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Abstract: The transit-time ultrasonic gas flowmeter plays a vital part in the measurement field with
its unique advantages. In recent years, it has developed into a research hotspot in the field of gas flow
measurement. However, while the ultrasonic signal propagates in gas, the amplitude fluctuation of
the ultrasonic signal is produced under the condition of energy attenuation and unstable flow field.
This leads to inaccurate transit time of ultrasonic signal that causes flow calculation errors. Aiming at
this problem, a signal processing method is proposed in this paper for the transit-time ultrasonic gas
flowmeter based on the peak ratio characteristic value sequence (PRCVS). Through the research on
the mathematical model of ultrasonic signal, the ratio of the amplitude of adjacent peaks is defined as
the peak ratio characteristic value (PRCV) of the peak. According to the corresponding relationship
between the PRCV and the peak serial number, a set of reference PRCVS is established. By matching
the characteristic value of the ultrasonic signal with the reference characteristic value sequence, the
peak serial number can be determined. In this research, the PRCVS-based signal processing method
is applied to the gas flow measurement system based on time-to-digital converter (TDC) that has
strict requirements on the peak serial number which can verify the validity of the method. The
calibration experiment of basic measurement performance test and the unstable flow field experiment
of the curved pipe were performed on the gas flow standard device, which verified the stability and
validity of the method proposed in this paper.

Keywords: ultrasonic gas flowmeter; amplitude fluctuation; signal processing method; PRCVS; peak
serial number

1. Introduction

Gas flow measurement and monitoring plays a vital part in effectively managing and
saving energy and natural resources [1]. Ultrasonic gas flowmeter is currently one of the
fastest developing flowmeter technologies [2], which measures the one-way flow through a
closed pipe system under normal conditions. As a gas flow measurement device, it plays a
progressively vital part in natural gas trade, chemical industry, metallurgy, etc., particularly
in the field of gas transportation and energy saving. [3,4]. Because of the serious energy
attenuation of ultrasonic signal in gas, the amplitude of the ultrasonic signal fluctuates [5,6].
With the increase in the flow rate, this problem becomes more serious, and the propagation
time is difficult to accurately obtain [4,7]. Therefore, high accuracy and stability should be
haven in the signal processing method.

Ultrasonic flowmeter can be divided into the transit-time method [8], Doppler method
[9], cross-correlation method [10], etc., according to the principle of signal detection. The
most extensively used method is the transit-time method. This method separately mea-
sures the transit time of downstream and upstream ultrasonic signals from being sent
by the transmitting transducer to being received by the receiving transducer, and then
calculates the transit time difference which can calculate the flow rate. Compared with
other measurement methods, the transit-time method has less error caused by temperature
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change [11]. Based on the measurement principle of the transit-time method, some scholars
have proposed some methods.

The first method is the cross-correlation method, and its principle is shown in Figure
1. x(t) is the downstream ultrasonic signal and y(t) is the upstream ultrasonic signal. The
cross-correlation function of x(t) and y(t) is [12]

Rxy(τ) = lim
T→∞

1
T

∫ T

0
x(t)·y(t− τ)dt (1)

Energies 2021, 14, x FOR PEER REVIEW 2 of 19 
 

 

with other measurement methods, the transit-time method has less error caused by tem-
perature change [11]. Based on the measurement principle of the transit-time method, 
some scholars have proposed some methods. 

The first method is the cross-correlation method, and its principle is shown in  
Figure 1. (ݐ)ݔ is the downstream ultrasonic signal and (ݐ)ݕ is the upstream ultrasonic 
signal. The cross-correlation function of (ݐ)ݔ and (ݐ)ݕ is [12] ܴೣ೤(߬) = lim்→ஶ 1ܶ න (ݐ)ݔ ∙ ݐ)ݕ − ்ݐ݀(߬

଴  (1)

The cross-correlation function represents the degree of correlation between (ݐ)ݔ and (ݐ)ݕ with a distance of ߬. When ߬ = -೤(߬) reaches the maximum, that is, the correೣܴ ,ݐ∆
lation between (ݐ)ݔ and (ݐ)ݕ is the largest. ∆ݐ is the transit time difference between the 
downstream and upstream ultrasonic signals. Brassier et al. processed the ultrasonic sig-
nal by cross-correlation method [8]. They chose the wave received for the first time as the 
reference wave. The reference wave is received by the transducer on the other side of the 
pipeline after being reflected as the second wave. The reference wave and the second wave 
are used for cross-correlation calculation to obtain transit time. This method has a certain 
anti-noise interference ability, but the ultrasonic signal attenuation is more serious and 
the reflected signal is weak, which increases the design difficulty of signal conditioning 
circuit and manufacturing cost. Tokio et al. proposed a cross-correlation derivation algo-
rithm [13]. In this patent, the addition modulus operation is used to replace the multipli-
cation operation in traditional cross-correlation algorithm so that the calculation complex-
ity is reduced. However, when the influence of noise is large, due to the calculation error 
of the algorithm, the incorrect calculation result may appear. Ma performed cross-corre-
lation operation between the real-time dynamic reference waveform and the received 
waveform [14]. This method effectively overcomes the decline of correlation caused by 
environmental factors, but the measurement accuracy should be improved. Yang pro-
posed an improved cross-correlation method [15]. First, the ultrasonic signal of each trans-
ducer at zero flow rate is pre-stored in the system as the reference waveform, and then 
during the measurement, the transit time is obtained by the cross-correlation operation 
between downstream and upstream ultrasonic signals and reference waveform. 

t
x(t)

0 t  

t-Δt

0 t

y(t)
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The cross-correlation function represents the degree of correlation between x(t) and
y(t) with a distance of τ. When τ = ∆t, Rxy(τ) reaches the maximum, that is, the corre-
lation between x(t) and y(t) is the largest. ∆t is the transit time difference between the
downstream and upstream ultrasonic signals. Brassier et al. processed the ultrasonic signal
by cross-correlation method [8]. They chose the wave received for the first time as the
reference wave. The reference wave is received by the transducer on the other side of the
pipeline after being reflected as the second wave. The reference wave and the second wave
are used for cross-correlation calculation to obtain transit time. This method has a certain
anti-noise interference ability, but the ultrasonic signal attenuation is more serious and the
reflected signal is weak, which increases the design difficulty of signal conditioning circuit
and manufacturing cost. Tokio et al. proposed a cross-correlation derivation algorithm [13].
In this patent, the addition modulus operation is used to replace the multiplication opera-
tion in traditional cross-correlation algorithm so that the calculation complexity is reduced.
However, when the influence of noise is large, due to the calculation error of the algorithm,



Energies 2021, 14, 426 3 of 18

the incorrect calculation result may appear. Ma performed cross-correlation operation
between the real-time dynamic reference waveform and the received waveform [14]. This
method effectively overcomes the decline of correlation caused by environmental factors,
but the measurement accuracy should be improved. Yang proposed an improved cross-
correlation method [15]. First, the ultrasonic signal of each transducer at zero flow rate is
pre-stored in the system as the reference waveform, and then during the measurement,
the transit time is obtained by the cross-correlation operation between downstream and
upstream ultrasonic signals and reference waveform.

The second method is the feature extraction method. The feature extraction method
has been a popular research direction of the ultrasonic gas flowmeter in recent years. This
method assumes that there is a relatively stable feature in the ultrasonic signal from the
maximum value, energy, and peak value. The flow rate can be calculated through the
relationship between feature and transit time of the ultrasonic signal. Kobayashi et al. used
digital signal processing (DSP) to analyze two cases of ultrasonic signal affected by the
influence of noise and the ultrasonic signal attenuation [16]. They proposed to use the
average time of zero-crossing point near the maximum peak point as the transit time of
the ultrasonic signal. This patent focuses on the implementation of hardware. Tian et al.
proposed a method based on the energy peak fitting of the ultrasonic signal [17]. They
obtained the range of the optimal echo energy point by analyzing the relationship between
the energy signal and the echo energy gradient. The echo energy point as a standard is
chosen in the range to locate the four nearest echo energy peak points for linear fitting. The
arrival time of ultrasonic signal is determined by the feature point on the fitting straight
line corresponding to the echo energy point, so that the transit time of the ultrasonic signal
is able to calculate. This method is simulated in MATLAB, as shown in Figure 2. Liu et al.
proposed a method based on the echo energy integral [18]. They set the fixed cumulative
energy value as a standard, and the area of the echo energy signal rising section was
integrated. The feature point is the end position of the fixed cumulative energy value if
the fixed cumulative energy value is smaller than the cumulative energy value. Therefore,
the transit time of the ultrasonic signal is able to calculate. Mu et al. proposed a method
based on the echo signal envelope fitting [19]. They analyzed the envelopes of ultrasonic
signal under different flow rates and proposed three echo signal envelope fitting-based
methods. They used the mathematical models to get the envelope gradient curves of the
upper envelope’s rising section and the lower envelope’s falling section. Then, they used
the envelope gradient curves to get the ranges of envelope and linearly distributed peak
points. Two feature straight lines are obtained by the least squares fitting of these peak
points, which, respectively, represent the upper envelope’s rising section and the lower
envelope’s falling section. The feature points are able to be chosen by the points on the
feature straight lines to locate the ultrasonic signal fast.

The third method is the threshold comparison method, and its timing principle is
shown in Figure 3. First, the threshold Vth1 is set and the excitation signal is acted on the
transmitting transducer, which converts the electrical signal into ultrasonic signal. When
the ultrasonic signal is triggered by the threshold Vth1, the first peak of the ultrasonic
triggered by the trigger threshold is called the trigger wave. The time of the trigger point is
the arrival time of the ultrasonic signal. The timing system pulls down the threshold Vth1
immediately to the zero-crossing position Vth2 of the ultrasonic signal after the trigger wave
is intercepted, and Vth2 is called the timing threshold. The advantages of the threshold
comparison method are that it is a simple method, requires a small amount of calculation,
and has low implementation cost. Sun et al. proposed a method where both downstream
and upstream ultrasonic signals use the same fixed threshold to get the arrival time [20].
However, the arrival time of the two signals has one or more cycle deviations if the
amplitudes of downstream and upstream ultrasonic signals are dissimilar. Zhu et al.
proposed a variable ratio threshold and zero-crossing detection-based method [21]. They
analyzed the distribution of echo peak points and set the threshold value to separate the
feature peak from other peaks to get the corresponding feature points. The transit time is
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able to calculate by the feature points. But the method has the limitation that as the flow rate
increases the peak shift of the ultrasonic signal may increase. Chen et al. proposed a method
based on TDC-MAX35101 [22]. When the ultrasonic signal enters the TDC to be measured,
the ultrasonic signal is first digitized and then the signal amplitude information is obtained.
Then, in a measurement process, it is judged whether the downstream and upstream
ultrasonic signals are attenuated. If the attenuation occurs, the current measurement signal
is discarded. It reduces the possibility of false triggering of the TDC threshold between the
downstream and upstream.
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Both feature extraction method and threshold comparison methods solve the problem
that the transit time is difficult to measure due to amplitude fluctuation by searching for
characteristic points or comparison points. Aiming to address this problem, a PRCVS-based
method is proposed for the transit-time ultrasonic gas flowmeter. Through the research
on the mathematical model of ultrasonic signal, the ratio of the amplitude of adjacent
peaks is defined as the PRCV of the peak. According to the corresponding relationship
between the PRCV and the peak serial number, a set of reference PRCVS is established. By
matching the characteristic value of the ultrasonic signal with the reference characteristic
value sequence, the peak serial number can be determined. In this research, the PRCVS-
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based method is applied to the gas flow measurement system based on TDC that has strict
requirements on the peak serial number which can verify the validity of the method. The
calibration experiment of basic measurement performance test and the unstable flow field
experiment of the curved pipe were performed on the gas flow standard device, which
verified the stability and validity of the method proposed in this paper. But the method
has the limitation. The ultrasonic signal waveform and its envelope are determined by the
characteristics of the transducer and its installation position. If the transducer is reinstalled
or replaced, the PRCV will change, and the reference PRCVS needs to be re-established.

2. Research on PRCVS Based Signal Processing Method
2.1. Research on PRCVS

The mathematical model expressions of ultrasonic signal waveform and its envelope
are as follows [23–26],

s(t) = b(t) cos(2π f0(t− τ) + ϕ0) (2)

b(t) = A0

(
t− τ

β

)α

· e−(
t−τ

β ) (3)

where τ is the time delay of ultrasonic signal, that is, the transit time of ultrasonic signal
in the channel; f0 is the center frequency of the transducer; ϕ0 is the initial phase of
the ultrasonic signal; A0 is the amplitude of the ultrasonic signal; and α and β are the
parameters determined by the transducer’s own characteristic and its placement scene. It
provides good approximations while the values for α is between one and three [23].

Figure 4 is the simulation waveform of ultrasonic signal based on model Equations (2)
and (3). According to the model Equations (2) and (3), the parameters are set to A0 = 1,
f0 = 200 kHz, ϕ0 = 0, τ = 1.75× 10−5s, α = 2.5, β = 2.7× 10−5s.
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According to Equation (2), it is assumed that t = τ is the starting point of ultrasonic
signal amplitude. When t = τ, there must be cos(2π f0(t− τ) + ϕ0) = 1 at the peak
position of the ultrasonic signal. T0 is equal to 1

f0
. The time corresponding to the peak

of the serial number n is assumed to nT0 + τ, and the corresponding peak amplitude is
assumed to pn = s(nT0 + τ) = b(nT0 + τ). Similarly, the peak amplitude of the peak serial
number n + 1 is pn+1 = b[(n + 1)T0 + τ]. The ratio pn/pn+1 is defined as the PRCV Rn of
the peak serial number n, then

Rn =
pn

pn+1
= (

n
n + 1

)
α
· e

T0
β (4)
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Therefore, the change rate of the PRCV is

Rn+1 − Rn

Rn
= [ (

n2 + 2n + 1
n2 + 2n

)α − 1
]
· 100% (5)

Formula (4) shows that parameters α and β are constant after installation of the
transducer, that is, when the parameters {T0, α, β} remain unchanged, the PRCV of any
peak in the ultrasonic signal is only related to the peak serial number, and has nothing
to do with the amplitude of the whole ultrasonic signal. The value of the PRCV becomes
larger as the peak serial number becomes smaller. As shown in Figure 5, under different
parameters α, the smaller the peak serial number is, the greater the numerical change rate
of the PRCV is.
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Obviously, for an ultrasonic signal, the corresponding relationship can be established
between the value of the PRCV which is independent of the signal amplitude and the peak
serial number through Equation (4), so that the peak serial number has the corresponding
PRCV. Accordingly, the following definition is made.

Peak Ratio Characteristic Value Sequence. If the initial peak sequence of an ultrasonic
signal is numbered from 1 in sequence, the numerical change process of the numerical
sequence of a set of peak ratio characteristic value obtained is similar to that of model
Equation (3). Then, a data sequence formed by such a set of values of the peak ratio
characteristic value is defined as a peak ratio characteristic value sequence.

The PRCVS has the following characteristics:

1. In the initial peak sequence of ultrasonic signal, the initial peak serial number corre-
sponds to the unique value of the PRCV, which has nothing to do with the amplitude
of the ultrasonic signal. Each group of ultrasonic signals has the same PRCV under
the same peak serial number.

2. The PRCVS composed of the value of the PRCV increases monotonically with the
increase of the peak serial number. The smaller the peak serial number is, the greater
the change of the adjacent value of the PRCV, and the greater the discrimination of
the value of the PRCV under the adjacent peak serial number.

Figure 6 shows the value of the PRCV of different peak serial numbers under different
flow rates in the experiments. The specific values are shown in Table 1. Table 1 shows
that the increasing trend of the value of the PRCV in the gas ultrasonic signal decreases
with the increase of the peak serial number. From the second peak to the seventh peak,
although the value of the PRCV fluctuates within a certain range, the fluctuation does not
affect the identification of the value of the PRCV of the adjacent peak serial number. The
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values of the PRCV of different peak serial number are obviously distinguished from each
other. With increasing serial number, from the eighth peak, the fluctuation of the value
of the PRCV causes the distinction between them to no longer be obvious. Obviously, in
the three groups of gas ultrasonic signals in Table 1, according to the peak serial number
from 2 to 7 of the PRCV and its numerical change characteristic, the value of the PRCV
fluctuating within a certain range does not affect the identification of the value of the PRCV
of adjacent serial numbers. The values of the PRCV of different peak serial number are
obviously distinguished from each other. It is verified that these three ultrasonic signals
have the PRCVS.
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Table 1. Numerical comparison of the value of the PRCV under different flow rates.

Flow
Rate
(m3/h)

The Value of the PRCV

Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10

0 0.409 0.568 0.689 0.788 0.863 0.905 0.913 0.922 0.926
70 0.422 0.561 0.683 0.774 0.851 0.895 0.917 0.920 0.929

200 0.434 0.596 0.704 0.791 0.869 0.902 0.918 0.923 0.928

According to the above analysis, if the stable PRCVS of the ultrasonic signal can be
acquired under the zero flow rate of each ultrasonic flowmeter instrument calibration state,
this stable PRCVS and the relationship between the value of the PRCV and the peak serial
number are taken as a reference template. By comparing with the reference template, the
peak serial number can be located by corresponding to a new set of the value of the PRCV
between the initial peaks of normal ultrasonic signal of ultrasonic flowmeter at any flow
rate. Obviously, the PRCVS and its characteristics provide the basis for solving the problem
of amplitude fluctuation of ultrasonic signal.

2.2. Establishment of PRCVS-Based Signal Processing Method
2.2.1. Establishment of Reference PRCVS

The PRCVS-based signal processing method needs to establish a reference PRCVS
that provides the corresponding relationship between the value of the PRCV and the peak
serial number. When the ultrasonic transducer is matched with the converter, 20 groups
of ultrasonic signal with better waveform are selected under zero flow in the calibration
condition. After preprocessing, the peak values of each group of ultrasonic signal are
obtained, and the corresponding values of the PRCV are calculated. The specific realization
of preprocessing will be described in Section 2.2.2.
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The value of the PRCV of the ith peak of the jth ultrasonic signal is Ri(j). Then, the
value of the PRCV of the ith peak in the reference PRCVS is

Ri =
1

20

20

∑
j=1

Ri(j) (6)

Therefore, the sequence {R1, R2, · · · , Ri, · · · , Rn} is the reference PRCVS, which is
stored in the converter system.

2.2.2. Ultrasonic Signal Preprocessing

The PRCVS-based signal processing method locates the peak serial number by the
value discrimination of the PRCV. The value of the PRCV is calculated by the adjacent peak
value. The accuracy of the peak value directly affects the calculation result of the value of
the PRCV. Therefore, this paper preprocesses the collected ultrasonic signals to ensure the
accuracy of peak value extraction.

It is necessary to preprocess the ultrasonic signal for the establishment of the reference
PRCVS and the ultrasonic signal analysis in the normal operation of the system. The
preprocessing has the following three stages:

1. Interpolation of sampling peak

The sampling peak is the peak value obtained from the original sampling data, which
is limited by the sampling frequency and deviates from the true peak value. In order
to minimize the sampling deviation and improve the precision of the data, this research
chooses to interpolate the original sampling data of the ultrasonic signal, and uses the sine
function interpolation method [27], as shown in Equation (7):

ya(t) =
N

∑
i=1

xa(iTs)
sin
[

π
Ts
(t− iTs)

]
π
Ts
(t− iTs)

(7)

where xa is the original sampling data, ya is the interpolated data, and Ts is the sampling
interval. In this paper, three values are inserted between every two sampled data. The
ultrasonic signal curves before and after interpolation are shown in Figure 7a,b.

2. Peak Value Extraction
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The extraction criterion of the peak value is that the value of this point is greater
or equal to the values of all data points on the left and right sides. According to the
characteristics of the ultrasonic signal waveform, it can be simplified as the maximum
point satisfying that the value of the first point on the left is greater than the value of the
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second point on the left, and the value of the first point on the right is greater than the
value of the second point on the right.

3. Waveform discrimination

Based on the characteristic of PRCVS, the ultrasonic signal that can be used for
signal processing based on the peak ratio eigenvalue sequence should meet the following
condition:

The amplitude of the first eight peaks of the ultrasonic signal increases monotonically
(that is, the values of the first seven PRCV satisfy the second characteristic of the PRCVS).

As long as the above condition is met, the ultrasonic signal can be subsequently
calculated according to the characteristics of the PRCVS. Otherwise, the ultrasonic signals
that do not meet the waveform discrimination condition are discarded.

2.2.3. Monotonicity Judgment of PRCV

When the reference PRCVS has been established in the system, it is assumed that the
ultrasonic signal does not need to be discarded after preprocessing. The jth peak value
extracted in a total of s waves in the rising section of the ultrasonic signal amplitude is
recorded as Pj, where j ∈ [1, s].The value of the PRCV of the current ultrasonic signal can
be calculated by Equation (8).

R′j = Pj/Pj+1 (8)

Therefore, the sequence composed of the values of the PRCV of the current ultrasonic
signal is {R′1, R′2, · · · , R′j, · · · , R′s−1}. If the value of the PRCV in the sequence increases
monotonically, it is considered to have the characteristic of the PRCVS, and the ultrasonic
signal can be processed continuously, otherwise it is discarded.

2.2.4. PRCV Matching

Pm is the peak value of any wave in the rising section of the ultrasonic signal amplitude,
where m ∈ [1, s]. Substituting m into Equation (8), the value of the PRCV of the wave is R′m.
At this time, subscript m cannot be used as the peak serial number of the wave, and the
characteristic value matching is needed to determine the peak serial number.

Next, the peak serial number corresponding to R′m is determined by the matching
operation between R′m and the reference PRCVS. Specifically, if Rk is the kth element of the
reference PRCVS, and satisfies Equation (9):∣∣R′m − Rk

∣∣ = min
1≤i≤n

∣∣R′m − Ri
∣∣ (9)

The specific implementation of Equation (9) is to search for Rk in the reference PRCVS,
so that the following inequality is established:∣∣R′m − Rk

∣∣ < ∣∣R′m − Rk−1
∣∣ and

∣∣R′m − Rk
∣∣ < ∣∣R′m − Rk+1

∣∣ (10)

Then the distance between R′m and Rk is the smallest. According to the characteristic
of the PRCVS, there is m = k. That is, the peak serial number corresponding to the wave
where R′m is located is k.

The above is the establishment process of the PRCVS based signal processing method.

3. Application and Verification of PRCVS-Based Method

In this paper, the PRCVS-based method is applied to gas flow measurement system
based on TDC that has strict requirements on the peak serial number, and the validity of
the method is verified.

3.1. System Hardware Introduction

The transit-time ultrasonic gas flowmeter based on PRCVS consists of the primary
instrument and signal processing module, as shown in Figure 8. The center frequency of



Energies 2021, 14, 426 10 of 18

the transducer selected in this paper is 200 kHz. The signal processing module includes
the following six modules:

• Microprocessor module. Two STM32F407VGT6 master chips with the same model
are used in the system, which are named TDC-MCU and ADC-MCU, respectively,
according to their functions. TDC-MCU is responsible for reading and writing data
with two MAX35101 chips of the TDC dual-edge timing module through SPI. ADC-
MCU is responsible for AD (analog-to-digital) sampling, so that the AD sampling
module performs AD sampling at the appropriate position of the ultrasonic signal
and saves the sampled data in ADC-MCU. The AD data are transmitted between
TDC-MCU and ADC-MCU through USART.

• TDC dual-edge timing module. In this paper, MAX35101 is used for high-precision
timing of transit time, and the TDC-MCU in the microprocessor module controls the
transmission of the excitation signal launched from the LAUNCH terminal of the TDC.
When the ultrasonic signal is sent to the STOP terminal of the TDC, the transit time
is measured. The conventional timing method of MAX35101 is the edge timing, but
the edge timing error is caused by the fluctuation of the amplitude when measuring
the gas ultrasonic signal. This paper uses the cooperative work of two MAX35101 to
realize the dual-edge timing of the ultrasonic signal to correct the edge timing error to
obtain the dual-edge time point.

• Excitation signal driving module. As the amplitude of the excitation signal transmitted
by the TDC dual-edge timing module is small, the excitation pulse signal needs to be
amplified by the excitation signal driving module to obtain the ultrasonic signal with
appropriate amplitude.

• Signal transceiver control module. The switch channel is switched through the signal
transceiver control module, so that the excitation signal and the downstream and
upstream related signals are transmitted in the same analog circuit.

• Amplifying and filter module. After amplifying and filtering, the received ultrasonic
signal is sent to TDC dual-edge timing module and AD sampling module respectively.

• AD sampling module. High-speed AD sampling is used for ultrasonic signal. After
obtaining the downstream and upstream transit time and the corresponding AD data,
the ADC-MCU packs the downstream and upstream AD data and transmits it to the
TDC-MCU. Then, the TDC-MCU performs subsequent calculation and analysis.
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In this paper, the transit time is measured by TDC in hardware. Because the threshold
Vth1 is preset, there is n, so that Pn−1 < Vth1 and Pn > Vth1, then Pn is the peak value of the
trigger wave. According to Equation (8), the value of the PRCV of the trigger wave is R′n.
The wave at the first dual-edge timing point is the third wave after the trigger wave so the
value of the PRCV is R′n+3, as shown in Figure 9. The peak serial number corresponding
to the trigger wave is determined by the matching operation between the PRCV of the
trigger wave and the reference PRCVS. By analogy, the peak serial number of the wave at
the dual-edge timing point can be determined.
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This paper uses the cooperative work of two MAX35101 in hardware to realize the
dual-edge timing of the ultrasonic signal to correct the edge timing error to obtain the
dual-edge time point. The two chips obtain the rising edge trigger timing capture point
HITr and the falling edge trigger timing capture point HIT f , respectively, and the dual-edge
timing point HITp is the arithmetic average of the rising edge trigger timing data and the
falling edge trigger timing data of the same wave.

In the process of a flow measurement, the microprocessor obtains the rising edge
trigger timing data and the falling edge trigger timing data from two MAX35101 chips
respectively during the downstream, and then calculates the dual-edge time of the down-
stream, and performs the same operation in the upstream. In this way, the transit time is
calculated through the dual-edge time of the ultrasonic signal. Figure 10a shows the timing
principle of the dual-edge time point, and Figure 10b shows the circuit principle of the
dual-edge timing module.
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3.2. System Software Introduction

Figure 11 shows the flowchart of the software of signal processing. TDC-MCU is
the main control chip in charge of controlling the work of the TDC. ADC-MCU is the
main control chip in charge of AD data sampling. TDC is the timing chip responsible for
launching excitation pulse signals and sampling time capture points. First of all, TDC-MCU,
ADC-MCU, and TDC (two MAX35101 chips) are powered on for the first time to realize
their initialization, and then the program enters the repeated cycle measurement mode.
The TDC-MCU measurement timer starts to count, and when the time point is reached, it
enters the timer interrupt service processing program. At this time, the TDC start command
is sent, and then the TDC-MCU enters the mode of waiting to read the ultrasonic signal
time data. Meanwhile, the TDC sends a specified number of excitation pulse signals at the
LAUNCH terminal of the TDC after receiving the start command. Then, the ADC-MCU
receives the rising edge of the first excitation pulse signals, and uses this as a sign to delay
the specific time, and then performs AD sampling of downstream and upstream ultrasonic
signals and switches downstream and upstream transmitting and receiving channels. The
TDC is also implemented synchronously with the above functions of ADC-MCU. After
sending a specified number of excitation pulse signals, when the ultrasonic signals enter
the ultrasonic signal receiving end of the TDC after a period of time propagation, the
ultrasonic signals can be captured and the time can be obtained according to the principle
of threshold comparison method, and then TDC sends a timing interrupt signal at the
STOP terminal to TDC-MCU. After capturing the timing completion interrupt signal at the
TDC end, the TDC-MCU reads timing data through SPI from TDC. TDC-MCU requests
AD data from ADC-MCU through USART after reading the timing data of downstream
and upstream. After receiving the request signal, ADC-MCU sends the prepared data
to TDC-MCU, and then proceeds to the next round of data sampling. After receiving all
AD data, TDC-MCU performs waveform analysis and transit time calculation according
to the acquired data. Finally, the flow rate is calculated and the LCD is refreshed on the
TDC-MCU. So far, the TDC-MCU has also completed a round of flow rate measurement.

3.3. Calculation of Transit Time Difference and Flow Rate of PRCVS-Based Signal
Processing Method

Through the above analysis, the peak serial number of threshold trigger wave is ob-
tained. The trigger wave serial numbers of the downstream and upstream are, respectively,
recorded as kup and kdn. ∆k = kup − kdn indicates the number of errors of the downstream
and upstream ultrasonic signals under the same threshold. If ∆k = 0, it indicates that the
threshold Vth1 is not triggered by wrong wave. If ∆k > 0, the peak serial number triggered
by the threshold Vth1 when the flow is upstream is ∆k ahead of the serial number when
the flow is downstream. If ∆k < 0, the peak serial number triggered by the threshold Vth1
when the flow is downstream is |∆k| ahead of the serial number when the flow is upstream.

The dual-edge time point of the downstream signal is recorded as HITup[i], and
the dual-edge time point of the upstream signal is recorded as HITdn[i], where i ∈ [1, 6].
The difference of transit time ∆t is calculated with the time point where the peak serial
numbers of the downstream and upstream coincide. The calculation method is shown in
Equation (11).

∆t =


1

6−∆k

(
∑6

i=1+∆k HITdn[i]−∑6−∆k
i=1 HITup[i]

)
, ∆k ≥ 0

1
6−|∆k|

(
∑

6−|∆k|
i=1 HITdn[i]−∑6

i=1+|∆k|HITup[i]
)

, ∆k < 0
(11)

Ultrasonic signal downstream transit time tup:

tup =
L

cup
=

D/ sin θ

c0 + v cos θ
(12)
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Ultrasonic signal upstream transit time tdn:

tdn =
L

cdn
=

D/ sin θ

c0 − v cos θ
(13)

In Equations (12) and (13), the angle between the line of two ultrasonic transducers
and the line of the pipeline axis is the vocal tract angle θ. The downstream and upstream
transit distance of the ultrasonic signal is L. The inner diameter of the pipe is D. The
actual downstream transit velocity is cup. The actual upstream transit velocity is cdn. The
velocity of sound in the medium is c0. Combining Equations (12) and (13), eliminating
sound velocity c0 the velocity v can be obtained from Equation (14):

v =
∆t· tan θ

2D

(
c2

0 − v2 cos2 θ
)

(14)

In Equation (14), ∆t = tdn − tup, because of c2
0 � v2 cos2 θ, the Equation (14) is

approximated to obtain Equation (15):

v ≈
c2

0· tan θ

2D
·∆t (15)
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Assuming that the velocity distribution on the pipe diameter section is uniform, the
flow rate qv can be obtained by Equation (16):

qv = K0·v·S = K0·π·
D2

4
·v (16)

In Equation (16), the calibration coefficient is K0; the cross-sectional area of pipe
diameter is S and the flow rate is qv.

The transit time difference ∆t obtained by Equation (11) is substituted into Equations
(15) and (16) to calculate the gas velocity and flow rate.

4. Experimental Verification

The calibration experiment of basic measurement performance test and the unstable
flow field experiment of the curved pipe were performed on the gas flow standard device
in Zhejiang Diyuan Instrument Co., Ltd., Yiwu City, China so as to verify the stability and
validity of the method based on PRCVS.

4.1. Calibration Experiment

The prototype is installed in the DN50 (the pipe inner diameter is 50 mm) straight
pipe of the gas flow standard device as the tested meter, as shown in Figure 12. According
to the Verification Regulation of Ultrasonic Flowmeters [28], the flow rate is set to 10 m3/h,
20 m3/h, 80 m3/h, and 200 m3/h. Each flow rate should be measured 3 times, and the
pulse output value of the tested meter was counted within 60 s each time.
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The nth (n = 1, 2, 3) actual pulse coefficient of the mth (m = 1, 2, 3, 4) flow rate is Kmn.
The average actual pulse coefficient Km of the mth (m = 1, 2, 3, 4) flow rate can be obtained
by Equation (17):

Km =
1
3

3

∑
n=1

Kmn (17)

Using the Equation (18) can calculate the nth (n = 1, 2, 3) actual pulse coefficient error
Emn of the mth (m = 1, 2, 3, 4) flow rate:

Emn =
Kmn − K

K
× 100% (18)

Using the Equation (19) can obtain the average actual pulse coefficient error at the mth
(m = 1, 2, 3, 4) flow rate:

Em =
1
3

3

∑
n=1

Emn (19)
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Using Equation (20) the repeatability (Er)m at the mth (m = 1, 2, 3, 4) flow rate can
be acquired:

(Er)m =

[
1
2

3

∑
n=1

(
Emn − Em

)2
] 1

2

(20)

The calibration results are enumerated in Table 2. The standard pulse coefficient (also
known as the pulse equivalent) of the meter was set to 5 pulse/m3.

Table 2. Calibration results.

Flow Rate
(m3/h)

Actual Pulse
Coefficient (1 /m3)

Average Actual
Pulse Coefficient

(1 /m3)

Average Actual
Coefficient
Error (%)

Repeatability
(%)

10
5.0133

5.0069 +0.14 0.144.9994
5.0079

20
5.0391

5.0517 +1.03 0.275.0496
5.0663

79
4.9777

4.9770 −0.46 0.114.9713
4.9820

202
4.9664

4.9744 −0.51 0.184.9838
4.9729

It can be seen in Table 2 that the maximum absolute value of the average actual pulse
coefficient error is 1.03%, and the maximum repeatability is 0.27% when the flow range is
less than or equal 3 m/s (about 21 m3/h); when the flow range is more than 3 m/s, the
maximum absolute value of the average actual pulse coefficient error is 0.51%, and the
maximum repeatability is 0.18%. Therefore, the measurement accuracy of the ultrasonic gas
flowmeter based on the PRCVS meets the requirements of the 1.0-level accuracy according
to the Verification Regulation of Ultrasonic Flowmeters.

4.2. Unstable Flow Field Experiment of the Curved Pipe

After the gas passes through the curved pipe, the flow field is no longer stable at
the transducer position [29,30]. The ultrasonic signal is disturbed by more acoustic noise.
At the same time, the amplitude fluctuation of ultrasonic signal is more frequent at high
velocity. Therefore, the stability and validity of the timing method can be explained by its
performance. In industrial sites, because of limitations of the installation position (according
to the Chinese standard GB 50093-2013 [31], the length of upstream and downstream
straight pipe should be at least 10D and 5D), it is unstable in flow fields which leads to the
amplitude of ultrasonic signals always fluctuates. As shown in Figure 13, the experiment
is carried out by connecting the curved pipe with the DN50 straight pipe on the gas flow
standard device. The distance between the flowmeter and curved pipe is 2D.

Contrasted with the ultrasonic signal of stable flow field in straight pipe, the amplitude
attenuation of ultrasonic signal in the curved pipe is greater, and the amplitude fluctuation
is intensified. The ultrasonic signal amplitude in the same direction (downstream or
upstream) also fluctuates violently. As shown in Figures 14 and 15, the downstream and
upstream ultrasonic signal waveforms are sampled at the high velocity in the curved pipe.
The amplitude of downstream or upstream ultrasonic signals of the first group is larger
than that of the second group, and the amplitude fluctuation of the first group of ultrasonic
signals is larger than that of the second group. The maximum peaks of downstream and
upstream ultrasonic signals of the first group are 700 mV and 500 mV, respectively, and the
maximum peaks of downstream and upstream ultrasonic signals of the second group are
500 mV and 600 mV, respectively.
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.

After the gas flow standard device is connected to the curved pipe, the flow rate is
changed and set to 10 m3/h, 73 m3/h, and 200 m3/h, respectively. The experiment is
carried out at these three flow rates. The experimental results are shown in Table 3. The
standard pulse coefficient of the meter was set to 3 pulse/m3.

As shown in Table 3, due to the influence of the curved pipe, compared with the
calibration experimental data under the stable flow field environment of straight pipe, the
amplitude fluctuation of the ultrasonic signal increases, which affects the accuracy of flow
measurement. The average actual coefficient pulse error is larger, and the repeatability of
the data is poor. The maximum absolute value of the average actual pulse coefficient error
of the method based on PRCVS is 0.83%, and the maximum repeatability is 0.88%.
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Table 3. Experimental results of unstable flow field experiment of the DN50 curved pipe.

Flow Rate
(m3/h)

Actual Pulse
Coefficient

(1/m3)

Average Actual
Pulse Coefficient

(1/m3)

Average Actual
Coefficient Error

(%)

Repeatability
(%)

10
3.0091

3.0250 +0.83 0.473.0296
3.0363

73
2.9762

2.9811 −0.63 0.883.0096
2.9575

200
2.9600

2.9755 −0.81 0.572.9938
2.9729

5. Conclusions

(1) The aim of this work is to solve the problem of amplitude fluctuation of the ultrasonic
signal when it propagates in gas. This paper defines the ratio of adjacent peak ampli-
tude in the ultrasonic signal as the PRCV of the peak by analyzing the mathematical
model of ultrasonic signal. When the transducer is unchanged, the PRCV of the
ultrasonic signal of any amplitude is only related to the peak serial number.

(2) This paper proposes the PRCVS method for transit-time ultrasonic gas flowmeter.
According to the corresponding relationship between the PRCV and the peak serial
number, a set of reference PRCVS is established. By matching the characteristic value
of the ultrasonic signal with the reference characteristic value sequence, the peak
serial number can be determined.

(3) In this paper, the PRCVS-based signal processing method is applied to the gas flow
measurement system based on TDC that has strict requirements on the peak serial
number which can verify the effectiveness of the method. The calibration experiment
of basic measurement performance test and the unstable flow field experiment of
the curved pipe were performed on the gas flow standard device, which verified the
stability and validity of the method proposed in this paper.
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