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ABSTRACT The high-head pumped storage power station (PSPS) has complex working conditions and
severe transient processes. Under load rejection conditions, the turbine speed and the flow channel pressure
will threaten the unit. By adjusting the wicket gate closing law (WGCL), we can effectively alleviate the
adverse effects of the transient process. In this study, a full flow channel refined model of a high-head
PSPS was constructed, and the influence mechanism of load rejection conditions on key parameters was
analyzed by tracking the operating trajectory on the S characteristic curves and simulating the transient
flow field inside the pumped turbine by three-dimensional computational fluid dynamics (3D-CFD). Given
the contradiction between different parameters in the wicket gate closing process, a third-generation
non-dominated genetic algorithm based on reference point selection (NSGA-III) was introduced, and a
high-dimensional multi-objective WGCL optimization model was constructed. We compared parameter
changes in the two-phase and three-phase WGCL optimized elite solutions and explained the rationality
of adopting the three-phase WGCL in high-head PSPSs. By proposing an improved three-phase WGCL,
a new scheme—the most suitable WGCL under load rejection—was obtained through precise optimization.
The research embodied the excellent effect of the heuristic multi-objective (MO) optimization algorithm
based on the Pareto strategy in solving the operation problem of the large fluctuation transient process of
hydraulic machinery. It revealed the theoretical basis of engineering adjustment for the safe production and
operation of hydropower.

INDEX TERMS Pumped storage power station, one-dimensional method of characteristic, multi-objective
wicket gate closing law optimization, non-dominant genetic algorithm based on reference point selection
(NSGA-III).

I. INTRODUCTION
Pumped storage power stations (PSPSs) have unique opera-
tion modes of peak-valley filling, frequency and phase modu-
lation, and rapid response functions such as spinning reserve,
which have become a critical method of green energy pro-
duction. During PSPS operation, there are often large-scale
load changes, such as the full load rejection condition of the
turbine and the failure condition of the pump. The pumped
turbine with a pressure piping system is affected by the
resulting hydraulic transient, and company safety is essential.
For instance, the runner speed increases sharply due to the
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unbalance between the dynamic torque and the resistance
torque accompanied by severe pressure pulsation when the
unit is in an emergency shutdown for the load rejection,
which causes large short-term stress and strain on the unit
structure [1].

Under normal circumstances, the wicket gates, which are
also called guide vanes, can be closed by the governor in
time to reduce the overcurrent flow in the unit to reduce the
unit speed. However, closing the wicket gates too quickly
will cause greater water hammer pressure in the hydraulic
system [2]. The vacuum at the draft tube will drop rapidly due
to the rapid decrease in flow rate and even causewater column
separation [3]. An improper wicket gate closing law (WGCL)
may cause the diversion pipe to rupture. Consequently, the
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superposition of the back water hammer will let the unit
lift up, producing vibration and noise and causing runaway
damage to the unit [4].

There are many ways to analyze the transient flow of
turbines during the load rejection process. Several meth-
ods are typically used to reflect the key parameters at
each moment in the flow field in the flow channel.
One is to use the one-dimensional method of character-
istics (1D-MOC) [1], [5] and transfer function method
(TFM) [6] et al. to establish a numerical model of the entire
flow channel of the turbine. The 1D transient process anal-
ysis simplifies the complicated water diversion system and
equipment into simple pipelines and simplified models. The
parameter values at the midpoint of the water flow section are
measured as values of the node. It is useful for calculating the
pressure and other parameter values of equipment or pipelines
in large hydropower stations [7], [8].

For addressing the adverse effects of the pumped turbine
during the load rejection transient process, the water hammer
pressure at the spiral case inlet, the rate increase of the runner
speed, and the vacuum at the draft tube outlet were selected
as key indicators. Relevant measures were taken to reduce
the maximum value of each indicator in this study. However,
these key indicators are mutually restrictive. Because of the
changes in wicket gate closing time, one indicator tends to
deteriorate after the other two indicators are limited. There-
fore, the traditional one-phase WGCL can no longer meet the
complex load rejection condition.

It is no longer possible in existing power stations to
improve the impact of the transition process by changing the
shape of the flow channel or constructing safety equipment.
Changing the WGCL is critical to weighing the contradiction
between the three sets of key indicators. An appropriate
WGCL can simultaneously optimize different indicators. The
influence of the closing process of the movable wicket gates
on the key indicators and the transient change in the flow
channel have been recently analyzed [9]–[11].

Traditional nonlinear WGCLs include the ladderlike
pattern [9], two-phase [12] strategy, and three-phase [13]
strategy, which involve the determination of the coordinates
of different inflection points on the wicket gate closing
curve. Simultaneously, the WGCL optimization problem has
multiple objective functions and constraints, referred to as
a multi-objective WGCL (MOWGCL) problem. Previous
researchers have applied the heuristic optimization algo-
rithms to the flow channel design and parameter optimization
of hydraulic equipment [14]–[16], and several optimization
studies have examined the MOWGCL problem [17], [18].
However, previous studies usually converted the multi-
objective optimization problem (MOOP) into one or two
objective functions by setting weighting coefficients, which
has intense subjectivity in optimization.

The heuristic algorithm based on Pareto theory has signif-
icant advantages for solving MOOP [20]. In 2014, Deb et al.
[21], [22] proposed the third-generation non-dominated sort-
ing genetic algorithm (NSGA-III). It is a new type of

multi-objective genetic algorithm that addresses the defects
of the second-generation non-dominated sorting genetic algo-
rithm (NSGA-II) [23]. It has numerous advantages, such as
fast calculation speed, strong robustness, and uniform distri-
bution of non-inferior optimal solutions. Simultaneous-ly, the
diversity and convergence of Pareto solution set are improved
through the setting of reference points [24]. Recent studies
have further improved the algorithm [25], [26]. At present,
many studies have applied NSGA-III to production practice
to solve engineering problems involving multiple parameters
and multiple objectives [27]–[29].

This study combined the performance analysis of the
transient process and the multi-objective (MO) optimization
algorithm, and the WGCL under full load rejection con-
ditions was studied and analyzed. We have established a
one-dimensional (1D) refined model of the entire flow path
in this PSPS, calculated the change law for the key indi-
cators, and analyzed the operating trajectory of the unit in
the S characteristic region and the 3D eddy current vibration
under load rejection conditions. Based on the analysis results,
NSGA-III was used to optimize the WGCL accurately. The
performance change curves of different forms of WGCL
were explored, and the optimal optimization strategy was
obtained throughmulti-angle comprehensive analysis results.
The research results contri-bute to exploring rational and
easy-to-operate WGCLs in the hydraulic transient process
and providing references for the safe operation and manage-
ment of hydropower stations.

II. SIMULATION MODEL
A. RESEARCH OBJECT
The high-head PSPS in Jiangxi Province, China, is equipped
with four pumped turbine units with a rated power
of 306.1 MW, and every two units is installed under the same
pipeline system. This study conducted 1D-MOC modeling
and simulation on a single device of a single pipeline.

The relevant parameters of the power station turbine are
depicted in Table 1. According to the parameters, the pumped
turbine has a high specific speed and high head. According
to the hydraulic model test report at design time, the equip-
ment has an apparent S-shaped area during the transient load
rejection process. It will produce greater flow and torque
fluctuations [30].

Fig. 1 illustrates the general schematic diagram of the
researchmodel.MOCwas used to determine the four pipeline
sections from the casing inlet of the upstream reservoir and
the draft tube outlet to the downstream reservoir. Other equip-
ments were modeled using 1D methods.

B. 1D-MOC MODEL
By using 1D-MOC to build the numerical model of the
unsteady flow in a pressure pipeline, the unsteady flow equa-
tion and continuity equation in the pressure pipeline can be
described as [31]:

∂Q
∂t
+ gF

∂H
∂L
+

f
2DF

Q|Q| = 0 (1)
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FIGURE 1. 1D calculation model of PSPS.

TABLE 1. Equipment parameters of a single pumped turbine.

c2
∂Q
∂L
+ gF

∂H
∂t
= 0 (2)

The characteristic equation of the overcurrent system is:

QP = Cp − CaHP (3)

QP = Cn + CaHP (4)

among them

Cp = QA + CaHA − CfQA |QA| (5)

Cn = QB − CaHB − CfQB |QB| (6)

Ca = gF/c (7)

Cf = f1t/2DF (8)

Eqs. (3) and (4), respectively, represent theMOC equations
along +c and −c in the transmission direction of the water
hammer wave in the same or opposite direction of the water
flow.Qi andHi respectively represent the flow andwater head
at the corresponding node of the unit pipeline. The subscript
P represents the intersection of the positive and negative
characteristic lines between the two points A and B, and1t is
the simulation time step. Based on Eqs. (3) and (4), combined
with the elastic water hammer effect, 1D-MOC equations
were established for each hydraulic unit, upper and lower
reservoirs, and surge tanks of the PSPS overwater system, and
the flow and head changes in each node of the pipeline were
iteratively solved.

The complete characteristic curve interpolation model was
used to simulate the changes in the parameters of the pumped
turbine under the transient state, and the speed curves of
the runner were applied to the 3D-CFD as boundary condi-
tions. Simultaneously, the pumped turbine is relatively dis-
torted at the S characteristic curve. Therefore, according

to the Refs. [32], [33], the improved Suter transformation
method (ISTM) was used to eliminate undesirable phenom-
ena such as the intersection and overlap of the original
S-curve. With the wicket gate opening α as an indepen-
dent variable, the corresponding flow characteristic curve
Q11 ∼ n11 and torque characteristic curve M11 ∼ n11 were
established. The key parameters of the pumped turbine were
calculated according to Eq. (10).{

Q11 = Q11 (α, n11)
M11 = M11 (α, n11)

(9)
n = n11

√
H/D1

Qt = Q11D2
1

√
H

Mt = M11D3
1H

(10)

The generator motor was described by a first-order model,
and its dynamic equation is:

Ta
dn
dt
+ en (n− n0) = mt − me (11)

where Ta represents the inertia time constant of the generator,
which represents the time required for the rotor to accelerate
from a standstill to the rated speed when the prime mover
applies a rated torque (mt = 1) when it is in the no-load state
(me = 0). n is the relative speed, n0 is the relative speed of the
previous time step, en is the unit self-adjustment coefficient,
mt = (Mt −Mt0) /Mr and me = (Me −Me0) /Mr , respec-
tively, represent the relative deviation of the prime mover
main torque and the load resistance torque.

The wicket-gate-closing system model was simulated by
the TFM of the speed control system and considered the non-
linearity of the hydraulic system. The upstream and down-
stream surge tanks also used linear dynamic equations for
first-order modeling.

C. MODEL VERIFICATION CALCULATION
The single-tube and single-unit of the PSPS were calcu-
lated under 100% and 75% load rejection conditions, and
the processes were based on the designed one-stage WGCL.
We compared the difference between the model simulation
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FIGURE 2. Comparison of simulation curve of 1D-MOC model with measured curve: (a) Comparison of the runner speed rate change (b) Comparison of
the spiral case inlet pressure (c) Comparison of the draft tube outlet pressure.

results and the measured parameters and analyzed whether
the test results fit. Fig. 2 is a comparison diagram of simulated
and real-world parameters under 100% load rejection. Based
on the experimental results, the correspond-ing performance
indicators were calculated and compared with the real-world
data to obtain the data depicted in Table 3. Under three
load rejection conditions with different initial conditions,
the variation curve of each parameter and the real-world data
were within the allowable error range, confirming that the
1D-MOC model has high reliability.

III. IMPACT MECHANISM ANALYSIS OF KEY
INDICATORS
A. ANALYSIS OF CHARACTERISTIC CURVE
In the high-head pumped turbine, the load rejection condition
is located in the S-region of the complete characteristic curve.
The running trajectory crosses a runaway curve frequently,
which is likely to cause damage to the unit. Figs. 3 and 4,
respectively, illustrate the operation trajectory in the S-region
and the key indicator change curves of the pumped turbine
under load rejection conditions. The operation trajectory
starts from Point 1 and first moves down the curve until it
reaches Point 5. On the way, it reaches singular points at
Points 2 and 4 and intersects the runaway curve at Point 3
(the runaway point). At this time, the speed reaches the
maximum or minimum.

We analyzed the impact of these points on the operating
conditions of the pumped turbine. Based on Eq. 12, the rate
of change in the water hammer pressure at the spiral case inlet
over time can be obtained by the following equation[9]:

1h
1t
=

2h3/2

n′11 − Q
′

11/a

(
1− 1/h
aTw

+
M ′11
Ta

)
(12)

where a = dQ′11/dn
′

11 is the slope of any point on operation
trajectory.

After combining Eq. 12 and the indicator change
curve obtained by simulation calculation, the hydraulic
character-istics change law of the pumped turbine under load
rejection conditions can be obtained. The result was consis-
tent with the derived formula.

FIGURE 3. Operation trajectory of S-characteristic curve under load
rejection condition.

FIGURE 4. Comparison curve of dimensionless unit speed and key
indicators quantity under load rejection conditions.

1) POINT 1 TO 2
Because the unit suddenly loses its full load, the dynamic
torque is greater than the resistance torque. Moreover,
the resultant torque is positive, causing the runner to suddenly
increase in speed after load rejection and the wicket gates to
start closing. At this time, n′11 gradually rises and reaches a
maximum value at Point 2, and the rotation speed n of the
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TABLE 2. Comparison of various parameters of the three sets of load rejection experiments.

runner also rises correspondingly. The spiral case water ham-
mer head H1 and the relative head h have the same changing
trends, and the draft tube headH2 and h have opposite trends.
The water hammer pressure continues to rise at this stage, and
the draft tube pressure continues to drop.

2) POINT 2 TO 3
As the wicket gates continue to close, after experiencing
Singular Point 2, n′11 begins to fall. n and H1 continue to rise,
and H2 continues to fall, so h also continues to rise. The total
torque of the turbine is 0, and the runner enters the runaway
speed at t = 4.4 s. The corresponding point on the S-curve
is Point 3. Here is the dividing point of the pumped turbine
from the turbine operating condition to the braking condition.
It is also a dangerous point.

3) POINT 3 TO 4
After entering the braking region, the wicket gates continue
to close, n′11 continues to fall to the minimum, and h reaches
the maximum point close to Point 4. Because the resistance
torque caused by the decrease in flow is greater than the
dynamic torque, n begins to decrease. The first-phase water
hammer wave is transmitted to the spiral case inlet, and the
maximum value of H1 appears at t = 5.8 s immediately after
Point 3. The water hammer wave then rebounds, a longer
vortex appears at the pumped turbine draft tube, and H2
reaches the minimum. Considering H1 and H2 comprehen-
sively, the changing law of h is not apparent. In this process,
the operation trajectory changes from the braking condition
to the reverse pump condition.

4) POINT 4 TO 5
In the reverse pump condition, the first-phase water hammer
wave is transmitted in the reverse direction, and the unit flow
rate Q′11 is negative. h begins to drop sharply, and n slowly

decreases, so n′11 begins to rise. In this process, the primary
manifestation is that H1 decreases rapidly, and the change in
H2 is not apparent.

5) POINT 5 TO 4’
The operation trajectory starts to slide upwards after reaching
Point 5; ideally, it will return to Point 1, but due to hydraulic
loss, after reaching the runaway Point 5, the running trajec-
tory starts to shift to the left and n′11 decreases to reach Point
4’. n continues to fall, the changes inH1 andH2 are uncertain,
the change in h is uncertain, and H2 is generally in the rising
stage.

6) POINT 4’ TO 2’
In this process, n′11 moves from the minimum point to the
maximum point, and h is continuously declining. n reaches
the minimum value at t = 11.1 s, for the runaway Point 3’
in the S-curve. H1 decreases gradually, and H2 changes
uncer-tainly.

7) POINT 2’ TO 1’
In this stage, the second phase water hammer begins to
pass forward, n′11 decreases, and h begins to rise. The water
hammer drives the dynamic torque to increase, n begins to
increase, H1 rises sharply, and H2 decreases. The subsequent
hydraulic transient process continues the law of change in
step 1, but with the hydraulic loss, the extremums of rotation
speed, water hammer pressure, and draft tube pressure cannot
exceed these in the first phase process.

B. INTERNAL FLOW FIELD ANALYSIS
We further demonstrate the change characteristics of the
load rejection conditions of the pumped turbine using
3D computational fluid dynamics (3D-CFD) and dynamic
mesh technology to analyze the internal transient flow field
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FIGURE 5. Water hammer pressure distribution of the spiral case under load rejection condition (a) t = 2s; (b) t = 7s; (c) t = 11s; (d) t = 19s.

FIGURE 6. The distribution of eddy currents inside runner blades under load rejection conditions (a) t = 2s; (b) t = 7s; (c) t = 12s; (d) t = 21s.

FIGURE 7. Draft tube pressure and vortex distribution under load rejection conditions. Draft tube pressure and streamline: (a) t = 3s; (c) t = 7s;
(e) t = 11s; (g) t = 14s;. Draft tube vortex and streamline: (b) t = 3s; (d) t = 7s; (f) t = 11s; (h) t = 14s.

during the wicket gate closing. Fig. 5 illustrates the pressure
distribution of the horizontal section on the spiral case at
t = 2, 7, 11, 19s. We can observe the pressure distribution
of the flow field caused by the first and second phase water
hammer. The inertial centrifugal force of the water flow
produced a relatively large pressure on the outer wall of the
spiral case. Simultaneously, the pressure difference between
the fixed vanes and the wicket gates was large, which readily
generates the Karman vortex street and induces unit vibration.

Fig. 6 illustrates the vortexes inside the runner blade at
t = 2, 7, 12, 21s. After the load rejection, impact vortexes at
the inlet side of the runner blades were caused by the drastic

change in the internal flow of the pumped turbine. The reduc-
tion of flow caused channel vortexes at the back of the blades.
As the runner’s rotating speed increases, the impact vortexes
and channel vortexes gradually develop and connect to form
a larger vortex region, causing violent vibration and even
cavitation.

Fig. 7 illustrates the pressure distribution and vortex strip
of the draft tube at t = 3, 7, 11, 14s under load rejection.
After the wicket gates were closed, the draft tube pressure
first decreased and then increased. The vortex strip began
to develop and grow with runner wake disturbance during
pressure reduction. Hitting of the draft tube outer wall by
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the vortex strip can cause vibration and safety accidents.
Along with the pressure rises, the vortex strip dissipated,
and cavitation and cavitation were likely to occur, which can
damage the unit.

Therefore, the key indicators of unit are closely related to
the flow field changes inside the pumped turbine. By opti-
mizing the performance indicators during load rejection con-
ditions, thewater hammer fluctuation and cavitation vibration
of the pumped turbine can be solved. Consequently, the level
at which the unit can be safetly operated can be improved.

C. WGCLs
The rotation of wicket gates of the pumped turbine is driven
by the governor. Commonly usedWGCLs include one-phase,
ladderlike pattern, two-phase and three-phase. As the most
basic WGCL, the one-phase scheme has the advantages of
simple operation and easy implementation. It only must opti-
mize its closing time, but its optimized space is small and
cannot meet the safety requirements of complexworking con-
ditions. A ladderlike pattern WGCL has been used in some
PSPSs in production, such as the Heimifeng and Xianyou
power stations in China [34]. It can effectively control the
increase in water hammer pressure but cannot suppress the
increase in speed. At present, the primary method for solving
the MOWGCL problem is to use two-phase and three-phase
WGCL.

The two-phase WGCL divides the closing of the wicket
gates from fully open to fully closed into two parts. In each
closing period, straight-line sections with different slopes are
used. The two-phase WGCL is divided into two forms: fast-
first-and-then-slow and slow-first-and-then-fast, as depicted
in Fig. 8. For conventional pumped turbines, there is a the-
oretical basis for adopting the WGCL of fast-first-and-then-
slow. At the beginning of load rejection, the closing speed of
the wicket gates is fast, so that the trajectory from 1 to 3 in
Fig. 3 moves to the left, which is beneficial for reducing the
increase in speed. When the pressure rise value reaches the
specified value, the wicket gates start to close slowly, such
that the subsequent water hammer pressure rise rate will not
be higher than that at the turning point. Properly selecting
the turning point position and the closing speed of the first
and second phases can reduce the water hammer pressure and
speed rise rate.

The closing steps of the three-phase WGCL are as follows.
When the unit changes working conditions, the wicket gates
close quickly in the first phase. There are three forms in
the second phase: reopened, delayed, and closed. The wicket
gates are turned off entirely in the third phase, as depicted
in Fig. 9. This WGCL has a flexible adjustment method and
can effectively solve the contradiction between different key
indicators. However, choosing the turning point time and the
opening is challenging.

IV. OPTIMIZATION OF WGCL
The WGCL of the pumped turbine is a high-dimensional
multi-objective optimization problem (MOOP). This research

FIGURE 8. 1-phase and 2-phase WGCLs.

FIGURE 9. 3-phase WGCLs.

studied a third-generation non-dominant genetic algorithm
(NSGA-III) based on the selection of reference points, and the
WGCL in load rejection conditions is optimized. We selected
the speed increase rate, the water hammer pressure at the
casing inlet, and the water hammer pressure at the draft tube
outlet under the 100% load rejection of the pumped turbine as
the high-dimensional multi-objective function, and we set the
relevant constraints. After 100 iterations of analysis, the curve
of the key parameters of the pumped turbine transient process
was obtained. The calculation example reflected the excel-
lent role of NSGH-III in optimal decision-making and com-
bined engineering to satisfy comprehensive countermeasure
decision-making.

A. THEORIES OF NSGA-III
A non-dominated sorting genetic algorithm (NSGA) is a
genetic algorithm based on Pareto optimal solution set, which
solves different solutions by judging the dominance relation-
ship. The population of each generation is stratified by set-
ting the corresponding virtual fitness value, and the resulting
solution set cannot further optimize one or more objectives
without restraining other objectives [35-38].

The improved algorithm, NSGA with elite strategy
(NSGA-II), uses a fast non-dominated sorting method, which
reduces computational complexity. NSGA-III has further
improved the previous algorithm. NSGA-III uses a set of
evenly distributed reference points niche technology to main-
tain population diversity.

The following are the primary selection steps of NSGA-III.
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1) DIVIDE THE NON-DOMINATED LAYER
Assuming that Pt is the parent of the tth generation and
the number of individuals is N , the offspring Qt is gen-
erated through crossover and mutation operations, and the
number of individuals is also N . We combine the offspring
and the parents into a new population Rt = Pt ∪ Qt
with 2N individuals and select N individuals by determining
Pareto dominance. We compare all individuals in Rt with
other individuals in their dominance relationship, perform
a non-dominated ranking, and then divide them into multi-
ple non-dominated layers (F1, F2, . . .). F1 constructs a new
population St . If the number of individuals in the population
satisfies |St | < N , the next layer F2 is added to the middle St ,
and so on, until |St | = N is satisfied. If |St | = N , then St is
the new generation of population Pt+1 = St . If |St | > N , and
the non-dominated layer just added to St at this time is Fl ,
layer 1 is only partially accepted. Part of the next-generation
solution is Pt+1 = ∪

l−1
i=1Fi, and the remaining K solutions

(K = N− | Pt+1) are selected from Fl , as depicted in Fig. 10.

FIGURE 10. Elite strategy in NSGA-III.

2) SELECT OPERATION
The reference point on the hyperplane must be determined.
NSGA-III usually uses Das andDennis’smethod (DDM) [39]
to generate a set of structured reference points to ensure the
diversity of solutions. If the number of optimization targets
is M , an (M -1)-dimensional hyperplane must be generated
so that the reference points are distributed on the hyperplane.
Based on the division number H of the optimization target,
the number of reference points is determined [40].

P =
(
M + H − 1

H

)
(13)

For ensuring that the measurement scale of each objec-
tive function of the individuals in the solution set is fair,
it is necessary to perform adaptive normalization process-
ing on the population individuals in advance. First, set an
M -dimensional ideal point z̄ =

(
zmin
1 , zmin

2 , . . . , zmin
M

)
, where

zmin
i , i = 1, 2, . . . ,M is the minimum value of the pop-
ulation St in ∪tτ=0Sτ . We transform the objective function
fi (x) , i = 1, 2, . . . ,M through this ideal point, so that

f ′i (x) = fi (x) − zmin
i . Second, find the extreme point cor-

responding to each coordinate axis, through which we can
construct a hyperplane. Finally, using the pitch between the
hyperplane and the coordinate axis, the objective function
value can be self-adaptively normalized. For the ith conver-
sion target f ′i , an additional target vector zi,max is generated.
These M additional target vectors form an M -dimensional
linear hyperplane.
After finding the intercept ai, i = 1, · · · ,M , the objective

function can be normalized to:

f ni (x) = f ′i (x)/
(
ai − zmin

i

)
=

(
f ′i (x)− z

min
i

)
/
(
ai − zmin

i

)
, i = 1, 2 . . . ,M

(14)

After adaptively normalizing each objective function
corresponding to the population St individual, in the
M -dimensional space, the coordinate origin is connected with
each reference point to generate a reference line correspond-
ing to each point. We then associate each individual in the
population St with its nearest reference line and calculate
the vertical distance between the individual and the reference
line, such that the population individual is associated with the
reference point.

We improve the algorithm’s convergence with the Niche-
Preservation method to select the remaining K solutions to
enter the next population. The selection mechanism is pro-
posed in [36], [38].

3) CREATE OFFSPRING POPULATION BY GENETIC
OPERATOR
After forming a new generation of population Pt+1, we con-
tinue to use conventional crossover and mutation operators
to construct progeny population Qt+1 to determine whether
the number of iterations has been reached, and terminate the
calculation if it has. Otherwise, the iterative calculation will
start from step 1. In NSGA-III, by associating each individual
of the population with its reference point, an elite strategy
selection can be used. Accordingly, and the diversity of the
understanding set is maintained with fast calculation.

The process chart for optimizing WGCL through
NSGA-III is depicted in Fig. 11.

B. NSGA-III TO OPTIMIZE WGCL
Based on PSPS operation, this study selected two-phase and
three-phase broken-line WGCLs for optimization.

1) OPTIMIZATION VARIABLES
For the two-phase WGCLs, the wicket gate opening y1 at the
turning point and the closing time t1 and t2 before and after
the turning point were selected as the variables to form the
vector X = [t1, t2, y1] to be optimized. During operation,
the initial wicket gate opening is 0.97. After the turning
point, the wicket gates were closed completely. Similarly,
for the three-phase WGCLs, the vector to be optimized was
X = [t1, t2, t3, y1, y2]. The closing speed of the wicket gates
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FIGURE 11. NSGA-III algorithm process chart.

changed at the first turning point and closed, and the wicket
gates were closed completely after the second turning point,
i.e., y3 = 0.97− y1 − y2.

According to the requirements of the load-rejection
condition-adjustment guarantee calculation in the pumped
turbine, we selected runner rotation speed increase n, water
hammer pressure of the spiral case inlet H1, and draft tube
outlet pressure H2 as key evaluation indicators. Accordingly,
we established objective functions reflecting these three
indicators:

min fn =
max (ni)− nr

nr
, i = 1, · · · ,N (15)

min fH1 =
max

(
H1,i

)
− H1,r

H1,r
, i = 1, · · · ,N (16)

min fH2 = −
min

(
H2,i

)
− H2,r

H2,r
, i = 1, · · · ,N (17)

2) CONSTRAINT CONDITIONS
We establish multiple constraints for the MOWGCL opti-
mization problem.

a: TIME OF WICKET GATE CLOSING
0 < ti < T , i = 1, · · · , p

0 <
p∑
i=1

ti < T
(18)

where ti is the closing time of the ith segment wicket gate, p is
the total number of phases of WGCL, and T is the maximum
limit time, selected here as T = 80s.

b: AMPLITUDE OF WICKET GATE CLOSING
The amplitude of any phase of the wicket gate closing cannot
exceed the total opening of 0.97, i.e., 0 < yi < 0.97,
i = 1, · · · , p. In the three-phase WGCLs, if the second

phase operation mode is reverse opening, i.e., y2 < 0, then
y1 > −y2 is required.

c: SPEED OF WICKET GATE CLOSING
During the closing process, the speed of the wicket gate
closing cannot exceed themaximum speed enabled by the ser-
vomotor, i.e., the absolute value of the slope of any section of
the wicket gate closing curve cannot exceed kmax = 1.12/27.

ki =

∣∣∣∣yiti
∣∣∣∣ ≤ kmax, i = 1, · · · , p (19)

d: RISE RATE OF RUNNER SPEED

fn ≤ cn (20)

where fn is the speed increase rate of the first unit, and cn is
the constraint limit constant of the speed increase rate.

After establishing the 1D model of the above-mentioned
pumped storage unit as the optimization algorithm’s eval-
uation function, the parameter settings of NSGA-III are
obtained as presented in Table 3. After setting the parameters,
we run the optimization program to obtain the final optimal
Pareto solution.

TABLE 3. NSGA-III algorithm parameter settings.

C. ROBUSTNESS TEST OF NSGA-III
Load rejection conditions under three different initial condi-
tions (design flood level, normal storage level, and dead water
level) were selected, and three-phase WGCLs were used for
optimization calculations. The results verified the robustness
of NSGA-III to solve the MOWGCL problem. The initial
conditions are depicted in Table 4.

TABLE 4. Three initial conditions.

Based on the optimized WGCLs under different initial
conditions, the optimal elite strategy was selected. Different
performance indicators were calculated and compared with
the performance indicators of the initial one-phase WGCLs.
The results are depicted in Table 5.
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TABLE 5. Performance changes of optimized solutions under different initial conditions.

FIGURE 12. Elite solutions of different forms of WGCL (a) Change rate distribution of speed and water hammer pressure; (b) Change rate
distribution of speed and draft tube pressure.

TABLE 6. 1-phase and 2-phase WGCL optimization schemes and performance parameters.

After comparing the change rates of key indicators under
different initial conditions, regardless of which initial condi-
tions are optimized, improved WGCLs can be obtained. The
change rates of the optimized solution indicators were all in
a relatively similar range, and the broken laws of the three
groups of optimization schemes were roughly equivalent.
Consequently, our algorithm is highly robust.

V. RESULT ANALYSIS
A. COMPARISON OF DIFFERENT FORMS OF WGCL
Many studies have been conducted to optimize the one-phase
WGCLs of this PSPS, with a total closing time of
t1 = 35s. After comparison, the performance indicators of the

optimization results exceed the design WGCL in all aspects.
With NSGA-III to optimize the two-phase and three-phase
WGCLs, after 100 iterations, the 30 individuals in the pop-
ulation were sorted non-dominantly. The first 15 solutions
with the least reference points were selected as the elite
solutions. The comparison of one-phase and two-phase opti-
mization results is depicted in Table 6, and the comparison
of three-phase optimization results is depicted in Table 7.
With the three performance parameters as the benchmark,
the obtained elite solution set is depicted in Fig. 12.

We establish the following definition. Suppose all perfor-
mance indicators of Solution A outperform those of Solution
B. In that case, Solution A is completely non-dominated by B.
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TABLE 7. 3-phase WGCL optimization scheme and performance parameters.

FIGURE 13. Simulation results of measured data, #1p, #2 and #3 (a) Change rate of runner speed (b) Head of casing inlet (c) Head of draft tube outlet.

FIGURE 14. Simulation results of measured data, #1p, #6 and #12 (a) Change rate of runner speed (b) Head of casing inlet (c) Head of draft tube outlet.

If n performance indicators of Solution A outperform those
of Solution B, then Solution A is nth-order non-dominated by
B. For the two-phase WGCL, only Points 2 and 3 are entirely
non-dominant for the two-phaseWGCL Point 1p. Points 6, 7,
11, and 12 are second-order non-dominated by 1p, and other
points are only first-order non-dominated by 1p. We select
Points 2, 3, 6, and 12 for further analysis of its performance
indicator curve.

As illustrated in Figs. 13 and 14, the fast-closing phase
of the WGCL at Points 2 and 3 is very short, which can
prevent the subsequent water hammer pressure from being
too large for fast closing. However, the speed cannot be
reduced significantly, and the overall closing curve is similar

to a one-phase WGCL line. Points 6 and 12 have a longer
period during the quick-closing phase, causing the rotation
speed to drop, but it cannot suppress the subsequent increase
in water hammer pressure.

The analysis results illustrate that the two-phase WGCL
can reduce the extremum of related indicators to a certain
extent, but the optimization range is limited. Especially for
high-head pumped turbines, the highest water hammer often
appears in the first phase. The extremum occurs earlier,
resulting in insufficient time to reduce the speed through
the quick shut-off. Next, we used the three-phase WGCL
to compare the two-phase WGCL to analyze whether the
relevant indicators can be further optimized.
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FIGURE 15. Simulation results of #2, #3, #1’ and #4’ (a) Change rate of runner speed (b) Head of casing inlet (c) Head of draft tube outlet.

FIGURE 16. Simulation results of #2, #3, #5’ and #14’ (a) Change rate of runner speed (b) Head of casing inlet (c) Head of draft tube outlet.

FIGURE 17. Elite solutions of 3-phase and improved WGCL (a) Change rate distribution of speed and water hammer pressure; (b)
Change rate distribution of speed and draft tube pressure.

The points of the three-phase WGCL elite solution are
followed by single quotation marks. Point 2 represents the
solution in the two-phase closing law, and Point 2’ represents
the solution in the three-phase closing law. We use Points
2 and 3 as the optimal solution of the two-phase WGCLs.
Based on Figs. 15 and 16, the two-phase WGCLs have been
greatly improved, in which Point 1’, 4’, 5’, and 15’ are
entirely non-dominated by Points 2 and 3.

Furthermore, although Points 8’ and 14’ are second-order
non-dominated for Points 2 and 3, they are pronounced in
reducing fn and fH2 . These two points represent the situation
where the WGCL has a large negative pressure on the draft
tube, a scenario that must be considered. Therefore, we select
Points 1’, 4’, 5’, and 14’ for performance analysis.

The optimized three-phase WGCLs primarily adopt
‘‘close-close-close’’ mode. The four analysis points adopt the
fastest closing method during the first phase of closing. For
reducing the runner speed as much as possible, Points 1’,
4’, and 5’ are closed in the second phase and maintain a
large opening for a long period, effectively suppressing the
water hammer of the first phase. Maintaining a relatively
large opening for a long period will increase the subsequent
fluctuations fn and fn, and the flow field will remain in a
more severe state for a long period, which may intensify
the influence of the blade channel vortex and the draft tube
vortex strip.

Points 1’, 4’, and 5’ become the fastest closing method
again in the third section. At this time, the third-phase water
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TABLE 8. 3-phase WGCL optimization scheme and performance parameters.

hammer is about to occur in the casing inlet pipe, and fH1

has dropped. Therefore, the use of fast closing can sup-
press fn and fn and continues to fluctuate. For Point 14’, in
the second-phase closing process, a faster closing method
is adopted, which suppresses subsequent speed fluctuations
and draft tube pressure pulsations. The extremum of the
first-phase water hammer pressure is then higher. The third
phase adopts a slower closing method than the second phase,
which can further absorb the pressure vibration caused by the
subsequent water hammer, such that that fH1 will stabilize as
soon as possible.

It is evident from the typical solution that the optimized
WGCLs adopt the fast-first-and-then-slow law (including the
first two phases of the three-phase schemes), which demon-
strates that this law is effective in reducing and balancing
the three performance indicators. The two-phase WGCLs
are limited by the short fast-closing time and the long
slow-closing time, which is not suitable for the load rejection
process in high-head PSPSs. For low-head power stations,
the highest water hammer often appears in the last phase.
There is a long period to close slowly, so it is more suitable to
use two-phaseWGCLs. The three-phaseWGCLs reduces the
amplitude of the second-phase closing and completely closes
it in the third-phase, which can further reduce fH1 . Based on
analyzing the pressure curve results, the three-phase WGCLs
are suitable for the load rejection process in high-head PSPSs.

B. COMPARISON OF IMPROVED 3-PHASE AND 3-PHASE
WGCL
For the three-phase WGCLs, the wicket gates with a larger
opening in the second stage can suppress the occurrence
of the first-phase water hammer. The ‘‘close-delay-close’’
and ‘‘close-reopen-close’’ WGCLs are more conducive to
the reduction in performance indicators [9], [17]. Simul-
taneously, the first turning point is generally selected at
the extremum of the first-phase water hammer. Therefore,
we improved the parameter settings of the algorithm, nar-
rowed the parameter range of the optimization objectives,
and performed a new round of optimization calculations.
The obtained elite solution set is depicted in Table 8 and

compared with the four completely non-dominated solutions
of the three-phase WGCL in Fig. 17. The improved three-
phaseWGCLs elite solution is followed by double-quotes. 5’’
represents an improved three-phaseWGCL, and 5’ represents
a three-phase WGCL.

Compared with the four optimal solutions of the
three-phase WGCL, most of the improved three-phase elite
solutions are second-order non-dominated, and only the Point
10’’ is completely non-dominated. In the optimized result, fn
was difficult to reduce further, but Points 5’’ and 6’’ reduce
the values of fH1 and fH2 , respectively. We select Points 5’’,
6’’, and 10’’ to compare with the three-phase Point 5’, and
the performance index curve is depicted in Fig. 18.

The ‘‘close-reopen-close’’WGCLs are adopted in the opti-
mization results of the improved three-phase model, which
further decreases fH1 . The WGCLs of Points 5,’’ 6’’ and 10’’
are roughly equivalent in the first two phases, ith the primary
difference being the law of the third-phase. The closing speed
of Point 5’’ is the fastest, and the flow rate decreases rapidly,
such that it can prevent a low-pressure fluctuation at the
draft tube. However, the pressure extremum of the second-
phase water hammer is too large, even exceeding that of the
first phase. The closing speed of Point 6’’ is slow in the
third phase, and a is suppressed in the second-phase water
hammer, but a higher fH2 appears in the second-phase. The
average method is Point 10,’’ and both fH1 and fH2 have
achieved reasonable control, which is the ideal WGCL. Com-
pared with the designed one-phase WGCL, the performance
indicators of 10’’ are reduced by 2.7%, 14.0%, and 17.5%,
respectively.

C. OPERATING TRAJECTORY ANALYSIS OF WGCLS
We further analyzed the trajectory of WGCL working points
with different schemes on the characteristic curve. The
S-characteristics of the pumped turbine result in the unit
parameters not converging as fast as for other conventional
turbines. If the operating trajectory remains near the runaway
curve for a long period during wicket gate closing, it is easy
to cause small amplitude vibration, which is not conducive to
the stability of the unit and may lead to more accidents.

11746 VOLUME 9, 2021



C. Liu et al.: Optimization and Mechanism of the Wicket Gate Closing Law for High-Head Pumped Storage Power Stations

FIGURE 18. Simulation results of #5’, #5’’, #6’’ and #10’’ (a) Change rate of runner speed (b) Head of casing inlet (c) Head of draft tube outlet.

FIGURE 19. Operating trajectory of on the n11-Q11 characteristic curve (a) #1p and #6 (b) #1p, #5’ and #14’ (c) #1p, #6’’, #10’’.

We selected Point 1p of the one-phase WGCL and
Point 6 of the two-phase WGCL. Fig. 19(a) illustrates the
changes in the trajectory of these two working points on the
n11-Q11 characteristic curve. After the load rejection condi-
tion occurs, the closing speed of Point 6 is faster than that of
Point 1p, and it enters the slow phase at 4.23 s. At this time,
the trajectory is close to the first singular point. It shifts the
trajectory of Point 6 further to the left than that of Point 1p
from the singular point, which increases the speed and enters
the runaway region earlier.

WhenQ11 = 0, fH1 has an extremum, because the working
point passes through the boundary of the reverse pump region
earlier, the first-phasewater hammer pressure becomes larger.
In the subsequent slow-closing process at Point 6, when the
working point gradually shifts to the right side of the Point 1p
trajectory, the working point will experience a longer time in
the runaway region. Simultaneously, when the second-phase
water hammer comes, due to the large wicket gate opening
and flow, the head rising effect caused by the water hammer
cannot be reduced. Because the torque cannot be quickly
reduced, the subsequent runner speed of the runner is also
higher. Consequently, two-phase WGCLs cannot adapt to
high-head PSPSs.

Fig. 19(b) illustrates the operating trajectories of the
Point 1p of the one-phase WGCL and Points 5’ and 14’
of the three-phase WGCL on the characteristic curves. For
three-phaseWGCL, the initial quick closing causes the work-
ing point to move to the left, and the runner speed starts to
decrease. Then, the second phase of slow closing causes the
operating trajectory to move rapidly to the right, causing the

working point to pass Q11 = 0 at a later time, effectively
reducing the extremum of water hammer pressure. After the
fast closing of the third phase, the trajectory is moved to
the left again, which dramatically shortens the time for the
follow-up work point in the runaway region.

Fig. 19(c) illustrates the trajectory of the Point 1p of the
one-phase WGCL and Points 6’’ and 10’’ of the improved
three-phase WGCL on the characteristic curves. For these
schemes, the reopening operation of the second-phase makes
the trajectory directly shift to the right of the Point 1p trajec-
tory line, causing the time of the working point moving to line
Q11 = 0 to increase, reducing the pressure extremum of the
casing inlet. Simultaneously, the third phase is again closed
quickly, reducing the time to move in the runaway region.

Based on the optimized results of NSGA-III, we believe
that the WGCL corresponding to Point 10’’ is the best way
to solve performance indicator deterioration during the load
rejection transient process. This scheme has achieved signif-
icant improvements in the three performance indicators of
the increase in runner speed, water hammer pressure of the
casing inlet, and pressure of the draft tube outlet. Under the
100% load rejection condition of high-head PSPSs, the use
of the ‘‘close-reopen-close’’ three-phaseWGCLs can prevent
the occurrence of undesirable phenomena.

VI. CONCLUSION
Previous researchers rarely usedMOoptimizationmethods to
study the WGCL problem of the high-head PSPS. The three
key parameters that restrict each other—runner speed, casing
inlet pressure, and draft tube outlet pressure—represent a
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single-objective optimization problem. In this study, the oper-
ating characteristics of high-head PSPSs under load rejection
conditions were explained, and the impact of three indicators
on the equipment should be minimized. Combined with the
NSGA-III algorithm, different WGCLs were studied, and a
scheme of improved three-phase WGCL was proposed.

The main research results are as follows:
1) A 1D numerical model was established to accurately

simulate the transient operation of a high-head PSPS,
and explain how the wicket gate closing process affects
the change law of different parameters under load rejec-
tion industrial control. The operating trajectories of
the working point on the S-characteristic curves were
analyzed quantitatively, and the changes in the internal
flow field of the pumped turbine under load rejection
conditions were researched using 3D-CFD.

2) The NSGA-III algorithm—suitable for calculating
multiple objective functions and multiple
constraints—was introduced, and its special selection
algorithm was further elaborated. For the first time,
NSGA-III was applied to calculate the MOWGCL
problem for high-head PSPSs. Based on optimizing the
WGCLs of a PSPS unit, the optimization algorithm is
suitable for multi-objective engineering problems.

3) We analyzed the optimized WGCL, and compared
the impact of one-phase, two-phase, and three-phase
WGCLs on the changes in key parameters. Simultane-
ously, we comprehensively analyzed the possible
impact of each key parameter on the unit equipment.
A scheme of improved three-phase WGCL was pro-
posed, and the specific closing schemes were precisely
optimized through NSGA-III. By analyzing the work-
ing point’s operating trajectory, amechanism ofWGCL
to avoid the runaway region and pressure extremum
was proposed.

The results of this study demonstrate the superiority of the
heuristic MO optimization algorithm NSGA-III for solving
real-world engineering problems. The optimization results
and law analysis guided the control and safe operation of
hydropower equipment. Few people have studied the influ-
ence of WGCLs on the 3D runner, future research will
develop from 1D numerical models to 3D models.

NOMENCLATURE
a slope of any point on operation trajectory
c water hammer wave velocity
D pipe diameter
D1 inlet diameter of runner
f hydraulic friction coefficient
F area of the pipe section
g gravity constant
h dimensionless water head
H water head
H1 head of spiral case inlet
H1,r initial state of head of spiral case inlet
H2 head of draft tube outlet

H2,r initial state of draft tube outlet
L length of piezometric pipe
M11 unit torque
M11’ dimensionless unit torque
Mt calculated torque of the MOC model
n rotational speed of runner
N number of total time node
nr initial state of speed
n11 unit speed
n11’ dimensionless unit speed
Q flow
Q11 unit flow
Q11’ dimensionless unit flow
Qt calculated flow of the MOC model
t time
Ta time scales of machinery
Tw time scales of water flow
α wicket gate opening
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