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Abstract: In this paper, in order to improve the control characteristics of the centrifugal pump flow
control system, a mathematical model of the centrifugal pump flow control system was established
based on an analysis of the basic structures, such as the frequency converter, motor, and centrifugal
pump. Based on the adaptive control theory, the recursive least squares algorithm with a forgetting
factor was used to estimate the real-time parameters of the centrifugal pump control system, and the
self-tuning PID control method was used to optimize the mathematical model of the centrifugal pump
flow control system. The simulation results showed that the adjustment time of the optimized system
was shortened by 16.58%, and the maximum overshoot was reduced by 83.90%, which improved the
rapidity and stability of the transient response of the system. This showed that adaptive control had
a significant effect on improving the robustness and anti-interference ability of the centrifugal pump
control system. In order to further verify the accuracy of the self-tuning PID control method, a flow
adaptive control system test platform was built. The test results showed that under the conditions of
constant frequency and variable frequency, the actual flow rate of the centrifugal pump was always
kept near the set flow rate, the error was small, and it had better real-time followability. The research
results showed that adaptive control could revise the parameters in real-time according to changes
to the centrifugal pump control system, which improved the stability and robustness of the system.
Therefore, adaptive PID control could effectively improve the adaptability of centrifugal pumps to
various complex working conditions and improve the working efficiency of centrifugal pumps.

Keywords: centrifugal pump; adaptive control; self-tuning PID; simulation analysis

1. Introduction

Pumps are widely used general machinery, mainly used in all aspects of production
and life [1]. Centrifugal pumps account for a larger share of the total pump usage. There
has been various research about centrifugal pumps recently. Giilich J. F et al. [2] predicted
hydraulic design information, the turbine performance curve, torsional rotor vibration,
partial load flow and hydraulic excitation force by studying the interaction between cen-
trifugal pump fluid flow and vibration and material wear. Lobanoff VS et al. [3] accurately
predicted the service life of the pump by studying the vibration and noise characteristics
of the centrifugal pump, and performed rotor dynamics analysis and pump vibration
diagnosis. L. Gevorkov, A et al. [4] proposed to simulate the flow control system of a cen-
trifugal pump based on Simulink software, developed a specific centrifugal pump model,
and carried out a series of simulations. With the advancement of science and technology
and the development of intelligent control technology, research into automation control is
also deepening, and the degree of industrial automation is also constantly improving. In
industrial production, how to realize the automatic control of the output flow of centrifugal
pumps is one of the important research directions of scientific and technological workers.
Resolving this problem reasonably and effectively will save a lot of manpower and material
resources and bring huge economic benefits.
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Centrifugal pump flow control refers to the regulation of the output flow of centrifugal
pumps in industrial production, so that the output flow reaches a certain value set by the
user. The output changes according to the rules set by the user to meet the normal use
in industrial production. In practice, the external environments of centrifugal pumps are
uncertain. The characteristics of the transmission medium will also be disturbed in the
transmission process, resulting in the output flow of centrifugal pumps changing with
a change in working conditions. At present, centrifugal pump flow control in industrial
production is mostly regulated by manpower, which is inefficient and slow in response,
which is not conducive to reducing production costs and improving economic benefits.
Therefore, many scholars have studied the problem of centrifugal pump flow control.
Sang-Ho Suh et al. [5] pointed out that the use of variable frequency regulation technology
in flow control could reduce energy consumption to a certain extent and improve the
service life of centrifugal pumps. Mingxin Chen et al. [6] used fuzzy PID control to adjust a
centrifugal pump through frequency conversion, which improved the robustness of the
flow control system, reduced overshoot, shortened the adjustment time and enhanced the
anti-interference capability. Lu Jun et al. [7] used the Hoo method to control a centrifugal
pump, so that the centrifugal pump flow rate could change in real-time with the external
environment, and the following error was small.

In the current industrial control theory, the adaptive control theory has the advan-
tages of eliminating the uncertainty of the controlled object, having good robustness to
disturbance and being suitable for frequently changing working conditions. In this paper,
the adaptive control theory is proposed to optimize the centrifugal pump flow control
system. It can make the centrifugal pump flow control system more adaptable to frequently
changing working conditions. This will reduce the influence of the environment on the
output flow and improve work efficiency.

2. Modeling of Centrifugal Pump Flow Control System
2.1. Structure Design

The centrifugal pump flow control system consists of a centrifugal pump, controller,
frequency converter, motor and flowmeter, as shown in Figure 1. When the centrifugal
pump works, the flowmeter monitors the centrifugal pump output flow in real-time and
feeds it back to the controller. The controller compares it with the set flow value. The motor
input current frequency can be changed by controlling the inverter. When the motor speed
changes, the output flow of the centrifugal pump can be adjusted. Through the real-time
monitoring of the output flow and the real-time regulation of the motor, the automatic
speed regulation of the centrifugal pump impeller is realized, and the automatic regulation
control of the centrifugal pump output flow is completed [8,9].

Controller

Frequency Centrifugal (k)

Motor
converter pump

A
A
\ 4
v

A

Flowmeter

Figure 1. Structure diagram of centrifugal pump flow control system.

2.2. Frequency Converter Mathematical Model

The speed regulation of AC motors mainly depends on the frequency converter to
change the frequency of the input current of the motor. The control flow is shown in
Figure 2.
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Figure 2. Flow chart of frequency converter control.

Since the time constant of the frequency converter is much smaller than the time
constant of the asynchronous motor, the dynamic response of the frequency converter can
be ignored, and the mathematical model can be simplified [7]. The relationship between
the input voltage u. and the input current frequency f; of the frequency converter is
as follows:

f1 = kint X tc. 1)

In Equation (1), f1 is the power frequency, ki is the voltage frequency coefficient, and
uc is the input voltage of the frequency converter.

The value of u. is [0 — 10]V, the value of f; is [0 — 50]Hz, and kit = 5 Hz/V [10].

The relationship between the induced electromotive force E; and stator phase voltage
u1 in a steady state is [11]:

up = Ey + Li(Ry + j2rfiLy). 2)

In Equation (2), I is the stator current, L; is leakage inductance of each phase of stator
winding, and R; is the stator winding resistance.

When the motor works at a low frequency, the torque of the motor decreases greatly,
so the compensation voltage u; is required, and its relation formula is [12]:

220 uy

0 X Kint X Ue + Up. 3)

Uy
In general, u; is small and can be ignored. The above formula can be changed into:
uy = kint X kf X Ue. (4)

In Equation (4), k; is the conversion factor.
According to the above formula, the system control model of the frequency converter
is a proportional link, namely:
_ u(s)

G](S) = T(S) = kint X kf =22. (5)

2.3. Motor Mathematical Model

Asynchronous motors generally have two inputs: voltage and frequency. In the
process of variable frequency speed control, the two inputs need to be adjusted at the
same time. The output of the asynchronous motor generally includes the motor speed and
magnetic flux. The magnitude of magnetic flux determines the motor’s torque, which is a
very important parameter in the motor model.



Processes 2021, 9, 1538

4 of 14

The motor model system is relatively complex and integrates high-order, nonlinear
and strong coupling. In order to reduce the calculation difficulty, the influences of magnetic
circuit saturation, core loss, space harmonics and temperature change are ignored. Accord-
ing to relevant knowledge, the motor model is simplified as an electrical link connected in
a series with a mechanical link [13]. The transfer function of the motor system is:

kL
(Tes +1)(Tss +1)

Ga(s) = (6)
In Equation (6), T}, is the mechanical time constant of the motor, Ts is the electrical

time constant of the motor, and k. is the motor gain factor.
In this paper, Ty = 0.012s, Ts = 0.002s, k;, = 1.

2.4. Centrifugal Pump Mathematical Model

The centrifugal pump is a kind of pump that relies on a centrifugal force generated
by a motor to drive the impeller in order to transfer liquid. Since the working state of
the centrifugal pump is very complicated, the following assumptions are made when
describing the centrifugal pump mathematical model [11]:

(1) The pulsation of the centrifugal pump is ignored;
(2) The leakage state of the centrifugal pump is laminar flow;
(3) The dynamic process of the centrifugal pump is neglected.

Assuming that leakage is neglected, the actual output flow of the centrifugal pump
is equal to the theoretical output flow. The speed formula of the asynchronous motor is
as follows:

n==60f1(1—s1)/P, (7)

In Equation (7), f1 is the power frequency of the asynchronous motor, s; is the slip
rate, and P, is the pole logarithm of the asynchronous motor.

Since the output flow rate Q; of the centrifugal pump is proportional to the rotating
speed [14], the transfer function of the centrifugal pump mathematical model is as follows:

_ Qis)

Ga(s) ni(s)

=k 8)

2.5. Control System Mathematical Model

Combining Equations (5), (6) and (8), and setting k = 1 in the centrifugal pump
mathematical model, it can be seen that the mathematical model of the flow control system
is as follows:

k x ki, X kint X kf 2,200,000

G pr— pr— . 9
(8) = s+ 1)(Tes £1) ~ 2452 14005 1 100,000 ©)

Since the system is regulated by unit feedback H(s), the closed-loop transfer function
of the system is:

G(s) 2200, 000

Grl8) = T5G(s)H(s) ~ 245 1 14005 + 2,300,000

(10)

In Equation (10), H(s) = 1.

3. Flow Adaptive Control Method for Centrifugal Pump
3.1. Control Scheme

Adaptation is an inherent feature of organisms, which means that when the living
environment changes, organisms can change their habits to adapt to environmental changes.
Adaptive control is a theory and method of controller design that applies the adaptive
characteristics of organisms to controller design. By refining this adaptive feature of biology,



Processes 2021, 9, 1538

50f 14

the controller of the conventional feedback system is used as the inner loop, and then the
adaptive outer loop is designed. The adaptive control system is shown in Figure 3 [15].

Self-tuning controller

Performance index l

A

Controller Model parameter
parameter design identification

R S0 el
G?ulf:r loop l l

L 4
Adjustable ull)

parameter controller

Inner loopD

Figure 3. Structure diagram of adaptive control system.

Controlled »n

object

»

It can be seen from Figure 3 that the adaptive control system is composed of model
parameter identification, a controller parameter design, an adjustable parameter controller,
a controlled object and a detection device. The actual controlled object is uncertain, so
the adaptive control system uses a controller design model with uncertain parameters
to describe the controlled object. An adaptive controller with adjustable parameters is
designed as the inner loop of the adaptive controller. The outer loop is an adaptive
identification control loop for the controller parameter design. The main function of the
outer loop is to measure many kinds of information, such as the external interference, input
u(t), the output y(t) and the tracking error e(t) between the reference input w(t), and the
actual output of the controlled object in real time without interruption, so as to master the
environment of the controlled object and its own instability and uncertainty. Based on the
obtained object information, according to a certain adaptive theory design method, the
control decision is made to update the structure, parameters, or control function of the
inner loop controller. Thus, in a sense, optimal or suboptimal control is realized, and a
certain desired control target is achieved.

In order to reduce the regulation times of parameters, the self-tuning PID controller
is selected to optimize the centrifugal pump flow control system. Its main feature is that
the PID controller is used as the parameter adjustable controller in the control system. The
self-tuning control theory is adopted to perform self-tuning control on the entire system,
reducing the number of adjustments. At the same time, the required parameters can
be modified in real-time according to changes to the object characteristics, thus enhanc-
ing the stability and robustness of the system and realizing the adaptive control of the
control object.

The self-tuning PID controller structure is mainly composed of four parts: the con-
trolled object, least square recursive parameter estimation [16,17], on-line design of con-
troller parameters and an adjustable parameter PID regulator [18,19]. The control structure
is shown in Figure 4.
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Figure 4. Structure diagram of self-tuning PID control system.

3.2. Description of Controlled Object Model

The controlled object of self-tuning control can be described by a discrete-time stochas-
tic linear model. The recursive least squares algorithm is used to calculate the model. The
discrete-time stochastic linear model is [20]:

Az YHy(k) = B(z Hu(k — d) + e(k). (11)

In Equation (11), u(k) is the input variable of the controlled object, y(k) is the output
variable of the controlled object, ¢(k) is white noise, and d is the number of output delays
of the controlled object.

Setting the sampling period Ts = 0.01s, the centrifugal pump control system G (s) is
discretized by the backward difference method to obtain:

1.007z~1 4 0.05569
Gz H = ) 12
W) = 50107951 1 0.002928 (12)

To set the output delay number d = 1, the random linear model disturbed by white
noise is:

(1+36.852"1 +341.5322)y(k) = (19.02 + 343.92z u(k — 1) + e (k). (13)
In Equation (13), (k) is constant interference.

3.3. Real-time Parameter Estimation Algorithm

The forgetting factor recursive least squares method is used to estimate the real-time
parameters of the centrifugal pump control system [21]. Equation (11) is equivalently
converted into:

y(k) = Gz u(k) + H(z"")e(k). (14)

InEquation (14), G(z™!) = B(z™!)/A(z 1) is the system model,and H(z ') = 1/A(z™1)
is the noise model. It can be expressed as:

y(k) = @7 (k)0 + e (k). (15)

In Equation (15), parameter vector 0 = [ay,ay, - - - an,, b1, bo, - - - by, | T
The data information vector ¢(k) is:

[~y(k=1),—y(k=2),- - —y(k = ng),u(t —d = ), u(t —d = 2),- - u(t —d —my)]" (16)

The performance index is as follows:

L .72
J= Y AR K[y - " ()6] a7

K=1
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In Equation (17), A is the forgetting factor (0 < A < 1).
The algorithm expression of forgetting factor recursive least squares parameter esti-
mation is as follows [22]:

0(k) = 0k = 1) + K(k) [y (k) — @" (k)O(k — 1)]

K(k) = P(k=1)g(R) [+ 97 (R)P(k = (k)] " - 18)
P(k) = x[1 = K(k)g (k)P(k —1)]

PID control is adopted for the system. In order to eliminate constant disturbance,

the controller must have an integral link [23]. The corresponding PID controller can be
expressed as:

Fi(z"Du(k) = Rz )y, (k) — Gz My (k). (19)
In Equation (19), Fi(z~!) = F(z 1A,
Further:
Fz7h) =14 fi(z7") 4+ fu (z7")
Gz ') =go+gz ) +g(?) - (20)
REH=G)=go+a+g
Equation (20) is arranged so that the closed-loop characteristic polynomial is the
denominator polynomial of the desired transfer function, thus obtaining:

AF +279BG = A (21)

4. System Simulation and Analysis
4.1. Parameter Determination

The standard form of the second-order system is:

— wnz
82 4 2Fwps + w2’

G(s) (22)

The following results can be obtained by calculation: ¢ = 0.2979, and the optimal
damping ratio is adjusted to ¢, = 0.707.
After adjustment, the expected transfer function is:

B 2,200,000
 2.4s% 433225 + 2,300,000

Ge(s) (23)

The difference equation is:
(1 —1624.92z 71 4 1026483.27z 2)y(k) = (—197.29 + 980,496.82z u(k)  (24)

The initial value Py = 10°I, 6(0) = 0.001 and forgetting factor A = 0.97 of the PID
controller are set to optimize the original system.

The parameter optimization process of the self-tuning PID control algorithm is
as follows:

(1) The initial data is inputted, and the initial values §(0), P(0) and the forgetting factor
A are set;

(2) The current actual output of the acquisition system is y(k);

(3) The real-time parameter § of the control target is estimated by the recursive least
squares method with the forgetting factor through model parameter identification;

(4) Solving F and G in Equation (20), taking F; = AF and R = G(1);

(5) Calculate the control quantity u(k) and regulate the system through Equation (19);

(6) Return to step (2) and continue the loop (k — k+1).

The object parameter estimation results are shown in Figure 5:
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Figure 5. Object parameter estimation results.
As can be seen from Figure 5, the object parameters are estimated to be 2; = 36.85,
ap = 341.53, by = 19.02, and by = 343.92.

Then: A, (z71) =1 —1624.92z71 +1,026,483.27z2.
The optimized difference equation is:

(1437271 +344.3272)y(k) = (19.02 + 346.7z 1)u(k). (25)
The optimized system transfer function is:

201.1s + 171,400

G, (s) = .
"(8) = 27 58425 1 179,200

(26)

4.2. System Simulation and Analysis

The input signal is set as a unit step signal, and the original system Gi(s) and the
system G, (s) after adding self-tuning PID control are simulated, respectively. The system
response curves are shown in Figures 6 and 7, respectively.

The system transient response indicators before and after optimization are extracted
from Figures 6 and 7, as shown in Table 1.

Table 1. Transient response indexes of original system and optimized system.

Transient Response Performance Change

Original System Optimized System

Index (%)
Rise time/s 0.00135 0.00425 —214.81
Peak time/s 0.0033 0.0067 —103.03
Adjusting time/s 0.0187 0.0156 16.58

Maximum overshoot 0.3752 0.0604 83.90
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Figure 6. Step response curve of original system.
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Figure 7. Step response curve of system after adding self-tuning PID control.

According to the data analysis in Table 1, the rise time and peak time of the centrifugal
pump flow control system after adding the self-tuning PID controller are both large. When
parameter identification and PID control are added, the control process of the system
obviously increases. The control time of the system also increases. Although the optimized
control time increases, the adjustment time to a steady state after system optimization is
shortened by 16.58%, which improves the rapidity of the system transient response. The
optimized output response curve of the system is relatively gentle, the maximum overshoot
is reduced by 83.90%, and the stability of the system is greatly improved.

5. Experimental Analysis of Centrifugal Pump Flow Adaptive Control System
5.1. Test Platform Construction

In order to verify the accuracy of the self-tuning PID control algorithm, the NGL002
centrifugal pump comprehensive test device is selected to build a centrifugal pump flow
adaptive control system test platform. The test device and test platform are shown in
Figures 8 and 9, respectively.
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Figure 8. Centrifugal pump comprehensive test device.

F 3

Controller

Frequency
converter

) 4 m

Flowmeter

A Centrifugal pump Y

Water tank 1 Water tank 2

Figure 9. Test platform of centrifugal pump flow adaptive control system.

It can be seen from Figure 9 that the centrifugal pump draws water from the first water
tank, and that the water flows through the flowmeter to be injected into the second water
tank. The flowmeter feeds the flow signal back to the controller. The controller controls
the motor speed through the frequency converter, and then controls the output flow of the
centrifugal pump.

5.2. Data Acquisition and Analysis of Constant Frequency Flow

The rated flow rate of the centrifugal pump used in the testis Q. = 5m?>/h, and the
electrical frequency is f = 50 Hz. The working frequency of the frequency converter is set
to f1 = 45.8 Hz, and data are collected every 10 s for 10 times in total. The data acquisition
results are shown in Table 2.
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Table 2. Test results collection.

Times/s  Theoretical Flow A/(m3/h)  Measured Flow B/(m3/h) Error Rate (%)
10 3.954 3.852 2.580
20 3.951 3.848 2.607
30 3.958 3.853 2.653
40 3.948 3.845 2.609
50 3.953 3.847 2.682
60 3.956 3.851 2.654
70 3.952 3.849 2.606
80 3.957 3.854 2.603
90 3.954 3.852 2.580

100 3.949 3.844 2.659

Curve fitting is performed according to the data in Table 2 [24]. The curves of theoret-
ical flow and actual collected flow can be obtained at a constant frequency, as shown in
Figure 10.

45 —h— A
=B

43

4.1 |

Times/s
Figure 10. Constant frequency flow curve fitting.

From Table 2 and Figure 10, it can be seen that the theoretical flow rates of the pump
are always greater than the actual flow rates at a constant frequency. The main reason for
this is that the pump has a certain amount of leakage during operation. With the increase
in acquisition time, the theoretical flow rate of the pump is always maintained at about
3.95 m3/h, and the variation range is less than 0.25%. The actual flow rate of the pump
is basically kept around 3.95, and the change range is less than 0.26%. Therefore, under
the condition of constant frequency, the adaptive PID regulator can effectively adjust the
system parameters and improve the stability of the pump. The error between the actual
flow curve and the theoretical flow curve of the pump is not large, and the accuracy is
relatively high, which is basically controlled within 3%.

5.3. Data Acquisition and Analysis of Variable Frequency Flow

The theoretical flow of the centrifugal pump is Q; = Q.ef1/ f, and the theoretical flow
of the pump is directly proportional to the operating frequency of the frequency converter.
The output frequency of the frequency converter and the actual flow rate of the pump
can be acquired through experiments. The upper limit value of the frequency converter’s
working frequency is set to 48 Hz, and the lower limit value is set to 30 Hz. The data
acquisition results are shown in Table 3.
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Table 3. Test results collection.

Frequency f;{/Hz  Theoretical Flow A/(m3/h) Measured Flow B/(m3/h) Error Rate (%)

30 2.458 2.428 1.221
32 2.603 2.586 0.653
34 2.865 2.822 1.501
36 3.002 2.954 1.599
38 3.223 3.198 0.776
40 3.408 3.357 1.496
42 3.672 3.644 0.763
44 3.856 3.797 1.530
46 4.106 4.102 0.097
48 4.603 4.589 0.304

Curve fitting is performed according to the data in Table 3. The curves of the theo-
retical flow and actual collected flow can be obtained at a variable frequency, as shown in
Figure 11.

5.0

45

20 1 1 1 1 1 1 1 | J
30 32 34 36 38 40 42 44 46 48

fi/Hz

Figure 11. Variable frequency flow curve fitting.

As can be seen from Table 3 and Figure 11, the upper and lower limits of the working
frequency of the constant frequency are set to achieve accurate control of the pump flow.
As the frequency increases, the theoretical flow and actual flow of the pump both increase
in direct proportion. This shows that under the condition of frequency conversion, the
designed adaptive control method can effectively improve the working efficiency of the
pump, and the control quality is good. With the change in the working frequency of the
frequency converter, the actual flow rates of the pump are close to the theoretical flow
rates. The actual flow is always kept near the preset flow, and the error is controlled within
2%. Therefore, the optimized centrifugal pump flow control system has better real-time
followability.

6. Conclusions

(1) By analyzing the components of a frequency converter, motor, and centrifugal pump,
the frequency converter and centrifugal pump were simplified as a proportional link.
The motor was simplified as an electrical link connected in a series with a mechanical
link, and the mathematical model of the centrifugal pump adaptive control system
was established.

(2) A self-tuning PID controller based on the adaptive control method was constructed, a
discrete-time stochastic linear model was used to describe the controlled object model,
and the forgetting factor recursive least squares method was used to estimate the pa-
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rameters in real-time. The simulation results showed that the dynamic characteristics
of the optimized system were significantly improved, and the rapidity and stability
of the transient response of the system were both improved.

(3) The test platform was built based on the NGL002 centrifugal pump comprehensive
test device, and a good control effect was obtained. After optimization, the centrifugal
pump flow control system had strong robustness and had better real-time followability.
The accuracy of the self-tuning PID control algorithm was further verified.

(4) In order to improve the robustness and stability of the centrifugal pump, the math-
ematical model of the control system was obtained on the basis of deducing the
mathematical model of the frequency converter, motor and centrifugal pump. The
adaptive control algorithm was used to optimize the design of the system. The least
squares recursive algorithm was used to estimate the parameters, and the self-tuning
PID controller was added to adjust the parameters of the centrifugal pump control
system. The experimental results showed that the optimized centrifugal pump con-
trol system shortened the adjustment time, reduced the maximum overshoot, and
the system’s rapidity and stability were significantly improved. Based on the test
platform of the centrifugal pump flow adaptive control system, the flow data of a
fixed frequency and variable frequency were collected. The collected data showed
that the error between the actual flow curve and the theoretical flow curve of the
pump was small, which verified the accuracy of the self-tuning PID control algorithm.
It could be seen that based on the adaptive control algorithm, the performance of
each index of the centrifugal pump flow control system could be improved, and
the stability and robustness of the system could also be improved. This has certain
guiding significance for the ability of centrifugal pumps to effectively cope with
various complicated working conditions and to improve work efficiency during the
operation process.
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