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Abstract: Variable speed operation technology has become an emerging development direction 
in hydropower industry. Variable-speed pumped storage plants (VSPSPs) constantly undergo 
various transient processes, and ensuring the amplitude of pressure pulsation within the control 
range is critical to the safe operation of variable-speed pumped storage units (VSPSUs). 
However, its extreme value is usually determined by rule of thumb in design stage, and few 
researches focus on the relationship between pressure pulsation and variable speed operation of 
VSPSUs. In this paper, characteristic curves of pressure pulsation are plotted by processing 
model test results with Gridfit function, taking a real VSPSP as an example. The total pressure 
during transient processes is predicted by simulation of a numerical model. Load rejection 
conditions (change initial speed) and large load regulation conditions (change speed command 
and power command) are simulated, and the influence of operating trajectory on pressure 
pulsation during variable speed operation is analyzed. The results show that with the increase of 
initial speed or speed command, the value of pressure pulsation increases; the trajectory passes 
through more high-amplitude pressure pulsation region and gradually shifts to the S-shaped 
region, causing the pressure oscillation. This study could provide theoretical reference for the 
operation of VSPSUs. 

1. Introduction 
In recent years, renewable energy, such as wind and solar energy, has developed on a large scale, but 
the generation of these variable renewable energies is intermittent, random and volatile. Variable-speed 
pumped storage plant (VSPSP) has high reliability and rapidity in regulation [1-3], and it is a new 
development direction of pumped storage industry in the world [4]. To fulfill the functions of peak 
shaving, frequency regulation and emergency power supply in a power grid, pumped storage plants need 
to constantly undergo various transient processes. Load rejection and large load regulation under turbine 
mode are the main operating conditions threatening the safety of VSPSPs. At this time, the energy of 
water flow in overcurrent components of the unit increases and the pulsation energy increases 
accordingly. Under such conditions, pressure pulsation, a dynamic index, is one of the main reasons for 
unit vibration as well as fatigue damage of pump turbines [5, 6]. Pressure pulsation refers to the part 
where the pressure of each point in the flow area fluctuates in space and time due to the mixing of water 
particles in turbulence, and this pressure fluctuates randomly above and below a certain value. Unlike 
water-hammer waves caused by the rapid change of flow rate in pressurized flow conduits, the focus of 
this paper is high-frequency pressure pulsation. The factors causing pressure pulsation include rotor-
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stator interaction, rotating stall and vortex rope, etc. Ensuring the amplitude of pressure pulsation within 
the control range is an important content to ensure the safe operation of pumped storage plants. 

Existing research on pressure pulsation mainly includes theoretical analysis [7]; model test [8]; real 
machine test, such as drawing pressure pulsation spectrum diagram at guide vane, volute inlet and draft 
tube and conducting analysis with flow regime [9, 10]; numerical simulation. Compared with test 
measurement, numerical simulation is a more economical and fast way to study pressure pulsation, such 
as using SST k-omega turbulence model to simulate internal flow of pump-turbine and to analyze the 
variation law of pressure pulsation [11]. In addition to three-dimensional method, one-dimensional 
numerical simulation has the advantages of fast calculation speed and high flexibility, and it is also 
convenient to consider the influence of piping system [12-14]. However, the relationship between 
variable speed operation of variable-speed pumped storage units (VSPSUs) and pressure pulsation is 
not clear and further research is urgently required. 

This paper focuses on the variation law of pressure pulsation of VSPSUs. The specific contents are 
as follows: In section 2, the generation method of characteristic curve of pressure pulsation and the 
predicting method of total pressure are introduced. In section 3, the influence of trajectory change during 
variable speed operation of VSPSUs on the value of pressure pulsation is analyzed. The summary is 
given in section 4. 

2. Method 

2.1. Characteristic curve of pressure pulsation 
Based on the model test results of a real VSPSP, characteristic curves of pressure pulsation at volute 
inlet and draft tube are plotted in this section. 

First, the image digitization tool is used to extract the data of test marking points in each set, including 
unitary speed, unitary discharge, pressure pulsation (unit: %). Then, Gridfit function in MATLAB is 
used to integrate, extend and interpolate the measured data of turbine model test. With unitary speed and 
unitary discharge as horizontal and vertical coordinates respectively, the double-amplitude contour and 
three-dimensional surface of pressure pulsation of VSPSUs are obtained as shown in Figure 1 and Figure 
2. The data for the eight curves in Figure 2 is derived from each set of the model test. It could be observed 
that the pressure pulsation at volute inlet is generally slightly higher than that at draft tube. 

 

 
(a) 

 
(b) 

Figure 1. The double-amplitude contour of pressure pulsation: (a) volute inlet; (b) draft tube. 
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(a) 

 
(b) 

Figure 2. The three-dimensional surface of pressure pulsation: (a) volute inlet; (b) draft tube. 
 
To ensure the accuracy of fitting figures, two fitting functions (Griddata, Gridfit) in MATLAB and 

two fitting areas (changing the coordinate range of unitary speed) are considered. The double-amplitude 
difference of the value of pressure pulsation between model test and fitting under the same horizontal 
and vertical coordinate of the four schemes are compared as shown in Table 1. 

Griddata is an effective tool for interpolation of scattered data. However, it fails when the data has 
many collinear points, and more convex hulls appear on the three-dimensional surface. Moreover, null 
values exist in corners of the fitting surface, so the sample size for error calculation becomes smaller, 
and its actual interpolation effect is difficult to quantify. Gridfit could solve these problems by building 
a surface over a complete lattice and extrapolating smoothly into the corners. 

For the characteristic curves selected in this paper, the coordinate range of unitary speed is smaller. 
The average value of double-amplitude difference of pressure pulsation at volute inlet and draft tube is 
0.065% and 0.050%, and the standard deviation of the difference is 0.084% and 0.058% respectively, 
and the errors are all less than 0.1%. This scheme could make the position of operating trajectory more 
centered on the graph, and the extreme value in corners is not too large. The data is complete and the 
surface is smooth without convex hulls. The interpolation fitting effect is better, and it ensures the 
accuracy of predicted value of pressure pulsation. 

Table 1. Comparison of the four schemes (double-amplitude difference). 

Fitting 
function 

Coordinate range 
of unitary speed 

in fitting area 

Volute inlet Draft tube 
Note Average 

value 
Standard 
deviation 

Average 
value 

Standard 
deviation 

Griddata 
(35, 80) 0.061 0.135 0.035 0.050 Surface is not smooth 

and null values exist (35, 65) 0.051 0.071 0.032 0.049 

Gridfit 
(35, 80) 0.012 0.015 0.007 0.008 Extreme is large (>40) 

(35, 65) 0.065 0.084 0.050 0.058 Appropriate 

2.2. Prediction of total pressure 
The overall control strategy of VSPSU is "fast power control mode". The establishment of the numerical 
model relies on MATLAB / Simulink software in view of the good expansibility and flexibility of 
Simulink simulation module in MATLAB. The integrated model of VSPSPs with doubly-fed induction 
motor (DFIM) adopted in this paper is improved on the basis of the model established in literatures [15, 
16]. 

After the operating condition is determined, mean pressure for each time at volute inlet and draft tube 
and the operating trajectory are obtained by running the model. Meanwhile, the value of pressure 
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pulsation for each time is obtained in conjunction with the operating trajectory on three-dimensional 
surface of pressure pulsation. The total pressure could be predicted by adding mean pressure and 
pressure pulsation. 

Set a load rejection condition: the initial speed of VSPSUs is the rated speed (1.0 pu); the initial 
guide vane opening is 0.85 pu; the guide vane closes linearly within 35 s (the 10th-45th s). The operating 
trajectory, predicted pressure pulsation and total pressure are shown in Figure 3. Pressure pulsation, 
mean pressure and total pressure reach the corresponding extreme values at similar times. 

 

 
(a) 

 
(b) 

Figure 3. Operating trajectory and predicted total pressure: (a) volute inlet; (b) draft tube. 
 
In design specifications, for the maximum pressure of volute inlet, 5% ~ 7% of net water head before 

load rejection is usually taken as pressure pulsation margin; for the minimum pressure of draft tube, 3.5% 
of net water head before load rejection or 2% of net lift before a sudden pump outage is taken as the 
pressure pulsation margin. According to the selected load rejection condition, 200 sample points are 
selected in the time step of 0.2 s to calculate the proportion of pressure pulsation to net water head before 
load rejection, and the histogram of the proportion is shown in Figure 4. The results meet the 
specifications and show the accuracy of predicting pressure pulsation. Most of the sample points fall in 
the area with a smaller proportion of pressure pulsation, and it ensures the operational safety of VSPSUs. 

 

 
(a) 

 
(b) 

Figure 4. Histogram of the proportion of pressure pulsation: (a) volute inlet; (b) draft tube. 
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The time and value of extreme pressure are shown in Table 2. For the maximum pressure of volute 
inlet, the pressure pulsation and the total pressure reach the maximum value at the same time. At this 
time, the pressure pulsation accounts for 6.755% of net water head before load rejection. For the 
minimum pressure of draft tube, the mean pressure and the total pressure reach the minimum value at 
the same time. At this time, the pressure pulsation accounts for 0.265% of net water head before load 
rejection. All results are in accordance with the specifications. For the real VSPSP in this paper, the 
setting of pressure pulsation margin in the specifications is reasonable. 

Table 2. Extreme value of pressures. 

Pressure 

Volute inlet Draft tube 
Mean 

pressure 
reaches 

maximum 

Pressure 
pulsation 
reaches 

maximum 

Total 
pressure 
reaches 

maximum 

Mean 
pressure 
reaches 

minimum 

Pressure 
pulsation 
reaches 

maximum 

Total 
pressure 
reaches 

minimum 
Time (s) 20 18.4 18.4 21.4 18.2 21.4 

Mean pressure (m) 689.511 686.005 686.005 64.757 75.879 64.757 

Pressure pulsation (m) 14.207 36.373 36.373 1.425 3.358 1.425 

Total pressure (m) 703.718  722.378  722.378 63.333 72.521 63.333 
Proportion of pressure 

pulsation (%) 2.638 6.755 6.755 0.265 0.624 0.265 

3. Case study 

3.1. Condition setting of load cases 
The difference between fixed speed operation and variable speed operation in the variation law of 
pressure pulsation is analyzed in this section. The conditions are set as follows for comparison: 

1) Load rejection: change initial speed; guide vane closes linearly within 35s. The initial speeds of 
conditions DV1, DV2, DF1, DV3 and DV4 are set to 0.92 pu, 0.96 pu, 1.0 pu, 1.04 pu and 1.08 pu 
respectively. 

2) Large load regulation: change speed command under different active power commands. Speed 
command and active power command are shown in Figure 5 and Figure 6 respectively. 

 

 
Figure 5. Chart for speed setting command. 

 
The power command of conditions DF2 and DV5 - DV8 is to reduce (1.0 pu - 0), and the power 

command of conditions DF3 and DV9 - DV12 is to to increase (0 - 1.0 pu). 



31st IAHR Symposium on Hydraulic Machinery and Systems
IOP Conf. Series: Earth and Environmental Science 1079 (2022) 012111

IOP Publishing
doi:10.1088/1755-1315/1079/1/012111

6

 
 
 
 
 
 

 
Figure 6. Chart for active power setting command. 

3.2. Result analysis 
For each set of operating conditions that change initial speed and speed command, the maximum value 
of pressure pulsation is shown in Table 3 and Table 4 respectively, and the trajectory on pressure 
pulsation contour figure is shown in Figure 7 and Figure 8 respectively. 

Table 3. Maximum value of pressure pulsation (change initial speed; unit: m). 
Initial speed Volute inlet Draft tube 

0.92pu 33.136 3.025 
0.96pu 34.968 3.191 
1.00pu 36.373 3.358 
1.04pu 36.582 3.422 
1.08pu 36.566 3.486 

 

  
Figure 7. Evolution diagram of operating trajectory (changing initial speed). 

Table 4. Maximum value of pressure pulsation (change speed command; unit: m). 
Volute inlet Draft tube 

Speed command Active power command Speed command Active power command 
Reduce Increase Reduce Increase 

-8% 5.325  5.515  -8% 1.204  1.212  
-4% 5.362  6.364  -4% 1.231  1.297  

0 6.681  6.387  0 1.364  1.311  
4% 21.793  6.384  4% 2.369  1.283  
8% 33.687  6.388  8% 3.128  1.311  
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(a) 

 
(b) 

Figure 8. Evolution diagram of operating trajectory (changing speed command): active power 
command - (a) reduce; (b) increase. 

 
The variation laws of pressure pulsation under variable speed operation are obtained from the 

simulation results as follows: 
1) With the increase of initial speed, the value of pressure pulsation increases and the trajectory 

passes through more high-amplitude pressure pulsation region; 
2) With the increase of speed command, whether the active power command reduces or increases, 

the value of pressure pulsation at volute inlet and draft tube is larger, and the trajectory is closer to the 
high-amplitude pressure pulsation region; 

3) When active power command reduces, the trajectory changes significantly with the increase of 
speed command. According to Figure 9, an increased speed command would lead to the deviation of 
operating trajectory to the S-shaped region. The pressure at volute inlet and draft tube would oscillate 
seriously. It is the oscillation of physical quantities that causes the trajectory to rotate repeatedly over a 
wider region. A reduced speed command could prevent the trajectory from entering the S-shaped region 
as much as possible. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 9. Discharge and torque operating trajectory (reduce active power command): (a) discharge: 
speed command -8%; (b) torque: speed command -8%; (c) discharge: speed command +8%; (d) 
torque: speed command +8%. 

4. Conclusion 
In this paper, variation law of pressure pulsation of VSPSUs is studied. Based on the measured data of 
turbine model test of a real VSPSP, characteristic curves of pressure pulsation are plotted by Gridfit 
function in MATLAB with a good interpolation effect, including double-amplitude contour and three-
dimensional surface. The method of predicting total pressure during transient process of the VSPSP by 
the numerical model is introduced. The proportion of pressure pulsation is in accordance with 
specifications, and it indicates the accuracy of predicted value of pressure. By changing the initial speed 
and speed command of VSPSUs, the trajectory on pressure pulsation contour figure is obtained, and the 
influence of trajectory change during variable speed operation on pressure pulsation is analyzed. The 
results show that with the increase of initial speed or speed command, the value of pressure pulsation 
increases; the trajectory passes through more high-amplitude pressure pulsation region and gradually 
shifts to the S-shaped region, causing the pressure oscillation. This conclusion provides theoretical 
reference for the operation of VSPSUs. 

The prospect of this study is to further improve the interpolation fitting method of characteristic 
curves and to strengthen the engineering guidance by considering more complicated operating 
conditions in practice. 
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