
Citation: Hu, J.; Wang, C.; Shan, C.;

Guo, Y. Monitoring and Analysis of

the Operation Performance of

Vertical Centrifugal Variable

Frequency Pump in Water Supply

System. Energies 2023, 16, 4526.

https://doi.org/10.3390/en16114526

Academic Editor: Helena M. Ramos

Received: 17 April 2023

Revised: 29 May 2023

Accepted: 2 June 2023

Published: 5 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Monitoring and Analysis of the Operation Performance of
Vertical Centrifugal Variable Frequency Pump in Water
Supply System
Jianyong Hu 1,2,* , Chaohao Wang 3, Chengju Shan 2,4 and Yunhui Guo 1,2,5

1 School of Geomatics and Municipal Engineering, Zhejiang University of Water Resources and Electric Power,
Hangzhou 310018, China; guoyh@zjweu.edu.cn

2 Engineering Research Center of Digital Twin Basin of Zhejiang Province, Hangzhou 310018, China;
shancj@zjweu.edu.cn

3 Guangdong Provincial Design Institute of Water Conservancy and Electric Power, Guangzhou 510635, China;
wangch86@yeah.net

4 School of Water Conservancy and Environmental Engineering, Zhejiang University of Water Resources and
Electric Power, Hangzhou 310018, China

5 School of Electric Power, North China University of Water Resources and Electric Power,
Zhengzhou 450045, China

* Correspondence: hujy@zjweu.edu.cn

Abstract: The stable operation of a variable frequency pump is of great importance to the management
of a water supply project. Analyzing the operation performance based on monitoring data is necessary
for maintaining the stable operation of a variable frequency pump. Several sensors are installed at six
monitoring points on the pump to collect signals including vibration velocity, vibration acceleration
and vibration displacement. Monitoring signals are preprocessed by smoothing, adjusting waveform
trend and filtering on the basis of Fast Fourier Transform (FFT). Then, the vibration features are
extracted by power spectrum analysis and cepstrum analysis methods. According to the extracted
features, the vibration law and actual operation performance of a variable frequency pump under
different operating conditions are analyzed. Results indicate that the vibration amplitude of the
pump varies sharply under the operating conditions of [15 Hz, 20 Hz] and [30 Hz, 35 Hz]. The
operating condition of [0 Hz, 15 Hz] is the restricted operating area of the pump. The vibration and
noise continue increasing under the operating conditions of [35 Hz, 50 Hz] and reach the maximum
values at 50 Hz. Therefore, the optimal operating is within the range of [20 Hz, 30 Hz]. Finally, by
analyzing the critical values of the operating conditions, the fault diagnosis and the evaluation of the
operating status are conducted.

Keywords: variable frequency pump; vibration signal; spectrum analysis; Fourier transform; opera-
tion performance analysis

1. Introduction

The performance monitoring of a variable frequency pump in a water supply system
is to collect the vibration signal at monitoring points by setting sensors and extracting
relevant parameters. Generally, a vibration signal can be extracted in the time domain, the
amplitude domain and the frequency domain. The Fast Fourier Transform (FFT) method is
effective in spectrum refinement calculation and analysis [1–3]. Most monitoring signals
are nonstationary signals containing lots of noise. Vibration signals with cluttered noise can
be processed using the FFT method. Wavelet packet signal processing and a decision tree
algorithm can be used to reduce the interference of noise in vibration signals and extract
features for fault diagnosis. Analyzing the noise signal and other signals measured from
multiple sensors can evaluate the running performance of the pump system [4–6]. In order
to improve the instantaneous frequency identification accuracy of nonstationary signals, the
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improved synchronous extrusion wavelet transform method has been used to preprocess
nonstationary signals [7]. In the vibration signal analysis of hydropower units, the method
based on an adaptive local iteration filter can be used to improve the efficiency and accuracy
of feature extraction of nonstationary vibration signals [8]. For the time frequency analysis,
the Vold–Kalman filter can be used to extract frequency components, then time–frequency
analysis (TFR) of each single channel component can be conducted using the time-frequency
post-processing method. The TFR of an original signal is constructed by superposition to
realize TFR with high time-frequency resolution [9]. The original mixed clutter features can
also be extracted in the time domain, the frequency domain and the time-frequency domain.
The correlation coefficients can be estimated from the correlation sequences generated by
the intersection of health signals and vibration signals to extract the vibration features and
improve the accuracy of fault diagnosis of the pump [10]. At present, the time-frequency
domain analysis of vibration signals is the main method for fault diagnosis.

There are two commonly used methods for evaluating the performance of a pump:
one is vibration signal frequency analysis; the other is multiple influence factor analysis.
The health assessment model of a pump can be established based on the relation mapping
between the vibration data and operation performance, with which the future performance
can be predicted [11]. To analyze the features of vibration signals for fault diagnosis, a
high-precision fault diagnosis model was proposed to extract features by combining the
vibration extremum, binary wavelet energy time spectrum and coefficient power spec-
trum [12]. In addition, based on the adaptive neurofuzzy inference system, an intelligent
diagnosis system was developed, where the vibration signal features can be extracted
under the conditions of looseness and misadjustment [13]. A combination of symbolic
perception points and hidden Markov models has also been used in the fault diagnosis
of a pump, which has a good performance under poor information conditions [14]. With
the development of computer techniques, online fault monitoring of a pump has been
developed, the variation laws of pump operation parameters have been evaluated using
artificial neural network algorithms, and pump performance can be evaluated from the
time–frequency distribution analysis and spectrum analysis [15–17]. The fault diagnosis
is conducted based on the fault database and intelligent diagnosis algorithm, which is
finally realized through an online diagnosis system [18]. The commonly used intelligent
algorithms for fault diagnosis of a pump include neural network method, fuzzy diagnosis,
support vector machine method and fault tree analysis. Combining the test ability-oriented
fault mode and T-FMEA diagnostic requirements, the neural network method can be used
to diagnose faults in a pump and extract fault-related features from the instantaneous
power spectrum [19,20]. As the monitoring signals are usually incomplete and the state
identification are usually inaccurate, research on the comprehensive performance evalu-
ation of pumps based on monitoring data is not sufficient. In addition, the selection of
the main characteristics is not unified when the spectrum analysis and feature extraction
are processed.

Wavelet methods are also widely used in signal analysis. Wavelet transformation is a
local transformation of space–time and frequency, which can effectively extract features
from signals. The multiscale detailed analysis of signals can be promoted through operation
functions such as scaling and translation, which solves many difficult problems that cannot
be solved by the Fourier transform. The combination of neural network methods and
wavelet analysis is one of the research hotpots. A noise signal analysis method based on
incomplete wavelet packet analysis and an artificial neural network has been presented,
which is effective in the feature extraction of engine fault noises in both time and frequency
domains and is powerful in sound feature classification and faults recognition [21]. Moti-
vated by deep learning theory, an intelligent fault diagnosis method combining wavelet
analysis and the improved convolution neural network (CNN) method has been used to
improve the accuracy of the calculation. Compared with the classic Alex-Net, the proposed
method decreases the number of parameters and reduces the computational complexity by
modifying the structure of the network. The model integrates the advantage of wavelet



Energies 2023, 16, 4526 3 of 19

analysis in feature extraction and method in deep learning. It not only has high recognition
accuracy but also is robust [22]. In order to improve the denoising ability of wavelet analy-
sis, optimal wavelet multiresolution analysis has been employed for reducing noise from
vibration signals and interference of noise in monitoring signals. The enhanced indepen-
dent component analysis algorithm overcomes the shortcomings of the ICA algorithm and
allows the selection of reliable independent components; it has been adopted for source
separation spectra analysis. This method can efficiently be employed to both isolated
and combined mechanical faults diagnosis [23]. An attempt was conducted for hydraulic
pump faults diagnosis based on modified empirical mode decomposition, auto regressive
spectrum and nuclear wavelet limit learning machine methods [24]. Additionally, the use
of wavelet packet analysis technology can overcome the disadvantage of poor resolution of
traditional wavelet analysis and provide an accurate signal decomposition method [25].

At present, in the field of pump fault diagnosis, a number of theoretical methods
have been proposed and applied. However, the operating conditions of variable-frequency
pumps are complex due to their large adjustable range and the difficulty of feature ex-
traction. The research on the fault diagnosis of variable-frequency pumps is still lacking.
Analyzing the real-time operation data is still one of the main methods for the fault di-
agnosis of variable-frequency pumps [26]. Recently, multi-sensor monitoring has been
widely used to identify pump fault modes, which combines acoustic emission signals and
vibration acceleration signals [27]. In the test, multitype sensors can be used to collect
multitype signals and analyze the operation performance of the pump.

The key point of fault diagnosis of variable-frequency pumps is to analyze the features
of vibration signals and estimate the variation in operation performance through moni-
toring data. In this study, we installed several different types of sensors at six monitoring
points on the pump to collect signals including vibration velocity, vibration acceleration
and vibration displacement. Monitoring signals are preprocessed using signal smoothing,
waveform trend adjustment and filtering on the basis of Fast Fourier Transform (FFT). We
then extract the vibration features with power spectrum analysis and cepstrum analysis
and estimate the energy features using wavelet transformation. The flowchart of the test is
shown in Figure 1.
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Figure 1. The flowchart of the test. Figure 1. The flowchart of the test.

In Section 2, the test platform used in this research is introduced and signal acquisition
under different test conditions is carried out by arranging sensors. In Section 3, the
methods of preprocessing and feature extraction are introduced and signal preprocessing is
conducted via smoothing, waveform trend adjustment and filtering, and spectrum feature
extraction is conducted via power spectrum estimation and cepstrum analysis. In Section 4,
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by processing and analyzing the vibration signals, pressure and noise signals, the operation
performance of the variable-frequency pump is analyzed. In Section 5, the conclusions are
summarized. This study provides a reference for improving the operation performance of
variable-frequency pumps based on monitoring data.

2. Tests and Data
2.1. Test Platform

This study was conducted based on a physical model test system. Figure 2a,b show
the panoramagram and close-range diagram of the test platform, respectively. The model
is equipped with a three-stage booster pump station. The first-stage booster pump station
is equipped with three pumps which are in parallel with each other. Among which, the
first station is a large vertical centrifugal variable-frequency pump; the second and third
stations are equipped with normal pumps. In this research, the vertical centrifugal variable-
frequency pump of the first station was selected as the research object.
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2.2. Monitoring Point Layout

According to the design scheme and structural characteristics of the variable-frequency
pump, the parameters of the pump are shown in Table 1. In the physical model test, eight
operating conditions, namely 15 Hz, 20 Hz, 25 Hz, 30 Hz, 35 Hz, 40 Hz, 45 Hz and 50 Hz,
were selected as the high-frequency operating area of the pump. In the performance
monitoring analysis, vibration signal analysis is the main analyzing method. Power,
pressure and noise signal analyses are auxiliary methods. The layout of the monitoring
points is shown in Figure 3. The monitoring points and sensor types as shown in Table 2.
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Table 1. Main parameters of the vertical variable frequency pump.

Electric Motor (YE2-160M1-2) Pump

Rated
Power
(kW)

Rotation
Rate

(r/min)

Efficiency
(%)

Power
Factor

Rated
Torque
(N/m)

Noise
(dB)

Weight
(kg)

Design
Flow

(m3/h)

Rated
Speed
(r/min)

Head
(m)

11 2930 88.4 0.89 35.9 86 103 100 2900 20

Table 2. Selection of monitoring points and sensor types in the vibration evaluation of pump
components.

Monitoring Point Location Parameter Sensor Type Range

Pump bearing bush Vibration velocity (mm/s) Vibration velocity sensor Measuring range 0–30 (mm/s)
Pump shaft Vibration displacement (mm) Eddy current displacement sensor Frequency response Range 0~5000 (Hz)
Motor top Vibration acceleration (mm2/s) Vibration acceleration sensor Range of working temperature 54~121 (◦C)

Middle of casing decibel (dB) Noise sensor Measured value 30~130 (dB)
Pump outlet decibel (Pa) Pressure sensor Range 0~1.6 (Mpa)

Three-phase connection of motor power (W) Power sensor Input frequency 40–75 (Hz)

3. Method

For processing the signals collected by the sensors, we first used the Fast Fourier
Transform (FFT) method to realize the time–frequency domain transformation, so as to
reduce the number of calculations in the signal preprocessing. In the Fourier transform, the
Hamming window function is used for signal interception:

ω(t)
{

0.54 + 0.46cos
(

πt
T
)
, 0 < t < T

0 , t /∈ (0, T)
(1)

where t is time and T is the period.

3.1. Signal Pre-Processing

When the pump fails, the vibration signal is a nonstationary signal, mixed with high-
frequency noise. Therefore, preprocessing should be performed for monitoring signals
before the feature extraction. In this paper, the preprocessing of signals was carried out
using smoothing, waveform trend adjustment and filtering.

The smoothing method has a good performance in processing waveform burrs in
vibration signals and eliminating high-frequency noise. This paper adopts the five-point
moving average method (N = 2) to smooth the signals:

y1 = 1
5 (3x1 + 2x2 + x3 − x4)

y2 = 1
10 (4x1 + 3x2 + 2x3 + x1)

...
yi =

1
5 (xi−2 + xi−1 + xi + xi+1 + xi+2)

...
ym1 = 1

10 (xm−3 + 2xm−2 + 3xm−1 + 4xm)
ym = 1

5 (−xm−3 + xm−2 + 2xm−1 + 3xm)



(
i = 3, 4, · · · , m− 2) (2)

where x is the sampling data; y is the corresponding calculation result; m is the number
of data points. Compared with other filtering methods, the advantage of the five-point
method is its high stability and adaptability. It takes the average of data at several time
points, which greatly reduces the effect of random error and can be applied to deal with
most types of vibration signals. In addition, as the five-point method does not have to set
the filter parameters, the calculation process is relatively simple, and the calculation speed
is fast.
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The signal data collected by the sensor are discrete, and their vibration trend deviates
from the baseline; the deviation varies with time, causing the overall waveform to deviate
from the baseline. The method for adjusting the waveform trend is the polynomial least
squares method, which can eliminate the trend item to adjust the waveform.

In filtering, a digital filter was used to eliminate and weaken discrete noise, and to
extract signals that can reflect the operating status of the pump. According to the maximum
vibration frequency of the test object within 300 Hz, a low-pass Chebyshev type I filter was
selected to extract useful signals. The low-pass Chebyshev type I filter not only has a good
performance in noise reduction but also has high adaptability to deal with vibration signals.
In addition, its low order characteristic greatly reduces the calculation.

3.2. Signal Feature Extraction

The feature extraction of signals is a process of frequency-domain conversion using cor-
responding algorithms based on the preprocessed time-domain signal. In this paper, power
spectrum analysis method and cepstrum analysis method are used to extract the features.

The power spectrum estimation method characterizes monitoring signals with calcula-
tion statistics. The random signal spectrum function is segmented using the average period
method. After adding the window function, each segment of the signal is subjected to a
fast Fourier transform, and finally the power spectral density is calculated. On the basis of
the average time method of the random vibration function, the self-power spectral density
function is presented in Formula (3).

Sxx(k) =
1

MNFFT
∑M

i=1 Xi(k)X∗i (k) (3)

where Xi(k) is the Fourier transform of the i-th data segment; X∗i (k) is the conjugate
complex number of Xi(k); N is the number of sample data; M is the average number
of times.

The cepstrum analysis method can simplify the chaotic periodic components in the
spectrum diagram and visually represent the vibration under different frequency doublings.
The convolution relationship in the original signal can be converted into an additive
relationship in logarithmic form to eliminate the unnecessary components in the monitoring
signal and obtain data reflecting the operation performance of the pump. The expressions
are shown in Formulas (4) and (5).

Cp(q) = |F{lgGx( f )}|2 (4)

Cp(q) =
√

Cp(q) = |F{lgGx( f )}| (5)

where q is the reciprocal frequency and f is the frequency.

4. Results and Analysis
4.1. Vibration Velocity Spectrum Extraction

The vibration velocity sensor was installed on the x and y axes of the pump bearing
bush to collect signals of vibration velocity. Through the cepstrum feature extraction, the
vibration of the pump foundation, support and pump impeller during the operation of
the pump was monitored. Through the vibration value, the fault characteristics such as
loose foundation bolts, loose fixing between the driving device frame and the foundation,
impeller mass deviation and friction between the impeller and pump body were analyzed.
In the feature extraction, the Fourier transform is used for the time–frequency domain
transformation, and the number of sampling points should be a power of two. An insuffi-
cient number of sampling points cannot fully reflect the operating features of the pump,
and an excessive number of sampling points will lead to cumbersome calculation steps.
The frequency of the variable frequency pump can be adjusted within the range of 0 Hz
to 50 Hz. The frequency of the vibration signals is one to five times the frequency of the
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pump, that is, the frequency of the vibration signal reaches the maximum value of 250 Hz
under the working condition of 50 Hz. Therefore, to avoid signal interference and reduce
computing time, we only consider vibration signals under 300 Hz. Therefore, the sampling
point frequency was 1024 Hz and the time interval was 976 µs. The adopted point length
was 1024.

The cepstrum analysis results of vibration velocity signals under the test conditions of
15 Hz, 25 Hz, 35 Hz and 45 Hz at the indicated monitoring points are shown in Figure 3.
The vibration velocities in the x-axis direction and the y-axis direction are obtained from the
spectrum analysis under different operating conditions. The peak values of the vibration
velocities both in the x-axis direction and the y-axis direction increase with the increasing
frequency of the pump. Under the working condition of 15 Hz, the maximum peak values
of the vibration velocity ranges in the x-axis direction and the y-axis direction are 0.41 mm/s
and 0.32 mm/s, respectively. Under the working condition of 45 Hz, the maximum peak
values of the vibration velocity ranges in the x-axis direction and the y-axis direction reach
2.02 mm/s and 2.19 mm/s, respectively.

Since the spectrum diagram can only reflect the vibration trend and the overall op-
eration performance of the pump, it is necessary to analyze the vibration speed of the
pump under different working conditions. The arrangement of the vibration values of
the monitoring points is shown in Table 3. By comparing the data in Table 3, the vibra-
tion range can be determined. The maximum vibration difference under the operating
conditions of [15 Hz, 30 Hz] in the x-axis was 0.45 mm/s. Under the operating conditions
of [30 Hz, 35 Hz], the maximum vibration difference between adjacent operating condi-
tions increased, and the maximum vibration difference under the operating conditions
of [30 Hz, 35 Hz] reached 1 mm/s. Under the conditions of [40 Hz, 50 Hz], the vibration
value was about 2 mm/s. In the y-axis direction, the variation trend of the vibration value
was basically consistent with the x-axis direction. Under the working condition of 25 Hz,
the transfer of vibrational energy increases the quadruple frequency. Under the working
condition of [45 Hz, 50 Hz], the pump works under its maximum rotational speed, and
the rate of the input flow also reaches its maximum. In this case, the running status of the
pump reaches the upper limit, and the nonlinear vibration occurs in the pump which leads
to a significant increase in quintuple frequency.

Table 3. Vibration of the measuring points under different test conditions.

Test
Conditions

Frequency
Doubling

(mm/s)

Double
Frequency

(mm/s)

Triple
Frequency

(mm/s)

Quadruple
Frequency

(mm/s)

Quintuple
Frequency

(mm/s)

Maximum Vibration
Effective Value

(mm/s)

15 Hz (X) 0.4087 0.1829 0.2564 0.1050 0.1842 0.4087
15 Hz (Y) 0.3243 0.1679 0.2506 0.2199 0.0670 0.3243
20 Hz (X) 0.5143 0.0913 0.1003 0.0227 0.0235 0.5143
20 Hz (Y) 0.5278 0.2077 0.3119 0.0715 0.0402 0.5278
25 Hz (X) 0.1724 0.2991 0.4325 0.4624 0.3481 0.4624
25 Hz (Y) 0.1031 0.2112 0.1125 0.3142 0.0233 0.3142
30 Hz (X) 0.9394 0.3874 0.5212 0.3185 0.1617 0.9394
30 Hz (Y) 0.8652 0.3133 0.4170 0.5283 0.1988 0.8652
35 Hz (X) 1.9527 0.2373 0.2066 0.1612 0.6447 1.9527
35 Hz (Y) 1.6080 0.2811 0.2931 0.2132 0.0564 1.6080
40 Hz (X) 2.0210 0.5020 1.3636 0.1575 0.0594 2.0210
40 Hz (Y) 2.2499 0.4157 0.8953 0.2331 1.8312 2.2499
45 Hz (X) 0.1623 0.5102 0.9573 0.8146 2.0220 2.0220
45 Hz (Y) 0.2175 0.5459 1.0805 0.6754 2.1901 2.1901
50 Hz (X) 0.1607 0.6064 1.3801 1.8641 1.9420 1.9420
50 Hz (Y) 0.7717 0.5200 0.8475 1.7938 2.7514 2.7514
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4.2. Vibration Acceleration Spectrum Extraction

A vibration acceleration sensor was installed at the top of the motor to collect the
vibration acceleration data. In this model test, to estimate whether the operation perfor-
mance of the pump is abnormal, the vibration acceleration signal was calculated, and the
features of the pump were extracted. The vibration range of the pump is [0 Hz, 300 Hz]; this
range does not belong to the high-frequency range. While the acceleration signal is usually
suitable for high-frequency signal analysis, the vibration velocity signal is more suitable
for medium-frequency signal analysis. In order to ensure the accuracy of the analysis, the
vibration acceleration signal was converted into vibration velocity data before processing.

The spectrum processing results of the vibration signal at the monitoring point at the
top of the motor under different working conditions are shown in Figure 4. According to the
spectrum analysis under different operating conditions, the variation trend of the vibration
under different operating conditions was analyzed. The vibration value was too high at
15 Hz, while it was generally stable under the operating conditions of [20 Hz, 35 Hz]. The
vibration became larger at 40 Hz, and the value further increased under the operating
conditions of [45 Hz, 50 Hz]. The analysis showed that the vibration difference of the
pump was large between 15 Hz and 20 Hz, and there was a critical operating condition
that caused a sudden change in the pump operation performance within this range. Under
the operating conditions of [40 Hz, 50 Hz], the vibration range became large and reached
the maximum value.
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Figure 4. Cepstrum analysis of vibration velocity signal in x and y direction.

Since the spectrum diagram only reflects the vibration change trend, the specific vibra-
tion value was compared with the vibration speed of different frequency doubling under
the same operating conditions. The motor vibration values under different frequency dou-
bling are shown in Table 4. The revolution speed under 15 Hz, 20 Hz, 25 Hz, 30 Hz, 35 Hz,
40 Hz, 45 Hz and 50 Hz are 892.75 r/min, 1201.33 r/min, 1489.25 r/min, 1781.25 r/min,
2086.33 r/min, 2387.75 r/min, 2610 r/min and 2966 r/min, respectively. According to the
comparison of different frequencies of the pump under different operating conditions, it
can be seen that the vibration value at 15 Hz was larger than that at 20 Hz, being 1.1 mm/s
larger in the x-axis direction, 2.4 mm/s larger in the y-axis direction and 4.2 mm/s larger in
the z-axis direction. When the pump was operating under the conditions of [20 Hz, 30 Hz],
the vibration value of the monitoring point at the top of the motor did not change signifi-
cantly. The overall vibration value was small, but the value at 35 Hz was larger than that at
30 Hz, in which the quintuple frequencies in the x-axis and z-axis directions were 1.8 mm/s
larger, and the primary frequencies in the x-axis, y-axis and z-axis directions were about
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81 mm/s larger. When the pump was operating above 40 Hz, the maximum vibration
value occurred.

Table 4. Motor vibration values under different test conditions.

Test
Conditions

Revolution
Speed (r/min)

Frequency
Doubling

(mm/s)

Double
Frequency

(mm/s)

Triple
Frequency

(mm/s)

Quadruple
Frequency

(mm/s)

Quintuple
Frequency

(mm/s)

15 Hz (X)
892.75

1.6379 0.0392 0.0329 0.0326 0.2981
15 Hz (Y) 3.7638 0.0409 0.1333 0.0103 1.6901
15 Hz (Z) 5.4404 0.0192 0.0102 0.0243 0.2228
20 Hz (X)

1201.33
0.5506 0.2547 0.1148 0.1207 0.0742

20 Hz (Y) 1.3903 0.1410 0.8357 0.4960 0.1930
20 Hz (Z) 1.2204 0.0380 0.1301 0.1477 0.0485
25 Hz (X) 1489.25 0.7117 0.3125 0.2945 0.0224 0.2223
25 Hz (Y) 0.6545 0.1476 0.3928 0.0642 0.1292
25 Hz (Z) 0.9940 0.0675 0.1943 0.0843 0.2974
30 Hz (X) 1781.25 1.7723 0.9567 0.5382 0.0365 0.9598
30 Hz (Y) 1.1970 0.1580 0.1498 0.0354 1.9438
30 Hz (Z) 1.2505 0.0479 0.3250 0.0729 0.7077
35 Hz (X) 2086.33 2.1788 1.8347 0.4084 0.4451 2.7167
35 Hz (Y) 1.9897 0.5806 0.5899 0.2527 1.6424
35 Hz (Z) 1.9240 1.8458 0.1742 0.0740 0.5031
40 Hz (X) 2387.75 5.1037 2.2299 0.5735 1.5150 6.4349
40 Hz (Y) 3.5834 2.8341 0.0868 0.3548 0.3112
40 Hz (Z) 3.1881 2.1025 0.2373 0.5989 5.5656
45 Hz (X) 2610.00 1.7898 2.3343 0.3803 4.2980 12.1483
45 Hz (Y) 4.8144 5.8025 0.4873 1.0763 1.5199
45 Hz (Z) 3.4333 3.5153 0.3446 1.9837 6.9741
50 Hz (X) 2966.00 5.2483 1.5788 0.4401 9.4100 11.4539
50 Hz (Y) 13.8825 1.7218 1.0986 3.2779 5.6900
50 Hz (Z) 6.1320 1.3250 0.9894 12.3624 1.4108

To sum up, according to the comparative analysis of the vibration value of the mon-
itoring point at the top of the motor, the pump had critical points that caused a sudden
change in the operating performance under the operating conditions of [15 Hz, 20 Hz] and
[30 Hz, 35 Hz]. Additionally, the vibration reached its maximum value under the working
condition of [40 Hz, 50 Hz].

4.3. Characteristic Analysis of Vibration Displacement Signal

For the rotating shaft of the vertical centrifugal variable-frequency pump, an eddy
current displacement sensor was installed along the horizontal and vertical directions,
and the operation performance was analyzed by collecting the vibration displacement
signals. Because the rotating frequency of the rotating shaft of the variable-frequency
pump is usually adjusted by the governor, the other frequency-doubled vibrations are not
obvious, and the eddy current displacement sensor is affected by the metal parts around the
rotating shaft, where the collected vibration displacement signal is mixed with interfering
signals. Therefore, time-domain analysis was carried out after the preprocessing. The
operating performance of the rotating shaft of the pump under different test conditions
is reflected through the statistics of the data. Figure 5 shows the time-domain diagram of
the collected raw vibration and displacement signal data of the rotation axis measurement
point after processing. According to the analysis of the time-domain diagrams under the
test conditions of 15 Hz, 25 Hz, 35 Hz and 45 Hz (Figure 6), the vibration displacement
balance position in the x-axis direction of the pump was concentrated at about 0.05 mm,
while in the y-axis direction, it was concentrated at about −0.15 mm. There was a slight
swing when the pump was operated under different operating conditions.
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In order to clarify the vibration range of the rotating shaft of the pump under different
test conditions, the statistical characteristics of the pretreated x-axis and y-axis vibration
displacement directions were analyzed at four statistics, namely, the mean value, variance,
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range and main vibration range were selected for calculation and comparison. The mean
value reflects the static part of the signal, and it is used to represent the balance position of
the vibration. The variance reflects the dynamic part of the signal, indicating the amplitude
variation range of the vibration signal centered on the equilibrium position. The range
reflects the maximum vibration range of the signal. The main vibration range excludes
interference signals and high-frequency signals. The statistical results of each operating
condition are shown in Table 5. It can be seen that the vibration value in the x-axis of the
rotating shaft was the largest under the operating condition of 15 Hz. Under the working
condition of 20 Hz, the vibration value decreased, and it was basically the same between
[20 Hz and 45 Hz] and stable at about −0.037 mm/s. When the pump was operating at
50 Hz, the vibration became larger. When the pump operates under [15 Hz, 35 Hz], the
square difference was the largest, that is, the fluctuation of the vibration under these two
conditions was the largest. The fluctuation at [20 Hz and 30 Hz] was basically the same. The
vibration fluctuation was not significant in the range of [15 Hz, 40 Hz], and the vibration
fluctuation difference at [40 Hz and 50 Hz] was large, indicating that the vibration range of
the rotating shaft was the largest at [40 Hz and 50 Hz].

Table 5. Shaft vibration displacement signal statistics.

Test Conditions Spindle Speed
(r/min)

Average Value
(mm) Variance (mm2) Range (mm) Main Vibration

Range (mm)

15 Hz (X)
892.75

−0.05371 0.00430 0.3642 [0.01, −0.12]
15 Hz (Y) −0.14350 0.00450 0.3743 [−0.08, −0.21]
20 Hz (X)

1201.33
−0.03581 0.00260 0.3423 [0.01, −0.09]

20 Hz (Y) −0.14450 0.00280 0.3608 [−0.09, −0.20]
25 Hz (X)

1489.25
−0.03797 0.00190 0.3829 [0.01, −0.08]

25 Hz (Y) −0.14550 0.00200 0.3469 [−0.10, −0.19]
30 Hz (X)

1781.25
−0.03801 0.00320 0.3650 [0.02, −0.09]

30 Hz (Y) −0.13160 0.00320 0.3835 [−0.07, −0.19]
35 Hz (X)

2086.33
−0.03774 0.00410 0.3981 [0.03, −0.10]

35 Hz (Y) −0.13140 0.00440 0.3976 [−0.07, −0.20]
40 Hz (X)

2387.75
−0.03722 0.00360 0.4112 [0.02, −0.10]

40 Hz (Y) −0.13900 0.00370 0.3986 [−0.08, −0.20]
45 Hz (X)

2610.00
−0.03847 0.00300 0.3982 [0.02, −0.09]

45 Hz (Y) −0.14320 0.00313 0.4305 [−0.09, −0.20]
50 Hz (X)

2966.00
−0.04380 0.00320 0.3827 [0.01, −0.10]

50 Hz (Y) −0.14470 0.00330 0.3985 [−0.09, −0.20]

The analysis shows that the vibration range of the pump under the operating condi-
tions of [20 Hz, 50 Hz] was basically the same, and the vibration range at 15 Hz was larger
than that under other conditions. Therefore, there was a critical point within the operating
ranges of [15 Hz, 20 Hz] and [30 Hz, 35 Hz].

4.4. Characteristic Analysis of Power, Pressure and Noise Signals

The data were collected by installing a power sensor near the wiring of the motor, a
noise sensor in the middle of the casing and a pressure sensor at the outlet of the pump.
The data are shown in Tables 6–8. The measured data were averaged to determine the
monitoring values under different operating conditions, and to analyze the change trend of
the operation performance of the pump.

Table 6. Comparison of the motor power.

Test Conditions(Hz) 15 20 25 30 35 40 45 50

Motor Power (kW) 0.18 0.33 0.53 0.85 1.21 1.71 2.31 3.05
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Table 7. Comparison of outlet pressure of pump.

Test Conditions(Hz) 15 20 25 30 35 40 45 50

Pressure (pa) 16,942 37,344 42,017 36,963 40,825 62,964 56,079 73,804

Table 8. Comparison of noise of pump.

Test Conditions (Hz) 15 20 25 30 35 40 45 50

Noise (dB) 72.61 76.62 79.52 83.35 84.94 90.92 90.89 94.31

The motor power increased with the increase in frequency. However, the rated motor
power was significantly different from the measured value, resulting in the low-efficiency
operation of the pump. The reason is that the water level of the tank cannot satisfy the
water pressure required for the operation of the pump, and the loss along the way increases
during water supply. However, the initial conditions of the model test were the same as
those of each test condition, so the measured values can still generally reflect the changes
in the operation performance of the pump.

As shown in Table 7, the minimum pressure of the pump was observed under the
working condition of 15 Hz, and the maximum pressure was observed under the working
condition of 50 Hz. The general tendency is that the pressure increases with the increased
the frequency. However, some fluctuations should be noticed, for instance, the pressure at
25 Hz was higher than those at 20 Hz and 30 Hz, the pressure at 40 Hz was higher than
those at 35 Hz and 50 Hz.

As can be seen from the noise of the pump in Table 8, the value increased with the
increase in the operation frequency. According to the calibrated noise value, taking 86 dB
as the boundary of the analysis, the noise in the operating condition range of [40 Hz, 50 Hz]
exceeded the calibrated value, indicating that the pump had a large vibration in this range.

In short, the power of the pump under each operating condition was greatly different
from the rated motor power, and the overall pump operation performance deviated from
the theoretical characteristic curve. The variation in the pump outlet pressure was basically
consistent with the results of the vibration signal analysis according to the spectrum and
statistics, so the accuracy of the critical point was verified. According to the comparison
between the noise value and calibrated value, the noise value of the pump exceeded
the standard value under the operating conditions of [40 Hz, 50 Hz], indicating that the
friction of the mechanical parts became larger and the operation performance of the pump
was poor.

5. Fault Diagnosis of the Vertical Centrifugal Variable Frequency Pump
5.1. Determination of the Range of Critical Operating Conditions

Table 9 shows the range of critical operating conditions determined from vibrations at
different positions. As can be seen from Table 9, there are two critical operating conditions:
one is located within the range of [15 Hz, 20 Hz]; the other is located within the range of
[30 Hz, 35 Hz]. According to the median approximation method, we analyzed the vibration
data at the operating conditions of 18 Hz and 33 Hz, respectively. Spectrum analysis is
conducted for the vibration signals of the monitoring point at the top of the motor. Wavelet
transform analysis is conducted for the shaft vibration signals.

Figure 7 shows the spectrum diagram of the vibration signals of the monitoring point
at the top of the motor under the working conditions of 18 Hz in (a) X, (b) Y and (c) Z
directions. Under the working condition of 18 Hz, the vibration of the frequency doubling
area at the top measuring point of the motor is the smallest in the y-axis, and the difference
in vibration between the x-axis and z-axis is not significant. In addition, the high-frequency
signal in the x-axis is mainly the quintuple frequency area, while the spectrum signal in the
y direction is relatively scattered, mainly concentrated in the double frequency area and
quintuple frequency area. The spectrum signal in the z-axis is mainly concentrated in the
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frequency doubling area. The results indicate that under the working condition of 18 Hz,
the spectral characteristics in x-axis, y-axis and z-axis are all in line with the ideal operating
conditions, and the pump operates in a good status.

Table 9. The range of critical operating condition obtained from vibration at different positions.

Vibration at Different Positions Range of Critical Operating Condition

Vibration of the pump [30 Hz, 35 Hz]

Motor vibration
[15 Hz, 20 Hz]
[30 Hz, 35 Hz]

Shaft vibration
[15 Hz, 20 Hz]
[30 Hz, 35 Hz]
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Figure 7. Spectrum diagram of the vibration signals of the monitoring point at the top of the motor
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Figure 8 illustrates energy extraction diagram of the shaft vibration signal obtained
from the wavelet transform under the working condition of 18 Hz. The wavelet analysis is
used to identify the characteristics of vibration energy distribution over time. As shown in
Figure 8, under the operating condition of 18 Hz, the vibration energy in the x-axis mainly
occurs at 0.6 s and 0.85 s, while the vibration energy in the y-axis direction mainly occurs at
0.03 s and 0.2 s.

Figure 9 shows the spectrum diagram of the vibration signals of the monitoring point
at the top of the motor under the working condition of 33 Hz. In the spectrum of the x-axis,
vibration is mainly concentrated in the quintuple frequency area and frequency doubling
area with significant high-frequency signals. In the spectrum of the y-axis, high-frequency
vibrations outside the quintuple frequency are obvious. In the spectrum of the z-axis,
vibrations are concentrated on the frequency with significant high-frequency signals. The
results indicate that the vibration state of the motor deviates from normal status when the
pump works under the operating condition of 33 Hz, which limits the performance of the
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water pump. Long-term operating of the pump under this working condition may lead to
damage to the equipment.
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Figure 10 illustrates the energy extraction diagram of the shaft vibration signal ob-
tained from the wavelet transform under the working condition of 33 Hz. Under the
operating condition of 33 Hz, the vibration energy in the x-axis mainly occurs at 0.59 s,
0.88 s and 0.91 s, while the vibration energy in the y-axis mainly occurs at 0.52 s, 0.73 s and
0.91 s.
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By analyzing the frequency spectrum of the monitoring points at the top of the motor
of the vertical centrifugal variable frequency water pump under the operating conditions of
18 Hz and 33 Hz, we can see that the working status of 18 Hz operating condition is good,
while high-frequency and large vibration signals appear at the frequency spectrum of the
33 Hz operating condition. This indicates that the operating status of the pump has deterio-
rated under the operating condition of 33 Hz. The specific motor vibration under these two
operating conditions are shown in Table 10. Based on the data exhibited in Tables 4 and 10,
within the operating range of [15 Hz, 20 Hz], the difference in vibration values between
the 18 Hz operating condition and the 15 Hz operating condition is mainly concentrated
in the frequency doubling, with a difference of 0.2 mm/s in the x-axis, 3.2 mm/s in the
y-axis and 4 mm/s in the z-axis. However, the difference in vibration values between the
18 Hz operating condition and the 20 Hz operating condition is not significant. Within the
operating range of [30 Hz, 35 Hz], the difference in vibration values between 35 Hz and
30 Hz is mainly the x-axis and z-axis of the double frequency area as well as the x-axis of
quadruple frequency area. Comparing the vibration value of 33 Hz operating conditions
with 35 Hz and 30 Hz conditions, it can be found that its vibration is exactly between 30 Hz
and 35 Hz and is higher than 30 Hz. Based on the above analysis, it can be determined
that the critical operating condition within the operating range of [15 Hz, 20 Hz] is 16 Hz
or 17 Hz. As the vibration values between 18 Hz and 20 Hz operating conditions are
similar, the critical operating condition should take the lower value, i.e., 16 Hz. Within the
operating range of [30 Hz, 35 Hz], the critical operating condition is 33 Hz.
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Table 10. Motor vibration under different operating conditions.

Test
Conditions

Revolution
Speed (r/min)

Frequency
Doubling

(mm/s)

Double
Frequency

(mm/s)

Triple
Frequency

(mm/s)

Quadruple
Frequency

(mm/s)

Quintuple
Frequency

(mm/s)

18 Hz (X)
1044

1.4124 0.0869 0.5517 0.1883 1.2239
18 Hz (Y) 0.5142 0.3778 0.0928 0.1601 0.2906
18 Hz (Z) 1.4349 0.0747 0.0573 0.1439 0.3542
33 Hz (X)

1914
1.3477 0.3712 0.295 0.3676 1.388

33 Hz (Y) 1.1606 0.8835 0.305 0.052 0.6333
33 Hz (Z) 1.7616 0.788 0.1053 0.0834 0.8678

5.2. Fault Diagnosis of Variable Frequency Pump

Based on the standard <<Vibration measurement and evaluation methods of pumps>>
GBT29531-2013 and the vibration data under the working conditions of 15 Hz, 18 Hz, 20 Hz,
25 Hz, 30 Hz, 33 Hz, 35 Hz, 40 Hz, 45 Hz and 50 Hz, the vibration levels are classified into
four different levels: A, B, C and D (Table 11). Level A means the health status of the pump
is ‘normal’, level B means the health status of the pump is ‘abnormal’ and level C and D
mean the health status of the pump is ‘fault’.

Table 11. Level of vibration and health status of variable frequency pump.

Test Conditions Pump Vibration
Level

Motor
Vibration Level

Synthetic
Vibration Level

Health Status of
the Pump

15 Hz A D D fault
18 Hz A A normal
20 Hz A B B abnormal
25 Hz A A A normal
30 Hz A A A normal
33 Hz B B abnormal
35 Hz B B B abnormal
40 Hz B C C fault
45 Hz B C C fault
50 Hz B D D fault

The health status evaluation of the variable frequency water pump is mainly based
on the determination of critical operating conditions and the classification of health status
levels of the pump. The health status of the variable frequency water pump is divided into
four operating ranges at 0 to 50 Hz (see Table 12). Then, the performance of the variable
frequency water pump can be evaluated according to the flow rate-efficiency characteristic
curve indicated in Figure 11.
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Table 12. The health status of water pump under different operating conditions.

Test Conditions 0–16 Hz 16–33 Hz 33–40 Hz 40–50 Hz

status fault normal abnormal fault

As shown in Figure 11, the characteristic curve of the variable frequency water pump
is divided into four intervals: a, b, c and d. Among which, interval a corresponds to the
0–17 Hz operating range, interval b corresponds to the 17–33 Hz operating range, interval c
corresponds to the 33–40 Hz operating range and interval d corresponds to the 40–50 Hz
operating range. According to the efficiency curves at different intervals, it can be seen that
the efficiency of the pump in interval a is the lowest, the efficiency of the pump in interval
b shows a continuous increasing tendency, the efficiency of the pump in interval c remains
stable around the maximum value and the pump efficiency reached its maximum value in
interval d.

In summary, the principle recommended operating range for a variable frequency
water pump is [16 Hz, 33 Hz], i.e., interval b. As the efficiency of the water pump in this
interval is high, the operating conditions of the water pump can be flexibly adjusted accord-
ing to the actual needs of the water transmission process, and the operating performance
is the best within this range. The second recommended operating range is [33 Hz, 40 Hz],
i.e., interval c. This is because the efficiency of the variable frequency water pump within
this operating range is the highest, but the adjustable efficiency range is very small, which
means this operating range is suitable for scenarios with high water delivery flow require-
ments. The operating range of [0 Hz, 16 Hz], i.e., interval a, should be avoided. In this
range, the vibration of the pump unit is harsh and the operating efficiency is low, making it
prone to major faults and affecting the stable operation of the pump. Similarly, the pump
should also be avoided from operating within the operating range of [40 Hz, 50 Hz], i.e.,
interval d. As the efficiency of the pump reaches its maximum within this operating range,
the upstream reservoir water level exceeds the warning level or emergency flood controls
are required; short-term operation within this operating range can be considered.

6. Conclusions

The monitoring and analysis of the operation performance of variable-frequency
pumps can provide a basis for fault diagnosis, which is related to the safety of water
supply systems. According to the structural characteristics of a vertical centrifugal variable-
frequency pump, six monitoring points were selected and different types of sensors were
arranged to collect signals. Through a comprehensive analysis of the signals acquired by
multiple sensors, the accuracy of the operation performance analysis and fault diagnosis
was improved. The signals were preprocessed via smoothing, waveform trend adjustment
and filtering to eliminate the high-frequency noise signals, and to prevent the overall
waveform from deviating from the reference line. The frequency spectrum features of
the vibration velocity and vibration acceleration signals collected at the measuring points
were extracted. In order to simplify the chaotic periodic components and improve the
accuracy of the spectrum analysis of nonstationary signals, the cepstrum analysis method
was used. The vibration displacement signal was processed using the power spectrum
estimation method, and the influence of the interference signal was avoided through
statistical characteristic analysis.

The results of fault diagnosis indicate that the principle recommended operating
range for a variable frequency water pump is [16 Hz, 33 Hz]; as the efficiency of the
water pump in this interval is high, the operating conditions of the water pump can be
flexibly adjusted according to the actual needs of the water transmission process, and the
operating performance is the best within this range. The second recommended operating
range is [33 Hz, 40 Hz], as the efficiency of the variable frequency water pump within this
operating range is the highest, but the adjustable efficiency range is very small. In addition,
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it should be avoided that the pump operates within the operating range of [0 Hz, 16 Hz]
and [40 Hz, 50 Hz].
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