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Abstract. China is vigorously developing distributed small hydropower in rural areas. However,
the large-scale integration of small hydropower into distribution networks causes voltage
fluctuations and over-limits due to seasonal variations in power output. To ensure the safe and
stable operation of the distribution network, a voltage optimization strategy based on the adaptive
shrinkage factor particle swarm optimization (ASCF-PSO) algorithm is proposed. The strategy
involves dividing small hydropower into clusters and coordinating the optimization of reactive
power compensation devices and cluster output, with the goal of minimizing node voltage
deviation and network loss under different spatiotemporal scenarios. Simulations conducted on a
33-node system using actual output data from multiple small hydropower stations in the Meijiang
River Basin. It shows that ASCF-PSO can keep all node voltages within the normal range and
improve the rationality of power distribution. This study provides an effective solution for the safe
and stable operation of distribution networks with high penetration of small hydropower.

Keywords: small hydropower, improved particle swarm optimization algorithm, voltage
optimization control, cluster division, different spatiotemporal scenarios.

1. Introduction

In response to global challenges such as global warming and excessive greenhouse gas
emissions, the State Council of China issued the action plan for carbon peaking by 2030, which
included “carbon peaking” and “carbon neutralization” into the “14th five year plan” and medium-
and long-term development strategies to achieve energy security and sustainable development [1].
China has vigorously promoted distributed generation (DG) across various regions, leading to a
year-on-year increase in the penetration rate of renewable energy in power systems [2]. In
water-rich areas, large-scale small hydropower grids have gradually formed. Small hydropower
units are mainly distributed in rural and remote areas, connected to distribution networks as
auxiliary power sources to complement the main power supply and support the main grid’s power
dispatching. Typically, distributed small hydropower units are integrated into the low-voltage side
of distribution networks.

In general, the output operation of small hydropower is relatively stable, and the voltage
fluctuation range is smaller than that of wind power, photovoltaic and other distributed power
sources. With installed capacities generally below 50 MW and voltage levels of 10-35 kV, most
small hydropower units are run-of-river type, whose active power output depends heavily on river
runoff. Therefore, there are problems such as seasonality, randomness of output, intermittence and
greater impact by meteorological factors such as rainfall. The power generation characteristics of
small hydropower units differ greatly in different spatiotemporal scenarios, and their grid
connected capacity, location and active and reactive output have a great impact on the voltage of
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distribution network [3]. The imbalance between load power and small hydropower injection
power [4] causes voltage fluctuations and over-limits in low-voltage distribution networks [5].
During the wet season, DG connected to the low-voltage distribution network has the phenomenon
of reverse power flow, resulting in the line node voltage exceeding the upper limit [6], and serious
reactive power surplus in the region; During the dry season, some DG units reduce output or shut
down, failing to meet load demand and causing line node voltages to drop below the lower limit.
Voltage instability or over-limits in distribution networks severely degrade power quality, reduce
voltage qualification rates [7], and cause damage to user equipment. In the long run, it also fails
to meet the economic and security needs of power grid companies.

In view of the voltage fluctuation and voltage out of limit caused by DG access to low-voltage
distribution network, scholars worldwide have conducted in-depth research and proposed various
solutions. In [8] proposes a multi-agent control system, which can globally correct voltage
overruns and coordinate the operation of reactive power control devices. In [9] proposed a
decentralized coordinated voltage control (CVC) scheme, which uses OLTC and other voltage
regulating devices to achieve better voltage regulation and increase reactive power reserve under
normal operation conditions of power grid. In [10]-[12] carry out DG optimal dispatch and
reactive power and voltage control of power system based on particle swarm optimization
algorithm. In [13] proposes a centralized support distributed voltage control algorithm, which uses
e-decomposition to decompose the distribution system into different regions, determines the
effective position of injecting reactive power into the distribution system, and provides safe
reactive power control. In [14] effectively utilizes and excavates the flexible regulation potential
of small hydropower and uses the non-dominated sorting genetic algorithm with elite strategy to
solve the multi-objective model to realize the collaborative optimization of distribution network.
In [15] and [16] provide scheduling strategies for the coordinated scheduling of distribution
networks with DG to achieve the balance between network loss and voltage deviation. In [17]
proposed a data-driven predictive voltage control method, which can improve the voltage
suppression effect through boundary information interaction and inter regional coordinated
control. In [18] uses the intelligent search technology of combining particle swarm optimization
algorithm and genetic algorithm to automatically modify the parameters of power controller, and
modify the system voltage by modifying the control mode of DG. In [19] and [20] are devoted to
multi-objective reactive power optimization to obtain high-quality reactive power regulation
strategies for distribution networks and restore the node voltage to the normal range. Although the
aforementioned studies have made significant progress in voltage control using intelligent
algorithms, several challenges remain when applied to the voltage optimization of distribution
networks. Many methods perform well in static or single scenarios but lack the dynamic
adaptability to the intense spatiotemporal variations in the output of small hydropower during its
peak and low water periods. Moreover, traditional optimization strategies often treat each
distributed power source as an independent entity, lacking a framework for collaborative
optimization from the perspective of the entire cluster, leading to low control efficiency.

To ensure adaptive optimization of intelligent algorithm parameters and enhance algorithmic
performance and accuracy, recent studies have employed fuzzy logic systems to dynamically
control and adjust key parameters of metaheuristic algorithms such as genetic algorithms (GA),
particle swarm optimization (PSO), and flower pollination algorithm (FPA). For instance, in [21],
a fuzzy logic-based parameter adaptation mechanism was proposed for FPA, utilizing two types
of fuzzy inference systems to facilitate dynamic parameter adaptation in metaheuristic algorithms,
thereby reducing uncertainty and improving performance. In [22], two shadow-type 2 fuzzy
reasoning systems were developed for metaheuristic algorithms, demonstrating superior
optimization results. Similarly, paper [23] introduced an interval type-2 fuzzy logic system
(IT2FLS) for harmonic search (HS) and differential evolution (DE) algorithms, enabling dynamic
parameter adjustment to enhance performance and minimize errors. In [24], a fuzzy tilted integral
derivative (FTID) controller was designed by integrating the chicken swarm optimization (CSO)
algorithm with a fuzzy logic system, achieving optimal parameter tuning and outperforming
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traditional PID controllers in both transient and steady-state responses. Additionally, paper [25]
enhanced the HS algorithm by dynamically modifying its parameters using type-1 and interval
type-2 fuzzy systems, confirming the effectiveness of fuzzy logic in improving metaheuristic
algorithms. While these fuzzy logic-based methods exhibit strong nonlinear processing
capabilities and robustness, their system designs tend to be relatively complex and
computationally inefficient. In contrast, this paper adopts an intrinsic adaptive optimization
mechanism within the algorithm, which is simpler, more efficient, and particularly suitable for
real-time applications such as distribution network voltage control.

The overall goal of voltage balance control is to ensure power system voltage stability and
power quality improvement through multi-dimensional, multi-measure coordination and
optimization, while satisfying safety, economic, and reliability requirements. In order to solve the
voltage problem caused by small hydropower cluster integration into distribution networks, this
study takes the regional power grid data of small hydropower groups in the Meijiang River Basin
and IEEE-33 node example data as the support in [26]-[27] and uses the improved particle swarm
optimization algorithm with adaptive shrinkage factor (ASCF-PSO) to control the node voltage of
distribution network in a safe and reasonable range. ASCF-PSO algorithm, which features a
dynamically adaptive shrinkage factor. This improvement significantly enhances the convergence
speed and global search capability compared to the standard PSO, effectively preventing
premature convergence and ensuring solution quality. In order to minimize the node voltage
fluctuation and regional network loss, the reactive power compensation device and the active and
reactive power output of small hydropower units are combined to realize the comprehensive
voltage control of low-voltage distribution network. At the same time, a clustering partitioning
strategy based on electrical distance and reactive voltage sensitivity is proposed. This strategy can
achieve coordinated voltage optimization control within the clusters. The effectiveness of the
control strategy is verified by numerical simulation.

The remainder of this paper is organized as follows. Section 2 introduces the mathematical
model of the power system and the formulation of the optimization problem. Section 3 elaborates
on the proposed cluster division strategy and the ASCF-PSO based voltage optimization control
framework. The content of the case study and result analysis, as well as the discussion, are
presented in Section 4. Finally, Section 5 concludes the paper and discusses future work.

2. System modeling
2.1. Power flow calculation of power system

Power flow calculation is essential for power system voltage optimization control. Changes in
distribution network power flow affect the steady-state voltage distribution. Power flow
calculation computes the state parameters of steady-state operation given the known power system
topology, equipment parameters, and load parameters, ensuring system voltage control under
normal operation. According to the power flow calculation formula, voltage fluctuation is related
to active power P, reactive power Q, resistance R and reactance X. The specific formulas for
voltage deviation and active network loss between any two nodes are as follows:

PiR;; + Q;X;;
AU =1L —4 0 —L (1)
]
P? + Q7
AP;; = %RU, (2)

]

where AU is the voltage deviation between nodes i and j. AP;; is the active network loss between
nodes I and j. P; and Q; are the active power of node j and the reactive power of node i
respectively. R;; and X;; are the impedance values between nodes i and j. U; is the voltage
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amplitude of node j.

Reasonable parameter adjustment can minimize voltage drop and regional network loss.
According to the Newton-Raphson method, the basic data required for power flow calculation
include branch resistance, reactance, susceptance, active and reactive power injected by small
hydropower generators, node voltage, and node access load. Combining the voltage deviation and
active network loss formulas yields the initial voltage of each distribution network node.

2.2. Constraints and objective function

The mathematical model with equality constraints for the power flow calculation equation of
a certain node in the distribution network is:

P, = Uiz U; (Gi]- cos 6;; + B;j sin gij)’

jei 3)

|Q: =U; Z ~ U; (Gijsin 0 + Byj cos ;)
jei

where P; and Q; represent the active and reactive power of node i. U; and U; are the voltage
amplitudes of node i and node j. G;; represents the conductivity between nodes i and j. B;;
represents the electronegativity between nodes i and j. 6;; represents the voltage phase angle
difference between two nodes.

The mathematical model for the equality constraint of power distribution network lines is:

N N N
PS—I—Z. PDGizzl Ploadi+2_ Plossi »
i=1 i=1 i=1
N N N
st + Z QDGL’ = z Qloadi +Z' Qlossi ’
i=1 =1 =1

where P; and Q represent the active and reactive power generated by the main generator in the
distribution network. Pp¢; and Qpg; provide active and reactive power to the distributed power
source connected to node i. Piyqqi> Qroadi» Piossi> and Qjossi Tespectively represent the active and
reactive power absorbed by the load and the active and reactive power lost on the line.

The mathematical model of inequality constraints for controlling variables is as follows:

(4)

QSVCimin < QSVC < QSVCimax:
Ppemin < Ppe < Ppgmax (5)
QDG,min < QDG < QDG,max:

where Qsycimax and Qsycimin are the upper and lower limits of the reactive power compensation
devices that are put into operation. Ppg max> @pGmaxs Ppmins @pg,min are the upper and lower
limits of active and reactive power output of distributed power sources.

The mathematical model of inequality constraints for state variables is as follows:

Uimin < UL' < Uimaxt (6)

where Ujpq, and Uy, are the upper and lower limits of the node voltage amplitude.

This study uses ASCF-PSO for distribution network voltage optimization, requiring the
construction of a fitness function. The fitness function reflects the objective function value,
constructed to minimize node voltage fluctuation and active area network loss. The objective
function mathematical model is:
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n
min f, = min [Ploss + [;Z AUiz], )
i=1

where f; is the objective function for the comprehensive optimization of active and reactive
voltage of small hydropower. Pj,s is the active power loss of the system. [ is the penalty
coefficient for voltage exceeding the limit. AU, is the square of the voltage deviation at node i.

Constraints on the voltage deviation variable in the objective function ensure the node voltage
is penalized when exceeding limits. The mathematical model is:

Uimin = Ui, Ui < Uimins
AU; =10, Uimin < U; < Upnax )]
Ui - Uimax: Ui > Uimax-

3. Voltage optimization control of small hydropower units connected to the distribution
network

3.1. Voltage collaborative optimization control strategy

Distribution network voltage levels are maintained by controlling active and reactive power
through generator sets, reactive power compensation devices, and other equipment. The ultimate
goal of node voltage optimization is to minimize regional network losses and voltage fluctuations
at each node while meeting power flow constraints, safety constraints, and other system
constraints. Currently, most distribution networks achieve voltage regulation by combining
reactive power compensation devices with DG units, focusing on selective optimization of specific
grid stages or states. Ensuring the power factor remains within the normal range further adjusts
the active output of distributed small hydropower.

iz

Operation status Power grid Status of reactive power
of hydroelectric d d p tion device

l l l

| Voltage layered coordinated control system

J

Setting layer
Py

Adjust the operating status|
of small hydropower units

Switching reactive power

the transformer compensation equipment

| Adjust the tap of

leading
phase

cutting
machine

Switching reactance|
and capacitance

| SvC |

Changes in P and Q output
of hydroelectric power unit

Changes in reactive power output
of distribution network lines

Fig. 1. Small hydropower voltage collaborative optimization flow chart

The collaborative optimization process of active and reactive power voltage for small
hydropower is shown in Fig. 1, indicating that multiple methods can be combined for voltage
optimization. As shown in Fig. 1, the voltage of each node in the distribution network is first
monitored. If it does not meet the demand of the power grid, priority is given to adjusting the
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operating status of small hydropower units and the switching capacity of reactive power
compensation equipment through a voltage layered coordination control system. Adjusting the
transformer tap is generally used as an auxiliary measure and is not easily changed. The phase in
or phase out operation of small hydropower units will affect the overall active and reactive power
output of the hydropower units, while changes in capacitance, reactance, and static var
compensator (SVC) switching capacity will affect the flow of reactive power in the overall
distribution network lines. Taking into account the output of small hydropower units and the
switching level of reactive power compensation equipment in the distribution network can
effectively achieve optimized control of node voltage.

3.2. Using reactive voltage sensitivity to determine the input of small hydropower

Unlike traditional distribution networks, distribution networks with high DG penetration
exhibit complex, non-unidirectional power flow. The active and reactive power generated by
distributed small hydropower units will be reversed back to the main network, potentially
increasing the voltage of some nodes. Improper planning of small hydropower integration will
significantly increase distribution network voltage control difficulty. In the distribution network,
the reactive voltage sensitivity of each node can serve as a basis for small hydropower input.
Calculating this sensitivity identifies weak system nodes. Higher sensitivity indicates greater node
sensitivity to reactive power disturbances. Investing reactive power compensation equipment and
small hydropower units in higher-sensitivity nodes enhances node voltage stability, facilitating
voltage balance control within the cluster. Combined with the PSO intelligent optimization
algorithm, it is easier to ensure distribution network voltage balance and stability throughout the
entire period. Node voltage amplitude is primarily affected by injected reactive power flow.
Ignoring the impact of active power flow, the simplified power flow equation is:

AQ = LU'AU, )

where AQ is the change in reactive power flow. L is the node admittance matrix. U~! is the inverse
of the voltage matrix. Since the matrix L can be represented by the node admittance matrix, the
reactive voltage sensitivity can be analyzed according to Eq. (9), and its mathematical expression
is:

AU,

Spi = 20,

(10)

where Sg; is the reactive power sensitivity of node i, which is the ratio of the voltage change at

node i to the reactive power flow change.
HH| .||\u|||I\HH|
-1500 b

1 6 11 16 21 26 31
Node number

Fig. 2. Reactive voltage sensitivity distribution of the IEEE-33 node system

-500

-1000 |

Reactive power sensitivity(dV/dQx107)
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This study selected the IEEE-33 node in the MATPOWER toolbox as an example, and
calculated the reactive voltage sensitivity of each node according to the above formula. The
reactive voltage sensitivity indicators of each node are shown in Fig. 2.

As shown in Fig. 2, the larger the absolute value of reactive voltage sensitivity, the more
sensitive the node is to voltage changes. Selecting nodes with higher reactive power sensitivity to
invest in distributed small hydropower and reactive power compensation devices has a significant
effect on voltage optimization control. Select several sensitive nodes, namely 18, 17, 16, 15, 14,
13, 32, 31, and 22, as the basis for selecting the location of small hydropower and SVC for
subsequent case analysis.

3.3. Division of small hydropower clusters

Reasonable division of small hydropower clusters can develop personalized voltage control
strategies based on the voltage characteristics of each cluster, which helps optimize the active and
reactive power allocation of distributed power sources, improve voltage control efficiency and
accuracy, and enhance the grid's acceptance of small hydropower. This study uses the IEEE-33
node system as an example, determines the input node of small hydropower based on the reactive
voltage sensitivity mentioned above, and selects SVC as the reactive power compensation device.
A total of 9 small hydropower units and 6 SVC units are deployed in the distribution network.
Small hydropower units are installed at nodes 13-18, 31-32, and 22, and SVC reactive power
compensation devices are installed at nodes 13-18. The set SVC capacity is 0-500 KVar, with
bidirectional reactive power regulation capability.

18 19 20 21

[SVC

@ Node of Small Hydropower Investment

10 11 12 13 14 15 16 17

a) System structure before cluster partitioning

(Small hydropower invested in cluster 1
@ Small hydropower invested in cluster 2
@ Small hydropower invested in cluster 3

1 11

16 17

10

11 12 13 14 15

b) System structure after cluster partitioning
O Small hydropower invested after equivalent cluster 1
@ Small hydropower invested after equivalent cluster 2
[SVC |mep 18 19 20 21 @ Small hydropower invested after equivalent cluster 3

LI |

00000000
5 6 7 8|9 10 11 12 13 14 15 16 17

25 26 27 28 29 30 31 32

22 23 24

¢) Equivalent system structure after cluster division
Fig. 3. Distribution network system structure before and after cluster division
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For the convenience of management and rational allocation of resources, the 9 small
hydropower units deployed are divided into 3 clusters based on the electrical distance and topology
structure of the IEEE-33 system, ensuring that small hydropower operates within each cluster and
reducing power flow. In the subsequent voltage optimization control, the small hydropower within
the cluster is equivalent to a node, reflecting the overall characteristics of the cluster. The system
structure before and after cluster partitioning is shown in Fig. 3. Fig. 3(a) shows the input of small
hydropower and reactive power compensation devices before the cluster division, Fig. 3(b) divides
9 small hydropower plants according to the topology of 33 nodes, and Fig. 3(c) is the equivalent
diagram of each cluster, which equates the total output of small hydropower in the cluster to one
node, which is convenient for calculation and analysis.

3.4. Voltage optimization control based on ASCF-PSO

Comprehensive voltage optimization control for distributed small hydropower is a nonlinear
integer programming problem with multiple variables and constraints, requiring intelligent
algorithms like PSO and GA for solution. Compared to other algorithms, PSO offers advantages
such as fast convergence, simple principles, high computational efficiency, low parameter
complexity, strong adaptability to continuous variables, and good dynamic robustness.

The particle swarm algorithm imitates the foraging behavior of bird flocks to find the global
optimal solution. Including concepts such as particles, position, and velocity, the velocity and
position are iteratively updated. During the iteration process, the fitness function is used to
evaluate the quality of the results and update the optimal solution.

Set N random solutions, initialize them, and find the optimal solution in the iteration. In each
iteration, particles update their position by tracking two extremum values, namely the particle’s
own optimal solution P4, and the entire population’s optimal solution Gj.;. Search for the target
in D-dimensional space, where parameter D is the total number of optimization variables. Each
particle i has its own position vector and velocity vector at a certain moment, expressed as:

{Xi = (xil'xiZ"”'xid)’ i=12-,N, (11)

Vi = (vill Viz, vid)l i= 1:2’ Yy N;

where X; and V; represent the position and velocity of the i variable in D dimensional space.
In the process of seeking the optimal solution, particles update their position and velocity at

time t. The expressions for the position update formula and velocity update formula are:

xbig = x g + vt e (12)

vhg = wrtTh + C17‘1(Pt_1id - xtid) +om (Pt_lgd - xtid)r (13)

where x;,4 is the position of the particle at time t in a certain dimension, representing the sum of
the particle position at time t —1 and the particle velocity at time t —1. v;,4 is the velocity of a
particle at a certain one-dimensional time t. w is the inertia weight factor. ¢, is the individual
learning factor, ¢, is the social learning factor. r; and 7, are random numbers between [0, 1]. p;4
is the individual’s known optimal solution. pg, is the best-known optimal solution for the
population. The velocity of particles at time t consists of three parts: inertia, cognition, and society.
Reasonable parameter settings are beneficial for solving the optimal value.

Standard PSO suffers from premature convergence, local optima, and low search efficiency in
voltage optimization. To address these issues, this study uses ASCF-PSO for voltage optimization
control. The number of iterations and population size were set to 50. This setting is a common
practice when dealing with optimization problems of power systems of similar scale. To achieve
a more balanced ability of global and local particle search, a dynamic adaptive linear decay
shrinkage factor y was constructed, and its calculation formula is:
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Ymax — Vmin T

V = Ymax — ’ (14)

Tmax

where Y4, and Y, are the maximum and minimum values of y, the maximum number of
iterations is Ty, and the number of iterations is T. The higher the initial y value, the more
conducive it is to exploration, while its linear decrease helps to conduct more detailed
development around the optimal solution.

Construct an expression for the dynamic contraction factor y, and its calculation formula is:

2
PPN ] ()

where ¢ is the sum of ¢; and c,, usually greater than 4, and the value range of y is kept between
[0.4, 0.9] to ensure convergence and balance global exploration and local development. These
parameter values are derived based on preliminary simulations, and the simulation results show a
good balance achieved between computation time and solution quality. Replace the inertia weight
factor w with the dynamic contraction factor y, and achieve this by dynamically adjusting ¢; and
¢, during the iteration process. The process of the ASCF-PSO algorithm is shown in Fig. 4.

Initialize
parameters

Initialize
particles

v
Adaptive adjustment
of contraction factor

Update particle position
and velocity
Boundary
treatment
Calculate particle
fitness
Individual | Global

optimal Joptimum
Compare to determine
the optimal particle

as the iteration
count been reached

Fig. 4. Flowchart of the ASCF-PSO algorithm

ASCF-PSO offers fast convergence, more accurate optimal solution search, high robustness,
and strict boundary control, suiting complex multimodal function optimization problems.
Compared to basic PSO, it is more conducive to solving distribution network node voltage
optimization control. Based on this, selecting appropriate distribution network examples and
nodes for small hydropower units allows voltage optimization for the optimal node voltage
solution. The overall voltage optimization control process framework is shown in Fig. 5.

As shown in Fig. 5, the process is: first, select a suitable distribution network example to obtain
raw data like node reactive power and voltage sensitivity to determine SVC and small hydropower
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connection positions. Then, calculate node voltage amplitude through power flow calculation and
perform ASCF-PSO voltage optimization control on nodes exceeding limits. Finally, obtain the
optimal SVC input capacity and each hydropower cluster's output through algorithm optimization
to meet the goal of minimizing regional network loss and node voltage limit.

[ Preparation of raw data |

Select distribution network i Read branch and node
simulation example parameters
Calculate voltage reactive ‘Sorting of candidate nodes for§
power sensitivity reactive power compensation |
Determine the installation Determine the location of
location of SVG . small hydropower access

APSO optimization control i | Load flow calculation

Determine the optimal . Adjust the output of small |
input capacity for SVG | hydropower

| Voltage collaborative optimization|

Research objective

Minimum regional network
loss and node voltage
fluctuation

Determine the output set of
each small hydropower station

Fig. 5. Overall framework of voltage optimization control
4. Case studies and discussion
4.1. Raw data analysis

Based on the above research and analysis, the voltage balance control of the distribution
network is carried out by combining the SVC reactive power compensation device with the
different active and reactive power outputs of small hydropower in the two spatiotemporal
backgrounds of high and low water periods. The original data comes from the output of 9 small
hydropower units in the Meijiang River Basin of Guizhou Province. By comprehensively
adjusting the voltage values of each node in the power grid through multiple control variables, it
is ensured that the node voltage does not exceed the limit. The normal range of voltage is set
between 0.95-1.05, expressed in unit value form. The IEEE-33 node distribution system data from
the MATPOWER toolbox is used as the simulation standard data. The reference voltage at the
head end of the power network is 10.5 kV, the reference capacity is 10 MVA, and the total system
load is 5084.26+j2547.32 kVA. The network has one main generator located at node 0, defined as
the balancing node, and the other nodes are treated as PQ nodes.

There is a significant difference in average active and reactive power output between wet and
dry seasons. The initial daily average output is shown in Table 1. Based on this, the injection
power of small hydropower can be obtained. Connecting to the distribution network changes the
initial power flow distribution. Predicting changes within a day based on average daily output,
monitored every 15 minutes, the active and reactive power output curves for each small
hydropower in wet and dry seasons are simulated, as shown in Figs. 6 and 7.

According to the curves, output fluctuates greatly in the wet season due to significantly
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increased rainfall and river inflow, with precipitation uncertainty and unevenness causing sharp
short-term inflow changes. In the dry season, inflow is relatively stable, making output regulation

easier.
Table 1. Average daily active and reactive output of small hydropower stations
Average active | Average active | Mean reactive | Mean reactive
Number Name power during | power during | power during | power during
flood season dry season flood season dry season
(KW) (KW) (KVar) (KVar)
j | Meljiang reservoir power 309.53 41.13 150.0 19.9
station
2 Walnut dam power 113.48 16.35 55.0 7.9
station
3 Xuantang power station 97.43 16.95 47.2 8.2
4 Shiyan power station 137.40 52.16 66.5 253
5 Daping power station 272.34 66.39 131.9 32.2
6 Yankongba power station 150.30 31.43 72.8 15.2
7 Jiangjiaba power station 360.14 96.30 174.5 46.7
8 Dyeing vat power station 223.92 69.76 108.5 33.8
9 Wuyi power station 972.3 230.06 471.1 111.5
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Fig. 6. Average daily active and reactive output curve of small hydropower in wet season
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Fig. 7. Average daily active and reactive output curve of small hydropower in dry season
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4.2. Analysis of voltage optimization control

On the initial active and reactive power output curves during the wet and dry seasons, hourly
output data were selected for a total of 24 datasets to obtain the spatiotemporal distribution of
voltage 24 hours after connecting to DG during the wet and dry seasons. According to Fig. 3, the
9 small hydropower plants were clustered and divided into 3 clusters. Equivalent calculations were
conducted within each cluster to obtain the spatiotemporal distribution of 24-hour voltage during
the wet and dry seasons. As shown in Fig. 8.
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Fig. 8. Spatial and temporal distribution of initial voltage of distribution network
before and after cluster division

35 0

Node number Time(h)

Fig. 8(a) and 8(b) show that the output of each small hydropower unit is relatively high during
the flood season, resulting in some nodes exceeding the upper limit of voltage, with the maximum
amplitude of voltage exceeding the limit at nodes 16-18. During the dry season, the output of small
hydropower units is relatively low, and even stops at some point. Therefore, the voltage at some
nodes decreases below the lower limit, and the voltage at nodes 27-32 at the end of the distribution
network decreases to the maximum extent. Fig. 8(c) and 8(d) show that after cluster partitioning,
due to the equivalence of several adjacent small hydropower stations within the cluster at one
node, the voltage amplitude of some nodes increases significantly during the wet season, while
the change is not significant during the dry season.

To ensure all node voltages remain within the normal range, ASCF-PSO regulates small
hydropower output and SVC reactive power input for optimization. The optimized voltage
distribution under different scenarios before and after cluster division is shown in Fig. 9. Fig. 9(a)
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and 9(b) show that after optimization, all voltages are within 0.95-1.05 during both seasons, with
max 1.03 and min 0.979 p.u. Fig. 9(c) and 9(d) show that after cluster partitioning, ASCF-PSO
still ensures no limit violations, enabling coordinated scheduling and power allocation within
clusters, reducing power flow.
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Fig. 9. Spatiotemporal distribution of voltage under different scenarios after ASCF-PSO optimization

Fig. 10(a) and 10(b) show the active power output of 9 small hydropower plants after
optimization. The power factor is set to 0.9, and the objective function of ASCF-PSO optimization
ensures the minimum regional network loss and node voltage fluctuation. However, the output
fluctuation of small hydropower plants within 24 hours is large, with large power flow and
disorder, which does not conform to the overall scheduling strategy of the distribution network
for small hydropower plants. Fig. 10(c) and 10(d) show the active power output of small
hydropower at different periods after cluster division, with the power factor still set at 0.9. It can
be clearly seen that the fluctuation of active power output of small hydropower has decreased after
cluster division, especially in Cluster 2, which is more in line with the actual scenario of small
hydropower output adjustment. Cluster division of small hydropower optimizes the allocation of
water resources, with centralized distribution of output among various hydropower units and
coordinated output, and has practical significance.

Taking ASCF-PSO voltage optimization control at a certain time in wet and dry seasons after
cluster division as an example, the optimization effect and fitness function value changes are more
intuitively demonstrated in Fig. 11. Fig. 11(a) and 11(b) show the voltage optimization effect at
each node at a certain time. During both seasons, the algorithm maintains voltages within the
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normal range. Fig. 11(c) and 11(d) show that after 50 iterations, the fitness function values
combining minimum loss and fluctuation achieve the optimal solution..
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Fig. 10. Active power output of small hydropower under different scenarios after ASCF-PSO optimization

At this point, each node's voltage is optimized by ASCF-PSO, preventing limit violations. The
optimized SVC capacity and each cluster's active/reactive power output data can be obtained. The
optimal SVC input capacity and output are shown in Tables 2 and 3. SVC provides inductive
reactive power in the wet season and capacitive in the dry season. Comprehensively adjusting

SVC capacity and cluster output prevents node voltage limit violations, ensuring line safe
operation.

Table 2. Optimal SVC injection capacity at a certain time in wet season and dry season

Node number Wet season Dry season
Input capacity (KVar) | Input capacity (KVar)
13 59 34
14 268 36
15 97 402
16 111 265
17 24 500
18 0 500
Table 3. Optimal small hydropower output of each cluster at a certain time in wet season and dry season
Wet season Dry season
Cluster Active output Reactive power output Active output Reactive power output
number (KW) (KVar) (KW) (KVar)
1 208.24 100.85 387.27 185.14
2 797.8 386.4 694 336.6
3 1045.4 506.3 472.4 228.8
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Fig. 11. Distribution network node voltage optimization effect and fitness function value

4.3. Discussion

The results demonstrated in Fig. 9 and Fig. 11 are not merely numerical simulations, they have
profound practical implications. The proposed ASCF-PSO strategy can be deployed in the energy
management system (EMS) of distribution networks to perform real-time or day-ahead voltage
stability control. It is particularly crucial for smart grids with high penetration of renewables,
where voltage fluctuations are becoming increasingly common. By ensuring voltage security, this
method directly contributes to reducing the risk of equipment damage and improving power
supply reliability for end-users.

Despite the promising results, several limitations should be acknowledged. This study is based
on a 33-node system. The computational efficiency and effectiveness of this method in larger-scale
distribution networks need further verification. The computational time of ASCF-PSO may still
be a challenge for real-time control applications. The performance of the algorithm depends to a
certain extent on the scenario settings, and its universality in distribution networks with different
climatic conditions and different watershed characteristics needs more cases to verify.

Future research will focus on the following directions. The framework will be extended to
larger scales and real-world distribution networks to comprehensively test its scalability and
robustness. More advanced machine learning techniques will be explored to predict the temporal
and spatial output of hydropower, which will further enhance the active control capability of the
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proposed strategies. Combine small hydropower with other renewable energy sources to form a
hybrid renewable energy system, and coordinate with each other to achieve voltage optimization.

5. Conclusions

This study addresses the voltage over-limit issue of distribution networks integrated with small
hydropower clusters under different spatiotemporal scenarios. The main contributions are as
follows:

1) A novel optimization framework was established, which innovatively combines the
ASCF-PSO algorithm with a cluster division strategy. This framework is specifically designed to
handle the spatiotemporal variability inherent in small hydropower generation.

2) The proposed ASCF-PSO algorithm demonstrated superior performance, effectively
minimizing both node voltage fluctuations and network losses while ensuring all voltages remain
within safe limits under both wet and dry season scenarios.

3) The cluster-based optimization strategy proved to be not only effective for voltage control
but also beneficial for practical grid operation. It resulted in more coordinated and smoother power
output from the hydropower plants, enhancing dispatch efficiency and reducing unnecessary
power flow fluctuations.

There are still some limitations and future research directions need to be considered. The
method was verified on a standard test system; its scalability and computational efficiency in
larger, more realistic networks need further study. The optimization relies on accurate hydropower
output prediction, which can be uncertain. Future work will focus on integrating uncertainty
quantification techniques to enhance strategy resilience against prediction errors and on extending
the approach to hybrid renewable energy systems. The findings and proposed framework provide
a reliable and effective solution for enhancing voltage stability in distribution networks with high
intermittent renewable penetration.
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