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ABSTRACT

This paper investigates the start-up and shutdown phases of a five-bladed closed-impeller centrifugal pump
through experimental analysis, capturing the temporal evolution of its hydraulic performances. The study also
predicts the transient characteristics of the pump under non-rated operating conditions to assess the accuracy
of various machine learning methods in forecasting its instantaneous performance. Results indicate that the
pump’s transient behavior in power-frequency mode markedly differs from that in frequency-conversion mode.
Specifically, the power-frequency mode achieves steady-state values faster and exhibits smaller fluctuations before
stabilization compared to the other mode. During the start-up phase, as the steady-state flow rate increases, inlet
and outlet pressures and head also rise, while torque and shaft power decrease, with rotational speed remaining
largely unchanged. Conversely, during the shutdown phase, no significant changes were observed in torque, shaft
power, or rotational speed. Six machine learning models, including Gaussian Process Regression (GPR), Decision
Tree Regression (DTR), and Deep Learning Networks (DLN), demonstrated high accuracy in predicting the
hydraulic performance of the centrifugal pump during the start-up and shutdown phases in both power-fre-
quency and frequency-conversion conditions. The findings provide a theoretical foundation for improved predic-
tion of pump hydraulic performance. For instance, when predicting head and flow rate during power-frequency
start-up, GPR achieved absolute and relative errors of 0.54 m (7.84%) and 0.21 m’/h (13.57%), respectively, while
the Feedforward Neural Network (FNN) reported errors of 0.98 m (8.24%) and 0.10 m’/h (16.71%). By contrast,
the Support Vector Machine Regression (SVMR) and Generalized Additive Model (GAM) generally yielded less
satisfactory prediction accuracy compared to the other methods.
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1 Introduction

A closed impeller is characterized by the presence of both front and rear cover plates. Compared to semi-
open and open impellers, closed impellers are more challenging to manufacture but find extensive application
in centrifugal pumps [1]. Adiaconitei et al. have focused on the manufacturing processes of closed impellers
in several studies, determining the optimal build orientation and complete fabrication procedures for closed
impellers using selective laser melting (SLM) and laser powder bed fusion (LPBF) techniques [2,3]. Kumar
et al. conducted a systematic study on the microstructure and mechanical properties of the lower surface of
closed impellers during their manufacture [4]. These studies underscore the complexity involved in the
manufacturing of closed impellers. Centrifugal pumps equipped with closed impellers exhibit advantages
such as lower axial thrust, enhanced stability, and higher operational efficiency, making them suitable for
a wide range of high-pressure fluid transportation. In normal operating conditions, centrifugal pumps
typically maintain a relatively stable performance over extended periods, and this aspect has been the
subject of extensive and thorough research. In contrast, the transient performance during starting and
stopping processes has received comparatively less attention. The transient operational phases are
inherently more complex and variable compared to steady-state conditions: Rezghi et al. conducted a
study on the transient operation of pump-turbines during full load rejection in pumped storage power
plants and performed optimization [5]. Choi et al. conducted numerical studies on the steady-state and
transient characteristics of multiple types of heat pump systems [6]. Kan et al. studied the turbulent
statistics and flow structures of water passing through a rotating axial-flow pump under different flow rate
conditions [7]. Tong et al. predicted the best efficiency point of pumps operating as turbines and validated
their findings using three different centrifugal pumps [8]. Jia et al. analyzed the internal flow
characteristics and energy losses of pumps under both steady-state and transient conditions by varying the
tip clearance and volute area under different operating conditions in multiple studies [9,10].

During abrupt starts and stops, or when rapid speed adjustments are made, the pump’s performance
parameters undergo significant fluctuations, leading to transient flow phenomena within the pump. Such
conditions can severely impact the safe operation of the pump. To ensure the safe operation of pumps,
many scholars have conducted research in relevant areas: Kan et al. developed a novel predictive model
to forecast the transient characteristics of the system during the pump power-off process [11]. Li et al.
investigated the vibration characteristics of the impeller rotor in a mixed-flow pump during start-up under
fluid-structure interaction and compared the experimental results with numerical simulations [12]. Liu
et al. analyzed the water hammer effects in pump stations caused by power outages leading to pump
shutdowns, providing evidence for the safety assessment of pump systems [13]. Therefore, it is important
to carry out in-depth research on transient processes such as pump start and stop to improve the safety
and reliability of pump operation.

In recent years, numerous scholars have conducted experiment and numerical simulation studies on the
transient processes of pumps. Madeira et al. analyzed the transient characteristics of a turbine-self-excited
induction generator (SEIG) system when the pump operates as a turbine. They developed an analytical
model to characterize the operation of the SEIG, Pump as Turbine (PAT), and PAT-SEIG coupled
systems. The results indicated that, with a sudden increase in resistive load, the hydraulic power and
SEIG stator current remain nearly constant, but the reactive power of the SEIG increases, thereby
reducing the efficiency of the PAT-SEIG system [14]. Julian et al. performed both experimental and
numerical calculations to analyze the transient characteristics of mixed-flow turbines during starting.
Their findings indicated that, due to the reverse rotation of vortices in the draft tube, there are significant
pressure fluctuations at the guide vanes during starting, which can be mitigated by altering the starting
procedure to enhance the service life of the blades [15]. Tsukamoto et al. undertook a comprehensive
investigation into the transient characteristics of centrifugal pumps during the stopping process from both
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theoretical and experimental perspectives. They established an accurate and reliable mathematical model and
compared the data obtained with corresponding experimental results. The results showed that the transient
characteristics of pumps differ markedly from quasi-steady-state characteristics, primarily due to pressure
pulsations and lag phenomena within the pump [16].

Antoine et al. utilized the bond graph method to construct a numerical model, which they analyzed
dimensionlessly. They identified three consecutive stages during the rapid starting of centrifugal pumps,
providing time nodes for each stage, and observed that variations in the angular acceleration of the
impeller lead to increased transient effects [17]. Shourkaei employing a theoretical approach, analyzed the
transient characteristics of TRR pumps during stopping. The analysis showed that both flow velocity and
rotational speed exhibit a decreasing trend during stopping, with the rate of decrease gradually
diminishing over time. Additionally, dynamic characteristic curves for the pump were derived based on
the theoretical analysis [18].

In the investigation of pump transient characteristics, numerous scholars have utilized a variety of
predictive models to forecast pump performance. Khorsheed et al. proposed an effective predictive
maintenance approach using various machine learning models to detect pump bearing faults before they
occur, thereby reducing downtime. Experimental results demonstrated that the multiple machine learning
models employed performed well and met the expected standards [19]. Orru et al. provided a detailed
description of the development of a new machine learning model based on Support Vector Machines
(SVM) and Multi-Layer Perceptrons (MLP) for early fault prediction in centrifugal pumps. The results
showed that the model could accurately detect trends deviating from normal operational behavior,
exhibiting good predictive accuracy [20]. Shin et al. developed and validated performance prediction
models for air-source heat pump systems using various machine learning methods. The reliability of the
prediction models was confirmed through comparison with experimental measurements [21]. Huang et al.
incorporated a theoretical loss model into a backpropagation neural network, considering multiple
geometric parameters and operating conditions. They then optimized the neural network structure by
automatically determining the number of hidden layer nodes, proposing a hybrid neural network to
predict the hydraulic performance of centrifugal pumps. The results showed that, for multiple centrifugal
pumps, the hybrid neural network outperformed traditional linear regression over a wide range of flow
rates [22]. Mohanraj et al. reviewed the application of artificial neural networks (ANNs) in the energy
and exergy analysis of heat pump systems, summarizing multiple published articles in the field. The
review concluded that ANNs can be successfully applied in the realm of refrigeration, air conditioning,
and heat pump (RACHP) systems with acceptable accuracy [23]. Thanapandi et al. extended a
performance prediction model for volute-type centrifugal pumps to also predict the dynamic
characteristics during starting and stopping. In nearly all test cases, the model-predicted dynamic head-
capacity curves were in excellent agreement with the experimental data [24]. Barbarelli et al. developed a
one-dimensional numerical code to predict the performance of pumps operating as turbines and to
determine the characteristic curves of the turbines. They compared the predicted values with experimental
data from other researchers to establish the reliability of their method. The results indicated that the
prediction errors were within the range of 5% to 20% [25]. Abdalla et al. investigated a predictive
maintenance method for electric submersible pumps (ESPs) using extreme gradient boosting trees to
analyze real-time data and predict ESP failures. Compared to traditional ESP diagnostic methods, their
approach was able to identify deeper functional relationships and forecast longer-term trends [26].

Panda et al. conducted condition monitoring and fault diagnosis of centrifugal pumps based on vibration
analysis, employing a support vector machine (SVM) machine learning algorithm for fault classification at
different rotational speeds. The results demonstrated that the SVM algorithm performs well in this domain
and application [27]. Zhang et al. proposed inverse methods for centrifugal pump blade reconstruction based
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on Bayesian theory, using both single-output Gaussian process regression (SOGPR) and multi-output
Gaussian process regression (MOGPR). They evaluated and compared the reliability and accuracy of the
two inverse problem models, and the results indicated that both models could accurately reconstruct the
blade shapes within the sample space [28]. Li et al. developed a gradient boosting regression tree model
to predict tobacco yield. They conducted a predictive analysis for the 2022 tobacco yield and compared it
with the actual 2022 tobacco yield in China. The results showed that the gradient boosting regression tree
model could accurately predict the yield [29]. Pei et al. optimized the efficiency at the design point of
centrifugal pumps using an artificial neural network (ANN), constructing a precise nonlinear function
between the optimization objectives and the impeller design variables. The results indicated that the use
of a feedforward network for optimization improved the pump efficiency by 0.454% [30]. Wen et al.
proposed and validated a deep learning neural network (DNN) trained with a back-propagation algorithm.
Under the condition of specifying all design parameters, the proposed DNN was able to instantly quantify
the output voltage of an HTS generator, achieving an overall accuracy of approximately 98% compared
to simulated values [31]. Monstein et al. utilized generalized additive models (GAMs) to determine the
appropriate structure for aerodynamic models developed from flight test data. They demonstrated the
applicability of this approach using a simple pitch moment coefficient model [32].

This paper will conduct experiments on the starting and stopping processes of a 5-bladed closed impeller
centrifugal pump in both power frequency and frequency conversion modes. The external characteristic
parameters will be measured at various steady-state flow ratios, including head, flow rate, and rotational
speed et al. A comparative analysis of the transient characteristics in the two modes will be performed to
elucidate the similarities and differences in the transient characteristics of the centrifugal pump between
power frequency and frequency conversion operations. Additionally, this research will employ eight
different machine-learning methods to forecast the external characteristic parameters of the pump at a
specific steady-state flow ratio. The aim is to identify the most accurate predictive model, which can
subsequently serve as a reference for further studies on the external characteristics of other pumps.

2 Experimental Facility and Pump Model

2.1 Experimental Facility

The experimental setup for the transient performance testing of the centrifugal pump’s external
characteristics, as depicted in Fig. 1, is consistent with that described in reference [33]. The setup
primarily consists of a centrifugal pump unit, a testing system, a water tank, and a recirculating pipeline
system. The test pump is driven by an 80M2-4 three-phase asynchronous AC motor with a rated power
of 750 W. Instantaneous pressure at the pump’s inlet and outlet is measured using WIKA S-10 pressure
transmitters manufactured by WIKA Alexander Wiegand SE & Co. KG, Germany. These transducers
have an inlet pressure measurement range of —1 to 1 MPa and an outlet pressure measurement range of
0 to 1.6 MPa, with an accuracy of +25%. The instantaneous flow rate of the centrifugal pump is
measured with an OPTIFLUX 2100C electromagnetic flowmeter produced by KROHNE Messtechnik
(Shanghai) Co., Ltd., Shanghai, China. This device is configured with a time constant of 0.1 s, a pulse
output frequency of 1 kHz, a maximum flow capacity of 30 m’/h, and an accuracy class of 0.5. The
instantaneous rotational speed of the centrifugal pump is measured using a JCO torque-speed sensor from
Hunan Xiangyi Power Test Instrument Co., Ltd., Changsha, China. This sensor has a measurement range
of 0 to 5 N'm, an accuracy class of 0.2, a signal sampling period of 1 ms, and an uncertainty in both
speed and torque measurements of +£0.25%. An NC-3 torque meter is employed to measure the
instantaneous shaft torque of the centrifugal pump, with a precision of +0.1%. During variable frequency
experiments, the power supply frequency of the motor is adjusted using a SIEMENS MICROMASTER
440 inverter manufactured by Siemens AG, Germany. All physical parameters are transmitted as



FDMP, 2025, vol.21, no.4 895

4-20 mA current signals, which are then collected via a PCI8361BN data acquisition card, produced by
Beijing Zhongtai Yanchuang Technology Co., Ltd., Beijing, China.

(a) Model (b) Photograph

Figure 1: Test rig

2.2 Experimental Pump

The experimental pump is a centrifugal pump featuring a closed impeller with five blades, designed with
the following parameters: a flow rate of 6 m*/h, a head of 8 m, and an rotational speed of 1450 rpm. The blade
profile is characterized as a two-dimensional, bi-circular cylindrical shape, and the impeller consists of five
such blades. The variation in the volute dimensions follows an Archimedean spiral pattern. The principal
geometric dimensions of the model pump’s volute and impeller are detailed in Table 1. A three-
dimensional sectional view of the centrifugal impeller, along with its dimensional specifics, is illustrated
in Fig. 2.

Table 1: Principal geometric parameters of the centrifugal pump

Parameter Symbol Value Unit
Pump inlet diameter Dy 50 mm
Pump outlet diameter Dy 40 mm
Blade inlet angle I 25 °

Blade outlet angle i 25 °

Impeller outer diameter D, 160 mm
Impeller inlet width b, 20 mm
Impeller outlet width b, 10 mm
Volute base circle diameter D 165 mm
Volute inlet width bs 15 mm
Throat diameter Dy, 15 mm
Blade thickness 0 3 mm

In this study, the starting experiments will be conducted in two operational models: power frequency and
frequency conversion. The power frequency model refers to the standard alternating current (AC) power
supply frequency used in industry, which is a constant 50 Hz. In contrast, the frequency conversion
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model involves the adjustment of the supply frequency through a variable frequency drive (VFD), enabling
the regulation of the motor’s rotational speed.

2160

B33.8

(a) Sectional view of impeller (b) Impeller size
Figure 2: Centrifugal impeller

The distinction between the two starting methods is significant. During power frequency start, the motor
is directly connected to the power grid and operates at the fixed frequency supplied by the grid. This method
allows for a very rapid startup and quick response. However, it results in a starting current that can be 7 to
8 times the motor’s rated current, potentially causing a significant impact on the electrical grid, leading to
voltage drops and affecting the normal operation of other electrical equipment. Additionally, the high
starting current imposes substantial electrical stress on the motor windings, thereby reducing the motor’s
lifespan.

In contrast, frequency conversion startup utilizes a VFD to control the input power frequency to the
motor, enabling a smooth and gradual start. This not only allows for continuous adjustment of the motor
speed but also significantly reduces the starting current and mechanical wear during startup. As a result,
the impact on both the grid and the equipment is minimized. Nevertheless, compared to power frequency,
frequency conversion startup has a slower response time and requires higher maintenance costs.

3 Analysis of Experimental Results

3.1 Starting Process

Fig. 3 illustrates the variations in inlet pressure of the experimental pump in two modes. Specifically,
Fig. 3a shows the changes in inlet pressure during starting for the pump operating at power frequency
mode with steady-state flow rate ratios of Q/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 3b
presents the corresponding inlet pressure changes during starting for the pump operating at frequency
conversion mode with steady-state flow rate ratios of 0/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.

During the power frequency starting, the inlet pressure changes for the pump at six different valve
openings all exhibit a pattern of an initial rapid decrease, followed by a rapid increase, another rapid
decrease, and finally stabilization. As the steady-state flow rate ratio increases, the inlet pressure curves
reach their respective valley values at t = 0.31, 0.36, 0.41, 0.42, 0.42, and 0.47 s, with corresponding
pressure values of —0.57, —2.81, —4.69, —6.49, —7.80, and —9.64 kPa. Subsequently, the curves reach their
peak values at t = 0.69, 0.77, 0.81, 0.81, 0.89, and 1.08 s, with pressures of 14.18, 12.60, 10.60, 8.78,
6.88, and 5.25 kPa, respectively. The pressures then stabilize at t = 1.44, 1.52, 1.23, 1.11, 1.05, and
0.97 s, with final stable values of 8.51, 8.25, 7.45, 6.44, 5.97, and 5.07 kPa, respectively.
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As the steady-state flow rate ratio increases, the peak-to-valley, and stable values of the inlet pressure all
gradually decrease. Additionally, the times at which the peak-to-valley values are reached are slightly
delayed as the steady-state flow rate ratio increases, while the time to reach the stable value is gradually
advanced. For steady-state flow rate ratios of O/Q, = 0.311, 0.515, and 0.709, there are small fluctuations
in the inlet pressure before reaching the stable value. In contrast, for 0/Q, = 0.905, 1.108, and 1.308, the
inlet pressure gradually stabilizes. Overall, as the steady-state flow rate ratio increases, the fluctuations in
the inlet pressure before reaching the stable value tend to diminish.

3] ] (00 2 s

—0.311 = = -0515 0.307 — - -0.509
~124 <o 0709 —-—-0905 14 r0r 0697 —-=-0.897
== 1,108 1.308 =eE 098 1.296
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£(s) 1(s)
(a) Power frequency (b) Frequency conversion

Figure 3: Inlet pressure characteristics for two modes

Regardless of the valve opening, during frequency conversion starting, the inlet pressure of the pump
generally exhibits a pattern of initially decreasing, then increasing, followed by another decrease, and
finally stabilizing over time. As the steady-state flow rate ratio increases, the curves reach their respective
valley values at t = 0.75, 1.02, 1.13, 1.25, 1.30, and 1.33 s, with corresponding pressure values of 7.47,
6.58, 5.98, 5.60, 5.01, and 4.73 kPa. Subsequently, the curves reach their peak values at t = 1.34, 1.78,
1.69, 2.00, 2.14, and 2.11 s, with pressures of 8.19, 7.85, 7.83, 6.99, 6.44, and 6.15 kPa, respectively.
The curves then reach a second set of valley values at t = 4.14, 4.13, 4.39, 4.39, 4.50, and 4.53 s, with
pressures of 7.77, 7.45, 6.77, 5.94, 4.96, and 3.70 kPa, respectively. Finally, the inlet pressure stabilizes
at t = 5.05, 5.09, 5.11, 5.06, 5.02, and 4.92 s, with stable values of 8.44, 8.12, 7.53, 6.81, 5.80, and
4.72 kPa, respectively.

As the steady-state flow rate ratio increases, the peak-to-valley and stable values of the inlet pressure all
gradually decrease. Additionally, the times at which the peak-to-valley values are reached are slightly
delayed as the steady-state flow rate ratio increases. The fluctuations before reaching the stable value,
however, tend to increase.

The stable values of the pump inlet pressure for each steady-state flow rate ratio are generally consistent
between the two modes. However, power frequency mode reaches the stable value more quickly compared to
frequency conversion mode. In contrast, frequency conversion mode exhibits smaller pressure fluctuations
before reaching the stable value compared to power frequency mode.

As the steady-state flow rate ratio increases, the pressure fluctuations before reaching the stable value
during power frequency mode gradually decrease. Conversely, the pressure fluctuations before reaching
the stable value during frequency conversion mode gradually increase with the increase in the steady-
state flow rate ratio.
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Fig. 4 illustrates the variations in outlet pressure of the experimental pump in two starting modes.
Specifically, Fig. 4a shows the changes in outlet pressure during starting for the pump operating at power
frequency mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308.
Fig. 4b presents the corresponding outlet pressure changes during starting for the pump operating at
frequency conversion mode with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098,
and 1.296.
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Figure 4: Outlet pressure characteristics for two modes

During power frequency starting, the outlet pressure for the six different steady-state flow rate ratios
exhibits a trend of initially increasing rapidly and then stabilizing. For the steady-state flow rate ratio
0/0, = 0.311, the curve reaches its peak value of 116.62 kPa at t = 0.69 s, then drops to a valley value of
101.82 kPa at t = 1.02 s, and finally stabilizes at 106.40 kPa at t = 1.25 s. For O/Q, = 0.515, the curve
reaches its peak value of 110.50 kPa at t = 0.73 s and stabilizes at 105.60 kPa at t = 1.03 s. The other
curves stabilize at 102.79, 94.76, 85.11, and 74.52 kPa at t = 0.70, 0.78, 0.72, and 0.64 s, respectively, as
the steady-state flow rate ratio increases.

As the steady-state flow rate ratio increases, the stable values of the outlet pressure gradually decrease,
and the time to reach the stable value slightly advances. For O/Q, = 0.311 and 0.515, there are small
fluctuations in the outlet pressure before reaching the stable value, while for O/Q, = 0.709, 0.905, 1.108,
and 1.308, the outlet pressure gradually stabilizes. Overall, as the steady-state flow rate ratio increases,
the fluctuations before reaching the stable value tend to diminish, and the rate of decrease in the stable
outlet pressure values also accelerates.

For the six different steady-state flow rate ratios tested, the outlet pressure during frequency conversion
starting generally shows an initial increase followed by stabilization. As the steady-state flow rate ratio
increases, the curves reach their respective stable values of 104.52, 102.90, 99.58, 92.72, 84.29, and
70.49 kPa at t = 4.28, 4.14, 4.27, 4.30, 4.27, and 4.19 s, respectively. As the steady-state flow rate ratio
increases, the stable values of the outlet pressure gradually decrease, and the rate of decrease in the stable
values also accelerates.

In summary, the stable values of the outlet pressure during power frequency starting are slightly higher
than those during frequency conversion starting. Power frequency starting reaches the stable value more
quickly, whereas frequency conversion starting exhibits smaller pressure fluctuations before reaching the
stable value.
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Fig. 5 illustrates the variations in head of the experimental pump in two starting modes. Specifically,
Fig. 5a shows the changes in head during starting for the pump operating at power frequency mode with
steady-state flow rate ratios of Q/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 5b presents the
corresponding head changes during starting for the pump operating at frequency conversion mode with
steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 5: Head characteristics for two modes

During power frequency starting, the head for the six different steady-state flow rate ratios exhibits a
trend of initially increasing rapidly and then stabilizing. For the steady-state flow rate ratio Q/Q, = 0.311,
the curve reaches its peak value of 10.46 m at t = 0.63 s and then stabilizes at 9.97 m at t = 0.83 s. For
0/0, = 1.308, the curve reaches its peak value of 8.24 m at t = 0.52 s and stabilizes at 6.89 m at
t = 0.84 s. The other curves, for Q/Q, = 0.515, 0.709, 0.905, and 1.108, stabilize at 10.01, 9.52, 8.87, and
8.19 matt=0.67, 0.64, 0.66, and 0.72 s, respectively, after a rapid initial increase.

Overall, the stable values of the head decrease as the steady-state flow rate ratio increases. Additionally,
the rate of decrease in the stable head values accelerates with increasing steady-state flow rate ratio. For
0/Q, = 0.311 and 1.308, there are small fluctuations in the head before reaching the stable value, while
for 0/Q, = 0.515, 0.709, 0.905, and 1.108, the head gradually stabilizes without significant fluctuations.

During frequency conversion starting, the head of the pump gradually increases over time and then
stabilizes. For the six different steady-state flow rate ratios, the head curves are nearly identical for t <
1 s, but differences begin to emerge as time progresses beyond 1 s. Specifically, the head stabilizes at
9.76, 9.65, 9.39, 8.80, 8.07, and 6.67 m at t = 4.63, 4.42, 4.77, 4.64, 4.64, and 4.77 s, respectively, for
0/0, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.

As the steady-state flow rate ratio increases, the stable values of the head during frequency conversion
starting gradually decrease, and the magnitude of this decrease also increases.

Compared to power frequency starting, the head during frequency conversion starting takes longer to
reach a stable value, and the stable values of the head are slightly lower. Additionally, the head during
frequency conversion starting exhibits more stable behavior with fewer fluctuations compared to power
frequency starting.

Fig. 6 illustrates the variations in flow rate of the experimental pump in two modes. Specifically,
Fig. 6a shows the changes in flow rate during starting for the pump operating at power frequency mode
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with steady-state flow rate ratios of O/Q,=0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 6b presents the
corresponding flow rate changes during starting for the pump operating at frequency conversion mode with
steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 6: Flow rate characteristics for two modes

During power frequency starting, the flow rate for the six different steady-state flow rate ratios exhibits a
trend of initially increasing and then gradually stabilizing. The flow rate characteristics show a two-stage
change: before reaching the stable value, the flow rate increases over time, with the rate of increase first
accelerating and then decelerating. As the steady-state flow rate ratio increases, the flow rate reaches its
stable values of 1.84, 3.06, 4.23, 5.44, 6.59, and 7.85 m’/h at t = 1.03, 1.20, 1.39, 1.49, 1.58, and 1.69 s,
respectively.

During frequency conversion starting, the flow rate characteristics for the six different steady-state flow
rate ratios exhibit a three-stage pattern: the first stage is characterized by a rapid increase in flow rate, the
second stage shows a slower rate of increase compared to the first stage, and the third stage is marked by
the flow rate stabilizing and remaining constant. As the steady-state flow rate ratio increases, the flow rate
characteristics show the following transitions: the first change in the rate of flow rate increase occurs at
t = 0.53, 0.56, 0.64, 0.86, 1.20, and 1.45 s, respectively, and the second change in the rate of flow rate
increase, leading to stabilization, occurs at t = 3.23, 3.80, 3.97, 4.14, 4.27, and 4.33 s, respectively. The
flow rates stabilize at the following values: 1.80 m*/h for Q/Q, = 0.307, 3.00 m*/h for Q/Q, = 0.509,
4.14 m*/h for Q/Q, = 0.697, 5.36 m>/h for Q/0, = 0.897, 6.52 m>/h for Q/O, = 1.098, and 7.72 m*/h for
0/0, = 1.296.

Overall, the stable values of the flow rate are similar between power frequency and frequency conversion
starting. However, the flow rate during power frequency starting reaches its stable value more quickly
compared to frequency conversion starting. The rate of change in flow rate during power frequency
starting is continuous, while during frequency conversion starting, the rate of change in flow rate exhibits
a stepwise, three-stage pattern.

Fig. 7 illustrates the variations in rotational speed of the experimental pump in two starting modes.
Specifically, Fig. 7a shows the changes in rotational speed during starting for the pump operating at
power frequency mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and
1.308. Fig. 7b presents the corresponding rotational speed changes during starting for the pump operating
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at frequency conversion mode with steady-state flow rate ratios of 0/Q, = 0.307, 0.509, 0.697, 0.897, 1.098,

and 1.296.
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Figure 7: Rotational speed characteristics for two modes

During power frequency starting, the rotational speed characteristics do not show significant differences
due to the variation in steady-state flow rate ratios. The rotational speed initially increases rapidly, then
gradually slows down, and experiences a small fluctuation before reaching a peak. The peaks are reached
at t = 0.36, 0.39, 0.39, 0.36, 0.38, and 0.36 s, with corresponding peak values of 1566.14, 1565.55,
1551.17, 1557.02, 1563.70, and 1560.45 r/min, respectively. After reaching the peak, the rotational speed
gradually decreases and stabilizes at 1470.50 r/min at t = 0.53 s.

During frequency conversion starting, the rotational speed characteristics exhibit a three-stage pattern.
For all six steady-state flow rate ratios, the rotational speed initially increases rapidly, reaches 589.55 r/min at
t = 0.55 s, then the rate of increase slightly decreases, and finally stabilizes at 1470.45 r/min at t = 2.41 s.

Compared to power frequency starting, the rotational speed during frequency conversion starting takes
longer to reach its stable value and exhibits a three-stage linear change. In contrast, during power frequency
starting, the rate of increase in rotational speed changes before reaching the stable value, showing a trend of
rapid initial increase followed by a gradual slowdown, and there is a spike in speed before stabilization,
resulting in peak speeds that are higher than the stable value. In both power frequency and frequency
conversion starting modes, the rotational speed characteristics show minimal dependence on the steady-
state flow rate ratio. In the six different steady-state flow rate ratios tested, the rotational speed
characteristic curves remain largely unchanged, indicating that the rotational speed behavior is relatively
independent of the specific steady-state flow rate ratio.

Fig. 8 illustrates the variations in torque of the experimental pump in two starting modes. Specifically,
Fig. 8a shows the changes in torque during starting for the pump operating at power frequency mode with
steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 8b presents the
corresponding torque changes during starting for the pump operating at frequency conversion mode with
steady-state flow rate ratios of Q/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.

During power frequency starting, the torque of the pump increases rapidly, reaches a peak, then
decreases quickly, followed by a brief increase, and finally stabilizes. The torque peaks for the different
steady-state flow rate ratios (Q/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, 1.308) are reached at t = 0.20 s



902 FDMP, 2025, vol.21, no.4

with values of 3.57, 3.78, 4.02, 3.47, 3.77, and 3.54 N-m, respectively. The torque then reaches its troughs at
t =047, 047, 0.49, 0.47, 0.47, and 0.45 s, with values of 1.47, 1.57, 1.67, 2.01, 1.98, and 2.28 N'm,
respectively. Finally, the torque stabilizes at t = 0.56, 0.56, 0.59, 0.63, 0.64, and 0.63 s, with stable values
of 1.79, 1.95, 2.13, 2.29, 2.47, and 2.67 N-m, respectively. For /O, = 0.709 and 0.905, there is an
additional fluctuation at t = 0.42 s before the torque drops to the trough. With increasing steady-state flow
rate ratio, the stable value of the torque increases linearly, but the times to reach the peak and trough do
not change significantly with the steady-state flow rate ratio.
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Figure 8: Torque characteristics for two modes

During frequency conversion starting, the torque initially increases, then decreases, increases again, and
finally decreases to reach a stable value. The torque peaks for the different steady-state flow rate ratios
(Q/0Q, = 0.307, 0.509, 0.697, 0.897, 1.098, 1.296) are reached at t = 1.11, 1.00, 1.03, 1.06, 1.03, and
1.03 s, with values of 1.32, 1.38, 1.41, 1.42, 1.41, and 1.40 N-m, respectively. The torque then reaches its
troughs at t = 1.38, 1.41, 1.41, 1.42, 1.45, and 1.36 s, with values of 1.05, 1.00, 0.98, 1.10, 1.02, and
1.01 N'm, respectively. After that, the torque reaches its maximum values at t = 2.83, 2.91, 2.83, 2.88,
2.88, and 2.91 s, with values of 2.05, 2.20, 2.32, 2.45, 2.62, and 2.75 N-m, respectively. Finally, the
torque stabilizes at t = 3.41, 3.33, 3.28, 3.28, 3.33, and 3.27 s, with stable values of 1.82, 1.98, 2.10,
2.26, 2.46, and 2.62 N-m, respectively. As the steady-state flow rate ratio increases, the maximum and
stable values of the torque also increase linearly during power frequency starting.

Overall, the torque of the pump during power frequency starting typically stabilizes around t = 0.55 s,
while during frequency conversion starting, it takes longer, stabilizing around t = 3.3 s. During power
frequency starting, the torque exhibits more significant fluctuations before reaching the stable value,
whereas during frequency conversion starting, the torque changes are smoother.

Fig. 9 illustrates the variations in shaft power of the experimental pump in two starting modes.
Specifically, Fig. 9a shows the changes in shaft power during starting for the pump operating at power
frequency mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308.
Fig. 9b presents the corresponding shaft power changes during starting for the pump operating at
frequency conversion mode with steady-state flow rate ratios of Q/Q, = 0.307, 0.509, 0.697, 0.897, 1.098,
and 1.296.

During power frequency starting, as the steady-state flow rate ratio increases, the shaft power for the six
different valve openings starts from zero and increases rapidly, reaching their maximum values at t = 0.24,
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0.23, 0.24, 0.25, 0.24, and 0.27 s, with values of 0.44, 0.47, 0.49, 0.43, 0.49, and 0.48 kW, respectively. The
shaft power then decreases rapidly, reaching troughs att=0.47, 0.47, 0.49, 0.49, 0.47, and 0.47 s, with values
0f0.25, 0.27,0.27, 0.33, 0.33, and 0.36 kW, respectively. After that, the shaft power gradually increases and
stabilizes at t = 0.58, 0.56, 0.66, 0.64, 0.64, and 0.59 s, with stable values of 0.28, 0.30, 0.32, 0.35, 0.38, and
0.41 kW, respectively. As the steady-state flow rate ratio increases, the stable value of the shaft power also
increases linearly.
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Figure 9: Shaft power characteristics for two modes

During frequency conversion starting, the shaft power of the pump exhibits a three-stage characteristic
as time progresses: in the first stage from 0 s to 0.41 s, the shaft power gradually increases with time, and the
rate of increase does not show significant differences across the different steady-state flow rate ratios, with all
six ratios (Q/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, 1.296) reaching 0.07 kW at t = 0.41 s; in the second stage
from 0.41 s to 2.27 s, the shaft power continues to increase, and the rate of increase becomes more
pronounced as the steady-state flow rate ratio increases, reaching maximum values at t = 2.27 s of 0.31,
0.33, 0.34, 0.36, 0.39, and 0.41 kW, respectively; in the third stage after 2.27 s, the shaft power stabilizes
at t = 2.59, 2.55, 2.52, 2.59, 2.56, and 2.50 s, with stable values of 0.28, 0.30, 0.32, 0.35, 0.37, and
0.40 kW, respectively. As the steady-state flow rate ratio increases, the stable value of the shaft power
during frequency conversion starting also increases linearly.

When comparing the two starting modes, it is evident that the shaft power during frequency conversion
starting takes longer to reach its stable value compared to power frequency starting. However, before
reaching the stable value, the magnitude of the shaft power changes over time is smaller in frequency
conversion starting, and the maximum values of shaft power during starting are lower than those in
power frequency starting. This indicates that the frequency conversion starting is more stable compared to
power frequency starting.

3.2 Stopping Process

Fig. 10 illustrates the variations in inlet pressure of the experimental pump in two modes. Specifically,
Fig. 10a shows the changes in inlet pressure during stopping for the pump operating at power frequency
mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 10b
presents the corresponding inlet pressure changes during stopping for the pump operating at frequency
conversion mode with steady-state flow rate ratios of 0/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 10: Inlet pressure characteristics for two modes

During power frequency stopping, the inlet pressure for the different steady-state flow rate ratios
(0/0, = 0.311, 0.515, 0.709, 0.905, 1.108, 1.308) initially increases rapidly, reaching maximum values at
t = 0.36, 0.39, 0.38, 0.44, 0.47, and 0.50 s, with values of 10.46, 10.71, 10.53, 10.63, 10.34, and
10.07 kPa, respectively. For O/Q, = 0.311, the inlet pressure then decreases rapidly, reaching a trough at
t = 0.77 s with a value of 8.33 kPa, and gradually stabilizes to a stable value of 8.74 kPa at t = 2.09 s.
For the other steady-state flow rate ratios (Q/Q, = 0.515, 0.709, 0.905, 1.108, 1.308), the inlet pressure
decreases more slowly after reaching the maximum, showing slightly larger fluctuations between
0.35 and 1.65 s, and then smoothly decreases to stable values of 8.82, 8.89, 8.75, 8.64, and 8.65 kPa at
approximately t = 2.27, 3.83, 5.36, 6.64, and 7.03 s, respectively. As the steady-state flow rate ratio
increases, the time to reach a stable inlet pressure during power frequency stopping also increases, while
the fluctuations before stabilization decrease with increasing steady-state flow rate ratio.

During frequency conversion stopping, the inlet pressure for all six different steady-state flow rate ratios
exhibits an initial increase followed by a gradual decrease to a stable value. For /O, = 0.307, the inlet
pressure reaches a maximum of 9.19 kPa at t = 0.49 s, shows slight fluctuations between 0.5 and 4.3 s,
and stabilizes at 8.64 kPa at t = 4.28 s. For /0, = 0.509, the inlet pressure reaches a maximum of
9.11 kPa at t = 0.52 s, shows slight fluctuations between 0.5 and 4.3 s, and stabilizes at 8.56 kPa at
t =5.72 s. For Q/Q, = 0.697, 0.897, 1.098, and 1.296, the inlet pressure reaches maxima of 9.23, 9.30,
9.29, and 9.33 kPa at t = 2.25, 2.25, 2.25, and 2.80 s, respectively, and then decreases slowly, finally
stabilizing at 8.67, 8.70, 8.63, and 8.63 kPa at t = 6.83, 7.09, 7.33, and 7.47 s, respectively. As the
steady-state flow rate ratio increases, the time to reach a stable inlet pressure during frequency conversion
stopping also increases.

When comparing the two stopping modes, it is evident that the inlet pressure during frequency
conversion stopping takes longer to stabilize compared to power frequency stopping. However, as the
steady-state flow rate ratio increases, the difference in stabilization times between the two modes
decreases. Additionally, the fluctuations in inlet pressure before stabilization are greater in power
frequency stopping than in frequency conversion stopping.

Fig. 11 illustrates the variations in outlet pressure of the experimental pump in two modes. Specifically,
Fig. 11a shows the changes in outlet pressure during stopping for the pump operating at power frequency
mode with steady-state flow rate ratios of 0/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308. Fig. 11b
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presents the corresponding outlet pressure changes during stopping for the pump operating at frequency
conversion mode with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 11: Outlet pressure characteristics for two modes

During power frequency stopping, regardless of the steady-state flow rate ratio, the outlet pressure
decreases over time until it stabilizes. For all the different steady-state flow rate ratios (Q/Q, = 0.311,
0.515, 0.709, 0.905, 1.108, 1.308), the rate of decrease in outlet pressure is initially fast and then
gradually slows down. In the period where t < 1.5 s, the outlet pressure decreases rapidly; after t > 1.5 s,
the rate of decrease becomes slower. The outlet pressure ultimately stabilizes at approximately 12.21 kPa
at t = 6.08, 5.55, 5.33, 5.52, 5.09, and 4.48 s, respectively. As the steady-state flow rate ratio increases,
the time to reach a stable outlet pressure during power frequency stopping gradually decreases.

During frequency conversion stopping, the outlet pressure for all six different steady-state flow rate
ratios exhibits a two-stage change: for t < 4 s, the outlet pressure decreases rapidly in a linear fashion,
and for t > 4 s, it gradually reaches a stable value. The outlet pressure stabilizes at approximately
12.42 kPa at t = 4.89, 5.02, 4.95, 5.05, 4.86, and 4.78 s, for Q/Q, = 0.307, 0.509, 0.697, 0.897, 1.098,
and 1.296, respectively.

During power frequency stopping, the time it takes for the pump’s outlet pressure to reach a stable value
decreases as the steady-state flow rate ratio increases, with the rate of decrease in outlet pressure transitioning
from fast to slow before smoothly approaching the stable value; in contrast, during frequency conversion
stopping, the time to reach a stable outlet pressure does not significantly change with an increase in the
steady-state flow rate ratio. Before reaching the stable value, the rate of decrease in outlet pressure shows
minimal variation across different steady-state flow rate ratios, and this rate of decrease gradually slows
down as the steady-state flow rate ratio increases, with all ratios ultimately stabilizing at approximately
the same time.

Fig. 12 illustrates the variations in pump head during stopping in two different modes. Specifically,
Fig. 12a shows the head changes for the pump operating at a power frequency mode with steady-state
flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308, while Fig. 12b presents the
corresponding head changes for the pump operating at a frequency conversion mode with steady-state
flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.

In both modes, the pump head exhibits an initial decline followed by stabilization upon stopping. Due to
the residual pressure within the pipeline when the pump is turned off, the head does not drop to zero but
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stabilizes at a low, non-zero value. During power frequency stopping, the head curves for all six steady-state
flow rate ratios initially decrease rapidly, followed by a gradual decline until stabilization: for t < 1.5 s, the
head decreases quickly, and for t > 1.5 s, the rate of decrease becomes slower, eventually reaching stable
values of approximately 0.35 m at t = 6.19, 5.74, 5.42, 5.36, 4.91, and 4.06 s, respectively. The time to
reach a stable head value decreases as the steady-state flow rate ratio increases, and before stabilization,
the rate of decrease in head transitions from rapid to gradual.
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Figure 12: Head characteristics for two modes

During frequency conversion stopping, the head curves, regardless of the valve opening, exhibit a two-
phase characteristic: from 0 s to 4 s, the head decreases rapidly with time, and after t > 4 s, it gradually
approaches a stable value. The head for the different steady-state flow rate ratios (Q/Q, = 0.307, 0.509,
0.697, 0.897, 1.098, 1.296) reaches stable values of approximately 0.33 m at t = 4.89, 5.13, 4.64, 4.70,
4.73, and 4.70 s, respectively. The time to reach a stable head value does not significantly change with an
increase in the steady-state flow rate ratio, and before stabilization, the rate of decrease in head shows
minimal variation across different ratios, with the rate of decrease also slowing down as the steady-state
flow rate ratio increases.

Fig. 13 illustrates the variations in flow rate of the experimental pump during stopping in two different
modes. Specifically, Fig. 13a shows the flow rate changes for the pump operating at a power frequency mode
with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308, while Fig. 13b
presents the corresponding flow rate changes for the pump operating at a frequency conversion mode
with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.

In both modes, the flow rate of the pump during stopping exhibits a four-stage pattern: in the first stage,
the power frequency mode maintains stable flow rates of 1.88, 3.07, 4.29, 5.49, 6.66, and 7.91 m>/h,
respectively, for increasing steady-state flow rate ratios, while the frequency conversion mode maintains
stable flow rates of 1.84, 3.06, 4.28, 5.41, 6.60, and 7.85 m>/h, respectively. In the second stage, all six
steady-state flow rate ratios in the power frequency mode enter this phase at approximately t = 0.9 s,
where the flow rate gradually decreases over time with the rate of decrease transitioning from fast to
slow, reaching approximately 0.32 m’/h at t =4.91, 5.83, 6.61, 7.41, 8.20, and 9.06 s, respectively; in the
frequency conversion mode, the flow rates enter this phase at approximately t = 1.1 s, reaching
approximately 0.35 m’/h at t = 4.58, 5.58, 6.31, 7.22, 8.09, and 9.41 s, respectively. In the third stage,
both starting modes experience a sudden change in the rate of decline, with the power frequency mode’s
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flow rates rapidly decreasing from 0.32 to 0 m’/h att=5.45, 6.36, 7.22, 8.02, 8.73, and 9.64 s, respectively,
and the frequency conversion mode’s flow rates rapidly decreasing from 0.35 to 0 m*/h at t=5.19, 6.16, 6.92,
7.77, 8.59, and 9.89 s, respectively. As the steady-state flow rate ratio increases, the stable flow rate before
pump stopping also increases, and consequently, the time required for the flow rate to decrease to 0 m>/h
upon completion of the stopping process gradually increases.
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Figure 13: Flow rate characteristics for two modes

Fig. 14 illustrates the changes in rotational speed of the experimental pump during stopping in two
different modes. Specifically, Fig. 14a shows the speed changes for the pump operating at a power
frequency mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308,
while Fig. 14b presents the corresponding speed changes for the pump operating at a frequency
conversion mode with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 14: Rotational speed characteristics for two modes

In the power frequency mode, the pump’s rotational speed decreases from 1470 rpm to 0 as time
progresses. The rate of decrease in speed slows down over time; it is faster in the 0 s to 1 s interval and
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slower after t > 1 s. The six steady-state flow rate ratios reach 0 rpm at t =2.97, 2.77, 2.70, 2.63, 2.52, and
2.39 s, respectively. As the steady-state flow rate ratio increases, the time required for the speed to decrease to
0 gradually decreases.

In the frequency conversion mode, the pump’s rotational speed also decreases with time for all six
steady-state flow rate ratios. For t < 1.9 s, the speed decreases linearly, and for t > 1.9 s, the rate of
decrease gradually slows down, with all ratios reaching 0 rpm at approximately t = 2.48 s. The change in
steady-state flow rate ratio does not significantly affect the speed curves during stopping.

During stopping, the time for the pump’s speed to decrease to 0 in the power frequency mode decreases
as the steady-state flow rate ratio increases, whereas there is no significant difference in the frequency
conversion mode. In the tested six steady-state flow rate ratios, the time for the pump’s speed to decrease
to 0 in the power frequency mode is consistently longer than in the frequency conversion mode.

Fig. 15 illustrates the changes in torque of the experimental pump during stopping in two different
modes. Specifically, Fig. 15a shows the torque changes for the pump operating at a power frequency
mode with steady-state flow rate ratios of O/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308, while
Fig. 15b presents the corresponding torque changes for the pump operating at a frequency conversion
mode with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 15: Torque characteristics for two modes

In the power frequency mode, the torque for all six steady-state flow rate ratios initially decreases
rapidly. The torque reaches its minimum values at t = 0.27, 0.30, 0.31, 0.31, 0.31, and 0.30 s, with values
of 0.23, 0.14, 0.29, 0.09, 0.23, and 0.22 N'm, respectively. After reaching these minima, the torque
briefly increases, reaching 0.34, 0.22, 0.36, 0.22, 0.33, and 0.36 N'm at t = 0.47, 0.42, 0.41, 0.47, 0.41,
and 0.41 s, respectively. Subsequently, the torque decreases slowly over time. In the 0.5 to 1.5 s interval,
the torque exhibits larger fluctuations, and from 1.5 to 2.5 s, it decreases more smoothly, ultimately
reaching 0 at t = 3.36, 2.94, 2.86, 2.75, 2.64, and 2.61 s, respectively. As the steady-state flow rate ratio
increases, the time required for the torque to reach 0 gradually decreases.

In the frequency conversion mode, the torque for all six steady-state flow rate ratios also initially
decreases rapidly, reaches a minimum, briefly increases, and then gradually decreases to 0. From 0 to
1.5 s, the torque decreases quickly, with the initial values of 1.86, 2.00, 2.03, 2.15, 2.44, and 2.60 N-m,
decreasing to minima of 0.02, 0.03, 0.02, 0.02, 0.03, and 0.05 N-m at t = 1.36, 1.38, 1.34, 1.44, 1.44, and
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1.56 s, respectively. From 1.5 to 1.8 s, the torque briefly increases, reaching 0.22, 0.21, 0.21, 0.20, 0.16, and
0.16 N'm at t = 1.75, 1.77, 1.73, 1.80, 1.82, and 1.85 s, respectively. After this, the torque continues to
decrease until it reaches 0: from 1.8 to 2 s, the torque decreases; from 2 to 2.4 s, the torque decreases
very slowly; and from 2.4 to 2.6 s, the torque decreases again, ultimately reaching 0 at t = 2.61, 2.67,
2.61, 2.64, 2.63, and 2.59 s, respectively. As the steady-state flow rate ratio increases, the times to reach
the minimum and maximum torque values are slightly delayed, but all ratios eventually reach O at
approximately the same time.

Compared to the power frequency mode, the time required for the torque to decrease to O in the
frequency conversion mode is shorter. However, in the fluctuation phase before the torque reaches 0, the
times to reach the minimum and subsequent peak torque values in the frequency conversion mode are
slightly delayed compared to the power frequency mode. The torque curves in the frequency conversion
mode show significant differences with varying steady-state flow rate ratios, whereas the torque curves in
the power frequency mode do not exhibit substantial variations across the tested six steady-state flow rate
ratios.

Fig. 16 illustrates the changes in shaft power of the experimental pump during stopping in two different
modes. Specifically, Fig. 16a shows the shaft power changes for the pump operating at a power frequency
mode with steady-state flow rate ratios of Q/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308, while
Fig. 16b presents the corresponding shaft power changes for the pump operating at a frequency
conversion mode with steady-state flow rate ratios of O/Q, = 0.307, 0.509, 0.697, 0.897, 1.098, and 1.296.
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Figure 16: Shaft power characteristics for two modes

In the power frequency mode, the shaft power initially decreases rapidly, reaches a minimum, briefly
increases, and then gradually decreases to 0. During the 0 s to 0.3 s interval, the shaft power for the
steady-state flow rate ratios of Q/Q, = 0.311, 0.515, 0.709, 0.905, 1.108, and 1.308 decreases quickly
from initial values of 0.26, 0.27, 0.23, 0.28, 0.34, and 0.36 kW, respectively, to minima of 0.02, 0.01,
0.02, 0.01, 0.02, and 0.01 kW at t = 0.30 s. After reaching these minima, the shaft power briefly
increases, reaching 0.04, 0.02, 0.04, 0.02, 0.03, and 0.03 kW at t = 0.39, 0.42, 0.41, 0.47, 0.41, and
0.44 s, respectively. Finally, the shaft power decreases slowly, reaching 0 at t = 1.84, 1.64, 1.70, 1.56,
1.52, and 1.42 s, respectively.

In the frequency conversion mode, the shaft power for all six steady-state flow rate ratios also initially
decreases rapidly, reaches a minimum, slightly increases, and then decreases to 0. During the 0 s to 1.3 s
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interval, the shaft power decreases quickly from initial values of 0.29, 0.31, 0.31, 0.33, 0.38, and 0.40 kW,
respectively, to minima of 0 kW at t = 1.33, 1.34, 1.37, 1.44, 1.44, and 1.41 s, respectively. After reaching
these minima, the shaft power briefly increases, reaching 0.01 kW at t = 1.72 s, and finally decreases to 0 at
approximately t = 2.03 s for all ratios.

Compared to the power frequency mode, the initial shaft power values in the frequency conversion mode
are higher, and the time required for the shaft power to decrease to 0 is longer. The shaft power curves in the
frequency conversion mode show more significant differences with varying steady-state flow rate ratios,
whereas the shaft power curves in the power frequency mode exhibit smaller variations as the steady-
state flow rate ratio increases.

4 Performance Prediction

This paper employs eight machine learning models to fit the external characteristics of the pump and
investigates the reliability of predictions made by these models. The models are as follows: M1 is
Support Vector Machine Regression (SVMR) [27], M2 is Gaussian Process Regression (GPR) [28],
M3 is Decision Tree Regression (DTR) [29], M4 is an ensemble regression model combining Gradient
Boosting Trees Regression (GBTR) and Random Forests Regression (RFR) [29], M5 is K-Nearest
Neighbors Regression (KNNR) [29], M6 is a Feedforward Neural Network (FNN) [30], M7 is a Deep
Learning Network (DLN) [31], and M8 is a Generalized Additive Model (GAM) [32]. These eight
machine learning models are used to predict the external characteristic curves of the pump in both power
frequency and frequency conversion modes.

The training dataset consists of sample points from five external characteristic curves, corresponding to
the expected steady-state flow rate ratios O/Q, = 0.30, 0.50, 0.70, 0.90, and 1.10. The test dataset includes the
inlet pressure, outlet pressure, head, flow rate, rotational speed, torque, and shaft power at the expected
steady-state flow rate ratio O/Q, = 1.3 during the starting and stopping periods for both power frequency
and frequency conversion modes. The accuracy of the prediction results is evaluated using the absolute
error and relative error between the predicted values and the experimental data, with the formulas for
absolute error (Eq. (1)) and relative error (Eq. (2)) as follows:

A=X —X (M

X -X
X

0 2)

In the above two formulas, A represents the absolute error value, ¢ represents the relative error value, X;
is the predicted value, and X is the experimental value. The final criteria for evaluating the prediction
accuracy are obtained by calculating the average of the absolute values of the relative errors and the
average of the absolute values of the absolute errors over the entire prediction curve.

4.1 Prediction Model

The objective of the Support Vector Regression (SVR) model is to identify a function that optimally fits
the data while maintaining a specified tolerance for error. Unlike traditional least squares methods, SVR
enhances the generalization capability of the model by seeking a flat function. To address nonlinear
relationships, SVR employs various kernel functions to map the original feature space into a higher-
dimensional space, thereby facilitating the identification of a separating hyperplane. For nonlinear models,
the input data is first mapped into a feature space using a kernel function, after which regression is
performed. The underlying principle is illustrated in Fig. 17, and the mathematical formulation is
provided in Egs. (3) through (6).
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Figure 17: Principle of support vector regression
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In the equations, w and b are the parameters to be determined by the model; x; represents the feature
values of the sample; y; is the target value of the sample; C is the penalty coefficient; & is the slack
variable; and ¢ is the margin of tolerance, representing the maximum deviation allowed between the
predicted value f{x;) and the actual value y; without incurring a penalty.

In the Gaussian Process Regression (GPR), a Gaussian Process reflects the empirical risk through a
Gaussian likelihood function, ensuring that any finite number of random variables follows a joint
Gaussian distribution. Given a training dataset D = {(x;, y;) | i = 1, ..., n} where x; is a d-dimensional
input vector and y; is the corresponding target variable [34], the Gaussian Process Regression (GPR)
model assumes that the prior distribution of the target variables is Gaussian. The model is defined by a
mean function m(x) and a covariance function k(x, x'):

m(x) = E(f(x)) }
k(x,x') = E[(f(x) = m(x))(f (') — m(x'))]

Following the Bayesian principle, the prediction for a test set sample y* is assumed to follow a Gaussian
distribution. The estimated mean »* and variance cov(y*) of y* are given by:

(M

7 = k(x*,x) [k(x,x) + 02L,] "y ®)

cov(y*) = k(x",x*) — k(x*, x) [k(x,x) + 62I,] ' k(x,x") 9)
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The covariance function, often referred to as the kernel function, is central to GPR and determines the
shape of both the prior and posterior distributions. The kernel function encodes the “similarity” between data
points, which in turn influences the smoothness and structure of the functions drawn from the Gaussian
process. There are various types of kernel functions, each with its own method of measuring similarity,
leading to different shapes of the resulting Gaussian process models and probability distributions. In this
paper, the most common Radial Basis Function (RBF) kernel, also known as the Gaussian or squared
exponential kernel, is chosen to construct the GPR model. The mathematical expression for the RBF
kernel is given by:

2
k(x:,x;) = exp (— d(lef’)) (10)

Decision trees are a type of supervised learning method and serve as a tree-like classifier, consisting
primarily of leaf nodes, a root node, and internal nodes. The root node is unique and serves as the
starting point for the training and prediction process. Data is progressively split based on the feature
attributes at each non-leaf node, creating multiple sub-datasets that are then passed to the next level of
nodes. The splitting process continues until the data reaches the leaf nodes, at which point no further
splits occur. The data in the leaf nodes is then processed to produce the final prediction. For each sub-
dataset S[i] a decision tree is constructed, and with n bootstrap sub-datasets, a total of » decision trees are
built [35]. The construction steps for each tree are as follows:

(1) Select the optimal feature value for node splitting. Among all possible values of each feature in the
exhaustive subspace, choose the split point that minimizes the mean squared error (MSE). The mean squared
error is calculated as follows:

!
MSE = 1" 01— 5, (n
i=1

In the equation: / is the number of samples in the subspace; y; is the true output for the i-th sample; y; is
the estimated output for the i-th sample as predicted by the decision tree.

(2) On the basis of the node splitting, the optimal split points are selected for further splitting on the
resulting child nodes. The selection of the optimal split points is based on the criterion of minimizing the
mean squared error.

(3) The splitting process as described in step (2) is repeated until the stopping criteria are met.

Ultimately, the n decision trees each provide a prediction for the input sample. The n predictions are
denoted as {x;, x,, ..., x,,}, where x;, with iE{1, 2, ..., n}, represents the predicted remaining useful life of
the engine by the i-th decision tree.

Ensemble regression models integrate the predictions from multiple regression models to make a final
decision. These models are built in a specific sequence, and there is a dependency relationship between them.
In this study, an ensemble regression model is constructed using Gradient Boosting Trees Regression
(GBTR) and Random Forest Regression (RFR).

GBTR generates a strong learner by combining a set of weak learners. The core idea is to add new
regression trees that minimize the objective function at each iteration. Each new tree is trained on the
residuals of the previous tree, and the training is performed in the direction of the negative gradient of the
loss function. Through multiple iterations, the weak learners are linearly combined to form a strong
learner [29]. The algorithm for the GBTR model is as follows:
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Initialize the decision tree:
Jfo(x) = argmin ZL(y,-, c) (12)
i=1

Compute the negative gradient of the loss function with respect to the current model as an estimate of the
residuals:

. {M(yh,_/’(m))
" Of (xn)

Fit a regression tree to get the leaf node regions R,,; for the m-th tree, where j = 1, 2, ..., J represents the
number of nodes in each tree. For each j, use a line search to estimate the value of the leaf node region that
minimizes the loss function, and calculate the optimal fitted value:

Cmj(X) = argmin Z Lyisfm—1(x:) +¢) (14)

Xp eij

]f(x) () (13)

Update to the strong learner:

J
S @) = fo1 (¥) ) el ,x € Ry (15)

J=1

Obtain the final regression tree by summing the values of the leaf nodes from each tree:

M J
F(x):ZchmI,xeij (16)

m=1 j=1

Random Forest Regression (RFR) can be mathematically summarized as follows: Given a dataset X and
a set of predictions Y, a forest that depends on the random variable 8 is grown, forming tree predictors A(x, 6;),
where the output of each predictor is a numerical value. The Random Forest predictor is obtained by
averaging the predictions of these trees {i(x, 6;)} over k [36]. A training set is composed of samples
drawn independently from the distribution of the random variables Y and X. The mean squared
generalization error for any tree predictor A(X) is given by Ex W ¥-h(X))*. As the number of trees in the
forest approaches infinity, the following holds everywhere:

Exy(Y —avih(X,0,))* — Ex.y(Y — Egh(X, 0))* (17)

Thus, the Random Forest regression function is: ¥ = Eyh(X, ). In practice, when using a sufficiently
large number of trees, the approximation is used: Y = av;h(X, 6;). The error analysis is as follows:

PE* (tree) = EoEx y(Y — h(X, 0)) (18)

where PE* represents the average generalization error of the Random Forest.

K-Nearest Neighbors Regression (KNNR) is an instance-based learning method that makes predictions
by finding the closest training data points to a given test point. This method is simple and intuitive, suitable
for continuous value prediction problems. Given a new observation, the KNNR model identifies the & nearest
neighbors (based on Euclidean distance) and predicts the output for the new point based on the outputs of
these & neighbors [37].
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In regression prediction, assume there is a set S = {(x1,11),(X2,)2),...,(x,,V,)} containing n sample points,
where x; (i = 1, ..., n) are points in an N-dimensional Euclidean space, and yi (i = 1, ..., n) are the
corresponding values. The k nearest sample points to the new point can be selected, and a weighted
average of their y-values can be taken to obtain the y-value for the new point. This can be expressed
mathematically as:

Y= Z Wi (19)

(xiyi) €Nk (x)

Ni(x) is the set of the & nearest points to the sample point x; w; is the weight associated with the i-th
nearest neighbor.

Feedforward Neural Network (FNN) in Fig. 18 is adept at modeling complex nonlinear relationships and
are a typical type of neural network model, also known as multilayer perceptrons. A FNN consists of an input
layer, one or more hidden layers, and an output layer. The input layer receives the raw data, the hidden layers
perform transformations and feature extraction on the input data, and the output layer produces the model’s
predictions based on the results from the hidden layers [38]. Each layer is composed of several neurons, and
the weights of each neuron are iteratively optimized using the backpropagation algorithm.
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Hidden Layer n

Figure 18: Feedforward neural network

Feedforward Neural Networks propagate information through the network using the following
equations:

20 = W . gl=1) L 0 g0 — (za)) 20)

Through layer-by-layer information propagation, the final output @ of the network is obtained, where /
represents the layer index, f; is the activation function for the neurons in layer /, WA? is the weight matrix from
layer /-1 to layer 7, b is the bias from layer /—1 to layer /, z” is the net input to the neurons in layer /, and a®
is the output of the neurons in layer /. The entire network can be viewed as a composite function, with vector
x as the input to the first layer a'”, and the output of layer / a'” as the output of the function.

Compared to FNN, Deep Learning Network (DLN) have many more hidden layers (typically tens or
even hundreds of layers), which allows them to learn more complex hierarchical feature representations
[33]. Due to their multi-layered architecture, DLN are capable of handling more complex datasets, such
as those in image recognition, speech recognition, and natural language processing. In these domains,
they often outperform shallower networks.
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Generalized Additive Models (GAM) combine the Generalized Linear Model (GLM) and additive
models to achieve higher accuracy than simple models while retaining the good interpretability of linear
models [32]. The general form is:

Yy =fi(x1) +o(x) + -+ fulx) + & (21)

y is the dependent variable; x; is the i-th feature variable, with i =1, 2, ..., n, and 7 is the total number of
features; ¢ is the error term, which follows a normal distribution & ~(0, 02) and is independent of the features;
f{ x;) is a nonlinear function related to the i-th feature, most commonly composed of a sum of B-spline basis
functions, which can quantify the relationship between the feature x; and the dependent variable y.

The form of fi( x;) is:

k:

filxi) = Z Bibij(x:) (22)
=1

b; ( x;) is the j-th B-spline basis of fi( x;), with the most common being the cubic B-spline basis.
According to the properties of B-splines, a g-degree B-spline basis is composed of g + 1 polynomials of
degree g determined by g + 2 knots; f;; is the weight for the j-th B-spline basis; &; is the number of
spline bases, which is a parameter of the model.

4.2 Power Frequency Starting Mode Performance Prediction

Fig. 19 illustrates the prediction of seven external characteristic curves for the experimental pump at a
steady-state flow rate ratio of O/Q, = 1.308 during starting in power frequency mode. In Fig. 19a, five inlet
pressure prediction models are presented. The M2 to M5 curves exhibit a consistent pattern with the
experimental data, characterized by an initial rapid decrease to a trough followed by a rapid increase
before reaching a stable value. Conversely, the M8 curve shows a gradual decline followed by a gradual
rise without a significant dip before stabilization. The stable values of all five methods are slightly higher
than the experimental data. Prior to stabilization, the trough of the M2 curve is significantly higher than
the experimental data, and the trough of the M8 curve is also higher, with average absolute errors of
0.0015 and 0.0027 kPa, and average relative errors of 36.59% and 75.12%, respectively. The M3, M4,
and M5 curves, however, show closer troughs and overall shapes to the experimental data, with average
absolute errors of 0.0005, 0.0013, and 0.0012 kPa, and average relative errors of 37.24%, 37.21%, and
34.73%, respectively. The M1, M6, and M7 curves have been omitted from the figure due to
unsatisfactory prediction results. Based on the average relative and absolute errors, the M2 to M5 models
demonstrate satisfactory predictive performance, with the M3 model (DTR) showing the best predictive
accuracy.

In Fig. 19b, six outlet pressure prediction models are presented. All six models show a rapid initial
increase followed by stabilization. Specifically, the M1 curve exhibits significant fluctuations around the
stable value of the experimental data after t > 0.5 s, with an average absolute error of 0.0054 kPa and an
average relative error of 7.82%. The M2 curve closely matches the experimental data before and after
reaching the stable value, with an average absolute error of 0.0051 kPa and an average relative error of
7.41%. The M3 to M5 curves also align well with the experimental data before stabilization, but their
stable values are higher than the experimental data, with average absolute errors of 0.0130, 0.0131, and
0.0130 kPa, and average relative errors of 18.06%, 18.45%, and 18.22%, respectively. The M6 curve
gradually approaches the stable value of the experimental data after reaching its maximum, with an
average absolute error of 0.0077 kPa and an average relative error of 12.36%. The M7 and M8 curves
have been omitted from the figure due to unsatisfactory prediction results. Based on the average relative
and absolute errors, the M2 model (GPR) demonstrates the best predictive performance.
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In Fig. 19c¢, seven head prediction models are displayed. The M2 to M7 curves show a high degree of
agreement with the experimental data before reaching their maximum values. After reaching the maximum,
the M2 curve follows the trend of the experimental data, initially decreasing and then fluctuating around the
stable value of the experimental curve, with an average absolute error of 0.54 m and an average relative error
of 7.84%. The M3 to M7 curves stabilize after reaching their maximum values, all showing higher stable
values than the experimental data, with average absolute errors of 1.21, 1.23, 1.22, 0.98, and 0.67 m, and
average relative errors of 14.54%, 14.79%, 16.86%, 8.24%, and 2.22%, respectively. The M8 curve
exhibits significant discrepancies during the rapid increase phase of the experimental data, showing an
oscillatory trend, but it gradually decreases and approaches the stable value of the experimental curve,
with an average absolute error of 0.91 m and an average relative error of 121.74%. The M1 curve is
omitted from the figure due to unsatisfactory prediction results. Based on the average relative and
absolute errors, the M2, M6, and M7 models demonstrate better predictive performance, with the
M7 model (DLN) showing the best predictive accuracy.
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Figure 19: (Continued)
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Figure 19: Power frequency starting mode external characteristics prediction

In Fig. 19d, seven flow rate prediction models are presented, all of which exhibit a trend of rapid initial
increase followed by stabilization, consistent with the experimental curve. The M1 curve shows higher flow
rates than the experimental data during the initial rise (0-0.6 s), after which it becomes lower, and its stable
value is below that of the experimental curve, with an average absolute error of 0.89 m>/h and an average
relative error of 47.54%. The M2 and M6 curves show good overall agreement with the experimental
data, with average absolute errors of 0.21 and 0.10 m’/h, and average relative errors of 13.57% and
16.71%, respectively. The M3, M4, and M5 curves align well with the experimental data from 0 to 0.7 s,
but they stabilize at values lower than the experimental curve’s stable value after 0.7 s, with average
absolute errors of 1.04, 1.03, and 1.02 m3/h, and average relative errors of 15.05%, 16.59%, and 13.73%,
respectively. The M7 curve has a slightly slower increase in flow rate compared to the experimental data
from 0 to 1.3 s, but it gradually approaches and matches the stable value of the experimental curve, with
an average absolute error of 0.22 m*/h and an average relative error of 24.81%. The M8 curve is omitted
from the figure due to unsatisfactory prediction results. Based on the average relative and absolute errors,



918 FDMP, 2025, vol.21, no.4

the M2, M6, and M7 models demonstrate better predictive performance, with the M6 model (FNN) showing
the best predictive accuracy.

In Fig. 19e, five rotational speed prediction models are displayed. All five models exhibit a rapid initial
increase followed by stabilization, consistent with the experimental curve. Specifically, the M2 curve shows
slightly lower rotational speeds than the experimental data during the rapid increase phase (0-0.3 s), but it
gradually approaches and maintains high agreement with the stable value of the experimental curve, with an
average absolute error of 21.72 r/min and an average relative error of 2.97%. The M3 curve shows a high
degree of agreement with the experimental data throughout, with an average absolute error of 8.69 r/min
and an average relative error of 0.83%. The M4 curve is also in good agreement with the experimental
data, although it exhibits minor fluctuations in the middle, with an average absolute error of 10.01 r/min
and an average relative error of 0.81%. The M5 curve closely matches the experimental data from 0 to
0.3 s, with small fluctuations, and stabilizes at around t = 0.45 s, aligning with the stable value of the
experimental curve, with an average absolute error of 8.24 r/min and an average relative error of 0.89%.
The M6 curve starts with a significantly higher initial rotational speed than the experimental data and
increases more slowly from 0 to 0.3 s, but it aligns well with the experimental data in the stable phase,
with an average absolute error of 18.03 r/min and an average relative error of 2.32%. The M1, M7, and
MS curves are omitted from the figure due to unsatisfactory prediction results. Based on the average
relative and absolute errors, the M3, M4, and M5 models demonstrate better predictive performance, with
the M5 model (KNNR) showing the best predictive accuracy.

In Fig. 191, five torque prediction models are presented, all of which show a trend of initially rapid
increase, followed by a decrease, and finally stabilization, consistent with the experimental curve.
Specifically, the M2 curve exhibits a peak value significantly higher than that of the experimental curve,
reaches the stable value later than the experimental curve, and has a slightly lower stable value, with an
average absolute error of 0.32 N'm and an average relative error of 12.17%. The M3 to M5 curves show
good overall agreement with the experimental data; their peak values are slightly higher, and their stable
values are slightly lower than those of the experimental curve, aligning with the time at which the
experimental curve reaches its stable value. The average absolute errors for M3, M4, and M5 are 0.18,
0.18, and 0.19 N-m, respectively, and the average relative errors are 6.93%, 7.21%, and 7.36%,
respectively. The M7 curve shows significant differences from the experimental curve before reaching the
stable value, but its stable value is close to that of the experimental curve, with an average absolute error
of 0.04 N'm and an average relative error of 2.27%. The M1, M6, and M8 curves are omitted from the
figure due to unsatisfactory prediction results. Based on the average relative and absolute errors, the M3,
M4, M5, and M7 models demonstrate better predictive performance, with the M7 model (DLN) showing
the best predictive accuracy.

In Fig. 19g, five shaft power prediction models are presented. The M3 to M5 curves show a trend that is
consistent with the experimental curve, where the shaft power initially increases rapidly, then decreases,
increases again, and finally stabilizes. In contrast, the M6 and M7 curves exhibit a more stable profile
overall. Specifically, the M3 curve aligns well with the experimental data during the rapid increase phase
but shows significant differences between 0.2 and 0.4 s, and its final stable value is slightly lower than
that of the experimental curve, with an average absolute error of 0.0297 kW and an average relative error
of 6.53%. The M4 and M5 curves also show good overall agreement with the experimental data, but their
stable values are slightly lower, with average absolute errors of 0.0316 kW for both, and average relative
errors of 6.70% and 6.46%, respectively. The M6 and M7 curves do not show similar changes to the
experimental curve from 0 s to 0.5 s, showing a larger overall discrepancy, but they closely match the
stable value of the experimental curve in the stabilization phase, with average absolute errors of
0.0176 and 0.0134 kW, and average relative errors of 2.92% and 2.63%, respectively. The M1, M2, and
MS curves are omitted from the figure due to unsatisfactory prediction results. Based on the average
relative and absolute errors, the M2, M6, and M7 models demonstrate better predictive performance, with
the M7 model (DLN) showing the best predictive accuracy.
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Table 2 presents the mean absolute errors and mean relative errors of the external characteristic curves
predicted by each machine learning model compared to the experimental curves during power frequency
starting. Some prediction methods that exhibited excessively large average errors for certain external
characteristic parameters have been excluded from the table for reference purposes. From the table, it can
be observed that Models M3 to M5 achieved relatively high prediction accuracy across all parameters,
rendering their results more reliable. In contrast, Models M1, M7, and M8 generally performed poorly in
terms of prediction accuracy. Notably, when predicting the inlet pressure, all eight machine learning
models exhibited small mean absolute errors but large mean relative errors. This is due to the fact that the
experimental values of the inlet pressure fluctuated near zero during the 0—1 s interval, leading to very
small denominators in the relative error calculations and thus resulting in larger relative errors. For the
prediction of head, Model M8 showed a small mean absolute error but an extremely large mean relative
error. This is attributed to the experimental values of head gradually increasing from zero during the 0—
0.5 s interval, while the predicted values exhibited significant fluctuations around a higher value starting
from 0 s. The near-zero experimental values led to the generation of extremely large relative errors.

Table 2: Absolute errors (relative errors) of external characteristic predicted by machine learning model
during power frequency starting

Machine Inlet Outlet Head Flow rate  Rotational Torque Shaft power
learning pressure pressure speed
model
Ml \ 0.0054 kPa \ 0.89 m*h \ \ \
(7.82%) (47.54%)
M2 0.0015 kPa 0.0051 kPa 0.54 m 021 m*h 21.72 v/min 0.32 N'm \
(36.59%)  (7.41%) (7.84%)  (13.57%) (2.97%) (12.17%)
M3 0.0005 kPa 0.0130 kPa 1.21 m 1.04 m*h  8.69 r/min 0.18 N'm  0.0297 kW
(37.24%)  (18.06%)  (14.54%) (15.05%) (0.83%) (6.93%)  (6.53%)
M4 0.0013 kPa 0.0131 kPa 1.23 m 1.03 m*h  10.01 t/min 0.18 N'm  0.0316 kW
(37.21%)  (18.45%)  (14.79%) (16.59%) (0.81%) (7.21%)  (6.70%)
M5 0.0012 kPa 0.0130 kPa 1.22 m 1.02m’h 824 r/min 0.19 N'm 0.0316 kW
(34.73%)  (18.22%)  (16.86%) (13.73%) (0.89%) (7.36%)  (6.46%)
M6 \ 0.0077 kPa 0.98 m 0.10 m*/h  18.03 r/min \ 0.0176 kW
(12.36%)  (8.24%) (16.71%) (2.32%) (2.92%)
M7 \ \ 0.67 m 022 m*h \ 0.04 Nm 0.0134 kW
(2.22%)  (24.81%) 2.27%)  (2.63%)
M8 0.0027 kPa 091 m \ \ \ \
(75.12%) (121.74%)

4.3 Power Frequency Stopping Mode Performance Prediction

Fig. 20 illustrates the prediction of seven external characteristic curves for the experimental pump at a
steady-state flow rate ratio of Q/Q, = 1.308 during stopping in power frequency mode. In Fig. 20a, eight
models predicting the pump’s inlet pressure are presented. The M1 to M5 curves generally follow the
trend of the experimental data, showing a rapid increase from 0 to 0.5 s, reaching a maximum value, and
then slowly decreasing to a stable value. The M1 curve shows slight differences from the experimental
data during the rapid rise phase but aligns well with the experimental curve after t > 3 s, with an average
absolute error of 0.0002 kPa and an average relative error of 2.67%. The M2 to M5 curves show high
agreement with the experimental data, with average absolute errors of 0.0002, 0.0001, 0.0001, and
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0.0001 kPa, and average relative errors of 2.37%, 1.24%, 1.30%, and 0.98%, respectively. The M6 curve
exhibits significant differences from the experimental data from O s to 3 s, starting from an initial value of
8.09 kPa and rising slowly, reaching a maximum value, and then gradually decreasing to a stable value
that is slightly lower than the experimental curve’s stable value, with an average absolute error of
0.0004 kPa and an average relative error of 5.39%. The M7 curve shows large discrepancies from the
experimental data throughout and never reaches a stable state, with an average absolute error of
0.0009 kPa and an average relative error of 10.55%. The M8 curve initially decreases rapidly and then
increases rapidly within the 0 s to 1 s interval, showing significant differences from the experimental
data, and its stable value is slightly lower than the experimental curve, with an average absolute error of
0.0007 kPa and an average relative error of 8.54%. Based on the average relative and absolute errors, the
M2 to M5 models demonstrate better predictive performance, with the M5 model (KNNR) showing the
best predictive accuracy.
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Figure 20: Power frequency stopping mode external characteristics prediction

In Fig. 20b, six models predicting the outlet pressure are presented, all of which exhibit a consistent
trend with the experimental curve: a rapid decrease from 0 to 1.5 s, followed by a slower decrease
towards a stable value. Specifically, the M2 curve shows a rapid decline from 0 to 2 s, but it is
significantly lower than the experimental curve during this period; however, after stabilization, it aligns
well with the stable value of the experimental curve, with an average absolute error of 0.0029 kPa and an
average relative error of 11.48%. The M3 to M5 curves closely match the experimental data from 0 to
2 s, with slightly higher outlet pressure values, and they stabilize at values consistent with the
experimental curve, showing high agreement, with average absolute errors of 0.0016, 0.0015, and
0.0016 kPa, and average relative errors of 6.48%, 6.32%, and 6.81%, respectively. The M6 and
M7 curves have slightly higher outlet pressure values than the experimental data from O to 2 s and then
become slightly lower from 2 to 7 s, stabilizing later; the M6 curve matches the stable value of the
experimental curve, while the M7 curve stabilizes at a slightly lower value, with average absolute errors
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of 0.0019 and 0.0033 kPa, and average relative errors of 11.66% and 21.35%, respectively. The M1 and
MS curves are omitted from the figure due to unsatisfactory prediction results. Based on the average
relative and absolute errors, the M3 to M6 models demonstrate better predictive performance, with the
M4 model, the ensemble regression model combining GBTR and RFR, showing the best predictive accuracy.

In Fig. 20c, seven models predicting the head are presented, all of which show an initial rapid decrease
followed by a gradual stabilization. Specifically, the M1 curve starts with a lower initial value than the
experimental curve, at 5.88 m, and exhibits a slower decrease from 0 to 2 s compared to the experimental
data. After t > 6 s, the M1 curve shows a sudden and significant rise, resulting in a large discrepancy
from the experimental curve, with an average absolute error of 0.68 m and an average relative error of
158.51%. The M2 curve also begins with a lower initial value than the experimental curve, at 4.45 m,
and remains below the experimental values during the 0 to 2 s interval. However, after reaching the stable
value, it aligns well with the experimental curve, with an average absolute error of 0.37 m and an average
relative error of 30.92%. The M3 to M6 curves show high overall agreement with the experimental data,
both in terms of the time to reach the stable value and the magnitude of the stable value, with average
absolute errors of 0.15, 0.14, 0.15, and 0.10 m, and average relative errors of 14.85%, 12.74%, 16.72%,
and 12.08%, respectively. The M7 curve is generally in good agreement with the experimental data but
stabilizes at a slightly lower value, only 0.02 m below the experimental curve, with an average absolute
error of 0.31 m and an average relative error of 65.71%. The M8 curve is omitted from the figure due to
unsatisfactory prediction results. Based on the average relative and absolute errors, the M3 to M6 models
demonstrate better predictive performance, with the M6 model (FNN) showing the best predictive accuracy.

In Fig. 20d, seven flow rate prediction models are presented, all of which exhibit a trend consistent with
the experimental curve: a rapid decrease at t = 1 s, followed by a gradual slowing of the flow rate decrease,
and ultimately reaching zero. Specifically, the M1 curve starts with an initial value of 5.31 m*/h, which is
lower than the experimental curve’s 7.68 m>/h. From 0 to 1 s, the M1 curve shows significant differences
from the experimental data, and from 1 to 7 s, the flow rate values are slightly lower, with the M1 curve
reaching zero earlier than the experimental curve. The average absolute error is 0.49 m’/h, and the
average relative error is 240.40%. The M2 curve shows high agreement with the experimental data from
0 to 5 s but begins to fluctuate after t = 5 s, leading to larger discrepancies and reaching zero slightly
earlier than the experimental curve, with an average absolute error of 0.17 m*/h and an average relative
error of 38.49%. The M3, M4, and M5 curves show good overall agreement with the experimental data,
but their initial flow rates are lower than the experimental curve, and they reach zero earlier. The average
absolute errors for M3, M4, and M5 are 0.28 m>/h, and the average relative errors are 16.72%, 19.67%,
and 16.46%, respectively. The M6 curve is in high agreement with the experimental data, with an average
absolute error of 0.12 m*/h and an average relative error of 44.49%. The M7 curve also shows good
agreement, with an initial value slightly lower than the experimental curve, and flow rates that are slightly
higher than the experimental data after t > 2 s, though the differences are small. The M7 curve does not
reach zero, stabilizing at approximately 0.14 m’/h, with an average absolute error of 0.24 m>/h and an
average relative error of 137.53%.The M8 curve is omitted from the figure due to unsatisfactory
prediction results. Based on the average relative and absolute errors, the M3 to M7 models demonstrate
better predictive performance, with the M6 model (FNN) showing the best predictive accuracy.

In Fig. 20e, six models predicting the rotational speed are presented, all of which exhibit a trend
consistent with the experimental curve: an initial rapid decrease, followed by a gradual slowing of the
decrease, and ultimately reaching zero. Specifically, the M2 curve aligns well with the experimental data
from 0 to 1 s, but after t > 1 s, the M2 rotational speed values gradually become higher than those of the
experimental curve, and it reaches zero at t = 4 s, which is later than the experimental curve, with an
average absolute error of 23.80 r/min. The M3 to M5 curves show high overall agreement with the
experimental data; as time progresses, the difference in rotational speed between these curves and the
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experimental curve increases slightly, but the increase is minimal, with average absolute errors of 9.80, 6.51,
and 6.52 r/min, respectively. The M6 curve follows the same trend as the experimental curve, but its
rotational speed values are consistently slightly higher, with an average absolute error of 17.22 r/min. The
M7 curve shows high agreement with the experimental data, with an average absolute error of 8.94 r/min.
The M1 and M8 curves are omitted from the figure due to unsatisfactory prediction results. Based on the
average absolute errors, the M3, M4, M5, and M7 models demonstrate better predictive performance,
with the M4 model, the ensemble regression model combining GBTR and RFR, showing the best
predictive accuracy. Due to the small values of the experimental curve, the relative errors are not
considered informative for evaluation and are therefore not used as a criterion.

In Fig. 201, six models predicting the torque are presented, and all of the prediction curves exhibit a
consistent trend with the experimental curve: an initial rapid decrease, followed by a slower decrease, and
ultimately reaching zero. Specifically, the M2 curve shows high agreement with the experimental data for
t < 0.2 s, but afterwards, the torque values are consistently higher than those of the experimental curve,
with significant differences, resulting in an average absolute error of 0.10 N-m. The M3, M4, and
M5 curves show high overall agreement with the experimental data; the M4 curve exhibits minor
fluctuations during the process, but all three models demonstrate good predictive performance, with an
average absolute error of 0.01 N-m for each. The M6 curve shows slight discrepancies from the
experimental data between 0 and 0.5 s, but it aligns well with the experimental curve for t > 0.5 s, with
an average absolute error of 0.04 N-m. The M7 curve follows the general trend of the experimental data,
but its torque values are consistently higher, and it does not reach zero, instead stabilizing at
approximately 0.15 N-m, with an average absolute error of 0.13 N-m. The M1 and M8 curves are omitted
from the figure due to unsatisfactory prediction results. Based on the average absolute errors, the M3 to
M7 models demonstrate better predictive performance, with the M5 model (KNNR) showing the best
predictive accuracy. Due to the small values of the experimental curve, relative errors are not considered
informative for evaluation and are therefore not used as a criterion.

In Fig. 20g, six models predicting the shaft power are presented, and all of the prediction curves exhibit a
consistent trend with the experimental curve: an initial rapid decrease, followed by a slower decline, and
ultimately reaching zero. Specifically, the M2 curve shows high agreement with the experimental data
from 0 to 0.15 s, but for t > 1.5 s, it gradually diverges from the experimental curve, with shaft power
values higher than the experimental values. The M2 curve does not reach zero, instead stabilizing at
approximately 0.0147 kW, with an average absolute error of 0.0128 kW. The M3, M4, and M5 curves
show high overall agreement with the experimental data, and they all reach zero at t = 1.91 s, with
average absolute errors of 0.0012, 0.0014, and 0.0004 kW, respectively. The M6 curve starts with a lower
initial value than the experimental curve and decreases at a slower rate. It shows slight discrepancies from
the experimental data between 0 and 0.8 s and reaches zero at t = 1.4 s, earlier than the experimental
curve, with an average absolute error of 0.0043 kW. The M7 curve also begins with a lower initial value
than the experimental curve, but its shaft power values are consistently higher throughout. The M7 curve
does not reach zero, instead stabilizing at approximately 0.03 kW, with an average absolute error of
0.0285 kW. The M1 and M8 curves are omitted from the figure due to unsatisfactory prediction results.
Based on the average absolute errors, the M3 to M5 models demonstrate better predictive performance,
with the M5 model (KNNR) showing the best predictive accuracy. Due to the small values of the
experimental curve, relative errors are not considered informative for evaluation and are therefore not
used as a criterion.

Table 3 presents the mean absolute errors and mean relative errors of the external characteristic curves
predicted by each machine learning model compared to the experimental curves during power frequency
stopping. Prediction methods that exhibited excessively large average errors for certain external
characteristic parameters have been excluded from the table for reference purposes. From the table, it can
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be observed that Models M2 to M7 achieved relatively high prediction accuracy across all parameters,
rendering their results more reliable. In contrast, Models M1 and M8 generally performed poorly in terms
of prediction accuracy. For the prediction of inlet and outlet pressures, all methods achieved satisfactory
results. However, it is noteworthy that for the prediction of rotational speed, torque, and shaft power, the
mean absolute errors were small, but the mean relative errors were extremely large. This is due to the fact
that the experimental values of these parameters rapidly decreased to values very close to zero, leading to
very small denominators in the relative error calculations and thus resulting in extremely large relative
errors. Consequently, these relative errors are not considered as reliable references. Models M1 and
M7 exhibited excessively large mean relative errors when predicting head and flow rate. This is because,
after the experimental values decreased to near-zero, the predicted values remained at relatively high
levels, leading to significant discrepancies.

Table 3: Absolute errors (relative errors) of external characteristic predicted by machine learning model
during power frequency stopping

Machine Inlet Outlet Head Flow rate  Rotational Torque Shaft power

learning pressure pressure speed

model

Ml 0.0002 kPa \ 0.68 m 049 m’h \ \ \
(2.67%) (158.51%) (240.40%)

M2 0.0002 kPa 0.0029 kPa 0.37 m 0.17m*h 23.80r/  0.10N'm 0.0128 kW
(2.37%) (11.48%)  (30.92%) (38.49%) min () N O

M3 0.0001 kPa 0.0016 kPa 0.15 m 028 m*h  9.80 r/min 0.01 N'-m 0.0012 kW
(1.24%) (6.48%) (14.85%) (16.72%) () N )

M4 0.0001 kPa 0.0015 kPa 0.14 m 028 m*h  6.51 r/min 0.01 N'm 0.0014 kW
(1.30%) (6.32%) (12.74%) (19.67%) (V) N )

M5 0.0001 kPa 0.0016 kPa 0.15 m 028 m*h  6.52 r/min 0.01 N'-m 0.0004 kW
(0.98%) (6.81%) (16.72%) (16.46%) (V) ) O

M6 0.0004 kPa 0.0019 kPa 0.10 m 0.12m*%h 17221/  0.04 N'm 0.0043 kW
(5.39%) (11.66%)  (12.08%) (44.49%) min () N O

M7 0.0009 kPa 0.0033 kPa 0.31 m 024 m*h 894 r/min 0.13 N'm 0.0285 kW
(10.55%)  (21.35%)  (65.71%) (137.53%) () N )

M8 0.0007 kPa \ \ \ \ \
(8.54%)

4.4 Frequency Conversion Starting Mode Performance Prediction

In Fig. 21, the prediction of seven external characteristic curves for the experimental pump at a steady-
state flow rate ratio of O/Q, = 1.296 during starting in frequency conversion mode is shown. Fig. 21a presents
the experimental curve and five different model predictions for the inlet pressure, all of which exhibit an
initial decrease followed by small fluctuations around a stable value. The M1 curve aligns well with the
experimental data from 0 to 1.5 s and continues to show small fluctuations close to the experimental
curve after t > 1.5 s, demonstrating overall good agreement. The average absolute error is 0.0003 kPa,
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and the average relative error is 6.97%. The M2, M3, and M5 curves match the experimental data from 0 to
2 s but gradually diverge after t > 2 s, with their inlet pressure values consistently higher than those of the
experimental curve. The average absolute errors are 0.0010, 0.0009, and 0.0009 kPa, and the average relative
errors are 20.72%, 19.42%, and 19.12%, respectively. The M7 curve shows good agreement with the
experimental data from 0.5 to 3 s; however, during the 0 to 0.5 s interval, the inlet pressure values are
significantly lower than the experimental curve, and after t > 3 s, the inlet pressure values are
significantly higher than the experimental curve. The average absolute error is 0.0010 kPa, and the
average relative error is 20.16%. The M4, M6, and M8 curves are omitted from the figure due to

unsatisfactory prediction results. Based on the average relative and absolute errors, only the M1 model
(SVMR) demonstrates satisfactory predictive performance.
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Figure 21: Frequency conversion starting mode external characteristics prediction

In Fig. 21b, the experimental curve and seven different model predictions for the outlet pressure are
presented, all of which exhibit a rapid increase followed by stabilization at a steady value. The M1 curve
shows high agreement with the experimental data from O to 1 s but gradually diverges after t > 1 s, with
outlet pressure values becoming higher than those of the experimental curve. It eventually fluctuates
within a relatively large range around the stable value of the experimental curve, with an average
absolute error of 0.0059 kPa and an average relative error of 10.70%. The M2 curve aligns well with the
experimental data during the rapid increase phase from 0 to 4 s, but it stabilizes at a value higher than the
experimental curve, with an average absolute error of 0.0038 kPa and an average relative error of 6.08%.
The M3, M5, M6, and M7 curves show good agreement with the experimental data from 0 to 1 s, but
after t > 1 s, their outlet pressure values become higher than the experimental curve, and they stabilize at
values higher than the experimental steady state. Among these, the M6 curve stabilizes at a value closer
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to the experimental curve. The average absolute errors are 0.0103, 0.0102, 0.0049, and 0.0096 kPa, and the
average relative errors are 16.40%, 16.10%, 8.55%, and 14.92%, respectively. The M4 curve fluctuates
within a range close to the experimental outlet pressure values throughout, and it also stabilizes at a value
higher than the experimental steady state, with an average absolute error of 0.0108 kPa and an average
relative error of 20.13%. The M8 curve is omitted from the figure due to unsatisfactory prediction results.
Based on the average relative and absolute errors, the M2 and M6 models demonstrate better predictive
performance, with the M2 model (GPR) showing the best predictive accuracy.

In Fig. 21c, the experimental curve and seven different model predictions for the head are presented, all
of which exhibit an initial rapid increase followed by stabilization at a steady value. The M1 curve aligns well
with the experimental data from 1 to 4 s. However, during the 0 to 1 s interval, the head values are higher than
those of the experimental curve, and the initial value does not start from zero. After t > 4 s, while the
experimental curve fluctuates slightly around the stable value, the M1 curve does not stabilize and
remains slightly below the experimental curve’s head value, with an average absolute error of 0.55 m and
an average relative error of 27.75%. The M2 curve shows high agreement with the experimental data
during the rapid increase phase from 0 to 4 s. However, after the experimental curve reaches a stable
head, the M2 curve fluctuates around 7.43 m, which is higher than the stable value of the experimental
curve, with an average absolute error of 0.40 m and an average relative error of 9.25%. The M3, M4, and
M35 curves show good agreement with the experimental data from 0 to 1 s. However, after t > 1 s, their
head values gradually become higher than the experimental curve, and they stabilize at values higher than
the experimental steady state. The average absolute errors are 0.93, 0.93, and 0.92 m, and the average
relative errors are 16.24%, 20.90%, and 16.00%, respectively. The M6 and M7 curves align well with the
experimental data from O to 4 s but ultimately stabilize at values higher than the experimental steady
state. The average absolute errors are 0.40 and 0.49 m, and the average relative errors are 14.88% and
11.47%, respectively. The M8 curve is omitted from the figure due to unsatisfactory prediction results.
Based on the average relative and absolute errors, the M2, M6, and M7 models demonstrate better
predictive performance, with the M2 model (GPR) showing the best predictive accuracy.

In Fig. 21d, the experimental curve and seven different model predictions for the flow rate are presented,
all of which exhibit an initial rapid increase, followed by a gradual increase, and finally stabilization at a
certain value. The M1, M3, and M5 curves align well with the experimental data during the rapid
increase phase from 0 to 1 s. However, in the 1 to 4 s interval, where the flow rate gradually increases,
these three prediction curves show lower flow rates than the experimental curve, and they stabilize at
values lower than the experimental steady state. The average absolute errors are 0.70, 0.93, and
0.93 m3/h, and the average relative errors are 16.84%, 14.92%, and 14.60%, respectively. The M2 curve
shows high overall agreement with the experimental data, with flow rate values slightly lower than the
experimental curve throughout the entire time span. The average absolute error is 0.30 m>/h, and the
average relative error is 17.19%. The M4 curve fluctuates within a range close to the experimental flow
rate values but significantly exceeds the experimental flow rate values from 1 to 3.5 s. The average
absolute error is 0.37 m>/h, and the average relative error is 41.32%. The M6 curve shows high
agreement with the experimental data, with an average absolute error of 0.10 m’/h and an average
relative error of 3.72%. The M7 curve also aligns well with the experimental data, showing only small
fluctuations around the experimental flow rate values. The average absolute error is 0.24 m*/h, and the
average relative error is 12.89%. The M8 curve is omitted from the figure due to unsatisfactory prediction
results. Based on the average relative and absolute errors, the M2, M6, and M7 models demonstrate
better predictive performance, with the M6 model (FNN) showing the best predictive accuracy.

In Fig. 21e, the experimental curve and six different model predictions for the rotational speed are
presented, all of which exhibit an initial rapid increase, followed by a slightly slower but still rapid
increase, and finally stabilization at a certain value. The M2, M3, M5, and M6 curves show high overall
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agreement with the experimental data, reaching the stable value at the same time and magnitude as the
experimental curve, with the exception that the M6 curve stabilizes slightly later than the experimental
curve. The average absolute errors are 5.05, 5.69, 3.70, and 9.42 r/min, respectively, and the average
relative errors are 7.46%, 2.89%, 0.63%, and 24.47%, respectively. The M4 and M7 curves align well
with the experimental data from 0 to 2.5 s, showing only occasional small fluctuations around the
experimental rotational speed values. After reaching the stable value, both curves remain consistent with
the experimental curve, with the M7 curve stabilizing slightly later. The average absolute errors are
9.09 and 13.00 r/min, and the average relative errors are 11.39% and 21.54%, respectively. The M1 and
M8 curves are omitted from the figure due to unsatisfactory prediction results. Based on the average
relative and absolute errors, the M2 to M6 models demonstrate better predictive performance, with the
M5 model (KNNR) showing the best predictive accuracy.

In Fig. 211, the experimental curve and seven different model predictions for the torque are presented, all
of which exhibit an initial increase followed by stabilization. The M2 to M5 curves show a similar behavior
to the experimental curve during the 1 to 1.5 s interval, where there is a fluctuation and a decrease in torque
values. In contrast, the M1 and M7 curves only show a slight deceleration in the rate of torque change during
this period, while the M6 curve does not exhibit any particular changes. The M1, M6, and M7 curves differ
significantly from the experimental trend. The M7 curve aligns with the experimental curve after reaching the
stable value. The average absolute errors are 0.22, 0.07, and 0.05 N-m, and the average relative errors are
11.28%, 4.69%, and 8.86%, respectively. The M2 curve shows a lower trough at t = 1.5 s compared to
the experimental curve and stabilizes at a value lower than the experimental steady state, with an average
absolute error of 0.24 N'm and an average relative error of 12.04%. The M3 and M5 curves align well
with the experimental data from 0 to 2.5 s but ultimately stabilize at values lower than the experimental
steady state, with average absolute errors of 0.14 and 0.14 N-m, and average relative errors of 6.90% and
7.05%, respectively. The M4 curve is slightly higher than the experimental torque values from 0 to 2 s
but stabilizes at a value close to the experimental steady state, with an average absolute error of 0.09 N-m
and an average relative error of 9.24%. The M8 curve is omitted from the figure due to unsatisfactory
prediction results. Based on the average relative and absolute errors, the M3 to M7 models demonstrate
better predictive performance, with the M7 model (DLN) showing the best predictive accuracy.

In Fig. 21g, the experimental curve and seven different model predictions for the shaft power are
presented, all of which exhibit an initial rapid increase followed by stabilization at a certain value. The
M1, M2, and M4 curves align well with the experimental data from 0 to 2 s. The M1 curve shows
slightly higher shaft power values than the experimental curve, while the M2 and M4 curves fluctuate
within a small range around the experimental shaft power values. The M3 and M5 curves also show high
agreement with the experimental data from 0 to 2 s, with good fitting. However, all five curves (M1, M2,
M3, M4, M5) stabilize at values slightly lower than the experimental steady state. The average absolute
errors are 0.0347, 0.0325, 0.0216, 0.0226, and 0.0232 kW, and the average relative errors are 26.00%,
12.51%, 7.33%, 15.99%, and 5.93%, respectively. The M6 curve is slightly higher than the experimental
shaft power values from 0 to 1 s and then aligns well with the experimental data from 1 to 2 s. However,
after reaching its peak, it does not stabilize but instead decreases slowly, gradually approaching the
experimental steady state. The average absolute error is 0.0119 kW, and the average relative error is
19.26%. The M7 curve is also slightly higher than the experimental shaft power values from 0 to 2 s.
After stabilization, it matches the experimental steady state, showing high agreement with the
experimental curve. The average absolute error is 0.0127 kW, and the average relative error is 40.30%.
The M8 curve is omitted from the figure due to unsatisfactory prediction results. Based on the average
relative and absolute errors, the M1 to M6 models demonstrate better predictive performance, with the
M6 model (FNN) showing the best predictive accuracy.
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Table 4 presents the mean absolute errors and mean relative errors of the external characteristic curves
predicted by each machine learning model compared to the experimental curves during frequency conversion
starting. Prediction methods that exhibited excessively large average errors for certain external characteristic
parameters have been excluded from the table for reference purposes. From the table, it can be observed that,
with the exception of Model M8, all other prediction methods achieved low mean absolute and relative
errors, indicating generally good prediction performance. The results obtained using these methods are
more reliable. Compared to power frequency starting, the errors in predicting the external characteristics
during frequency conversion starting are smaller, and the prediction performance is better. This is
because, during frequency conversion starting, the fluctuations in the parameters before reaching steady-
state values are smaller, and the time taken to reach steady state is longer, leading to less uncertainty and
easier prediction. Notably, Models M1 and M7, which performed poorly in predicting the external
characteristics during power frequency starting, also achieved better results during frequency conversion
starting.

Table 4: Absolute errors (relative errors) of external characteristic predicted by machine learning model
during frequency conversion starting

Machine Inlet Outlet Head Flow rate  Rotational Torque Shaft power
learning pressure pressure speed
model
M1 0.0003 kPa 0.0059 kPa 0.55m  0.70 m’/h \ 0.22 N'm  0.0347 kW
(6.97%) (10.70%)  (27.75%) (16.84%) (11.28%)  (26.00%)
M2 0.0010 kPa 0.0038 kPa 0.40m 030 m’h 5.05r/min 024 N'm  0.0325 kW
(20.72%)  (6.08%) (9.25%) (17.19%) (7.46%) (12.04%) (12.51%)
M3 0.0009 kPa 0.0103kPa 093 m 093 m’h 569 /min 0.14 N'm 0.0216 kW
(19.42%)  (16.40%)  (16.24%) (14.92%) (2.89%) (6.90%)  (7.33%)
M4 \ 0.0108 kPa 093 m 037m’h 9.09 /min 0.09 N'm 0.0226 kW
(20.13%)  (20.90%) (41.32%) (11.39%) (9.24%)  (15.99%)
M5 0.0009 kPa 0.0102kPa 092m 093 m’h 3.70 /min 0.14 N'm  0.0232 kW
(19.12%)  (16.10%)  (16.00%) (14.60%) (0.63%) (7.05%)  (5.93%)
M6 \ 0.0049 kPa 040m  0.10m>h 9.42 /min 0.07 N'm 0.0119 kW
(8.55%) (14.88%) (3.72%) (24.47%)  (4.69%)  (19.26%)
M7 0.0010 kPa 0.0096 kPa 0.49m 024 m’h 13.00 /min 0.05 N'm 0.0127 kW
(20.16%)  (14.92%)  (11.47%) (12.89%) (21.54%)  (8.86%)  (40.30%)
M8 \ \ \ \ \ \

4.5 Frequency Conversion Stopping Mode Performance Prediction

In Fig. 22, the prediction of seven external characteristic curves for the experimental pump at a steady-
state flow rate ratio of O/Q, = 1.296 during stopping in frequency conversion mode is shown. Fig. 22a
presents the comparison between the experimental curve and five different model predictions for the inlet
pressure, which generally exhibit an initial rapid increase followed by a slow decrease to a stable value.
The M1 curve aligns well with the experimental data from 0 to 3 s and shows high agreement after t >
3 s. The overall trend of the M1 curve is smoother compared to the experimental curve, with an average
absolute error of 0.0002 kPa and an average relative error of 2.13%. The M2 curve starts with a higher
initial value than the experimental curve. From 0 to 2 s, the inlet pressure values are higher than those of
the experimental curve. After t > 2 s, the M2 curve aligns well with the experimental curve, with slightly
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lower inlet pressure values, and it stabilizes at a value that is also slightly lower than the experimental curve.
The average absolute error is 0.0002 kPa, and the average relative error is 3.18%. The M3, M4, and
MS5 curves show significant differences from the experimental data from 0 to 3 s, with inlet pressure
values higher than the experimental curve. Notably, the M4 curve exhibits a large fluctuation in inlet
pressure values between 0.5 and 1.5 s, significantly exceeding the experimental values. However, after t
> 3 s, all three curves show high agreement with the experimental curve, stabilizing at consistent values.
The average absolute errors for M3, M4, and M5 are all 0.0002 kPa, and the average relative errors are
2.41%, 3.29%, and 2.36%, respectively. The M6, M7, and M8 curves are omitted from the figure due to
unsatisfactory prediction results. Based on the average relative and absolute errors, the M1 to M5 models

demonstrate good predictive performance, with the M1 model (SVMR) showing the best predictive
accuracy.
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Figure 22: Frequency conversion stopping mode external characteristics prediction

In Fig. 22b, the experimental curve and seven different model predictions for the outlet pressure during
stopping in frequency conversion mode are presented. The outlet pressure generally exhibits a rapid decrease
followed by stabilization around a steady value. The M1 curve aligns well with the experimental data from
0 to 1.5 s, with predicted values close to the experimental values. However, after t > 1.5 s, it begins to
fluctuate around the experimental values and ultimately oscillates within a relatively large range near the
stable value of the experimental curve. The average absolute error is 0.0039 kPa, and the average relative
error is 27.05%. The M2 curve shows high overall agreement with the experimental data, with predicted
values very close to the experimental values. The average absolute error is 0.0007 kPa, and the average
relative error is 4.36%. The M3, M4, M5, and M6 curves exhibit consistent trends with the experimental
curve from 0 to 3 s, but their predicted values are slightly higher than the experimental values. After t >
3 s, all four curves show high agreement with the experimental curve, with predicted values very close to
the experimental values, and they stabilize at almost the same time and magnitude as the experimental
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curve. The average absolute errors are 0.0021, 0.0022, 0.0021, and 0.0015 kPa, and the average relative
errors are 6.65%, 7.58%, 6.11%, and 5.45%, respectively. The M7 curve has predicted values slightly
higher than the experimental values from 0 to 1.5 s. After t > 1.5 s, the predicted values become slightly
lower than the experimental values. The outlet pressure decreases to a minimum and then slowly
increases, gradually approaching the stable value of the experimental curve. The average absolute error is
0.0038 kPa, and the average relative error is 25.16%. The M8 curve is omitted from the figure due to
unsatisfactory prediction results. Based on the average relative and absolute errors, the M2 to M6 models
demonstrate better predictive performance, with the M2 model (GPR) showing the best predictive accuracy.

In Fig. 22¢, the experimental curve and seven different model predictions for the head during stopping in
frequency conversion mode are presented. All curves exhibit a rapid decrease in head, followed by
stabilization at a steady value. The M1 curve aligns well with the experimental data for t < 3 s, with
predicted values close to the experimental values. However, after t > 3 s, it begins to diverge significantly
from the experimental curve, showing large fluctuations around the stable value of the experimental
curve. The average absolute error is 0.63 m, and the average relative error is 164.85%. The M2 to
M5 curves show good agreement with the experimental data from O to 2 s. After t > 2 s, these curves
maintain high alignment with the experimental curve, with predicted values very close to the
experimental values. They also stabilize at almost the same time and magnitude as the experimental
curve. The average absolute errors are 0.19, 0.15, 0.11, and 0.15 m, and the average relative errors are
25.61%, 12.05%, 15.19%, and 12.61%, respectively. The M6 curve has slightly higher head values than
the experimental data for t < 1 s. After that, it shows high agreement with the experimental curve, with
predicted values very close to the experimental values. The average absolute error is 0.11 m, and the
average relative error is 13.17%. The M7 curve aligns well with the experimental data for t < 5 s, with
predicted values very close to the experimental values. However, after t > 5 s, the predicted head values
drop slightly, stabilizing at a value that is slightly lower than the experimental curve’s stable value. The
average absolute error is 0.27 m, and the average relative error is 58.64%. The M8 curve is omitted from
the figure due to unsatisfactory prediction results. Based on the average relative and absolute errors, the
M2 to M6 models demonstrate better predictive performance, with the M6 model (FNN) showing the
best predictive accuracy.

In Fig. 22d, the experimental curve and seven different model predictions for the flow rate during
stopping in frequency conversion mode are presented. All curves generally exhibit a smooth transition,
followed by a rapid decrease, and then a gradual decline to zero. The M1 curve is slightly lower than the
experimental flow rate values for t < 4 s. From 4 to 7 s, it aligns well with the experimental curve. After
t > 7 s, it fluctuates around the experimental values. The average absolute error is 0.55 m’/h, and the
average relative error is 225.25%. The M2 curve shows good agreement with the experimental data for
t < 5 s, with predicted values slightly lower than the experimental values. Between 5 and 9 s, it exhibits
fluctuations around the experimental values and reaches zero at t = 9 s, which is slightly earlier than the
experimental curve. The average absolute error is 0.25 m>/h, and the average relative error is 35.88%.
The M3, M4, and M5 curves follow a trend similar to the experimental curve but have overall predicted
values that are slightly lower. They also reach zero slightly earlier than the experimental curve. The
average absolute errors are 0.42, 0.60, and 0.41 m’/h, and the average relative errors are 23.29%,
25.26%, and 23.19%, respectively. The M6 curve shows high agreement with the experimental data for
t <7 s, with predicted values very close to the experimental values. From 7 to 10 s, the predicted values
are slightly lower than the experimental values, and it reaches zero at the same time as the experimental
curve. The average absolute error is 0.10 m*/h, and the average relative error is 28.15%. The M7 curve
aligns well with the experimental curve overall, with predicted values slightly lower than the
experimental values from 0 to 2 s. After t > 2 s, the difference between the predicted and experimental
values is not significant. The average absolute error is 0.23 m’/h, and the average relative error is
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117.05%. The M8 curve is omitted from the figure due to unsatisfactory prediction results. Based on the
average relative and absolute errors, the M2, M3, M5, and M6 models demonstrate better predictive
performance, with the M6 model (FNN) showing the best predictive accuracy.

In Fig. 22¢, the experimental curve and six different model predictions for the rotational speed during
stopping in frequency conversion mode are presented. All curves show a rapid decrease followed by a
gradual decline to zero. The M2, M3, M5, and M6 curves show high overall agreement with the
experimental data, with predicted values very close to the experimental values. These models all reach
zero at the same time as the experimental curve. The average absolute errors are 8.96, 3.58, 1.46, and
9.76 r/min, respectively. The M4 curve aligns well with the experimental data but shows small
fluctuations around the experimental values, making it slightly more oscillatory than the experimental
curve. The average absolute error is 12.02 r/min. The M7 curve shows high agreement with the
experimental data from 0 to 2.5 s, with predicted values very close to the experimental values. However,
after the experimental value drops to zero, the M7 curve does not reach zero but stabilizes at
approximately 17 r/min. The average absolute error is 10.72 r/min. The M1 and M8 curve is omitted
from the figure due to unsatisfactory prediction results. Based on the average absolute errors, the M3 and
M35 models demonstrate better predictive performance, with the M5 model (KNNR) showing the best
predictive accuracy. Since the experimental values are very small, relative errors do not provide a
meaningful comparison and are therefore not used as an evaluation criterion.

In Fig. 22f, the experimental curve and six different model predictions for the torque during stopping in
frequency conversion mode are presented. All curves generally show a rapid decrease followed by a gradual
decline to zero. The M2 curve is slightly lower than the experimental torque values from 0 to 1 s. Aftert>1s,
the predicted values become slightly higher than the experimental values, and it stabilizes at 0.1 N-m without
reaching zero. The average absolute error is 0.11 N-m. The M3 and M5 curves align well with the
experimental data for t < 0.7 s, with predicted values slightly lower than the experimental values. After t
> 0.7 s, both curves show high agreement with the experimental curve, with predicted values very close
to the experimental values, and they reach zero at the same time as the experimental curve. The average
absolute errors are 0.02 and 0.01 N'm, respectively. The M4 curve has predicted values lower than the
experimental values from 0 to 1.5 s and shows significant fluctuations. After t > 1.5 s, it aligns well with
the experimental curve, with a small difference between the predicted and experimental values. The
average absolute error is 0.05 N-m. The M6 curve is smoother than the experimental curve and shows
high agreement for t < 1 s. Between 1 and 2 s, the predicted torque values are higher than the
experimental values. After t > 2 s, it aligns well with the experimental curve, with predicted values
slightly higher than the experimental values. The average absolute error is 0.03 N-m. The M7 curve
follows a similar trend to the experimental curve but has overall predicted values that are higher than the
experimental values. It does not reach zero but stabilizes at approximately 0.18 N-m. The average
absolute error is 0.14 N'm. The M1 and M8 curves are omitted from the figure due to unsatisfactory
prediction results. Based on the average absolute errors, the M3, M5, and M6 models demonstrate better
predictive performance, with the M5 model (KNNR) showing the best predictive accuracy. Since the
experimental values are very small, relative errors do not provide meaningful information and are
therefore not used as an evaluation criterion.

In Fig. 22¢g, the experimental curve and seven different model predictions for the shaft power during
stopping in frequency conversion mode are presented. All curves generally exhibit a rapid decrease
followed by stabilization. The M1 curve aligns well with the experimental data for t < 0.75 s but shows
significant differences after t > 0.75 s, with large fluctuations around zero. The average absolute error is
0.0212 kW. The M2 curve has predicted values slightly lower than the experimental values from 0 to 1 s.
After t > 1 s, the predicted values become slightly higher than the experimental values and stabilize at
approximately 0.01 kW without reaching zero. The average absolute error is 0.0143 kW. The M3 and
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M4 curves show good overall agreement with the experimental data. From 0 to 1 s, the predicted values are
slightly lower than the experimental values, and after t > 1 s, they align well with the experimental curve,
stabilizing at zero at the same time as the experimental curve. The average absolute errors are 0.0020 and
0.0046 kW, respectively. The M5 and M6 curves also show high agreement with the experimental data,
aligning well throughout and reaching zero at the same time as the experimental curve. The average
absolute errors are 0.0012 and 0.0029 kW, respectively. The M7 curve aligns well with the experimental
data from 0.3 to 0.8 s. However, for t < 0.3 s, the predicted values are lower than the experimental
values, and after t > 0.8 s, the predicted values are higher than the experimental values, stabilizing at
approximately 0.03 kW without reaching zero. The average absolute error is 0.0218 kW. The M8 curve is
omitted from the figure due to unsatisfactory prediction results. Based on the average absolute errors, the
M3, M4, M5, and M6 models demonstrate better predictive performance, with the M5 model (KNNR)
showing the best predictive accuracy. Since the experimental values are very small, relative errors do not
provide meaningful information and are therefore not used as an evaluation criterion.

Table 5 presents the mean absolute errors and mean relative errors of the external characteristic curves
predicted by each machine learning model compared to the experimental curves during frequency conversion
stopping. Prediction methods that exhibited excessively large average errors for certain external
characteristic parameters have been excluded from the table for reference purposes. From the table, it can
be observed that, with the exception of Model MS, all other prediction methods achieved low mean
absolute errors, indicating generally good prediction performance. The results obtained using these
methods are more reliable. When predicting rotational speed, torque, and head, the experimental values
rapidly decrease to near-zero values, leading to very small denominators in the relative error calculations
and, consequently, extremely large relative errors. Therefore, these relative errors are not used as a
reference. Similarly, the large relative errors in the predictions of head and flow rate by Models M1 and
M7 are also due to the same reason. Unlike during starting, the prediction performance during power
frequency stopping is comparable to that during frequency conversion stopping, maintaining a similar
level of accuracy. This is because, during stopping, the two modes do not exhibit significant differences,
and the fluctuations and time taken to reach steady-state values are relatively similar.

Table 5: Absolute errors (relative errors) of external characteristic predicted by machine learning model
during frequency conversion stopping

Machine Inlet Outlet Head Flow rate  Rotational Torque Shaft power

learning pressure pressure speed

model

M1 0.0002 kPa 0.0039 kPa 0.63 m 0.55m’>h \ \ 0.0212 kW
(2.13%) (27.05%)  (164.85%) (225.25%) )

M2 0.0002 kPa 0.0007 kPa 0.19 m 025m’h  8.96 t/min 0.11 N'm 0.0143 kW
(3.18%) (4.36%) (25.61%) (35.88%) (V) N Q]

M3 0.0002 kPa 0.0021 kPa 0.15m 0.42m’*h  3.58 t/min 0.02 N'm 0.0020 kW
(2.41%) (6.65%) (12.05%) (23.29%) (V) N Q]

M4 0.0002 kPa 0.0022 kPa 0.11 m 0.60m*h  12.02r/  0.05N'm 0.0046 kW
(3.29%) (7.58%) (15.19%) (25.26%)  min (\) ) )

M5 0.0002 kPa 0.0021 kPa 0.15m 0.41 m*h  1.46 t/min 0.01 N'm 0.0012 kW
(2.36%) (6.11%) (12.61%) (23.19%) (V) Q) )

(Continued)
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Table 5 (continued)

Machine Inlet Outlet Head Flow rate  Rotational Torque Shaft power

learning pressure pressure speed

model

M6 \ 0.0015kPa 0.11 m 0.10m*h  9.76 t/min 0.03 N'-m 0.0029 kW
(5.45%) (13.17%) (28.15%) () ) )

M7 \ 0.0038 kPa 0.27 m 023m*h 10721/  0.14N'm 0.0218 kW
(25.16%)  (58.64%) (117.05%) min (\) ) )

M8 \ \ \ \ \ \ \

5 Conclusion

This paper conducted an experimental investigation on the external characteristics of a five-bladed
closed impeller centrifugal pump during starting and stopping processes in both power frequency and
frequency conversion operation modes. The external characteristics were predicted using eight different
machine learning models. Through a comparative experimental analysis of power frequency and
frequency conversion starting methods, this study has elucidated the time-dependent variation curves of
the primary hydraulic parameters of a centrifugal pump under different starting conditions, providing data
support for research on pump starting and stopping processes. Additionally, by employing eight distinct
machine learning models to predict these key parameters, the study has identified the most suitable
predictive approaches for each parameter. This work lays a theoretical foundation for future predictions of
centrifugal pump hydraulic performance. The specific conclusions are as follows:

(1) During the starting process, the external characteristics of the pump in frequency conversion
operation reached a steady state later than those in power frequency operation, and the fluctuations before
reaching the steady state was less pronounced in the frequency conversion mode. These two features
were not significantly observed during the stopping process.

(2) For both starting modes, the outlet pressure, head, flow rate, and rotational speed of the pump
increased rapidly over time and then stabilized. In both power frequency and frequency conversion
modes, the inlet pressure exhibited significant fluctuations before stabilizing. In the power frequency
mode, the torque and shaft power increased rapidly initially, then decreased quickly, and finally
stabilized. In the frequency conversion mode, the torque and shaft power increased rapidly and then
stabilized, with the torque showing fluctuations during its rapid increase. During the stopping process, the
outlet pressure, head, flow rate, rotational speed, torque, and shaft power for both stopping modes
decreased rapidly to zero or stabilized at a low value. The outlet pressure for both stopping modes
increased rapidly at first and then gradually stabilized.

(3) As the steady-state flow rate increased, the stable values of the inlet pressure, outlet pressure, and
head decreased for both power frequency and frequency conversion pumps during starting, while the
stable values of the torque and shaft power increased, with no significant change in rotational speed.
During stopping, as the steady-state flow rate increased, the time required for the inlet pressure to reach a
stable value increased, the time for the outlet pressure and head to decrease to a stable value decreased,
and the time for the flow rate to drop to zero increased. The torque and shaft power did not show
significant changes. The time for the rotational speed to drop to zero decreased in the power frequency
mode, whereas there was no significant change in the frequency conversion mode.

(4) Gaussian Process Regression (GPR), Decision Tree Regression (DTR), an ensemble regression
model combining Gradient Boosting Trees Regression (GBTR) and Random Forest Regression (RFR), K-
Nearest Neighbors Regression (KNNR), Feedforward Neural Networks (FNN), and Deep Learning
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Networks (DLN) all demonstrated relatively accurate predictions of the hydraulic performance of the
centrifugal pump during starting and stopping. In contrast, Support Vector Machine Regression (SVMR)
and Generalized Additive Models (GAM) showed larger prediction errors. Specifically, Gaussian Process
Regression (GPR) was more suitable for predicting inlet and outlet pressures, Feedforward Neural
Networks (FNN) were more appropriate for predicting head and flow rate, and K-Nearest Neighbors
Regression (KNNR) was better suited for predicting rotational speed, torque, and shaft power.
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