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Abstract: The auxiliary regulation capacity of pumped-storage power stations can be utilized as
an effective method to regulate the output of a hydro-photovoltaic complementary system, further
mitigating the power fluctuations of the system and enhancing the photovoltaic absorption. This
study aims to minimize power fluctuations and maximize the economic benefits of electricity gener-
ation in a hydropower-photovoltaic-pumped-storage complementary system (HPPCS), which are
treated as the objective functions. It explores the participation of the HPPCS in grid active power
balance auxiliary services. By modulating the participation ratio of the HPPCS in the grid’s active
balance service, the system output is aligned to fluctuate proportionally with the daily load curve
trend. Consequently, a short-term economic dispatch model for the integrated HPPCS is developed.
The case study focuses on the considerable impact of weather conditions on photovoltaic (PV) power
generation. In this model, the outputs of cascading hydro-power stations and pumped-storage power
stations are considered as the decision variables. A decomposition-based multi-objective evolutionary
algorithm is applied to derive an optimized intra-day dispatch Pareto solution set for the cascading
HPPCS in each of these scenarios. Additionally, this study compares the Pareto solution sets for
the HPPCS in various extents of its participation in grid auxiliary services. The results of the case
study suggest that the system is capable of timely adjustments during the peak and trough periods of
load demand. Considering the economic benefits, it enables the pumped-storage station to generate
electricity for the grid during periods of high electricity prices and to store energy by pumping water
when prices are low.

Keywords: hydropower—photovoltaic-pumped-storage complementary system; short-term economic
dispatch; power fluctuation; economic efficiency of generation; multi-objective evolutionary algorithm
based on decomposition (MOEA /D); auxiliary services

1. Introduction

According to the statistics from the International Renewable Energy Agency, by the
end of 2022, the global installed capacity of renewable energy generation reached 3372 GW.
Among these, hydropower has the largest scale with an installed capacity of 1256 GW.
In 2022, 83% of the newly installed generation capacity came from renewable sources,
an increase from 78% in 2021 [1].

Photovoltaic (PV) power generation, as one of the key renewable energy sources, is
characterized by its clean and zero-carbon attributes. However, it is subject to the influ-
ences of weather and seasons, leading to high intermittency, randomness, and volatility [2].
The large-scale grid integration of PV power increases power fluctuations in the grid,
posing threats to its stable operation and presenting challenges to grid dispatching [3].
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Hydropower, which represents the largest installed capacity among renewable energy
sources and is a clean energy source, provides a stable and reliable energy supply and
controllable reservoir capacity [4]. Therefore, it is proposed to integrate the mature renew-
able technology of hydro-power generation with PV power, forming a hydro-photovoltaic
complementary system, leveraging the complementary characteristics of hydro- and solar
power. Utilizing the flexible output of hydro-power stations to mitigate the output fluctua-
tions of PV stations allows for the high regulation capacity of hydro-power stations to be
effectively used in suppressing the randomness of PV generation [5]. This approach reduces
the overall output fluctuations of the hydro-photovoltaic complementary system, facilitates
the grid integration of PV power, and enhances the stability of the power system [6].

Pumped storage, recognized as the most economical and cleanest energy storage
method currently available, offers the versatility of both power generation and water
pumping [7]. Consequently, the integration of pumped-storage stations into the hydro-
photovoltaic complementary system is being considered. The operational flexibility of
hydroelectric stations, in tandem with the auxiliary regulation capacity of pumped-storage
facilities, can effectively regulate the output from photovoltaic power stations [8]. The
integrated dispatch and management of new energy grid connections can enhance the grid
accommodation rate of renewable energy generation, thereby improving the safety and
stability of the electrical power system [9].

In recent years, scholars both domestically and internationally have extensively stud-
ied the optimization and dispatch of the HPPCS. Reference [10] examines the coordinated
dispatch rules for the HPPCS, with the objective of maximizing their economic benefits.
It proposes dispatch rules that consider the needs of long-distance, cross-regional power
transmission, thereby guiding pumped-storage stations in effective peak-shaving. Refer-
ence [11] considers long-term complementary dispatch modes, aiming to maximize the
total power generation and reliability of the hydro-photovoltaic system. Reference [12] also
considers long-term power complementation of the hydro-photovoltaic system, with the
objectives of maximizing total power generation and minimizing power fluctuations. It
solves the Pareto solution set based on a parallel universal frontier modeling multi-objective
evolutionary algorithm. Reference [13] proposes a stochastic optimization model based on
chance-constrained programming to determine the short-term operational scheduling of
the hydro-photovoltaic mixed energy system. Reference [14], with the objective of maxi-
mizing system power generation efficiency, takes into account the costs and losses of hydro-
and photovoltaic power generation. Reference [15] incorporates pumped-storage power
stations into the hydro-photovoltaic complementary system, with the goal of maximizing
the economic benefits of system operation. Reference [16] sets two objectives: minimizing
carbon emissions and reducing the curtailment rate of excess photovoltaic power to a
minimum. It uses genetic algorithms to solve the multi-objective design model mentioned
above. Reference [17] addresses the power generation scheduling problem by considering
the output power of the hydro-photovoltaic-storage system and the state of hydroelec-
tric units as robust decision variables, proposing a three-tier nested framework within a
hierarchical structure.

However, most dispatch models in these studies were designed to maximize total
generation, and some evolved from single- to multi-objective optimization, incorporating
power system stability [18]. These models predominantly focused on the operational as-
pects of the power system, often overlooking economic factors. With the advancement of
pumped-storage power stations, earlier studies mainly considered these stations indepen-
dently, creating optimization models to assess their regulation capacity [19]. Recent research
has shifted towards exploring a multi-energy complementary system that combines hy-
droelectric, photovoltaic, and pumped-storage elements, though in-depth investigation
into their short-term and long-term optimal dispatch remains scarce [20]. In addition,
other short-term dispatch studies for the HPPCS consider the generation characteristics,
environmental sustainability, and economics in isolation separately, which leads to a weak
connection between the output of the complementary system and the power grid [21].
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These approaches overlook their potential role in grid services such as peak-shaving, fre-
quency regulation, and reserve power [22]. Furthermore, the size and relative location of
hydropower plants and photovoltaic farms, therefore, introduce parameter constraints,
which will become important elements in verifying the operation of such a system.

Based on the analysis above, this paper establishes a short-term economic optimization
dispatch model for the cascading HPPCS. It aims to minimize system power fluctuation
and maximize economic benefits, incorporating the participation of the system in grid
active power balance auxiliary services into the objective function. The model uses a multi-
objective evolutionary algorithm based on decomposition (MOEA /D) for solving, which
decomposes multi-objective-optimization problems into a series of sub-problems, handling
multiple objectives simultaneously to find optimal solutions for each [23]. The power
output of photovoltaic power stations is characterized by its randomness, which can be
addressed through power-forecasting techniques to obtain the power generation curve of
the photovoltaic station [24]. Considering the weather-dependent photovoltaic output, this
study performs arithmetic validation in multiple scenarios. The study compares the opti-
mization effects of integrating pumped storage into the hydro-photovoltaic complementary
system and validates the economic viability and feasibility of the short-term optimization
dispatch in the HPPCS.

2. Short-Term Dispatch Model of the HPPCS for Participation in Auxiliary Services

This paper develops an optimized short-term dispatch model for the HPPCS. Photo-
voltaic power generation is significantly affected by weather conditions, exhibiting different
daily characteristics on sunny, cloudy, and rainy days. The daily power generation under
three different weather condition (sunny, cloudy, and rainy) at a specific basin’s photo-
voltaic station is selected as a fixed output. The peak-shaving and frequency-regulation
capabilities of hydroelectric and pumped-storage power stations are utilized to stabilize the
photovoltaic station’s output fluctuations. By optimizing the dispatch of hydroelectric and
pumped-storage power stations, the total output of the integrated HPPCS is coordinated,
then delivered to the basin’s grid dispatch system for management. In constructing the
dispatch model, this paper aims for the output curve of the HPPCS to fluctuate in accor-
dance with a typical daily load curve of the basin. This daily load curve exhibits distinct
time-segmented characteristics, ensuring that the optimized dispatch of the system is more
aligned with practical engineering applications.

2.1. Objective Function

This paper establishes two objective functions for a cascaded HPPCS: minimizing
power generation and maximizing economic benefits. Cascaded hydroelectric and pumped-
storage stations complement and stabilize the power output fluctuations of solar photo-
voltaic stations. During periods of high daily load, hydro- and pumped-storage stations
generate power to compensate for the solar PV output. Conversely, during low daily
load periods, pumped-storage stations perform energy storage by pumping water. This
process is coordinated through the hydroelectric stations to modulate the output of solar
photovoltaic stations, thereby reducing the overall power fluctuation of the system. Fur-
thermore, to maximize the economic benefits of electricity generation for the hydropower—
photovoltaic-pumped-storage complementary system, the output of pumped-storage sta-
tions is adjusted based on electricity price fluctuations. They generate electricity when
prices are high and pump water for storage when prices are low. Two constraints are set on
the output of the pumped-storage stations to ensure the highest economic efficiency of the
integrated complementary system:

(1) The power fluctuation of model:

Due to the fluctuating, random, and uncertain nature of solar photovoltaic (PV)
output, in the HPPCS, cascaded hydroelectric and pumped-storage stations mitigate
the PV output fluctuations. The power fluctuation of the system is defined as the
mean-squared deviation of the combined output of the cascaded hydroelectric stations,
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PV stations, and pumped-storage stations from the system’s designed output. Based
on the complementary evaluation index of the multi-energy-coordinated-generation
system, minimizing power fluctuation is established as one of the model’s objective
functions. The objective function is constructed as follows:

2
n _
P=\7 2 (Z P 4 P} 4 PP — Pﬂ) , (1)

t=

where P represents the output power fluctuation of the HPPCS. T is the total number of
time periods within a scheduling cycle, which, in this case, is one day. Data sampling
occurs every 15 min throughout the day. The sampled data include the average
water flow in the reservoir intervals of cascaded hydroelectric stations, the amount of
water discharged, the average inflow into the reservoirs, and so on. The average data
from these intervals are used as the sampling point data. T is set to 96, representing
the total number of 15 min intervals in a day. ‘i’ represents the index of cascaded
hydroelectric stations; ‘t’ represents the specific time interval, representd as the ¢-th
interval; ‘n” indicates the total number of cascaded hydroelectric stations in the system.

Pl.hty represents the output of the i-th cascaded hydroelectric station during the ¢-th

time interval. P/ " and PP"™P respectively, represent the output of the photovoltaic

and pumped-storage stations during the ¢-th interval. P represents the average
designed output of the HPPCS for the t-th interval. The calculation equation for
PP is as follows:
Ppump _ { = Neh - PPump_ Ptpump_t t <0 )
PdlS = Tdis Ppump_ Pfump_ >0,
where 7, and 74;s represent the energy-storage efficiency and power-generation
efficiency of the pumped-storage station, respectively. P! and P& represent the
power of pumping and generating electricity by the pumped-storage station during
the t-th interval, respectively. P} P indicates the theoretical power generation of the
pumped-storage station in the t-th interval, with a positive value indicating the station
is in a pumping state, and a negative value indicating a power-generating state.

In Equation (1), P;? represents the average designed output of the HPPCS during
the t-th interval. Considering the system’s participation in active power balance
auxiliary services for the grid, its output fluctuates following the daily load curve
trend of the grid: increasing output during peak load periods and reducing total
output during low-demand periods. Meanwhile, the pumped-storage station utilizes
excess electricity generated by the system for pumping storage. The average designed
output of the system constrains the output of the hydroelectric and pumped-storage

stations for each time interval. The calculation equation for P? is as follows:

1 I h i
pt = (1-a) +a - <Zpy + P = (1 =) - P _(1_77dis)'Ptdls>' ®)

where P! represents the average load of the grid during the t-th time interval in
the specified river basin, while a represents the proportion of the hydropower—
photovoltaic-pumped-storage-complementary system'’s output used for participating
in the grid’s active power balance services. This means that an « proportion of the
system’s output contributes to these power balance services. By adjusting the parame-
ter &, one can compare the Pareto solution sets for the HPPCS when it participates in
auxiliary services at different proportions. The value of & ranges from [0,1].
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The economic benefits of the model:

Another objective function of the scheduling model constructed in this paper is to
maximize the economic benefits of electricity generation for the HPPCS. The formula
for the system’s daily-electricity-generation benefits is as follows:

n
T | (1—a): <‘21 Pi’ty At + PP At PP At) ¢/
o 4)
n 7
=1 | +a- (2 PY . At 4P At PP At) .o
i=1

where B represents the total daily economic benefits of the scheduling model; At
represents the unit time interval length for the scheduling period, which is 1/4 when
T equals 96; n signifies the number of cascaded hydroelectric stations in the HPPCS;

Pl.hty represents the output of the i-th cascaded hydroelectric station during the f-th time

interval. P/ " and PP"™P, respectively, represent the output of the photovoltaic and

p

pumped-storage stations during the t-th interval. ¢/ and c;, respectively, represent the
varying electricity prices for grid connection and the fees for participating in active
power balance auxiliary services, which change in each time interval.

The two objective functions of the paper are addressed by calculating the mini-
mum value of the system power fluctuation and the maximum value of the system'’s
total daily economic benefit. This method is key to achieving optimal outcomes in the
HPPCS regarding both operational stability and economic performance.

2.2. Constraints

@

@)

Cascaded hydroelectric station water balance constraints:

Sipr1 = Sip + [Ii,t —(Qiy + Ri,t)} At

; : (5)
Tivap = Qi p + Rip—n + qis

where S;;and S; ;14 (m®) represent the reservoir water storage at the beginning and
end of interval ¢ for cascaded hydroelectric station i; I; ; (m3/s) is the average inflow
to station ‘t’ during interval f; excluding other uses of reservoir release than for power
generation, Q¢, and R;; (m3/s) are the average discharge flow and spillage flow of
cascaded hydrbelectric station i” in interval £, respectively. Their sum constitutes the
total discharge flow of the station for that time period. g;; represents the average
water flow between the upstream and downstream reservoirs in the interval ¢ for
hydroelectric stations i and i + 1.

The paper considers the time lag of water flow between reservoirs of cascaded
hydroelectric stations. The lag coefficient A represents the time it takes for the total
discharge from the upstream hydroelectric station i to reach the downstream station
i+ A Qj, ,and R;;_) represent the average discharge and spillage flows of station
i, adjusted for the lag coefficient. I;; is the inflow to hydroelectric station i + 1 in
interval ¢, also adjusted for the lag. The water balance constraint among cascaded
hydroelectric stations is essentially about establishing a physical link regarding the
inflow and outflow of water between the stations.

Hydroelectric reservoir capacity and discharge constraints:

{ SN < 5 < S ©
HP™ < (Q + Ryg) < HP™

where 5" and SMM represent the maximum and minimum storage capacities of
hydroelectric station i, corresponding to the maximum reservoir capacity for flood
control during the flood season and the dead storage capacity during the dry season,
respectively. The upper and lower limits of the reservoir capacity of hydropower
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stations are constrained by the size and the relative location of the stations. The sum of
Qf, pand Ry (m3/s) is the total discharge flow of station 7 in the ¢-th interval. H;"® and
HMN represent the maximum discharge flow required for downstream flood safety
and the minimum discharge flow required to meet ecological demands, respectively.
The storage capacity of reservoirs in each cascaded hydroelectric station is limited.
The storage constraints in the reservoirs are converted into upper and lower water
level constraints using the water-level-storage curve.

Cascaded hydroelectric station output constraints:

it
hy _

hy,min hy hy,min
{ P < Pi,t = Pi,t (7)
Py =Qi,-Hi-g-1

hy,mi hy, .. .
where P, ty ™ and P, f T represent the minimum allowable output and maximum

installed'capacity of ,hydroelectric station i during interval ¢, respectively. The power
output of cascade hydropower stations is constrained by the relative positions of
each station in the series. The constraint also provides a method for calculating the
output of the hydroelectric station, where Qf, is the average flow rate of electricity
generation for station  during interval £; H; (m) is the average net head of station ,
ignoring head losses; ¢ is the gravitational constant, usually taken as 9.81 x 1073;  is
the generation coefficient of the hydroelectric station. This equation establishes the
physical relationship between the output of the hydroelectric station and its flow rate.
Water level fluctuation constraints:

Zi,t = f(si,t) (8)
|Zi,l — Zi,T‘ < AZimaX

where Z; ; (m) represents the reservoir water level of hydroelectric station i during in-
terval f and f(S; ) is the function relating water level to reservoir capacity. To maintain
efficient operation for the following day’s electricity generation, excessive fluctuation
in the water level of cascaded hydroelectric stations from the beginning to the end of
a day is not desirable. Therefore, AZ™® (m) is established as the maximum allowable
range of water level fluctuation for reservoir i from the start to the end of the day.
Pumped storage station output constraints:

{ 0< Ptpump_t < ppump_max ©)

— ppump_max < Ptl’”mp—t <0

where PP#"P-M3X represents the maximum installed capacity of the reversible tur-
bine in the pumped-storage station. Pumped storage stations operate in two modes:
pumping and releasing water. The output constraint ensures that, at any given mo-
ment, the pumping and releasing power of the station does not exceed the maximum
installed capacity of the turbine. This constraint is vital for regulating the station’s
operational limits for both energy storage and generation.
Pumped storage station inflow and outflow volume constraints:

T
Yy Pt < (10)
t=1

In the HPPCS, the pumped-storage station plays a role in energy storage and release
without generating energy itself, but rather, transferring electrical energy. Over the
course of a day, the sum of the pumping and releasing power of the pumped-storage
station should be less than a minima ¢, effectively limiting the daily water pumping
and releasing volumes of the station to be equal. This constraint ensures the energy
storage and release balance within the station.
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3. Multi-Objective-Optimization-Scheduling Model’s Algorithm Solution

This paper utilizes the multi-objective evolutionary algorithm based on decomposition
(MOEA /D) to solve the multi-objective-optimization problem by decomposing it into a
series of sub-problems, each focusing on a single objective or a specific combination of objec-
tives [25]. This decomposition approach allows the algorithm to handle multiple objectives
simultaneously, seeking optimal solutions for each sub-problem. The algorithm employs
global and local collaborative search mechanisms to effectively approximate the Pareto
front of complex multi-objective-optimization problems [26]. The short-term economic dis-
patch model of the HPPCS developed in this paper employs the aforementioned algorithm
to find the optimal scheduling solution. In practical applications, decision-makers can use
the solutions on the Pareto front to understand the trade-offs between different objectives
and make more comprehensive and balanced decisions based on the actual conditions.

The Pareto Frontier (PF) in multi-objective optimization is composed of a series of non-
dominated solutions. A non-dominated solution is one where no other solution in the objec-
tive space can simultaneously outperform it on all objectives, representing a set of solutions
in multi-objective-optimization problems [27]. In multi-objective optimization, there is usu-
ally no single ‘optimal solution” because there may be conflicts between multiple objectives
and the optimal value of each objective cannot be achieved at the same time. The Pareto
front is a representation of the optimal solution set that emerges in such a situation. The
scheduling model takes the minimization of power fluctuation and the maximization of the
economic benefits of power generation in the water—photovoltaic-storage-complementary
system as two conflicting objective functions of the MOEA /D algorithm.

The MOEA /D algorithm addresses multi-objective problems by decomposing complex
multi-objective tasks into several manageable scalar-optimization sub-problems [28]. In this
paper, an improved Tchebycheff method is employed to simplify the multi-objective-
optimization problem. This method effectively addresses the issue of maintaining diversity
in the solutions of the algorithm [29]. Each sub-problem in the MOEA /D algorithm
can define a neighborhood, which consists of a collection of other sub-problems that
are closest to it. This means that each sub-problem corresponds to a distinct weight
vector [30]. The neighborhood of a weight vector is defined as a set of its nearest weight
vectors. These weight vectors are then optimized in parallel, allowing for a more efficient
and comprehensive exploration of the solution space in the multi-objective-optimization
process [31].

The MOEA /D algorithm process starts with initializing the External Group (EP) as
an empty set. It uses the improved Tchebycheff decomposition method to decompose
the multi-objective problem into scalar sub-problems and obtains initial weight vectors.
Based on the Euclidean distance between weight vectors, a neighborhood is determined for
each individual. The population is then initialized, with each individual in the population
representing a Pareto-optimal solution. For each individual, the values of multiple objective
functions are calculated based on its decision variables [32]. The selection, crossover,
and mutation operations in the evolutionary algorithm are used in the neighborhood to
generate a new non-dominated solution and save it in the external population EP, apply
the improvement based on the test problem to the generated new solution to generate
an improved solution y’, substitute the improved solution into the objective function
for computation, compare the computed value of the objective function with the current
reference point in order to update the reference point, and determine whether the fitness
of the new solution is lower than the fitness of the neighboring solution to update the
neighborhood solution and update the external population (EP). During the iteration
process, each sub-problem is optimized independently, while the search process is assisted
by information sharing within the neighborhood, saving the current optimal solution of
each sub-problem and its corresponding objective function value, the currently found
optimal value of each objective function, and all non-dominated solutions found so far.
Ultimately, upon algorithm convergence, a solution set is formed from all sub-problems,
representing the approximate Pareto front for the multi-objective problem, encapsulating
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the balance and trade-offs among the various objectives. Figure 1 shows the basic flow of
the MOEA /D algorithm.

EP=2
Obtain weight vectors by decomposing N
sub-problems using improved Tchebycheff
method

Initialize populations

Initialize the neighborhood B for Is the fitness of the N
each weight vector subproblem of y' lower than
Initialize the optimal value z the fitness of solutions in the
neighborhood?

Update the population using genetic operators
within each neighborhood to obtain y

!

Improve y by applying test problem-
based modifications to produce y*

Y

Update neighborhood solutions

Update the EP based on the dominance
relationship between solutions
in the EP and y'

Whether satisfying
the termination criterion?

Output the pareto
solution set

End

Figure 1. The basic flow of the MOEA /D algorithm.

4. Case Study
4.1. Experimental Parameter and Scenario Setting

This paper examines a complementary coordinated system as its experimental case
study, which consists of cascaded hydroelectric stations, a local photovoltaic station, and a
local pumped-storage station located within a specific river basin. The timeframe for
short-term economic dispatch is set to one day. Within this basin, the cascaded hydro-
electric station configuration follows a serial topology. The hydroelectric, photovoltaic,
and pumped-storage stations are interconnected in parallel, allowing for the integration
of their combined output into the grid for dispatch purposes. It is noteworthy that the
parameters of the cascade hydropower stations, pumped-storage power stations, and pho-
tovoltaic power stations selected in this paper all take into account the mutual influences
among various new energy power stations, including their relative positions and the scale
of the stations. The topology of the HPPCS is as follows.

4.1.1. The Parameters of Cascaded Hydroelectric Station

The daily economic dispatch model for the complementary HPPCS includes six pri-
mary constraints: the water balance of cascaded hydroelectric stations, the reservoir storage
and discharge constraints, the output limits of hydroelectric stations, the water level fluctu-
ation constraints, the inflow and outflow volume constraints of the pumped-storage station,
and the output constraints of the same. Additionally, the discharge constraints for cascaded
hydroelectric stations are designed to respect the minimum and maximum flow limits,
addressing environmental and safety concerns in downstream areas. The maximum output
constraint of hydroelectric stations is defined by the turbines’ rated power. The water level
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fluctuation constraint aims to enhance the daily regulation capacity of the stations, thereby
minimizing variations in water levels from the day’s start to end.The topology structure of
the HPPCS as Figure 2 and the details if the parameters for each hydroelectric station are
presented in Table 1.

=< ‘2\"«- o
~ X
N
N

Hydro station | N
Y D

Hydroelectricity P,

—-< Hydro station 11
~

N\
N Hydro station 1T

< Photovoltaic power Power grid
,@ —————— - generation Py, @

Photovoltaic panel Photovoltaic station

Upstream
reservoir Generating

4
Pumping: m :Releasing

water | Pumped | water Pumping
| storageunity [T TTTTTTTTTTT

Downstream
reservoir

Figure 2. The topology structure of the HPPCS.

Table 1. The parameters for each hydroelectric station.

Hydroelectric Station I II III
Water level fluctuation constraint (m) 2705-2709 2572-2574 2447.8-2449.8
Water release flow constraints (m3/s) 0-43.32 0-53.40 0-47.10
Normal reservoir level (m) 2705.8 2572.4 2448.2
Output constraints (MW) 0-45 0-72 0-60
Average net head (m) 12.5 16 15
Output coefficient 8.5 8.5 8.5
Regulatory performance Day Day Day

In this study, the initial water level for the cascaded hydroelectric stations is set to
correspond to their normal storage levels. The water level-storage relationship curves
for each station are established and available. The average incoming flow rate between
inter-stage hydro-power stations, representd as g;. 1 4, is fixed at 5 m3/s. For the purpose
of these calculations, the water travel time delay is considered to be one time interval.
This implies that water discharged from an upstream hydroelectric station reaches the
downstream station in the following time interval. Figure 3 illustrates the daily natural
inflow rate of hydroelectric station I.

4.1.2. The Parameters of Pump Station

The constraint governing the inflow and outflow volumes at pumped-storage stations
stipulates that, theoretically, the volumes of water pumped in and released from the station
should balance over a single day. The maximum installed capacity of the station represents
its peak power-generation capability. Concerning the output constraints for pumped-
storage stations, it is required that, at any given time, the power used for both pumping and
releasing does not surpass the maximum installed capacity of the reversible pump-turbine
unit. The details of the parameters for the pumped-storage station can be found in Table 2.



Electronics 2024, 13, 1282

10 of 20

] W &
(=] (=) (=}

Flow Rate /(1113/5)
S

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time

Figure 3. The natural water flow of the hydro-power station.

Table 2. The parameters for the pump station.

Maximum Installed Capacity (MW) Pumping Efficiency Generation Efficiency
300 0.95 0.90

4.1.3. Photovoltaic Power Station Output Curve

Photovoltaic (PV) power generation is notably impacted by the weather conditions,
resulting in fluctuating and random output across different weather scenarios. On sunny
days, the output is typically high, but fluctuates in response to changes in sunlight. Dur-
ing cloudy conditions, there is a noticeable decrease in output, accompanied by more
pronounced fluctuations due to the variability of sunlight. On rainy days, the output is
generally at its lowest, with significant variability and randomness in sunlight, leading
to the most substantial fluctuation in output. Since this study focuses on a daily dispatch
model, the typical season of summer is chosen as the validation scenario. The scheduling
period is one day. In this study, power generation data from a 50 MW PV power plant
located in the watershed area are selected for three typical weather condition—sunny,
cloudy, and rainy. These data serve as the fixed output data, and the output characteristic
curve under these conditions is depicted in Figure 4.
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Figure 4. Three typical daily output processes of photovoltaic power station.

4.1.4. Daily Load Curve of the Grid

This paper utilizes the typical daily load curve of the electrical grid in the specified
basin as a benchmark for determining the average designed output of the HPPCS. The daily
load characteristic curve exhibits distinct temporal features, with the electrical grid load
reaching its peaks around 10:00 a.m. and 9:00 p.m. and its lowest points around 1:00 p.m.
and during the early morning hours. This pattern mirrors the typical daily variations in
electricity consumption. In consideration of the system’s role in providing active power
balance auxiliary services, the average designed output curve is modeled to fluctuate in
accordance with the load curve’s trend. The daily load profile is depicted in Figure 5.
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Figure 5. Typical daily load curve of power grid.

4.2. Experimental Results and Analysis
4.2.1. Optimized Scheduling Results with Different Auxiliary Service Participation Ratios

For the experiment, a typical sunny day scenario is selected, and the proportion
coefficient representing the participation of the hydropower-photovoltaic-pumped-storage
complementary system (HPPCS) in auxiliary services is varied. This variation aims to
analyze its impact on the scheduling model. The Pareto fronts for different settings of
the proportion coefficients, specifically « = 0.1, « = 0.5, and « = 1, are compared. These
comparisons are illustrated in Figure 6.
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Figure 6. Pareto solution sets under different proportion coefficients a.

From the analysis of the Figure 6, it is observed that, with the increase in the proportion
coefficient a, there is a reduction in the power fluctuation of the HPPCS, while maintaining
the same economic benefit of CNY 1.275 million. Specifically, the system power fluctua-
tions are 1.1 MW, 16.2 MW, and 38.3 MW for increasing values of x. Additionally, as the
participation coefficient « in active power balance services increases, the system’s output
trend aligns more closely with the load curve fluctuations, thereby enhancing the model’s
performance in meeting the two targeted objective functions. As indicated by Equation (4),
the economic benefits of the hydropower—photovoltaic-pumped storage complementary
system are influenced by the coefficient a. The fee received for participating in active power

balance auxiliary services, representd as cf , exceeds the feed-in tariffs for system power
generation, represented by c;. Consequently, with an increase in a, the scheduling model
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gradually shifts towards a single-objective-optimization problem. Under the identical con-
dition of power fluctuation, the economic performance of the model shows improvement.
In summary, an increase in the scale factor « leads to enhanced economic efficiency of
the model.

Furthermore, the coefficient reflects the extent of the HPPCS's participation in active
power balance auxiliary services. It facilitates the alignment of the system’s designed
output with the electrical grid load curve at varying proportions. Figure 7 compares the
grid load curve with the system’s designed output curves at « = 0 and & = 1. In this figure,
P_I represents the daily load curve. It is observed that, at « = 1, the designed output of
the HPPCS fluctuates precisely in accordance with the load trend. Conversely, at « = 0,
the system’s designed output is represented by a flat line, indicating no responsiveness to
fluctuations in the load curve. When « is set to 1 in Equation (3), and assuming no losses
in the pumped-storage station, the average designed output of the system equates to the
total output of the HPPCS, adjusted by the load coefficient. In this scenario, the system
fully participates in active power balance auxiliary services, leading to a designed output
that perfectly matches the fluctuations of the grid load curve. Conversely, with « = 0,
the average designed output is decoupled from the load curve, signifying no participation
in auxiliary services. The optimized result under this condition is depicted as a straight line,
failing to represent the peak-shaving and valley-filling regulation capabilities of the system.
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Figure 7. The system’s average designed output curves for the cases where x = 0 and & = 1 are analyzed.

4.2.2. Comparative Analysis of Pareto Solution

Utilizing the known daily output curves of the photovoltaic station under varying
weather scenarios in the basin, along with the inflow data of cascaded hydroelectric stations,
the hydropower—photovoltaic-pumped-storage complementary system(HPPCS) economic
dispatch model is developed. This model is based on predefined parameters for the
hydroelectric and pumped-storage stations. Its primary objectives are to minimize system
power fluctuations and maximize the economic benefits of electricity generation, while
also accounting for the system’s role in active power balance auxiliary services. The multi-
objective evolutionary algorithm based on decomposition (MOEA /D) is employed to
address the optimization challenges posed by both the HPPCS and the hydro-photovoltaic
complementary system across three typical weather conditions: sunny, cloudy, and rainy.
The proportion coefficient «, representing participation in active power balance auxiliary
services, is set at 0.1 for both the HPPCS and the hydro-photovoltaic-complementary system.
The Pareto solution sets for these systems, under three typical weather condition—sunny,
cloudy, and rainy—are illustrated in Figures 8, 9, and 10, respectively.
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In all three weather scenarios—sunny, cloudy, and rainy—the Pareto results indi-
cate that the scheduling of the hydropower—photovoltaic-pumped-storage-complementary
system is superior to that of the hydro-photovoltaic system. This superiority is evident
when comparing power fluctuations and economic benefits under the same conditions
in each scenario. Specifically, the HPPCS scheduling model demonstrates smaller power
fluctuations for the same economic benefits. Additionally, when comparing scenarios
with identical power fluctuation values, the HPPCS scheduling model also yields higher
economic returns. The comparative analysis of Pareto solutions for both models clearly
shows that the HPPCS offers a more optimized and rational set of Pareto solutions. This
enhanced performance is attributed to the integration of pumped-storage stations, which
serve as a vital tool for auxiliary regulation within the system. The ability of these stations
to rapidly adjust output and switch between pumping and generating modes allows for
timely compensation and regulation of the outputs from both cascaded hydroelectric and
photovoltaic stations. Consequently, this integration fosters a more rational and efficient
approach to daily optimization scheduling for the HPPCS. Additionally, it is evident from
the figure that the Pareto solution set of the HPPCS’s optimized scheduling model en-
compasses a broader range, thereby offering a more diverse array of optimal solutions for
individual objectives. This superiority is primarily due to the hydro-photovoltaic system
being constrained by its total output capacity. The inclusion of pumped-storage stations
significantly expands the system’s output range and relaxes these constraints, facilitating
the attainment of better solutions. Additionally, the bidirectional regulation capability of
pumped-storage stations not only mitigates power fluctuations from solar stations, but also
integrates economic considerations into the scheduling process. This enables the system'’s
output to more closely align with electricity price trends through optimized scheduling of
pumped storage operations. In summary, the optimized scheduling model of the HPPCS,
which incorporates participation in active power adjustment auxiliary services and lever-
ages the auxiliary regulation capabilities of pumped storage, exhibits superior performance
in its Pareto solution set compared to the hydro-photovoltaic system alone. The Pareto
solution set not only exhibits superior performance in achieving a balance between power
fluctuation and economic benefits, but also showcases enhanced extensibility. It offers
more optimal solutions focused on individual objectives, providing decision makers with a
broader range of optimized scheduling options for different scenarios and requirements.
This enhances the diversity and completeness of the model’s application. Such an approach
significantly augments the diversity and applicability of the model, making it a more
comprehensive tool for system optimization.

4.2.3. Analysis of Extreme Pareto Solutions within the Scheduling Model

At a coefficient value of & = 1, the Pareto solution set for the optimized scheduling
model of the HPPCS is determined under sunny weather conditions. To delve deeper into
this Pareto solution set, points representing minimal power fluctuation and maximum
economic benefit are specifically examined. Figures 11 and 12 display the system power
station output curves corresponding to these points, showcasing the maximum economic
benefit and minimal power fluctuation, respectively.

In Figure 11, curve P represents the total output of the system, curve P? represents the
average designed output, and P j,, ,, represents the combined output of the hydroelec-
tric and photovoltaic stations. P_,,mp is the output curve of the pumped-storage station,

while the ‘price’ curve reflects the electricity price trend. The comparison of curves P, P4,
and P ., reveals that, although the total output of hydro- and photovoltaic stations
loosely aligns with the electricity price trend in pursuit of maximum economic benefits,
this correlation is not strongly evident. This is primarily because the output of cascaded
hydroelectric stations is constrained by various factors, including limitations on reservoir
water discharge, water level fluctuations, and the turbines” maximum capacity. These
limitations narrow the output range of the stations, thereby affecting the flexibility of the
hydro-photovoltaic-complementary system. The P _p;;, curve illustrates that the output
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of the pumped-storage station varies in accordance with the electricity price trends, con-
strained only by the reversible turbine’s capacity and the inflow and outflow constraints.
Integrating pumped-storage stations into the system enhances not only the flexibility of
power output, but also ensures that output fluctuations are more closely aligned with
electricity price trends. This approach results in higher power generation during periods of
high prices and reduced output when prices are low, significantly improving the HPPCS’s
ability to maximize economic benefits.
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Figure 11. Output curves of each power station at the point of optimal economic benefit.
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Figure 12. Outputcurves of each power station at the point of minimal power fluctuation.

In Figure 12, the curve P j, represents the total output of cascaded hydroelectric
stations, while P, represents the output curve of the photovoltaic station. A comparison

of curves P, P4, and P 4 prreveals that the total output curve of the HPPCS aligns more
closely with the average designed output curve than the combined output curve of hydro-
and photovoltaic stations. This alignment indicates smaller power fluctuations and a
more pronounced superiority of the HPPCS. Furthermore, the total output curve of the
cascaded hydroelectric stations (P ;) and the output curve of the photovoltaic station (P_)
display a complementary relationship. During periods of reduced photovoltaic power
generation, the output from cascaded hydroelectric stations tends to be higher, compen-
sating for the decrease. Conversely, during periods of high output from the photovoltaic
station, the hydroelectric stations, following optimized scheduling strategies, reduce water
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discharge to decrease their output. This coordinated approach ensures a balanced total
output by allowing one source to compensate when the generation from the other is lower.
Such coordination and compensation among hydroelectric, photovoltaic, and pumped-
storage stations enable the system’s total output to closely adhere to the average designed
output curve. This alignment effectively minimizes power fluctuations to the greatest
extent possible.

Analyzing the curves presented in Figure 13, specifically with « = 1, it is observed
that the trend of the system’s average designed output closely aligns with the grid load
curve. The curve P?—P p;,p, which represents the average designed output of the system
minus the output of the pumped-storage station, yields a smoother curve. This subtraction
effectively reduces the peaks and valleys in the curve P4, thereby weakening the overall
fluctuation trends. In conjunction with the analysis of Figure 10, it becomes clear that the
HPPCS exhibits smaller power fluctuations in its total output. The bidirectional regulatory
capacity of pumped-storage stations plays a crucial role in peak-shaving and valley-filling
for active power balance regulation. This capability is harnessed through the stations’
flexible output: they generate electricity by releasing water during periods of high load
demand and store energy by pumping water during times of low demand. When the
proposed scheduling method is implemented, the output of the high-voltage power moni-
toring system is closer to the trend of the load curve, which effectively reduces the power
fluctuation within the system.
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Figure 13. Comparison figure of system design outputs.

4.2.4. System Power Output under Pareto-Optimal Solutions

With the proportion coefficient « set to 1, Pareto-optimal solutions for three dis-
tinct weather scenarios were determined using the Euclidean distance method. In sunny
conditions, the HPPCS exhibited a power fluctuation index of 16.81 MW and achieved
an economic benefit of CNY 1.3552 million. Under cloudy conditions, the indices were
17.55 MW for power fluctuation and CNY 1.3132 million for economic benefit. In rainy
conditions, the system showed a power fluctuation of 14.46 MW and an economic benefit
of CNY 1.2566 million. Across these scenarios, transitioning from the theoretical minimum
power fluctuation solution to the selected optimal solution resulted in power fluctuation
increases of 16.13 MW, 16.74 MW, and 13.73 MW, respectively. Concurrently, the economic
benefit increased by 3.95%, 4.23%, and 3.60%. The Pareto-optimal solutions identified
using the Euclidean distance method effectively demonstrate the trade-offs between system
power fluctuation and economic efficiency. These solutions strike a balanced compromise,
minimizing power fluctuation while maximizing economic benefit. Furthermore, the opti-
mal solutions ensure that, while striving for higher economic gains, the power fluctuations
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are kept within acceptable limits. This approach exemplifies a well-calibrated balance
between these two critical objectives.

The subsequent Figures 14-16 illustrates the daily total output curves of the HPPCS
under three typical scenarios. This includes the system’s daily total output curve (P),

the average designed output curve (P?), as well as the daily total output curves of the
cascaded hydroelectric stations (P ;,), the photovoltaic station (P ), and the pumped-
storage station (P _p,mp). This display effectively demonstrates the daily power output
process of the entire HPPCS, providing a comprehensive view of its operational dynamics.

The analysis of the system’s daily total output curve in comparison with the average
designed output curve reveals variations due to differing total photovoltaic outputs across
the three scenarios. Throughout the day in each weather scenario, the system’s actual
output marginally exceeds the design value, whereas at night, it falls slightly below. This
discrepancy is attributed to the higher electricity prices during daytime and lower prices
at night. The trend of the curve indicates that the scheduling of the system’s daily total
output aims not only to minimize power fluctuations, but also to optimize the economic
efficiency of power generation. This scheduling strategy exemplifies a balance between
stabilizing power output and considering economic factors relevant to electricity generation.
Overall, the high degree of similarity between curve P (the total system output) and curve
Pd (the average designed output) aligns with the objective to modulate the output of
the HPPCS according to the designed average output curve. This modulation involves
increasing the system’s output during peak grid load periods and decreasing it at night,
thereby illustrating the system’s active participation in the grid’s power balance auxiliary
services. When comparing the total output curve P ;. of the cascaded hydroelectric
and photovoltaic stations with the total system output curve P, a close alignment with the
average designed output curve P? is observed from 0:00 to 9:00. This alignment occurs
because the combined output of the photovoltaic and hydro-stations adequately meets
the load demand during this period. Within the HPPCS, the pumped-storage station
undertakes energy storage by pumping water during the early hours, thereby preparing to
generate power during peak demand periods. As a result, the total output of the HPPCS
during this time is lower than the average designed output. Between 9:00 and 15:00, both
curves P and P ., ,;, (the output of cascaded hydroelectric and photovoltaic stations)

exceed P4, indicative of a higher total system output. This increase is primarily due to the
elevated output from photovoltaic stations during these hours. Consequently, the output
from cascaded hydroelectric stations is adjusted downward, creating a complementary
operational effect. However, when taking economic factors into account, the total output of
the system slightly exceeds the designed output. During this period, the pumped-storage
station operates at a lower power, alternating between pumping and generating modes to
stabilize power fluctuations.
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Figure 14. Output curves of various power stations under sunny conditions.
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Figure 15. Output curves of various power stations under cloudy conditions.
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Figure 16. Output curves of various power stations under rainy conditions.

From 15:00 to 24:00, curve P, representing the total system output, follows the trend of
P4, albeit being slightly higher. Its ability to track the fluctuations more effectively than
Py pn is particularly notable. During peak load periods within this time frame, the HPPCS
engages in electricity generation by releasing water from the pumped storage, demonstrat-
ing its peak-shaving capabilities. This underscores the pivotal role of the pumped-storage
station in peak-shaving and auxiliary regulation. With the reduced output from pho-
tovoltaic stations and the inherent limitations of cascaded hydroelectric stations, curve
P 4 pn fails to demonstrate effective fluctuation management during periods of high load.
Its trend remains relatively flat, signifying a limited capacity to adapt to the designed
output fluctuations. This limitation highlights the superiority of the HPPCS, which can
more effectively manage power fluctuations and align with the designed output trends.

5. Conclusions

This paper has successfully established a short-term economic optimization dispatch
model for cascading HPPCSs. The multi-objective evolutionary algorithm based on decom-
position (MOEA /D) has been employed to solve the model. The key conclusions drawn
from this study are as follows:

(1) The involvement of the HPPCS in auxiliary services, governed by the variable
proportion coefficient «, plays a crucial role in its scheduling model. The average designed
output of the system dynamically adjusts according to the grid load curve, scaling with
the value of a. Furthermore, the economic efficiency of electricity generation within this
system is linked to the proportion coefficient «.
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(2) The system demonstrates reduced power fluctuations at equivalent economic
benefit levels, signifying its enhanced performance over traditional hydro-photovoltaic
systems. The Pareto solution set pertaining to the optimized scheduling of the HPPCS is
more extensive, offering solutions better suited for individual objectives.

(3) At the point of optimal economic efficiency, incorporating pumped storage markedly
enhances the system’s output adaptability, aligning more closely with fluctuating electricity
prices. Furthermore, at the point of optimal power stability, the bidirectional adjustment
capacity of pumped-storage stations proves crucial. Their adaptable output plays a pivotal
role in managing active power balance, primarily through peak-shaving and valley-filling.

(4) The case study underscores the inherent trade-off between power fluctuation and
economic benefit present in the Pareto-optimal solutions, achieving an effective balance
between these two critical objectives. This is attributed to the fact that pumped-storage
stations not only contribute to peak-shaving and valley-filling for the system’s designed
output curve, but also take into account economic constraints.

The size and relative location of the stations of the HPPCS, therefore, introduce
transmission constrains. It is worth including this issue in further work. Furthermore,
in further research, we will consider integrating wind farms into the hydro-photovoltaic-
storage system for unified dispatch, constructing a comprehensive new energy-power-
generation dispatch model, and studying dispatch over longer time scales.
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