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Abstract: In order to accurately evaluate the flow stability of the flow standard facility, the flow fluctu-
ation in the standard facility needs to be accurately measured. However, the flow fluctuation signal is
always superimposed with the fluctuation signal of the measuring flowmeter or measurement system
(mainly noise), which leads to inaccurate measurement of the flow fluctuation and even an unreliable
evaluation result of the flow stability. In addition, when there are multiple fluctuation sources, flow
fluctuations with different frequencies are superimposed together, which is extremely unfavorable
for evaluating the impact of flow fluctuation with different single frequencies. In this paper, a new
measuring method was proposed to obtain the fluctuation signal and the flow fluctuation based
on singular value decomposition (SVD). Simulation experiments on the fluctuation signal (single
frequency and multiple frequencies) under different levels of noise were conducted, and simulation
results showed that the proposed method could accurately obtain the fluctuation signal and the flow
fluctuation, even under high noise. Finally, an experimental platform was set-up based on a water
flow standard facility and a flow fluctuation generator, and experiments on the output signal of a
venturi flowmeter were carried out. The experiment results showed that the proposed method could
effectively obtain the fluctuation signal and accurately measure the flow fluctuation.

Keywords: flow standard facility; flow stability; flow fluctuation; singular value decomposition

1. Introduction

The flow standard facility is a key device for providing accurate and stable flow values
for calibrating and evaluating the performance of flowmeters [1]. The flow accuracy of
the flow standard facility is estimated with uncertainty, and flow stability refers to the
fluctuation degree of the flow with time [2]. With the decrease in uncertainty of the flow
standard facility, the flow stability has been gaining increasing attention [3,4]. Flow stability
not only affects the flow accuracy of the water flow standard facility [5-7], but also brings
large uncertainty to the calibration results [8-10]. In order to improve the flow stability of
the flow standard facility, it is necessary to measure the flow fluctuation accurately.

A flow fluctuation in the flow standard facility may be generated by rotary or recipro-
cating positive displacement engines, compressors, and pumps, and the fluctuation signal
in a general flow standard facility could be regarded as a sinusoidal signal [8,11]. Due to
the various types of fluctuation and their complex mechanisms, it is difficult to measure the
flow fluctuation directly and accurately [8]. Existing flow stability measurement methods
generally use a single flowmeter, and the standard deviation of the measured results is
used to characterize the flow fluctuation [5].

However, in addition to the possible distortion of measurement results due to the
unstable performance of the flowmeter, it is difficult to distinguish the flow fluctuation
from noise, pipeline vibration, and electrical signal interference [12]. In particular, the
fluctuation signal of a flowmeter or measurement system (mainly noise) is superimposed
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on the signal of the flow fluctuation, even noise that is stronger than the flow fluctuation
signal, which makes the measured result of the flow fluctuation inaccurate. In addition,
when there are multiple fluctuation sources, flow fluctuations with different frequencies
are superimposed together, which is extremely unfavorable for evaluating the impact of
the flow fluctuation with different single frequencies.

The flow fluctuation signal measured from the flow standard facility and the noise
of the flowmeter or measurement system are uncertain, and noise is usually regarded as
white noise [5]. Noise reduction methods, such as the narrowband filter and time-domain
averaging method, could be used; however, noise cannot be completely filtered out and
the flow fluctuation signal may be attenuated [13]. Other available filtering methods, such
as the median filter [14], frequency and wavenumber domain filtering (f-k filtering) [15],
and wavelet transform method [16], also have shortcomings in eliminating noise in the
flow fluctuation signal. The median filter and f-k filtering could eliminate noise to some
extent, but may cause loss to the main signal too. The wavelet transform method is based
on wavelet decomposition, and it could eliminate random noise and ensure that the useful
information of the main signal is not lost to the greatest extent. However, it is difficult to
select the wavelet base that has the greatest influence on the result of noise reduction, and
the effect of noise reduction is poor for the white noise.

Therefore, a new method that can effectively separate noise from the flow fluctuation
signal without causing energy loss of the flow fluctuation signal itself is needed, and it
should be able to extract the flow fluctuation with a single frequency for the situation where
flow fluctuations with different frequencies are superimposed together. Singular value
decomposition (SVD) could divide the noisy signal vector space into different subspaces
that are dominated by pure signal and noise, and then the pure signal could be obtained
by removing the vector components that fall in the noise subspaces [17-19]. On this basis,
a single-frequency signal could be extracted separately from the superposition signal of
multiple flow fluctuations according to the singular values and its corresponding vectors.
This method provides a possible way to obtain the flow fluctuation signal and the flow
fluctuation accurately.

In this paper, a new measuring method based on SVD was proposed to obtain the
fluctuation signal and the flow fluctuation. Data reconstruction was carried out to expand
single-dimensional data of the measured result of the flowmeter to multi-dimensional
data by the Hankel matrix construction method, in order to realize noise reduction of the
flow fluctuation signal and extraction of the fluctuation signal with a single frequency.
Simulation experiments on different fluctuation signals under different levels of noise were
conducted, after influences of the data selection window width and number of singular
values on measured results were analyzed. Finally, an experimental platform was set-up
based on a water flow standard facility and a flow fluctuation generator, and experiments
on the output signal of a venturi flowmeter were carried out by the proposed method.

2. Flow Stability of the Flow Standard Facility

The flow stability of the flow standard facility refers to the ability of the metering
performance of the facility to remain constant when the working conditions are constant.
The flow stability not only affects the accuracy and repeatability of the measured results of
the flowmeter, but also affects the unity and accuracy of the flow value transmission and
traceability [20,21]. In order to improve the flow stability of the flow standard facility and
evaluate the calibration result of the flowmeter, it is necessary to obtain the quantitative in-
dex of the flow stability accurately. The flow fluctuation is the most concerned quantitative
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index, and it is expressed by the relative standard deviation of the flow rate measured by a
single flowmeter in a period of time [22]. In addition, the flow fluctuation is

o
Dq:ﬁ: S 1)

where N is the measurement times, g; is the flow rate measured for the i-th time, and
i=1 2...... N. 0 is the standard deviation of the measured results over a period of
time, and p is the average flow rate of N measurements. The fluctuation signal in the
general flow standard facility can be regarded as a sinusoidal signal [8,11]. When the flow
fluctuation signal is a sinusoidal signal with a single frequency, the power of the signal is
the variance of the measured results, and

2 AP
o= o 2)
where A is the amplitude of the sinusoidal signal, and the flow fluctuation can be obtained
by directly measuring the amplitude of the sinusoidal signal. However, there are a lot
of noise in the measured flow fluctuation signal, and flow fluctuation signals are super-
imposed when there are multiple fluctuation sources. It is difficult to directly obtain the
amplitude of the sinusoidal flow fluctuation signal to evaluate the flow stability of the flow
standard facility.

3. Principle of Proposed Measuring Method Based on SVD

The measuring method of the flow fluctuation proposed in this paper is based on
SVD, and it is called SVD method for short. Through SVD, the signal measured by the
flowmeter can be divided into several subspaces that represent different signals, such
as flow fluctuation signals with different frequencies and noise. After selecting different
subspaces, the signal can be recovered using the singular values and their corresponding
vectors, and then the flow fluctuation signal can be obtained.

For the flow fluctuation signal with noise, the noisy signal vector space can be decom-
posed into two spaces. One is dominated by the pure signal, and the other is dominated
by noise. Then, the noise vector falling in the noise space is removed to estimate the pure
signal. Assume that the matrix M is a data matrix of the measured signal with noise:

M=S+N 3)

where S is the signal data matrix containing the pure signal, N is the noise data matrix, and
all three matrices are n x m matrices. For the signal matrix S, its rank R(S) = rg < m, and
it can be decomposed by SVD as follows:

by 0 V.

S = USyVy = (uxl,uxz){ R ] { V’; } )
where Uy € Syxr, Uy € Sux(n=r)r Va1 € Srxr, Va2 € S(u_y)xm are left or right singular
vectors of S, and X is a diagonal matrix of the singular values 03 (k = 1,2, - - -, rg) of signal
matrix S.

According to the properties of a unitary matrix:
VaVl =1
VoV =1 ®)
Vx1Vle + VxZVxTz =1
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A mixed matrix M with noise and signal can be decomposed by SVD:
M=S+N
=SV V] + N(Va V] + Vo V)
= (SVia + NVi) Vi + (NVi2) V5

(6)
= (PLAQT) VT + (PA2QT)VE
Al 0 Qfvh
= (P, ) ToT
0 A Q2 sz

where Py and P are left singular vectors of M, and QI V], and QT V], are right singular
vectors of M. For efficient SVD, PlT P, = 0, which means that vector P; and vector P,
are orthogonal. Multiple singular values could be obtained by decomposition and form
diagonal matrices A1 and Aj respectively.

Among these singular values, vectors corresponding to relatively large singular values
contain more information, while vectors corresponding to smaller singular values contain
less information. In this case, it could be considered that vectors corresponding to relatively
large singular values are vectors in signal subspace, while vectors corresponding to smaller
singular values are vectors in noise subspace. In addition, the pure signal in the noisy signal
could be obtained by inverse calculation after smaller singular values and its corresponding
vectors are deleted. After SVD of M, P; # U,, signal matrix S could not be obtained
directly. By using the least squares method, the estimation of signal matrix S’ with the least
squares error can be obtained [19].

.
N A 7)
k=1

where 0 (k =1,2,---,r,r< rs) are reserved r singular values after deleting small singular
values and 07 > 02 > - - - > ¢;. When the flow fluctuation signal is composed of multiple-
frequency flow fluctuations, the singular values could be grouped according to their values,
and corresponding vectors of these singular values could be combined to recover the flow
fluctuation signal with different single frequencies. In this way, the single-frequency flow
fluctuation signal could be separated from the superimposed fluctuation signal.

The measuring method of the flow fluctuation proposed in this paper could eliminate
noise in the measured results of the flowmeter or measurement system and accurately ob-
tain the real flow fluctuation signal from the noisy signal or superposition flow fluctuation
signal of multiple frequencies, and then obtain an accurate flow fluctuation in the flow
standard facility.

According to principle of the measuring method of flow fluctuation, data reconstruc-
tion should be carried out first to expand single-dimensional data of the measured results
to multi-dimensional data [23]. The Hankel matrix construction method [23] was used here.
Reconstruction of the single-dimensional data with the total length of N: select the first m
data in the single-dimensional dataset as the first row of the new matrix; the second data to
the (m + 1)-th data as the second row; the third data to the (m + 2)-th data as the third row;
and so on, until the n-th data to (m + n — 1)-th data as the last row. The new matrix after
reconstruction is

X1, X2, X3, try, Xm
X2, X3, X4, o, Xm+l
X = X3, X4, X5, oty XmA2 (8)

Xns Xn4+1, Xn+2," s Xm4n—1
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where m is the width of the data selection window. After data reconstruction, an n X m
multi-dimensional data matrix is formed, in which each column represents a variable and
each row represents a sample.

4. Simulation Experiment
4.1. Generation and Pre-Processing of Simulated Flow Fluctuation Signal

The fluctuation signal in the general flow standard facility could be regarded as a sinu-
soidal signal [8,11]. In order to verify the effectiveness of the proposed measuring method,
two sinusoidal fluctuation signals generated by simulation and their superposition signal
were used to represent the flow fluctuation signal obtained from the flow standard facility,
respectively. Gaussian random noise with zero mean and different variances represents
noise generated by the flowmeter or measurement system. Simulated fluctuation signals
and noise were generated in MATLAB (Version R2014a), and the simulation experiment
was also carried out in MATLAB.

The frequencies of two sinusoidal fluctuation signals were 1 Hz and 8 Hz, and the
flow fluctuations were 1% and 0.5% respectively. The simulated average flow rate was
50 m3/h. According to Equations (1) and (2), flow fluctuations 1% and 0.5% correspond
to the amplitudes of the sinusoidal fluctuation 0.707 m3/h and 0.354 m3/h, respectively.
For the simulation and experiment, the sampling frequencies were set as 20 Hz and
160 Hz for sinusoidal fluctuation signals of 1 Hz and 8 Hz, respectively, and the sampling
frequency was set as 160 Hz when the two signals were superposed. A quantity of 1000 data
points were collected continuously as the result data for different fluctuation signals in the
simulation experiment.

In order to realize the measuring method based on SVD, data reconstruction was
carried out first to expand single-dimensional data to multi-dimensional data by the
Hankel matrix construction method [23]. The one-dimensional simulated data of the flow
fluctuation signal and later experimental data were reconstructed into a multi-dimensional
matrix. The constructed matrix was similar to that in Equation (8), and the total length N
of the single-dimensional data was 1000. The width of the data selection window was m,
and m +n — 1 =1000.

For the flow fluctuation signal generated by simulation, Gaussian random noise with
a mean value of 0 and different variance was loaded. The noise variances were 0.01, 0.1,
and 1. According to Equation (1), the flow fluctuation with different magnitudes of noise
could be calculated, and the calculated results reflect the influence of noise on the measured
result of flow fluctuation. Simulated flow fluctuation signals were also processed by the
median filter, and the results were used to compare with the results of the proposed method.
A median filter is a kind of nonlinear filtering, which is suitable for cases where noise
characteristics are not well known or noise overlaps with the spectrum of the signal.

In order to evaluate the flow fluctuation signals obtained by the proposed method and
median filter, the amplitude attenuation and signal-to-noise ratio (SNR) were calculated
after the simulated flow fluctuation signal without noise was used to subtract the signals
obtained by the proposed method and median filter data-to-data, respectively. In addition,
the mean difference of the sinusoidal peak of the simulated flow fluctuation signal without
noise and the signal obtained by the proposed method or median filter was used as the
amplitude attenuation. The variance of the peak value difference was used to calculate the
SNR of the obtained signal.

4.2. Parameters Setting of Measuring Method Based on SVD

In order to obtain an accurate flow fluctuation, it is necessary to study influences of
the width of the data selection window m and number of singular values selected. The
optimal window width and number of singular values were selected by comparing the
result. Flow fluctuation signals simulated and superposed with random noise with 0 mean
and 0.01 variance were used. Frequencies of two fluctuation signals were 1 Hz and 8 Hz,
and fluctuation amplitudes were 0.707 m®/h and 0.354 m> /h, respectively.



Sensors 2021, 21, 6850

6 of 21

For different widths of the data selection window, the amplitude attenuation and
SNR of the signal obtained by the proposed method are shown in Figure 1. For a window
width between 400 and 600, amplitude attenuations of the obtained sinusoidal signals were
relatively small. The minimum amplitude attenuation was about 0.8% for the 1 Hz signal
when m was 450, and the minimum amplitude attenuation was about 1.5% for the 8 Hz
signal when m was 450 too. The SNR greatly improved for both signals, and the SNRs were
basically greater than 80 dB using a window width between 200 and 800. Comprehensively
considering the amplitude attenuation and SNR improvement, the window width could
be set as 400-600, and 450 was used in the simulation and experiment.
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Figure 1. Result of using different data window widths.

For different numbers of singular values, the result of noise reduction is shown in
Figure 2. It could be seen that: when one singular value was selected, the amplitude
attenuation was relatively large and the improvement of SNR was not good; when two
singular values were selected, the amplitude attenuation reduced to a very small value
(0.8% for 1 Hz signal and 1.5% for 8 Hz signal), and the SNR improved greatly (greater
than 80 dB). Moreover, as the number of selected singular values increased, the SNR
decreased, and the amplitude attenuation was slightly larger, which may be caused by
noise disturbance. Thus, comprehensively considering amplitude attenuation and SNR
improvement, two singular values were used in the simulation and experiment to eliminate
noise for the single-frequency flow fluctuation signal.
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Figure 2. Result of using different numbers of singular values.
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4.3. Simulation Results

In order to verify the effectiveness of the method proposed, two sinusoidal fluctuation
signals generated by the simulation and their superposition signal were used to represent the
flow fluctuation signal from the flow standard facility. Gaussian random noises with a mean
value 0 and noise variances of 0.01, 0.1, and 1 were loaded on the simulated flow fluctuation
signal. The simulated flow fluctuation signals were also processed by the median filter, and
the results were used to compare with the results of the proposed method.

For the sinusoidal fluctuation signal with a 1 Hz frequency, the flow fluctuation was set
as 1%, and the flow fluctuation calculated by Equation (1) increased obviously when noise
was added to the simulated flow fluctuation signal. For noise variances of 0.01, 0.1, and
1, the SNR of the simulated flow fluctuation signal were 32.19 dB, 9.16 dB, and —13.86 dB,
respectively, and the flow fluctuations were 1.03%, 1.22%, and 2.23%, respectively. It can be
seen that noise had a great influence on the measured result. If the noise of the flowmeter or
measurement system could not be eliminated, the measured flow fluctuation would contain a
great deviation.

The simulated flow fluctuation signals with different noise and signals obtained by the
proposed method and median filter are shown in Figure 3. It could be found that with the
increase in noise variance, the fluctuation degree of the simulated flow fluctuation signal
increased, and the proposed method could accurately obtain the flow fluctuation signal,
while the results of the median filter were not good, especially when the noise variance
was relatively large.

For the proposed SVD method and median filter, the amplitude attenuation and
SNR for the 1 Hz signal are given in Table 1. Comparing the amplitude attenuation
of two methods, it could be found that the amplitude attenuation of the proposed
method was smaller than that of the median filter. For the proposed method, although
amplitude attenuation increased with noise variance, the magnitude of amplitude at-
tenuation had little influence on the calculation results of the flow fluctuation. It could
be considered that the proposed method hardly caused energy loss of the simulated
flow fluctuation signal.

Table 1. Amplitude attenuation and SNR improvement for 1 Hz signal.

Variance 0.01 0.1 1
Noise
SNR 32.19dB 9.16 dB —13.86 dB
Attenuation 540 x 1073m3/h  252x102m3/h 250 x 1072 m3/h
SVD Method
SNR 100.53 dB 77.26 dB 66.90 dB
Attenuation 561 x 1072m3/h 150 x 1071 m3/h  4.99 x 10~1 m3/h
Median Filter
SNR 47.62 dB 23.15dB —20.14 dB

Comparing the SNR improvement of the two methods, it could be found that the
noise reduction effect of the proposed method was better than that of the median filter.
For the proposed method, even when the noise variance was 1 (SNR —13.86 dB), the SNR
could reach 66.90 dB after noise reduction, which shows that the proposed method had an
excellent noise reduction effect and the flow fluctuation signal could be accurately obtained
from the noisy signal by this proposed method.
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For the sinusoidal fluctuation signal with a frequency of 8 Hz, the flow fluctuation
was set as 0.5%. The simulated flow fluctuation signal with different noise and the signal
obtained by the two methods are shown in Figure 4. For the proposed SVD method and
median filter, the amplitude attenuation and SNR improvement are given in Table 2. By
comparing the amplitude attenuation and SNR improvement, it could be found that the
SVD method could accurately obtain the flow fluctuation signal.
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Table 2. Amplitude attenuation and SNR improvement for 8 Hz signal.

Variance 0.01 0.1 1
Noise
SNR 18.32 dB —4.70 dB —27.73 dB
Attenuation 541 x 1073 m3/h 254 x102m3/h 2.87 x 1072 m3/h
SVD Method
SNR 86.42 dB 62.40 dB 48.49 dB
Attenuation 1.15x102m3/h 249 x102m3/h 3.64 x 1072m3/h
Median Filter
SNR 25.37 dB 3.52dB —21.06 dB

For the superposition fluctuation signal with two frequencies (1 Hz and 8 Hz), the
fluctuation of the 1 Hz signal was set as 1%, the fluctuation of the 8 Hz signal was set as
0.5%, and the flow fluctuation calculated by Equation (1) was 1.12%. As the flow fluctuation
was formed by the superposition of these two signals, the first four singular values could
be divided into two groups corresponding to each frequency signal, after singular value
decomposition of the noisy signal. In order to eliminate noise, only these four singular
values and their corresponding vectors were used to recover the flow fluctuation signal.

The simulated flow fluctuation signal with different noises and signals obtained by
the two methods are shown in Figure 5. For the proposed SVD method and median filter,
the amplitude attenuation and SNR improvement are given in Table 3. By comparing
amplitude attenuation and SNR improvement, it could be found that the SVD method
could accurately obtain the superposition fluctuation signal.

Table 3. Amplitude attenuation and SNR improvement for superposition signal.

Variance 0.01 0.1 1
Noise
SNR 34.42 dB 11.39 dB —11.63 dB
Attenuation 522 x 1073 m3/h —641 x 1073 m3/h  7.66 x 1072 m3/h
SVD Method
SNR 119.18 dB 103.64 dB 46.56 dB
Attenuation 571 x 1072m3/h 158 x107!m3/h 478 x 10~ m3/h
Median Filter
SNR 49.91 dB 26.79 dB —9.51dB

For the fluctuation signal formed by superimposing two fluctuation signals with
frequencies 1 Hz and 8 Hz, the proposed SVD method could extract two frequency compo-
nents at the same time of noise reduction. When selecting singular values and correspond-
ing vectors, the first four singular values and corresponding vectors were retained. Among
these four singular values, the first two singular values were as one group, the second two
singular values were as another group, and the vectors corresponding to each group of
singular values were used to recover two frequency signals. The simulated flow fluctuation
signals with different noises and extracted flow fluctuation signals with frequencies of 1 Hz
and 8 Hz are shown in Figure 6. For the proposed SVD method, amplitude attenuation
and SNR improvement are given in Table 4. From Table 4, it could be found that the
flow fluctuation signals extracted from the superposition signal had very small amplitude
attenuations and very high SNRs. The SVD method could accurately extract the fluctuation
signal with different single frequencies from the superposition signal of flow fluctuation
signals with different frequencies.
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Figure 6. Simulated result for extracted signals: (a) noise variance, 0.01; (b) noise variance, 0.1;

(c) noise variance, 1.
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Table 4. Amplitude attenuation and SNR improvement for extracted signals.

Variance 0.01 0.1 1
Noise
SNR 34.42 dB 11.39 dB —11.63 dB
1 Hz Attenuation —1.49 x 1073 m3/h 1.85 x 1072 m3/h 597 x 1072 m3/h
Signal SNR 102.44 dB 69.03 dB 52.72 dB
8 Hz Attenuation  1.10 x 1073 m3/h 3.15 x 103 m3/h —1.45 x 1072 m3/h
Signal SNR 96.16 dB 82.17 dB 36.27 dB

After comparing the amplitude attenuation and SNR improvement of the results
obtained by the SVD method and median filter, the measured flow fluctuations by two
methods were compared. Flow fluctuations were calculated by Equation (1) using the
flow fluctuation signals obtained by the SVD method and median filter. For two flow
fluctuations with a single frequency, the simulation results are given in Table 5. It could be
found that the results of the SVD method were very close to the real flow fluctuation, and
the measured results were less affected by noise with the increase in noise variance, while
the results of the median filter and direct calculation worsened with the noise variance.
The simulation results showed that the SVD method had good performance in measuring
the flow fluctuation.

Table 5. Simulation results of 1 Hz and 8 Hz fluctuations.

Signal Noise Variance 0 0.01 0.1 1
Simulated fluctuation 1.03% 1.22% 2.23%
1HZ . o 5 o
Signal Medjian filter 1.00% 1.00% 1.09% 1.64%
SVD method 1.01% 1.03% 1.01%
Simulated fluctuation 0.54% 0.83% 2.04%
S HZ . .
fil 9, 51% 67% 1.40%
Signal Median filter 0.50% 0.51% 0.67% 0%
SVD method 0.51% 0.53% 0.51%

For the fluctuation signal formed by superimposing two fluctuation signals with
frequencies 1 Hz and 8 Hz, the simulation results are given in Table 6. It could be found
that the maximum deviation of flow fluctuation was 0.06% when the noise variance was 1,
which was far lower than the deviation of direct calculation results and the deviation
obtained by the median filter. This shows that the results of the proposed SVD method
were very close to the real flow fluctuation than the results of direct calculation and the
median filter, and the measured result was less affected by noise with the increase in noise
variance. In addition, each frequency fluctuation signal in the superimposed signal could
be extracted separately by the SVD method, and the flow fluctuation of each frequency
fluctuation could be accurately obtained.

Table 6. Simulation result of superimposed fluctuation.

Noise Variance 0 0.01 0.1 1
Simulated Fluctuation 1.14% 1.27% 2.28%
Median Filter 1.12% 1.12% 1.17% 1.69%
SVD Method 1.12% 1.09% 1.06%
1 Hz Signal 1.00% 1.00% 0.97% 0.94%

8 Hz Signal 0.50% 0.50% 0.50% 0.49%




Sensors 2021, 21, 6850

14 of 21

Through analysis and comparison of the simulation results, it could be found that
noise had great influence on the directly measured results of the flow fluctuation. If noise
was not eliminated, the flow fluctuation obtained might contain large deviations and
could not truly reflect the flow stability of the water flow standard facility. The proposed
SVD method could accurately obtain the flow fluctuation signal from the noisy signal
output by the flowmeter or measurement system, and the obtained flow fluctuation signal
had very small amplitude attenuation and high SNR. The proposed SVD method could
accurately extract different single-frequency fluctuation signals from the superposition flow
fluctuation signal with multiple frequencies. The results of the flow fluctuation calculated
using the fluctuation signals obtained by the SVD method were very close to the real flow
fluctuations, and the deviations in flow fluctuation caused by noise were very small. In
addition, with the increase in the noise variance, the SVD method could still accurately
obtain the flow fluctuation without being affected by increased noise variance, compared
with the results of direct calculation and the median filter. This shows that the SVD method
had an advantage when the SNR of the flow fluctuation signal worsened.

5. Experiment and Result
5.1. Experiment Setup

In order to experimentally verify the effectiveness of the proposed SVD method, an
experimental platform was set-up based on a water flow standard facility and a special
designed flow fluctuation generator, and experiments on the output signal of a venturi
flowmeter were carried out. The experiments were carried out on the water flow standard
facility that is in the Flow Laboratory of the National Institute of Metrology of China (NIM).
The water flow standard facility is mainly composed of a water storage tank, water pump,
measuring flowmeter, regulating valve, bypass, diverter, weighing system, and other main
equipment [24], and the schematic diagram is shown as Figure 7.

flowmeter regulating
pump under test valve\ B — diverter
P o
—Q e / . weighing
bypass pipe —_—— system

— ___— storage tank

Figure 7. Schematic diagram of the water flow facility.

In the water flow standard facility, the flowmeter is installed in the test section of the
pipeline. Water as the fluid medium is pumped from the water tank through the pipeline
and measuring flowmeter to the weighing tank. When the flowmeter is calibrated, the
water circulation system flows water through the flowmeter to the weighing system, and
output values of the weighing system and the flowmeter are compared to determine the
measuring performance of the flowmeter.

After multi-stage flow stabilization, the flow fluctuation in the pipeline is very small.
In order to generate controllable flow fluctuation, a flow fluctuation generator that could
simulate flow fluctuation was designed, manufactured, and installed at end of the pipeline.
The structure of the flow fluctuation generator is shown in Figure 8. The flow fluctuation
generator is a valve body of butterfly valves. A servo motor drives the valve to swing
around a certain opening degree, and the amplitude of swing could be controlled.
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valve~. E=—3 Test pipe

Figure 8. Diagram of the flow fluctuation generator.

Measuring equipment mainly consists of a venturi flowmeter and a flow fluctuation
generator in the main pipeline of the flow standard facility, as shown in Figure 9. The main
pipeline of the flow standard facility is located on the ground platform in the laboratory,
and a turbine flowmeter was installed on the main pipe in order to monitor the flow. The
temperature control system of the water flow standard facility was used to keep the water
temperature stable, and the temperature of water in the pipeline could be controlled within
10~85 °C.

Flow

) . Turbine
Flow fluctuation Venturi flowmeter straightener flowmeter
_— generator /
: —
sm T om ! ! 3m

‘ Flow fluctuation
. 'l ,! d  generator
(O = |

(b)

Figure 9. The main pipeline and photo of experimental setup: (a) the main pipeline of the flow
standard facility; (b) photo of experimental setup in the flow standard facility.

5.2. Experiment Result

In order to verify the effectiveness and correctness of the proposed SVD method,
corresponding experiments were carried out on the basis of the simulation experiment.
All experimental flow rates were 50 m3/h, and the water temperature was 17.2 °C. Due
to the limitation of experimental conditions (currently, there is only one flow fluctuation
generator), the external flow fluctuation generated by the flow fluctuation generator, the
flow fluctuation of the flow standard facility itself in the pipeline, and flowmeter noise
were superimposed together and used as the superimposed signal of multi-frequency flow
fluctuation signals and noise.
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Three experiments were carried out with different experiment conditions. For experi-
ment No. 1, the flow fluctuation generator was not working, the butterfly valve opening
was 100%, and the swing range was 0°. At this time, there was no external flow fluc-
tuation, and the measured flow fluctuation came from the flow standard facility itself.
For experiment No. 2, the butterfly valve opening was 60%, the valve swinging range
was £5°, and the frequency of the resulting flow fluctuation was 1 Hz. For experiment
No. 3, the opening of butterfly valve was 60%, the swing range was +10°, and the fre-
quency of the resulting flow fluctuation was 8 Hz. For experiment Nos. 2 and 3, in addition
to the external flow fluctuation generated by the flow fluctuation generator, there were flow
fluctuations in the flow standard facility itself in the pipeline. In the meantime, a certain
amount of flowmeter noise was in the measured results, resulting in inaccurate results of
the flow fluctuation obtained by direct calculation.

For experiment No. 1, the spectrum of the measured result of the flowmeter is shown
in Figure 10. It could be seen that the fluctuation of the facility itself had many frequency
components that are difficult to separate effectively from the noise. Through singular value
decomposition of the flowmeter output, it was found that the singular value corresponding
to different frequency components was small and the difference was small too. In order
to obtain the flow fluctuation signal from the noisy signal accurately, a proper number of
singular values and their corresponding vectors should be selected. The flow fluctuation
calculated directly using the measured signal of the flowmeter was 0.25%, and it was 0.22%
calculated using the signal obtained by the median filter. Thus, 0.22% was used as the real
flow fluctuation to determine the number of singular values selected by the proposed SVD
method. When the number of singular values was 100, the flow fluctuation calculated
using the signal obtained by the SVD method was 0.22%. Therefore, the number of singular
values selected for separating the flow fluctuation signal was set as 100. For experiment
No. 1, the flow fluctuation signal of the facility itself obtained by the SVD method and the
median filter are shown in Figure 11. Noise could be eliminated by both methods.

0.04

o

=}

@
L

p l“\ h 1

W‘ h‘ ,/M h‘ ‘i \ \

Amplitude / mh
o o
2 S

”Hu 1

‘ ' w‘ | /\ N “h Wit
'/ ‘Wm ',"m\‘ﬂ “ ‘ “ M, y )\\”\ i \\ v\\ e, ol
0

0 0. 3 35
Frequency/ Hz

\
A

4.5 5

Figure 10. Frequency spectrum of measured result for experiment No. 1.
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Figure 11. Experimental result for facility fluctuation signal.
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For experiment Nos. 2 and 3, the measured signal mainly consisted of three parts:
sinusoidal fluctuation with a single frequency (1 Hz or 8 Hz), flow fluctuation of facility
itself, and noise, as shown in Figure 12. When using the SVD method to obtain the flow
fluctuation signal, the first two singular values and their corresponding vectors were
selected to extract the sinusoidal fluctuation signal, and then the first 100 singular values in
the remaining singular values and their corresponding vectors were selected to extract the
fluctuation signal of the facility itself, and other singular values and their corresponding
vectors that correspond to noise were deleted.
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Figure 12. Frequency spectrums of measured result for experiment Nos. 2 and 3.

For experiment Nos. 2 and 3, the measured signals and signals obtained by the median
filter and SVD method are shown in Figures 13 and 14. The sinusoidal fluctuation with a
single frequency and the flow fluctuation of the facility itself obtained by the SVD method
are shown in Figures 15 and 16. It could be found that the SVD method could extract the
sinusoidal fluctuation signal with a single frequency and the flow fluctuation signal of the
facility itself with eliminating noise at the same time. The experimental results of flow
fluctuation are given in Table 7.
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Figure 13. Experimental result for experiment No. 2.
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Figure 15. Experimental result for extracted signals in experiment No. 2: (a) the flow fluctuation
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Figure 16. Experimental result for extracted signals in experiment No. 3: (a) the flow fluctuation

signal; (b) frequency spectrums.

Table 7. Experimental results.

Experiment No. 1 2 3
Direct calculation 0.25% 1.01% 0.57%
Medjian filter 0.22% 0.95% 0.47%
SVD method 0.22% 0.99% 0.53%
Sinusoidal fluctuation / 0.97% 0.48%
Facility fluctuation signal / 0.22% 0.22%

For experiment No. 2, the flow fluctuation calculated directly using the measured
signal of the flowmeter was 1.01%, the flow fluctuation calculated using the signal obtained
by the median filter was 0.95%, and it was 0.99% calculated using the signal obtained by
the SVD method. In addition, using the extracted sinusoidal fluctuation signal with 1 Hz
frequency and the flow fluctuation signal of the facility itself, the calculated fluctuations
were 0.97% and 0.22%, respectively. For experiment No. 3, the flow fluctuation calculated
directly using the measured signal of the flowmeter was 0.57%, the flow fluctuation
calculated using the signal obtained by the median filter was 0.47%, and it was 0.53%
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calculated using the signal obtained by the SVD method. In addition, using the extracted
sinusoidal fluctuation signal with an 8 Hz frequency and the flow fluctuation signal of
the facility itself, the calculated fluctuations were 0.48% and 0.22%, respectively. For
experiment Nos. 2 and 3, the flow fluctuation of the facility itself was consistent with the
results of experiment No. 1.

When the flow fluctuation was calculated directly using the measured results of the
flowmeter, the results contained a certain deviation. Through noise reduction by the SVD
method, the flow fluctuation results were slightly smaller than direct calculation results
because the noise effect in the measured results was eliminated. At the same time, the SVD
method could accurately extract the single-frequency fluctuation signal from the superposition
flow fluctuation signal of multiple frequencies. The results of the flow fluctuation calculated
using the fluctuation signals obtained by the SVD method were very close to the real flow
fluctuations, and the deviations in the flow fluctuation caused by noise were eliminated,
which can be used to reflect the flow stability of the flow standard facility.

Although the result of the median filter was less than that of the direct calculation
and even a little less than that of the proposed SVD method, the reliability of this result
was not as good as that of the SVD method, because of its poor performance in amplitude
attenuation and SNR improvement. Moreover, it was difficult to obtain the single-frequency
fluctuation signal.

Through the experiment results, it could be found that the proposed SVD method in
this paper could eliminate the superimposed noise in the flowmeter measured results and
accurately obtain the real flow fluctuation signal from the noisy signal and superposition flow
fluctuation signal of multiple frequencies, and then obtain accurate flow fluctuation of the
flow standard facility, which could be used to reflect the stability of the flow standard facility.

6. Conclusions

In this paper, a new measuring method of flow fluctuation was proposed based on
singular value decomposition (§VD), and data reconstruction was carried out to expand
the single-dimensional data of the measured result to multi-dimensional data to realize the
proposed SVD method. A simulation experiment on the fluctuation signal under different
levels of noise was conducted, after the influences of the data selection window width
and number of singular values on the measured results were analyzed. In addition, an
experimental platform was set-up based on a water flow standard facility and a special
designed flow fluctuation generator to conduct experiments on the output signal of a
venturi flowmeter by the proposed SVD method.

Through the simulation and experiment results, it could be found that the measuring
method proposed could effectively eliminate noise caused by the measuring flowmeter or
measurement system and accurately obtain the flow fluctuation signal from the noisy signal
or superposition flow fluctuation signal of multiple frequencies, to accurately measure the
flow fluctuation of the flow standard facility, which is used to accurately evaluate the flow
stability for improving the performance of the flow standard facility.
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