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ABSTRACT

The traditional distribution network has significant shortcomings in terms of distributed power access capability,
automation level, and operational efficiency, making it difficult to meet the development needs of modern
power systems. To this end, an innovative photovoltaic power (PP) and hybrid energy storage (ES) collaborative
configuration model is proposed, which significantly improves the performance and economy of the distribution
network by introducing a lithium battery super-capacitor hybrid ES system and a double-layer capacity
optimization framework. This model adopts a dynamic service pricing mechanism in the upper level optimization
to minimize the operating costs of the power grid. In the lower level optimization, the dynamic allocation of ES
charging and discharging power is used to achieve the lowest operating costs of the PP station, and efficient
decision-making is achieved using the IBM ILOG CPLEX Optimization Studio (CPLEX) solver. The experimental
results show that the model achieves charging efficiencies of 90.1% and 92.3%, discharge efficiencies of 91.2%
and 93.5%, and response times of 2.9 seconds and 3.1 seconds, respectively, in the tests of A and B locations.
The performance is significantly better than traditional pumped storage and single ES schemes. Meanwhile, the
output power curve of the model exhibits minimal fluctuations, effectively suppressing the intermittent effects of
PP generation. Under both dynamic and fixed electricity pricing mechanisms, the model can intelligently guide ES
to discharge at full power during peak load periods. The peak valley difference under dynamic electricity pricing
is reduced by 219.8 kW, and the net income is increased to 112987.1 yuan, which is 42.9% higher than the fixed
electricity pricing mechanism. Through the collaborative optimization of photovoltaic-hybrid ES and double-layer
capacity configuration, the study not only solves the stability and economic problems of the distribution network
but also provides a reliable technical solution for the high proportion of new energy access.

Index Terms—Distribution network, dual-layer capacity configuration, electricity pricing mechanism, hybrid
energy storage, photovoltaic power supply

I.INTRODUCTION

During the evolution of power systems, the conventional distribution network acts as a crucial
link between power generation and consumption, responsible for transmitting and distributing
electrical energy. However, advancements in the economy and society, along with changes in
energy structures, are posing numerous obstacles to traditional distribution networks. On the
one hand, the rapid advancement of urbanization has brought about a significant increase in
population density and a sharp expansion of electricity demand, which has led to a continuous
rise in the load of the distribution network and increasing operational pressure. At the same
time, people’s expectations for power supply reliability and requirements for power quality are
also increasing. Any power interruption or voltage fluctuation may have a significant impact on
daily life, industrial production, and even national security. On the other hand, traditional distri-
bution networks have long relied on fossil fuels as the main source of electricity, which not only
leads to serious environmental pollution problems such as greenhouse gas emissions exacerbat-
ing global warming but also accelerates the depletion of limited fossil resources, threatening
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energy security and sustainable development. On a global scale,
green and low-carbon have become the main theme of the times,
and worldwide governments have implemented policies aimed at
fostering the advancement and use of renewable energy sources
while minimizing reliance on fossil fuels [1]. To address these chal-
lenges, photovoltaic power (PP) sources are increasingly being
introduced into the distribution network as a clean and renewable
form of energy. Amir et al. devised a smart energy management
approach for electric vehicle charging stations, leveraging photovol-
taic technology. By examining real-time weather and load demand
information, the scheme optimized PP generation and grid power
utilization at electric vehicle charging stations, and its effectiveness
was confirmed through simulation analysis [2]. Gupta et al. created
a particle swarm optimization-based model to identify the best spot
for charging electric vehicles within a solar photovoltaic-powered
microgrid. Their experimental findings demonstrated that the model
could decrease daily allocation losses by an additional 8% [3]. Liu
et al. introduced a forecasting technique utilizing a combination of
Convolutional Neural Networks (CNN) and bidirectional Long Short-
Term Memory (LSTM) to tackle the problem of energy imbalance in
distribution networks. The outcomes indicated that this method had
significant effectiveness in solving the optimal energy scheduling
problem of large-scale distributed generation access to distribu-
tion systems [4]. Anupong et al. introduced an innovative renewable
energy technology leveraging photovoltaic cells in saltwater analy-
sis, incorporating oxidation processes and deep learning methods.
This approach is designed for seamless integration with the World
Wide Web to enhance water usage control and monitoring. The
research findings indicated that the proposed technology achieved
an accuracy rate of 96%, a precision rate of 86%, and a recall rate
of 76% [5]. Yang et al. proposed a comprehensive energy system
model based on wind-solar battery hydrogen storage and con-
ducted multi-objective optimization research on the coordination
of comprehensive energy system configuration planning and opera-
tion strategy. The aim was to solve the problem of configuring and
planning different energy storage (ES) time scales in wind-solar stor-
age renewable integrated energy systems. The experimental results
showed that by introducing hydrogen storage and hydrogen inter-
nal combustion engine power generation as part of the ES system,
the configuration capacity of the battery was reduced. Meanwhile,
hydrogen internal combustion engines had certain advantages over
fuel cells in terms of cost and technological maturity, which not only
reduced system costs but also achieved long-term ES [6]. Bhatti et al.
proposed a design, optimization, and performance analysis scheme
for a hybrid independent microgrid to solve the renewable energy
generation problem of an industrial facility in Irag. The experimental
results showed that the system had the ability to significantly reduce
carbon dioxide emissions, saving approximately 18 116 tons over a
30-year period, which contributed to achieving sustainability and
environmental management goals [7].

While these studies have advanced the integration of renewable
energy into power systems, several critical research gaps remain
unaddressed. First, existing approaches predominantly focus on
either photovoltaic generation or ES in isolation, failing to estab-
lish an integrated framework that simultaneously optimizes their
dynamic interactions under real-world grid constraints. The work of
Amir et al. [2] and Gupta et al. [3], while innovative in energy man-
agement, did not account for the temporal mismatches between
photovoltaic (PV) output fluctuations and demand patterns. Second,
current hybrid ES solutions like those proposed by Yang et al. [6]

primarily addressed long-duration storage needs through hydrogen
systems, overlooking the crucial short-timescale power regulation
required for mitigating second-to-minute PV variability. Third, most
optimization models adopt single-layer architectures that cannot
decouple grid-level economic objectives from storage-level opera-
tional constraints—a limitation evident in Liu’s predictive method
[4] which lacked bidirectional coordination between market signals
and physical system responses. These gaps collectively hinder the
development of truly adaptive power distribution systems capable
of maintaining stability amid increasing renewable penetration.

Based on this, the study proposes to incorporate hybrid ES technol-
ogy into the introduction of PP sources, construct a configuration
model for the power grid, and further optimize it. A systematic mod-
eling approach was adopted in this process. The distribution net-
work model was based on an improved IEEE 33 node system, using a
branch power flow model and considering + 5% voltage amplitude
constraints and line capacity limitations. The PP supply was con-
nected using the Active Power-Reactive Power (PQ) node model-
ing method, and maximum power tracking was achieved through
the maximum power point tracking (MPPT) algorithm. The hybrid
ES system adopted a DC bus parallel topology structure, in which
the lithium-ion battery used the Thevenin equivalent circuit model
to characterize its dynamic characteristics, and the super-capacitor
used Resistor-Capacitor (RC) trapezoidal circuit model to accurately
describe its fast charging and discharging behavior. In terms of sys-
tem control architecture, a hierarchical control scheme was studied
and designed: The bottom layer was a device-level Proportional-
Integral (PI) regulator, the middle layer used a power divider with
fuzzy logic control, and the upper layer was configured with an
energy manager based on model predictive control. The innovation
of this modeling method is reflected in three aspects: firstly, it fully
considered the actual operating conditions of three-phase imbal-
ance in the distribution network. Secondly, variable step size simula-
tion technology was used to effectively handle dynamic processes
at multiple time scales ranging from seconds to hours. Finally, the
accuracy of the model was verified on the RT-LAB OP5600 hardware
in the loop platform, with a sampling period set to 50 p s to ensure
simulation accuracy. In the subsequent optimization design, the
upper level (UL) optimization adopted mixed-integer second-order
cone programming to handle the discrete-continuous variable cou-
pling problem, while the lower level (LL) optimization was based on
an improved particle swarm algorithm to achieve an efficient solu-
tion. This systematic modeling method laid a reliable foundation for
subsequent double-layer capacity optimization.

The main contribution of the research lies in: First, proposing a col-
laborative optimization method for PP sources and hybrid ES sys-
tems, which effectively smooths power fluctuations at different time
scales through the complementary characteristics of lithium batter-
ies and super-capacitors. Second, an innovative dual-layer capacity
optimization architecture was designed, with the upper layer focus-
ing on the economic operation of the power grid and the lower layer
optimizing the scheduling of ES systems, establishing a collaborative
optimization framework between market mechanisms and physical
systems. Finally, an ES charging and discharging strategy based on
dynamic service electricity prices was developed, providing a new
solution for the economic and efficient operation of the distribution
network. These innovations have significantly improved the stabil-
ity and economy of the distribution network under high proportion
renewable energy access conditions.
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II. METHODS AND MATERIALS

A. Construction of Distribution Network Model Including
Photovoltaic Power and Hybrid Energy Storage

In contemporary society, the demands placed on distribution net-
work scheduling are escalating at an unprecedented rate. Traditional
distribution networks that adopt centralized control methods
have begun to face problems such as difficulty in meeting existing
demands due to their low level of automation. As a system that con-
verts solar energy into electrical energy, PP can reduce grid losses
and improve energy utilization efficiency. Its structure is shown in
Fig. 1.

Fig. 1 shows a distribution network power generation system with
PP sources. From the figure, PP sources are mainly composed of solar
panels, battery packs, inverters, and grid connection equipment.
Hybrid ES is the combination of two or more different types of ES
technologies to form a complete system, as shown in Fig. 2.

Fig. 2 shows a hybrid ES system. This system typically consists of elec-
trochemical and physical ES systems, which are capable of smoothing
out power fluctuations in the grid, particularly during the extensive
integration of renewable energy. By storing and discharging electri-
cal energy, these systems maintain the stable operation of the grid
[8]. Consequently, integrating PP sources with hybrid ES can advance
the development of smart grids and enhance the overall effective-
ness and dependability of the power system. The output power of PP
sources is predominantly influenced by environmental factors, such
as light intensity and temperature variations, as illustrated in (1).
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Equation (1) represents the correlation between the PP source out-
put current and its corresponding voltage. Among them, S means
the intensity of light, T means the ambient temperature, /,, repre-
sents the output current of the PP supply, V.., represents the open-
circuit voltage, V,, represents the output voltage, and I represents
the short-circuit current. C; and C, are undetermined coefficients.
The specific calculation of the undetermined coefficients can be
seenin (2).
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In (2), V., represents the voltage in an open-circuit state, /., repre-
sents the current in a short-circuit state, /,,.- means the current at
maximum power, and V, . means the current at maximum power.
Given the impact of environmental factors on the output power of
PP sources, a solution to this challenge lies in employing the MPPT
algorithm. This algorithm ensures that the PP source operates at its
maximum electrical power output under all conditions, thus enhanc-
ing the overall system efficiency and energy yield, as demonstrated
in (3).
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Equation (3) is the perturbation observation method in MPPT. This
method determines the direction of movement of the operating
point by periodically applying small disturbances to the system and
observing the direction of change in output power. If the power
increases, the process continues to perturb in the same direction,
and if the power decreases, it perturbs in the opposite direction. This
iterative process ultimately stabilizes the system to operate near the
maximum power point. In (3), i, (z+ 1) represents the reference cur-
rent at time t+1, and i,, (2) means the reference current at time ¢
[9,10]. i, represents current disturbance signal and p,, represents
power. Based on this, the basic parameters at any irradiation inten-
sity and ambient temperature can be obtained, as shown in (4).
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Fig. 1. Photovoltaic power generation system.
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In (4), AH represents the difference in light intensity and AT rep-
resents the difference in temperature. H, is the actual total light
intensity received by the PP source. H,,represents the light intensity
under standard assumptions, that is, H,.,= S=1000 W/m? b is the cor-
rection coefficient representing light intensity. a and c are the cor-
rection coefficients representing temperature [11, 12]. Grounded
on the above, the maximum power output of the PP source can be

calculated, as shown in (5).

Prp = Pret :—e(1+aAT)In(e+bAH)(1—cAT) (5)

ref

In (5), P,,, represents the maximum output power. P, represents the
rated power. Based on the above, a PP generation system model
containing PP sources can be constructed. For the construction of
hybrid ES system models, it is necessary to combine different types
of ES technologies together [13, 14]. Taking into account both eco-
nomic feasibility and technological sophistication comprehensively,
a combination of lithium batteries and super-capacitors is selected
as anew hybrid ES technology to jointly provide fast frequency regu-
lation and voltage stability support for the power grid. Among them,
the ES modeling of lithium batteries is shown in (6).
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In (6), SOC represents the state of charge of the ES battery, SOC
represents the minimum value of the percentage of energy stored
in the ES device, SOC,,, is the maximum value of the percentage of
energy stored in the ES device, Q(t) is the remaining capacity of the
battery, and Q, is the rated capacity of the battery for ES. At rep-
resents the time difference, P.(t) represents the charging and dis-
charging powetr, P..., is the maximum charging power, and Py,
is the maximum discharging power. In addition, the ES modeling of
super-capacitors is shown in (7).
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In (7), SOCsc (t) is the real-time state of charge of the super-capacitor,
E. N represents the rated capacity of the super-capacitor, P (t) rep-
resents the charging and discharging power of the super-capacitor,
Ny represents the charging efficiency of the super-capacitor, and
Ny.qs represents the discharging efficiency of the super-capacitor.
Due to the two configuration methods of ES systems in PP distri-
bution networks, one is distributed, and the other is centralized.
Considering the factors of later maintenance and repair, the study
adopts a centralized ES configuration. Based on this, a distribution
network model combining PP and hybrid ES can be constructed, as
shown in Fig. 3.

Fig. 3 shows the distribution network structure with PP sources and
hybrid ES systems. From the figure, PP is mainly used for power
generation, while hybrid ES systems are composed of lithium bat-
teries and super-capacitors. The introduction of these two modules
can improve the traditional power grid, optimize energy configu-
ration, and reduce power supply costs. It should be noted that
the study adopts a centralized ES configuration, and the location
selection of PP stations and ES systems is based on the following
considerations: Firstly, the site is located at the end of the distribu-
tion network feeder to maximize the consumption of photovoltaic
output. Secondly, by calculating the electrical distance, it can be
ensured that the ES system is located in the vicinity of the weak-
est node in the power grid voltage support. This configuration
method can not only avoid the coordination and control problems
caused by distributed ES, but also effectively improve the power
quality of local power grids. In addition, the hybrid ES system used
by the research adopts a DC bus parallel topology structure, in
which a lithium battery pack and a super-capacitor are connected
in parallel to a common DC bus through a bidirectional DC/DC con-
verter. Among them, lithium batteries serve as the main ES unit
to undertake base load regulation and energy type applications,
while super-capacitors serve as auxiliary units to compensate for
high-frequency power fluctuations. This topology structure retains
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Fig. 3. Distribution network structure based on photovoltaic power source hybrid energy storage.

the independent control characteristics of two types of ES devices
while achieving power-coordinated allocation through a central
controller. The hybrid ES system is connected to the Alternating
Current (AC) bus of the distribution network through a unified
interface, forming a complementary operating mode with the pho-
tovoltaic system.

B. Capacity Configuration Optimization-Based on Dual-Layer
Optical Storage

Although the power grid’s stability can be enhanced and energy
allocation optimized through a distribution network structure based
on PP and hybrid ES, further harnessing the potential of ES systems
necessitates achieving more granular energy management and effi-
cient system operation. Therefore, the configuration of dual-layer ES
needed to be optimized. Simply put, the optimization of dual-layer
ES is a coordinated optimization problem that involves two levels of
optimization decision-making processes, each with its own optimi-
zation objectives and constraints, as shown in (8).

{mine,xo F(xo,6) -

s.t.xg emin, L(x,0)

In (8), x and O represent the variables of the internal and external
functions. The purpose of the internal variables is to optimize the
objective function, while the external variables are to optimize
the external function. F and L represent objective functions of the
external and internal optimization problems, respectively. Based
on this, to coordinate the interests of multiple parties and control
the cost of the distribution network, a dual-layer capacity con-
figuration optimization model was constructed, as represented in
Fig. 4.

Fig. 4 shows a dual-layer capacity configuration optimization model
constructed to coordinate the interests of multiple parties and con-
sider the economic feasibility of the distribution network. From the
figure, the dual-layer of the model specifically refers to the optimiza-
tion model consisting of an upper layer and a lower layer. The pri-
mary goal of the UL optimization model is to minimize the operating
costs of the power grid, so the service electricity price is selected as
the decision variable [15, 16]. The primary goal of the LL optimization
model is to minimize the operating cost of the PP station as much as
possible, so the ES charging and discharging power is selected as

the decision variable of the model [17]. Based on this, the objective
function and constraints of the UL optimization model can be set.
The objective function can be seen in (9).
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.
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In (9), Pegspy, is the peak shaving power of ES, m is the mileage coef-
ficient, min C represents the lowest electricity price, P_,,, represents
the UL purchasing power, and C,,, represents the purchasing cost of
electricity. C;, represents frequency regulation cost, C,, represents
peak shaving cost, and ,, ... represents time of use electricity price.
@y, refers to the compensation electricity price for new energy, @,
is the online fee for new energy output, Pt is the purchase power,
and w_, . is the compensation price for frequency regulation capac-
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Fig. 4. Optimization model for double-layer capacity configuration.
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Pess e, is the ES frequency regulation power, and w,, is the dynamic
electricity price compensation for peak shaving. The upper con-
straint condition is (10).

Pyiia,e + Po,t + Pessme + Pesspre = Pt
Pgrid,min < Pgrid,t < Pgrid,max (1 O)

PDG,min < PDG,t < PDG,max

In (10), Py, represents the power of the power grid, and Py, is the
power of new energy. Based on this, the UL model can be solved, and
the specific process can be seen in Fig. 5.

Fig. 5 shows the solution process of the upper optimization model
in the dual-layer capacity configuration model. From the figure, the
process is roughly as follows: First, the initial electricity price and
parameters are input into the UL model of the power grid to con-
struct a dynamic pricing mechanism, and then the CPLEX Optimizer
(CPLEX) is used to solve it, finally obtaining the most economical
solution for the dynamic electricity price and UL optimization model
[18, 19]. In addition, the objective function of the LL optimization
model can be seenin (11).

Min Fogess = Cootal = Foc — Fem — Fer — Frecyle (1
In (11), C,,, represents the total cost of ES throughout its entire
life cycle. F., represents peak shaving benefits. It pertains to the
advantages gained by all grid participants on both the generation
and consumption sides by offering supplementary services such as
frequency regulation and peak shaving, beyond basic load adjust-
ments, to ensure grid stability. F,,, is the frequency modulation rev-
enue. It refers to the revenue generated by adjusting the frequency
to obtain and propagate signals. ., represents the recycling rev-
enue, Fy, represents the new energy revenue, and minF . repre-
sents the objective function of minimizing the operating cost of the
storage power station. The specific calculation of these benefits and
costs can be seen in (12).
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In (12), R ,.ia represents the price of recycling waste batteries,

Curap TEPresents the cost of decommissioning and disposal, .,
represents the initial input cost, 5, ... represents the energy-to-
weight ratio of metals in the battery, C,,,..... represents the mainte-

nance cost, and C, represents the constant daily coefficient. y ...
is the metal content in waste batteries [20]. In addition, the power

constraint in the constraint conditions of the LL optimization model
is (13).

0< PFMd,t = kFMd,tP
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In (13), kFM”t is the frequency regulation discharge flag of the ES sys-
tem, P, represents the maximum power, and ky,; , is the frequency

regulation charging flag of the ES system. The capacity constraint of
the LL optimization model can be seen in (14).

ESS ESS ESS ESS
it = Q™ + (MenPeiy — Focs / Mac)At
ESS ESS ~ESS
Qmin < Qt Omax (’I 4)
ESS ESS
Q= Tend

In (14), QtESS represents ES capacity, Qfss denotes the starting value
of ES capacity, and Qfsds represents the ending value of ES capacity.

n

n., is the ES charging efficiency, n,. is the ES discharging efficiency.
Grounded on the above, the solution of the LL optimization model
can be achieved, and the specific process can be seen in Fig. 6.

Fig. 6 shows the solution process of the LL optimization model.
From the figure, the process first takes the dynamic electricity price
obtained from the UL model as the parameter input and then solves
the model to obtain the required planning results. Next, the objective
function is calculated, and it is determined whether the predefined
stopping criterion has been fulfilled. If met, the optimal solution is
determined, and the configuration plan is output. If not, the pro-
cess returns to the UL optimization model, continuing to establish a
dynamic pricing mechanism grounded on the ES charging and dis-
charging plan until the conditions are satisfied, whereupon the opti-
mal configuration is output. Based on the above, by combining the
UL optimization model and the LL optimization model, a dual-layer
capacity configuration optimization model can be constructed to
achieve efficient management of the distribution network, as shown
in Fig. 7.

11l. RESULTS

A. Experimental Platform

The simulation platform used RT-LAB OP5600 real-time simula-
tor (CPU: Intel Xeon E5-2687W v4, FPGA: Xilinx Kintex-7) to run the
model and constructed the algorithm through MATLAB/Simulink
R2021a. The key simulation parameters included: power electronic
device switching frequency of 10 kHz, simulation step size of 50 ps
(electromagnetic transient), and 1s (electromechanical transient)
dual time scale coupling. The model validation adopted the OPAL-RT
HIL testing scheme, and the voltage and current measurement accu-
racy reached 0.1% FS. The experimental platform, as shown in Fig. 8,
included: (a) a 100 kW photovoltaic array; (b) 50 kW/100 kWh lithium
battery super-capacitor hybrid ES system; (c) RT-LAB OP5600 real-
time simulation platform; (d) Fluke 435 Power Quality Analyzer. All
devices were connected via industrial Ethernet with a sampling fre-
quency of 10 kHz. The experimental platform was deployed in the
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smart grid laboratory of a certain university and complies with the
IEC 61850-7-420 standard.

The benchmark test referred to the IEEE 1547-2018 standard and
set three typical scenarios: (1) Photovoltaic sag (100% to 20% step
change); (2) Load impact (step from 0.5 pu to 1.5pu); (3) Continuous
fluctuation (wind wave dynamic spectrum in accordance with IEC
61400-21). The testing duration was 24 hours, and the ambient tem-
perature was controlled at 25 + 2°C. The performance indicators
were calculated using the sliding window method (window width of
10 minutes, overlap rate of 50%), and all data were collected through
the Fluke 435 power quality analyzer.

B. Case Study Analysis of Hybrid Energy Storage Configuration
Optimization Model for Distribution Networks with Photovoltaic
Power Sources

To test the capability of the research model, a PP station was selected
as the experimental object point in two provinces and cities in China,
both of which have a PP of 100 kW. The study collected the power
grid data of the location as experimental data for case analysis, and
named the data of these two locations “A” and "B, respectively. A
was a subtropical monsoon climate zone located at 31.2° N latitude,
with an average annual light intensity of 580 W/m?. B was a temper-
ate continental climate zone located at 39.9° N latitude, with an aver-
age annual light intensity of 480 W/m”. Both distribution networks
in the two locations had a voltage level of 10 kV, but the length of
the A ground feeder was 15% shorter than that of the B ground.

The peak-to-valley ratio of daily load in A area was 2.8:1, with typi-
cal industrial load accounting for 65%. The peak-to-valley ratio of B
was 3.5:1, with commercial load accounting for 58%. The sampling
interval for load data was 1 minute, lasting for 1 year. The installed
photovoltaic capacity of A site accounted for 32% of the maximum
load, while B site accounted for 25%. The permeability calculation
adopted the IEC 61850-7-420 standard, considering a + 5% voltage
fluctuation constraint. The testing cycle included typical days of
the four seasons (vernal equinox, summer solstice, autumnal equi-
nox, winter solstice) and extreme weather days (rainy, sandy, etc.) to
ensure that the data had a certain representativeness. To present the
performance of the model designed by the research more intuitively,
the experiment named the research model “Photovoltaic-Hybrid ES”
and compared it with traditional pumped storage-based distribu-
tion networks without photovoltaics, “Hybrid ES,” and “Photovoltaic-
Single ES”The study first tested the ES efficiency of each model, and
the outcomes are in Fig. 9.

Fig. 9 shows the ES efficiency of the distribution network under dif-
ferent configurations. Fig. 9 (a) shows the ES performance in loca-
tion A. From the figure, the charging efficiency of the traditional
pumped storage-based distribution network was only 77.6%, which
was lower than the charging efficiency of 83.2% for hybrid ES and
85.1% for single ES with PP sources. By comparison, it can be con-
cluded that the charging efficiency of the hybrid ES system with PP
supply set up by the research was the highest, at 90.1%. In terms
of discharge efficiency, the traditional distribution network based
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on pumped storage had a discharge efficiency of 75.7%, which was
lower than the discharge efficiency of 81.4% for hybrid ES and 82.1%
for single ES with PP sources. By comparison, it can be concluded
that the discharge efficiency of the PP source hybrid ES system set
up by the research was the highest, at 91.2%. Fig. 9 (b) shows the ES

performance in location B. From the graph, the charging efficiency
of traditional pumped storage-based distribution networks was
78.1%, which was lower than the charging efficiency of hybrid ES at
84.8% and the charging efficiency of PP source single ES at 86.2%. By
comparison, it can be concluded that the charging efficiency of the

Fig. 8. Simulation system device diagram.
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Fig. 9. Energy storage efficiency situation.

hybrid ES system with PP supply set up by the research was the high-
est, at 92.3%. In terms of discharge efficiency, the traditional distribu-
tion network based on pumped storage had a discharge efficiency
of 76.3%, which was lower than the discharge efficiency of 87.2%
for hybrid ES and 85.8% for single ES with PP sources. However, in
comparison, the discharge efficiency of hybrid ES with a PP source
was the highest, at 93.5%. The experiment also tested the response
speed to power fluctuations in the power grid under the above con-
figuration, and the results are shown in Fig. 10.

Fig. 10 shows the response speed of the distribution network under
different configurations. Fig. 10 (a) indicates the specific perfor-
mance in location A. From the figure, the traditional pumped stor-
age-based distribution network required a response time of 5.1
seconds after receiving power fluctuation signals, which was higher
than the 3.4 seconds response time of hybrid ES and the 4.1 seconds
response time of single ES with PP sources. By comparison, it can be
concluded that the response time of the hybrid ES system with PP
supply set by the research was the lowest, at 2.9 seconds. Fig. 10 (b)
shows the specific performance in location B. From the figure, the
traditional pumped storage-based distribution network required a
response time of 5.2 seconds after receiving power fluctuation sig-
nals, which was higher than the 4.1 seconds response time of hybrid
ES and the 4.3 seconds response time of single ES with PP sources.
By comparison, it can be concluded that the response time of the
hybrid ES system with PP supply set by the research was the low-
est, at 3.1 seconds. The shorter the response time required after

receiving power fluctuation signals, the faster the response speed of
the smart grid under this configuration. Therefore, overall, the model
proposed by the research had the fastest speed. Furthermore, the
study also examined the power smoothing effect of the power grid,
as shown in Fig. 11.

Fig. 11 shows the power smoothing performance of distribution net-
works under different configurations. Among them, Fig. 11 (a) shows
the specific manifestation in location A. From the figure, the black
line represents the fluctuation of the output power of the original
traditional power grid. Due to the lack of improvement in the origi-
nal power grid and environmental factors such as lighting, theimage
had obvious fluctuations. Among the remaining three models, the
configuration models based on “Hybrid ES” and “Photovoltaic-Single
ES” still have a certain degree of fluctuation in output power. In con-
trast, the output power of the “Photovoltaic-Hybrid ES” configura-
tion optimization model proposed by the research had the smallest
degree of curve fluctuation and the best power smoothing effect.
Fig. 11 (b) shows the specific performance in location B. Similar to
Fig. 11 (a), in location B, the output power curve of the “Photovoltaic-
Hybrid ES” proposed by the research was smoother, indicating that,
under this configuration, the output power was more stable and less
susceptible to environmental factors.

Further experiments also selected three typical existing methods as
comparison models for secondary testing. The comparative models
included traditional single-layer optimization methods, rule-based
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Fig. 10. Response speed situation.
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hybrid ES strategies, and distributed photovoltaic ES configuration
schemes. The comparative indicators covered four key performance
indicators: charging efficiency, response time, power smoothness
(SD of volatility), and annual revenue per unit capacity. The test data
were all from the annual operating records of the same PP station
in location A.The specific comparison results are shown in Table 1.

Table 1 shows the performance comparison of different meth-
ods. From the table, the proposed model exhibited significant
advantages in all key performance indicators. In terms of charg-
ing efficiency, the research model reached 90.1 + 1.6%, which was
1.8 percentage points higher than the distributed photovoltaic ES
scheme (88.3 £ 2.5%). In terms of response time, the research model
only required 2.9 + 0.4 seconds, which was 23.7% shorter than the
rule-based hybrid ES strategy (3.8 + 0.7 seconds). The primary reason
for this advantage lies in the synergistic interplay between the super-
capacitors’ rapid response capabilities and the optimized control
strategies employed. A standout aspect of this was the exceptional
performance in terms of power smoothness. The SD of the research
model was only 5.3 £ 1.8 W/Hz, which was 57.3% better than the
traditional single-layer optimization method (12.4 + 4.1 W/Hz), fully
verifying the effective suppression ability of hybrid ES systems on
photovoltaic output fluctuations. In terms of economic indicators,
the annual return per unit capacity of the research model reached
225.9 yuan/kWh, which was 11.2% higher than the sub-optimal rule
control strategy (203.2 yuan/kWh), mainly due to the optimization
effect of the dynamic electricity pricing mechanism.

Through comparison, it can be found that although the distributed
scheme performed well in charging efficiency, its power smoothness
performance was the worst (15.6 + 5.3 W/Hz), which was directly
related to the lack of coordination caused by its decentralized con-
trol architecture. In contrast, the centralized hybrid ES configuration
adopted in the study achieved a better balance between technical

performance and economy through the collaborative optimization
of lithium batteries and super-capacitors.

C. Example Analysis of Hybrid Energy Storage Configuration
Optimization Model for Distribution Networks with Photovoltaic
Power Sources

Due to the fact that the above experiment only examined the spe-
cific performance of each model, to further observe the performance
of the research model in practical operation, the study proposed to
conduct an example analysis on this. The study took a certain energy
field in location C of a certain province and city as the experimen-
tal object, selected typical days during the actual operation of the
station, and obtained the time of use electricity price of the area.
Then, through the joint optimization of the upper and lower layers
of the dual-layer capacity configuration optimization model set by
the research, the output power under the dynamic service electric-
ity price and fixed electricity price mechanism was calculated. The
results are shown in Fig. 12.

Fig. 12 shows the power output curve under the service electricity
price and fixed electricity price mechanisms. Fig. 12 (a) indicates the
power output under the service pricing mechanism. From the graph,
it can be seen that during the periods of 10:00-11:00 and 20:00-
21:00, the ES was discharged at full power, indicating that this period
was the peak period of electricity consumption. At 9:00, 17:00-18:00,
and 23:00, the ES was still discharged at full power, but the intensity
was slightly weaker than at 10:00-11:00 and 20:00-21:00, indicating
a peak period of electricity consumption. At 3:00-4:00, 12:00-16:00,
and 19:00, the power decreased, and charging was carried out dur-
ing this time of registration. Fig. 12 (b) shows the output power
under the fixed electricity price mechanism. From the figure, under
the fixed electricity price mechanism, the peak periods of electric-
ity consumption were from 9:00 to 10:00 and from 17:00 to 18:00,
while the sub-peak periods were at 11:00, 19:00, 21:00, and 23:00.

TABLE I. PERFORMANCE COMPARISON OF DIFFERENT METHODS

Metric Single-Layer Rule-Based HES Distributed Proposed Model
Charging efficiency (%) 82.1+32 85.7+28 883+25 90.1+16
Response time (s) 4709 38+0.7 52+1.1 29+04
Power smoothness (W/Hz) 124 +4.1 87+32 156+53 53+18
Annual revenue (RMB/kWh) 186.5 2032 175.8 2259
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Although there were differences in the times for ES to discharge at
full power under different pricing mechanisms, the research model
could still guide ES to discharge at full power during the highest
peak, maximizing revenue. Further experiments also calculated the
comparison of load before and after configuring ES under these two
mechanisms, as shown in Fig. 13.

Fig. 13 shows the comparison of load before and after configuring
ES under different pricing mechanisms. Fig. 13 (a) shows the com-
parison of pre and post load of ES configuration under the dynamic
tiered service pricing mechanism. From the graph, when ES was
not configured, the highest peak power in the original load curve
was 1021.4 kW, the lowest power was 102.8 kW, and the peak val-
ley difference was 918.6 kW. After configuring ES, the peak valley
difference was 698.8 kW, which was lower compared to before con-
figuration. Based on this, it can be proven that the proposed model
could effectively guide ES to participate in peak shaving and reduce
the load peak valley difference under a dynamic electricity pricing
mechanism. Fig. 13 (b) shows the comparison of pre and post load of
ES configuration under a fixed electricity pricing mechanism. From
the graph, when ES was not configured, the highest peak power in
the original load curve was 1105.2 kW, the lowest power was 102.1
kW, and the peak valley difference was 1003.1 kW. After configuring
ES, the peak valley difference of the equivalent load decreased to
813.2 kW. This indicated that the model proposed by the research
could also guide ES to regulate the initial load to a certain extent
under the fixed price mechanism, and also participate in frequency
regulation services. Furthermore, the experiment conducted a profit

analysis under these two electricity pricing systems, and the out-
comes are in Table 2.

Table 2 shows the revenue situation of the research model under dif-
ferent pricing mechanisms. From the table, under dynamic mecha-
nisms, the cost of optimizing the UL model for ES was higher and
higher than that of the UL model under fixed mechanisms. However,
in terms of purchasing electricity cost, the purchasing cost of ES
under the dynamic mechanism was 8567.5 yuan, which was lower
than the purchasing cost under the fixed mechanism. Furthermore,
in terms of total returns, the model had the highest returns under
dynamic mechanisms. This indicates that under the dynamic elec-
tricity pricing mechanism, it is more economical.

IV. DISCUSSION

To raise the automation level of the distribution network, enhance
work efficiency, and promote the rapid development of the distri-
bution network, this study proposed the introduction of PP sources
and hybrid ES technology to construct a configuration model for the
power grid, and based on this, conducts dual-layer capacity configu-
ration to optimize the model. To test the generalization ability of the
model, the power grids of A and B were used as experimental objects
for testing. The experimental results showed that in terms of ES effi-
ciency, the hybrid ES model with PP supply set up by the research
had the highest charging and discharging efficiency in location A
compared to other models, with a charging efficiency of 90.1% and a
discharging efficiency of 91.2%. In location B, the charging efficiency
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Fig. 13. Comparison of pre and post load of energy storage configuration under different pricing mechanisms.
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TABLE Il. REVENUE UNDER VARIOUS PRICING MECHANISMS

Dynamic Electricity  Fixed Electricity

Price Price

ES capacity 500 kwh 500 kwh
Upper level cost (UL) 12862.1 rmb 10567.5 rmb
Lower level cost (LL) -10876.5 rmb —136574 rmb
Electricity purchasing cost 8567.5 rmb 203414 rmb
Net proceeds 112987.1 rmb 78968.6 rmb
Peak shaving revenue 1043.5 rmb 768.6 rmb
FM revenue 489.6 rmb 409.2 rmb

FM, Frequency Modulation.

reached 92.3% and the discharging efficiency reached 93.5%. In
terms of response speed, the calculation results of A and B sites
showed that the response time of the PP source hybrid ES set by the
research was the lowest compared to other models, which were 2.9 s
and 3.1 s respectively, indicating that the smart grid response speed
under the configuration set by the research was faster. In terms of
the power smoothing effect, regardless of whether it was in loca-
tion A or B, the output power of the proposed model had the least
fluctuation in its curve and the best power smoothing effect. In the
case analysis, the output power of the model was calculated under
dynamic service pricing and fixed pricing mechanisms. As a result,
it was found that regardless of the pricing mechanism, the research
model could guide ES to discharge at full power during the high-
est peak, maximizing revenue. In addition, by comparing the load
before and after configuring ES, it was found that the model could
effectively guide ES to participate in peak shaving and reduce the
load peak valley difference, whether under a dynamic electricity
pricing mechanism or fixed electricity pricing mechanism. However,
from the perspective of cost expenditure, under the mechanism of
dynamic electricity prices, this model had stronger participation in
ES services and higher returns. Compared with research in the same
field, Vijayan et al. developed a stochastic optimization equation to
solve the problems of peak demand, energy loss, and system-wide
imbalance in modern three-phase active distribution networks [21].
The experiment outcomes showed that compared with traditional
collaborative optimization methods, this method not only provides
an effective solution but also reduces time by 75%. Kalaiselvan
et al. proposed using a coordinated approach to integrate energy,
combining solar photovoltaics and small-scale hydropower, and
introducing microgrid systems, in order to ensure productivity and
minimize problems [22]. The experimental results showed that this
technology provided lower power loss than existing methods, with
an average value of 1.0935. However, compared to the effects pre-
sented by the research model, the model designed by the research
performed better overall.

V. CONCLUSION

To raise the automation level of the distribution network, enhance
work efficiency, and promote the rapid development of the distri-
bution network, this study proposes the introduction of PP sources
and hybrid ES technology to construct a configuration model for
the power grid, and based on this, conducts dual-layer capacity

configuration to optimize the model. The experimental outcomes
indicated that in the case analysis, the proposed model achieved a
charging efficiency of 90.1% and a discharging efficiency of 91.2%
in location A. In location B, the charging efficiency of this model
reached 92.3% and the discharging efficiency reached 93.5%, both
of which were superior to other comparative models, indicating
good ES efficiency. In addition, the model had the best response
time of 2.9 s and 3.1 s in two locations A and B, respectively, and
its power smoothing effect also had good performance. In the case
analysis, the experiment outcomes indicated that the model could
guide ES to discharge at full power during the highest peak and par-
ticipate in peak shaving, reducing the load peak valley difference
and maximizing profits. Although research achieved certain results,
the intermittency and randomness of PP generation can easily bring
great uncertainty to the capacity configuration of hybrid ES systems.
Therefore, future research can attempt to integrate multiple predic-
tion techniques, such as combining physics-based mathematical
models of photovoltaic cells with statistical analysis methods based
on historical data, to further optimize and enhance the reliability of
the configuration.
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