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Abstract 

 
Extra uncertainty is introduced to the result of flowmeter calibration by flow fluctuations in the flow standard 
facility. Identifying sources of fluctuations is important for the location and elimination of the fluctuation 
sources in the flow standard facility, however it is difficult to diagnose the direction of fluctuation source when 
multiple sources exist. A correlation analysis method based on Empirical Mode Decomposition (EMD) utilizing 
the signals of pressure sensor and flowmeter is proposed to diagnose the directions of different fluctuation 
sources. The proposed method could separate the superposition signal of multiple fluctuation sources and 
effectively diagnose the directions of multiple fluctuation sources at one time and provide accurate information 
for the location and elimination of the fluctuation sources. Experiment platform was built based on a water flow 
standard facility and the direction diagnosis experiment of double fluctuation sources was conducted to verify 
the effectiveness of the proposed method. The experiment results shows that the directions of multiple 
fluctuation sources could be accurately diagnosed by the proposed method. 
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1. Introduction 
 
The flow standard facility is used to measure or 
calibrate the metering performance of the 
flowmeter in an experimental manner, and the flow 
rate value provided by the flow standard facility 
should be accurate and stable. Fluctuation of the 
flow is used to represent the degree of flow 
instability, and it may bring greater uncertainty to 
the result of flowmeter calibration

[1,2]
, especially in 

the low flow range, the uncertainty introduced by 
the fluctuation even exceeds 10% due to the non-
linearity of the instrument coefficient

 [3]
.  

 
And the flow fluctuation itself will also affect the 
measurement of the flowmeter

[4-7]
, such as 

differential pressure flowmeter
[4]

, ultrasonic 
flowmeter

[5]
 and other traditional flowmeter, as well 

as some new flowmeter
[6,7]

. Therefore, it is 
necessary to locate the fluctuation source of the 
flow standard facility accurately and eliminate or 
suppress the fluctuation source. Previous studies 
have reported on the direction diagnosis of single 
flow fluctuation source, and the method has 
achieved good results

[8]
. However, there are more 

than one fluctuation source in the flow standard 
facility in most cases, such as the rotation of 
pumps, the trembling of valves, the pressure 
regulating valve, the pipe and the valve, and so 
on

[8-10]
. Therefore, obtained fluctuation signal by 

sensor may be a superposition singal of multiple 
fluctuation sources, and it is difficult to diagnose 
the direction of multiple fluctuation sources using 
fluctuation superposition signal compared with the 
direction diagnosis of single fluctuation source. 
Moreover, there are few reports about this aspect 
of research. 
 
In this paper, a correlation analysis method based 
on Empirical Mode Decomposition (EMD) utilizing 
the signals of pressure sensor and flowmeter is 
proposed to diagnose the direction of fluctuation 
sources. By separating the superposition signal of 
multiple fluctuation sources, the proposed method 
could effectively diagnose the direction of multiple 
fluctuation sources at one time and provide 
accurate information for the location and 
elimination of the fluctuation sources. The 
experiment platform was built based on a water 
flow standard facility and the direction diagnosis 
experiment of double fluctuation sources was 
conducted to verify the effectiveness of the 
proposed method. 
 
2. Principle of direction diagnosis method 
based on EMD 
 
2.1 Relationship between pipeline pressure and 
flow rate 
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The flow standard facility studied in this paper is a 
complete set of water flow standard facility. The 
simplified schematic diagram is shown in Fig.1. 
 

 

Figure 1: Schematic diagram of the flow standard facility. 

 
Each number in Fig.1 represents a composition: 1 - 
water tank, 2 - water pump, 3 - flowmeter under test, 
4 - control valve, 5 – bypass line, 6 - diverter, 7 - 
weighing system. Among them, the water pump is 
the power source of the facility, and it pumps water 
from the water tank to the pipeline system. And the 
water flows through the measured flowmeter to the 
pipeline outlet. The water is finally returned to the 
water tank through the diverter or the weighing 
container. When the facility is in a stable working 
condition, it can be known from Bernoulli's principle 
that the relative relationship between pressure and 
flow rate at each position in the facility is stable. 
 
According to the derivation of the relationship 
between pipeline pressure and flow rate, when there 
is a single fluctuation source located at the 
upstream of the measurement point, the relationship 
between pressure and flow rate in the pipeline of the 
flow standard facility can be obtained

[8]
 

 

2
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Tp
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g
   .                     (1) 

 

In the formula, 
T

p is the pipeline pressure at the 

measuring point, 
1

H is the height difference 

between the pipeline outlet and the measuring point, 
and 0

D
K  is the pipeline resistance synthesis 

parameter, and q  is the flow rate. Therefore, when 

the fluctuation source is located at the upstream of 
the measurement point, 

Tp is positive correlation to 
2q  at the measurement point. 

 
When there is a single fluctuation source 
downstream of the measurement point, the 
relationship between pipeline pressure and flow rate 
can be obtained

[8]
 

 

2UT
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pp
= H + + K q

rg rg
 .                 (2) 

where 
2H is the height difference between the 

pump outlet and the measuring point. 
Up  is the 

pump outlet pressure. 
UK <0  is the pipeline 

resistance synthesis parameter. Therefore, 
Tp is 

negative correlation to 2q  at the measurement point. 

 
2.2 Empirical Mode Decomposition (EMD) method 
When there is only one fluctuation source in the 
facility, the direction of the fluctuation source can be 

obtained according to the correlation between 
Tp

and 2q . However, when there are multiple fluctuation 

sources, the signals obtained by the pressure 
sensor and the flowmeter may be superimposed 
signal of multiple fluctuation signals, and it is difficult 
to diagnose the directions of multiple fluctuation 
sources using the method dealing with single 
fluctuation source. Empirical Mode Decomposition 
(EMD) method is used to separate the fluctuations 
with different frequencies from the superimposed 
signal in this paper. 
 

The change of flow q  and pressure 
Tp  with time 

appears as a wave signal in time series. Therefore, 
the change of the output of flowmeter and the 
change of the output of pressure sensor are all 
complex, and each signal appears as a complex 
superimposed signal, which is an irregular signal. 
The essence of EMD is to decompose an irregular 
frequency wave into multiple residual waves with 
single frequency

[11]
. Since most of the data to be 

analyzed does not always conform to intrinsic mode 
function, and the data may contain multiple 
fluctuation patterns at time

[12]
. Therefore, the original 

data needs to be decomposed to obtain the intrinsic 
mode function by using the EMD method. The 
decomposition process is as follows

[13]
. 

 

(1) Let    
,i l

x n x n , 1i  , 1l  ; (2) Find all local pole 

values of  
,i l

x n ; (3) Using cubic spline interpolation 

to combine the local maximum and minimum 

sequences with the upper envelope  ue n  and the 

lower envelope  de n  separately; (4) Calculate the 

envelope       , 2i l u dm n e n e n  ; (5) Pick up 

the components      
, , ,i l i l i l

h n x n m n  ; (6) If the 

screening stop criterion is satisfied,    
,i i l

c n h n  is 

regarded as an intrinsic mode function (IMF) , 

1i i  , 1l  . Then transfer to the step (8); (7) If 

the screening stop criterion isn’t satisfied, 

   
,i i l

x n h n , 1l l  , and repeat the step (2) to (5); 

(8) Record the residue value as 

     i ir n x n c n  . Let    
,i l i

x n r n  and repeat 

the step (2) to (6) to get the next IMF. 
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If  
i
r n  is a trend component, the algorithm 

terminates. Otherwise, the above steps are 
repeated until the end condition is satisfied. The 
above process can express the original signal as 
the sum of an IMF component and a trend 
component. Its expression is  
 

     i ix n c n r n  .                   (3) 

 
In the process of signal acquisition, the flowmeter, 
pressure sensor, etc. are high sensitive, and are 
also subject to various factors such as power 
frequency interference, environmental random 
vibration and so on. These interference factors can 
be reduced during the analysis procedure by the 
self-adaptive filtering characteristics of the EMD 
method that can generate basis function.  
 
According to the EMD method, the corresponding 
formulas can be affirmed through spectrum analysis 
of each IMF component. These IMF components 
are the original signals that compose the pressure 

signal 
1 2, np p p and the corresponding flow rate 

signal. We can obtain the corresponding formulas 
through spectrum analysis of each IMF component, 
as shown in Eq. (4). The various formulas represent 

that 
ip  is proportional to  2 1,2, ,iq i n  . According 

to Eq. (1) and Eq. (2), it can be found that plus-

minus of  1,2,iK i n  related to the direction of 

fluctuation source represents the correlation 

between 
ip  and  2 1,2, ,iq i n  . Therefore, it 

could determine the direction of the fluctuation 

source by the correlation coefficient of 
ip  and 2q  

after decomposition by the EMD method. 
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2.3 Direction diagnostic method of Fluctuation 
sources 
Differential pressure sensor was installed in Venturi 

tube to measure the flow rate q ，by differential 

pressure p . The correlation relationship between 

p  and q  is shown in formula (5)
[16]

. 

 

2 2 2

2 1

2

(1 )

p
q CA

A A





.                   (5) 

 

where C is the Correction factor. 
1A  is Venturi 

expansion section area, and 
2A  is Venturi tube 

contraction section area. 2p q   can be obtained 

from Eq.(5), and 
Tp p   from Eq. (1). So, when 

the fluctuating source is at upstream, the differential 
pressure measured is linearly positively correlated 

with the pressure. Also, 
Tp p    obtain from Eq. 

(2). So, when the fluctuating source is at 
downstream, the differential pressure measured is 
linearly negatively correlated with the pressure. 
 
The direction of the fluctuation source can be 
determined by calculating the Pearson correlation 

coefficient 
p p

r


 between the flow (differential 

pressure same, same below) signal and the 
pressure signal.  
 

   
1=

N

n

p p

p p

p n p n m

r
 







 
.                   (6) 

 

where  p n  is the nth measurement point in the 

pressure signal and  p n  is the nth measurement 

point of the flow signal. 
p  and 

p
are the standard 

deviation of the pressure signal and the flow signal 
in the n  measurement points. The response times 

of pressure sensor and the flowmeter are different in 
the actual measurement process, and in order to 
accurately capture the time difference, the actual 
calculation takes multiple sets of time differences in 
the possible delay time horizon for correlation 

analysis. If 
ST  is the sampling time, 

Sm T  is the 

delay time between physical signals from sensors at 
the same time. 
 

When 
p p

r


 is significantly greater than zero (
p p

r


> 

0.3) which indicates flow fluctuation signal and 
pressure fluctuation signal are positively correlated, 
and it can be determined that the fluctuation source 
is located at the upstream of the measurement point. 

Conversely, if 
p p

r


 is significantly less than zero (
p p

r


<-0.3), the flow fluctuation signal and pressure 
fluctuation signal are negatively correlated, and it 
can be diagnosed that the fluctuation source is 
located at the downstream of the measurement 
point.  
 
3. Experiment platform 
 
The water pump provides flow for the water flow 
standard facility, which flows through a pressure 
sensor, a Venturi flowmeter (differential pressure 
type flowmeter) and a simulative fluctuation source 
in turn. The schematic diagram of main composition 
in the water flow standard facility is shown in Fig. 2, 

../../Users/Haoyu%20Li/AppData/Local/youdao/dict/Application/7.5.0.0/resultui/dict/
../../Users/Haoyu%20Li/AppData/Local/youdao/dict/Application/7.5.0.0/resultui/dict/
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and the photos of the experimental platform is 
shown in Fig. 3. The sampling frequency of the 
pressure sensor and the differential pressure sensor 
is 5000 Hz. And the sampling signal could be 
displayed in real time, and the sampling frequency 
could also be compressed according to an 
averaging method. The acquisition system interface 
is shown in Fig. 4. 
 

Servo 

Motor

Butterfly 

Valve

Pressure 
Sensor

Flow Sensor

PM4 Pump
3.9 Hz  
signal

Flow 
Direction

1Hz 
signal

 

Figure 2: Schematic diagram of main composition in the water  
flow standard facility. 

 

Fluctuation generator
(1Hz Periodic Signal)

Pressure Sensor

Flow Sensor
（Differential pressure）

Flow 
Direction

Pump
(3.9Hz Periodic Signal)

 

Figure 3: Main composition of water flow standard facility 

 

 

Figure 4: Display of acquisition system interface. 

 
For this water flow standard facility, there is a buffer 
tank to eliminate the fluctuations. The buffer tank 
can eliminate the high-frequency fluctuations[15,16], 
however it could not effectively eliminate the low-
frequency fluctuation. In this paper, the simulated 
fluctuation sources can generate low-frequency 
fluctuation. After the buffer tank eliminated the high-
frequency fluctuations, a flow fluctuation of about 
3.9 Hz by a poor pump (named PM4) from 
upstream still existed in pipe which was labeled by 
Fluctuation Source 1#. A fluctuation generator was 
added at the downstream in the experiment. In the 
fluctuation generator, the servo-driven motor 
controlled was used to drive the swing of the 
butterfly valve to generate simulative oscillations of 
1 Hz, ±5° and set as Fluctuation Source 2#. The 
fluctuation of Fluctuation Source 2# simulated the 
fluctuations that might occur in the flow standard 
facility. So, the entire set of experiment facility had 
fluctuations from the upstream and downstream with 
frequencies of 1 Hz and 3.9 Hz respectively. The 
information of the fluctuation sources is shown in 
Table 1.  
 
Table 1: Parameter of fluctuation sources 

Source location Frequency Property 

PM4 Pump 
(Fluctuation 
Source 1#) 

upstream 3.9 Hz Periodicity 

Simulative 
Fluctuation 
(Fluctuation 
Source 2#) 

downstream 1.0 Hz Periodicity 

 
4. Direction diagnosis experiment of double 
fluctuation sources 
 
The specific process using the EMD method to 
perform double fluctuation sources extraction and 
the locations judgment is as Fig. 5. 
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Figure 5: Simplified model of fluctuating source direction diagnosis based on EMD. 

 
In order to provide a concise and precise description 
of the experiment results, this section is divided by 
subheadings as: (1) The extreme abnormal values 
of the pressure signal and flow signal were 
discarded, and then the Pauta criterion was used to 
eliminate the abnormal signal; (2) The pressure 
sensor and differential pressure sensor were easily 
disturbed by high-frequency noise in environment. 
Therefore, the FIR filter was used to low-pass filter 
the signal; (3) Sampling frequency is compressed; 
(4) signal was processed using the EMD method to 
obtain multiple IMF components; (5) Spectrum 
analysis of individual IMF components was done to 
distinguish and determine signals from different 
sensors for the same fluctuation source; (6) By 
correlating the IMF components of two sensors, the 
position of the fluctuating source was diagnosed 
from the upstream or the downstream of 
measurement point.  
 
In the experiment, two signals of flow and pressure 
were both collected at 5 kHz respectively. The 
abnormal signal was processed first, and the FIR 
low-pass filter was used to filter the interference 
signal above 50 Hz. EMD decomposition was 
performed on the two signals respectively. The 

fluctuation and frequency spectrum of the resulting 
flow sensor are shown in Fig. 6 (a)~(d). 
 

 

(a): IMF1 from flow signal after EMD 

 

 

(b): IMF2 from flow signal after EMD 

 

(c): Frequency spectrum 1 from flow signal after EMD 
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(d): Frequency spectrum 2 from flow signal after EMD. 

Figure 6: The IMFs and their frequency spectrums of flow 
signal 

 
According to the spectrum analysis of Fig. 6 (c) and 
Fig. 6 (d), the IMF1 of waveform represents the flow 
fluctuation of the Fluctuation Source 1# about 3.9Hz, 
and the IMF2 of the waveform represents the 1Hz 
flow fluctuation of the Fluctuation Source 2#. It can 
be seen that the main IMF component is clear with 
less interference after the decomposition. 
 
Fig. 7 (a)~(d) show the pre-processed waveform 
and frequency spectrum of the pressure sensor. 
 

 

(a): IMF3 from pressure signal after EMD 

 

(b): IMF4 from pressure signal after EMD 

 

(c): Frequency spectrum1 from pressure signal IMF3 after EMD 

 

(d):  Frequency spectrum 2 from pressure signal IMF4 after 
EMD. 

Figure 7: The IMFs and their frequency spectrums of pressure 
signal 

 
According to the spectrum analysis of Fig. 7 (c) and 
Fig. 7 (d), the IMF3 of waveform represents the flow 
fluctuation of the Fluctuation Source 1# about 3.9Hz, 
and the IMF4 of the waveform represents the 1Hz 

flow fluctuation of the Fluctuation Source 2#. It can 
be seen that the main IMF component is clear with 
less interference after the decomposition. 
 
There is a certain delay time between pressure 
signal and flow signal caused by different response 
time of pressure sensor and flowmeter. If it is 
negative, the pressure signal is faster than the flow 
signal. The actual calculation takes multiple sets of 
time differences in the possible delay time horizon 
for correlation analysis. Because the fluctuation 
signal is periodic, the change of the correlation 
coefficient with time delay also shows a clear 
periodicity. The correlation analysis is performed on 
IFM1 and IFM3 to obtain a correlation curve of the 
Fluctuation Source 1# as shown in Fig. 8. The 
correlation analysis of IFM2 and IFM4 for 
Fluctuation Source 2# as shown in Fig. 9. The 
correlation periodic signals will be negatively 
correlated when the two signals differ by an odd 
number of times of half cycle phase, and positively 
correlated when they have no phase difference or 
full cycle phase difference. 
 

 

Figure 8:  Pressure - flow correlation curve for Fluctuation 
Source 1#. 

 

 

Figure 9:  Pressure - flow correlation curve for Fluctuation 
Source 2#. 

 
There is a certain delay time between pressure 
signal and flow signal caused by different response 
time of pressure sensor and flowmeter. Since the 
experiment fluctuation is a periodic signal, the 
correlation coefficient curve is also periodic. 
Therefore, it is necessary to determine the delay 
time between pressure signal and flow signal at first. 
The delay time is obtained by the calibration 
experiment with generating fluctuations when the 
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corresponding sensors are located at the same 
measurement point. And through the calibration 
experiment, it could be found that the pressure 
signal responds faster than the flow signal within 
0.06 s. So, it could be considered that the time 
delay is within the range -0.06 s ~ 0 s. 
 
In Fig. 8, when the delay time is-0.06 s ~ 0 s, the 

correlation coefficient 
p p

r


between pressure signal 

and flow signal is in the range of 0.48 ~ 0.70, which 

is significant positive correlation (
p p

r


> 0.3), so the 

Fluctuation Source 1# is located at upstream. In Fig. 

9，when the delay time is -0.06 s ~ 0 s， the 

correlation coefficient 
p p

r


between pressure signal 

and flow signal is in the range of -0.51 ~ -0.39, 

which is significant negative correlation(
p p

r


< -0.3), 

so it is determined that the Fluctuation Source 2# is 
located at downstream. 
 
In summary, the proposed method based on EMD 
method to determine the direction of the multiple 
fluctuation sources is consistent with the actual 
setting of the experiment. The experiment results 
shows that the directions of multiple fluctuation 
sources could be accurately diagnosed by the 
proposed method. 
 
5. Conclusion 
 
A correlation analysis method based on Empirical 
Mode Decomposition (EMD) utilizing the pressure 
sensor and flowmeter is proposed and could 
effectively diagnose the direction of multiple 
fluctuation sources at one time and provide accurate 
information for the location of the fluctuation sources. 
Experiment platform was built on a flow standard 
facility and the direction diagnosis experiment of 
double fluctuation sources was conducted to verify 
the effectiveness of the proposed method.  
The results are as follows: 
 
1) The EMD method could separate the 
superposition signal of multiple fluctuation sources 
obtained by pressure sensor and flowmeter 
respectively, and could accurately extract the 
fluctuation signals with different frequencies 
produced by multiple fluctuation sources. 
 
2) The proposed method based on the EMD method 
could accurately diagnose the direction of 
fluctuation sources in the direction diagnosis 
experiment of double fluctuation sources. 
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