A sample cross-correlation
function, threshold method and Nth zero-crossing method are
applied to signals to investigate the time domain performances
of the proposed methods. TOF measurement results of the three
methods are compared, and results are given.

Remaining parts of the paper are organized as follows; i) In
Section 2, related equivalent model of the transducers, TOF
measurement process and proposed method are explained, ii)
Section 3 represents the results of the proposed method based
TOF measurement, and it's performance evaluations, iii) A brief
summary of the paper, necessary findings of the proposed
method, and possible future directions of the study are indicated
in the Section 4.

2. Materialand Method
2.1. Transducer Equivalent KLM-model

A simple KLM-model is employed in order to observe
complex dynamics of a transducer in simulation environment
(Krimholtz and Leedom, 1970) (Figure 1).
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Figure 1. KLM electrical equivalentcircuit ofa transducer.

Transducer equivalent model consists of a transmitting circuit
including a resistor R,, and a voltage source V,,,. R, resistor is
employed as the receive circuit impedance. To mimic the cable
capacitance and transducer waveform and phase features, C,, is
considered for the modelling process. Separated parts of the
KLM-model represents the upstream transducer A and
downstream transducer B. Proportionality between I, and

Vouise Tepresents the transition of the ultrasonic wave from one

transducer to another. V;,, signal is employed as the excitation
signal of the streaming transducer, and chosen as a single pulse
signal. V... signal is considered as the overall output signal of
the model which represents the received ultrasonic stream
waveform.

2.2. Simulation of Equivalent Transducer Model

Numerical analysis of the KLM-model is performed on
MATLAB/Simulink environment. Related model component
parameters are chosen from Willigen et al. (2021) (Table 1).

Table 1. Implementation of electrical circuit model parameters.

R L Cy Cp Cg() Cyz(D)
20Q 46uH 139pF  0.55nF 139pF 130pF
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A phase-shifton upstreamsignal is obtained by setting the
capacitor Cp to be 5% mismatch. Thus, downstreamsignal is
achieved. A zero mean unit variance white noise is added to the
stream signals as measurement noise. Amplitude of this noise is
assumed to be 10% of the signal amplitudes (Figure 2).
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Figure 2. Contaminated stream signals.

2.3. Time-of-Flight Measurement Methods

Nth zero-crossing (NZC) method is an algorithm which
identifies the points where the signals are crossing the time-axis.
After each of N zero-crossing points of both upstream and
downstream signals are determined, TOFD might be determined
from the time difference related to the first zero-crossing point
after a predetermined threshold is obtained. In this study, TOFD
value is computed for different values of N.

Threshold (T) based TOFD measurement is a method which
detects the time point where the stream signals are exceeding a
predetermined threshold value <. Time difference of exceeding

points may be determined as TOFD value of the corresponding
stream signals. In this study, threshold based measurement

method is repeated for different choice of 7.

A sample cross-variance function might be defined as:
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where y, and y, are the time series inputs of the sample cross-
correlation function, y; and Yy, represent the mean of the time
series, c,, ,,, represents the cross-variance function, and T is the
number of sample points. Thus, sample cross-correlation
function might be expressed as:

Cyy 3, (K) 03]

Tyiy, (K) =
e SY1SYZ
where s, and s, represents the standard deviations of the time
series, and r, . is the sample cross-correlation. In this study,
upstream and downstream signals are considered as s, ands,,,
and TOFD measurement is performed by employing the sample
cross-correlation function.

3. Results and Discussion

Nth Zero-crossing (NZC) and threshold (T) based methods
are employed for different settings, and a cross-correlation (CC)
based method is considered. Table 2 indicates the results for
each measurement.

Table 2. TOFD measurement resultsin nanoseconds (ns).

CC  NZC(5%) NZC(10%) NZC(15%)

T(5%) T(10%) T(15%)

0.0246 0.0070 0.0070

While the predetermined value of threshold is increased, the
variation of the measurement is increasing for threshold method.
However, the measurement variation is small for NZC based
method while the threshold is changed. Besides, CC based
measurement provides the largest TOFD value compared to
other methods. Execution time of the proposed methods are
computed to evaluate the algorithm performances. T method
performs the related task faster. Likewise, CC based
measurement method gives the most inefficient results in terms
of computation time.
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0.0088

0.0026  0.061 0.0097

4. Conclusions and Recommendations

This study represents a numerical implementation of a
transducer equivalent electrical circuit model, and TOFD
measurement comparison of the methods in literature. Herein,
the problem is defined and related previous works given in the
literature are indicated. Firstly, the model implementation
parameters are determined for the simulation works. Secondly,
necessary implementation of the KLM-model is performed on
the Simulink simulation environment. To simulate the both
upstream and downstream transit waves, model parameters are
varied in a small margin. Thus, ultrasonic waves in both flow
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directions may be obtained. Afterward, measurement methods,
which are selected from literature, are employed to determine
TOFD for different settings of; i) Nth zero-crossing based
method, ii) Thresholding based method, iii) Sample cross-
correlation based method. Also, changes in both thresholding
and zero-crossing level effects on algorithm performances are
investiageted. A normally distributed random signal, which is a
mimic of noise signal, is employed to mimic real-world
implementation conditions. According to the results, sample
cross-correlation based method gives better performance on
computing the TOFD value. As the future direction of the study,
a machine learning based TOFD estimation algorithm, which
considers numerical and statistical features of the transit waves,
may be a new area for the researchers.
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