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Abstract

A self-adaptive energy storage coordination control strategy based on virtual syn-
chronous machine technology was studied and designed to address the oscillation
problem caused by new energy units. By simulating the characteristics of synchronous
generators, the inertia level of the new energy power system was enhanced, and fre-
quency stability optimization was achieved. This strategy is integrated with the fre-
quency response model of the new energy power system to improve the system'’s
frequency regulation capability and achieve more stable and efficient operation. From
the results, the damping of the system increased, the oscillation frequency decreased
after a duration of about 15 s, and the system stability improved by 76.09%. The
proposed strategy based on virtual synchronous generator adaptive energy storage
coordination control strategy was improved by 83.25%. In addition, the proposed
strategy has improved stability indicators and system completion efficiency by 40.57%
and 22.21% respectively, both of which are better than the comparative strategies.

As a result, this strategy significantly enhances the frequency regulation capability

of the system, which has a positive effect on achieving efficient operation of the new
energy power system and maintaining the stability of the power system.

Keywords: VSG technology, Power system, Frequency, Coordinated control, Adaptive
energy storage

Introduction

With the global energy structure transformation and the rapid reformation of new
energy technologies, the large-scale grid connected operation of renewable energy
sources like wind and solar energy has become an inevitable trend (Perez 2020). The
new power system exerts a vital function in reducing carbon emissions and optimizing
energy structure. However, due to its strong output volatility and difficulty in scheduling,
it has brought unprecedented challenges to the frequency stability (Sun et al. 2019). The
traditional frequency control mechanism based on inertial response is no longer fully
adaptable to the regulatory needs of new energy power systems. Exploring frequency
control strategies that are suitable for the characteristics of new energy has significant
theoretical and practical significance (Sun et al. 2023). Although various frequency
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control methods have been proposed and applied to actual power grids, they often
appear inadequate in the face of rapidly changing power grid environments. For exam-
ple, traditional PI control methods may encounter response lag and insufficient stability
when dealing with large-scale renewable energy integration. Meanwhile, although exist-
ing intelligent control methods have good adaptability, they still face challenges of high
computational complexity and poor real-time performance in practical applications. In
existing research, Virtual Synchronous Generator (VSG) technology is considered an
active way to improve the dynamic stability of power systems after new energy grid con-
nection due to its ability to simulate the inertia and damping characteristics (Chen et al.
2019). However, VSG still faces optimization issues in response speed and coordination
performance in practical applications (Xiao et al. 2023). How to organically combine it
with VSG technology to comprehensively improve the frequency stability of new energy
power systems is still a current research difficulty.

Therefore, in order to develop a new frequency stability control strategy and improve
the overall performance of the power grid, a VSG-based adaptive energy storage coordi-
nation control strategy is designed. Through in-depth analysis of the output character-
istics and dynamic behavior of new energy, the fast and stable response of new energy
power systems in the large-scale fluctuations can be achieved. It is hope to enhance fre-
quency stability based on the adaptive adjustment ability of the enhanced system. The
expected contribution of the research lies in the expectation that the implementation of
this strategy can enhance the adaptability and stable operation ability of the power sys-
tem to new energy grid connection, while also providing theoretical support and techni-
cal reference for frequency stability issues of similar systems.

The main impact of the study is that improving the frequency stability of the power
grid can significantly improve its reliability and reduce the risk of large-scale power
outages caused by frequency fluctuations; An improved frequency control strategy can
enhance the economic benefits of the power grid and reduce operating costs through
a more stable power supply. In addition, optimizing frequency control can also reduce
power grid losses, thereby bringing certain environmental benefits and reducing carbon
emissions.

The research has five parts. The first part summarizes the VSG technology and adap-
tive energy storage systems. The second part elaborates on the design principle and
operating mechanism of an adaptive energy storage coordinated control strategy based
on VSG, including mathematical modeling and simulation analysis of control algo-
rithms. The third part is to verify the feasibility and effectiveness of the strategy in actual
power systems by building corresponding experimental platforms and conducting sys-
tem tests using various typical scenarios. The fourth part is a discussion. The last part is

a summary.

Related work

Application status of VSG technology

In the field of frequency stability in new energy power systems, the VSG technology
has received widespread attention. Its core advantage lies in simulating the traditional
generators’ inertia and damping characteristics, providing a potential solution for fre-
quency instability caused by fluctuations in new energy sources. Many researchers
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have conducted in-depth discussions on this topic. Li et al. optimized the VSG’s output
impedance. The study first analyzed the dynamic performance under different control
structures and determined the output impedance boundary that could suppress tran-
sient currents. Based on the Lyapunov stability theory, the output impedance bound-
ary required to ensure electromechanical transient stability was further demonstrated. A
control strategy was developed. The research results indicated that the proposed strategy
was effective at both theoretical and experimental levels, providing a new solution for
VSG in dealing with large interference stability issues (Li et al. 2022a). Goud et al. used
machine learning to model the growth kinetics of undercooled metal alloys to address
the limitation of traditional growth models due to simplified assumptions. The study
utilized 910 data points. The R-2 cross validation score of the artificial neural network
exceeded 0.89. The research results indicated that the trained algorithm could accurately
predict the growth rate, showing good consistency with obtained data (Goud et al. 2022).
Saffar et al. evaluated the impact of different current limiting strategies on the VSG’s
transient stability. The research results indicated that it reshaped the power angle curve
by prioritizing the current vector angle, adjusting the d-axis and q-axis currents. Espe-
cially, it provided greater transient stability margin, which was longer critical clearing
time, than other methods (Saffar et al. 2023). Xuan et al. conducted a spatially resolved
study on the emission characteristics of polycyclic aromatic hydrocarbons in the nuclear
and extranuclear regions of the M51a galaxy using a Spitzer IRS infrared spectrometer.
The research results indicated that the nuclear region exhibited a strong correlation in
the PAH intensity ratio. The extranuclear region showed signs of enhanced interstellar
medium scattering. The hardness of the radiation field had a more significant impact on
PAH emission than the abundance of metals. The metal abundance adjusted the PAH
characteristics with the distance from the center of the galaxy (Xuan et al. 2022). Sriv-
astava et al. compared the physiological effects of Roux-en-Y gastric bypass surgery and
vertical sleeve gastrectomy on the liver of an obese mouse model. The research results
indicated that both of them reduced liver weight, lowered cholesterol and triglyceride
levels, and improved the activity score and fibrosis staging of non-alcoholic fatty liver
disease. Therefore, gastric bypass surgery was more effective in improving liver physiol-
ogy and function than vertical sleeve gastrectomy (Srivastava et al. 2022).

Improvements related to VSG technology

Many researchers have attempted to improve the performance of VSG by introducing adap-
tive control theory to better adapt to the constantly changing power grid conditions. These
studies provide a new perspective for addressing frequency fluctuations, having significant
impacts on improving the stability. Wang et al. developed a method ground on polyani-
line and zinc foil. A multifunctional electrochromic energy storage device using ZnCl2 salt
encapsulated hydrogel as electrolyte was designed. The research results indicated that the
device exhibited excellent energy storage performance, with high surface capacitance. In
addition, ECESD presented excellent capacity retention and cycling performance between
-25°Cto 50 °C (Wang et al. 2022a). Chen et al. used elastic gel electrolyte to create dynamic
interfaces to improve the Columbia efficiency of lithium metal batteries and solve the
solid electrolyte interface fracture and dead lithium formation. From the research results,
the lithium metal anode maintained a high Columbia efficiency of 99.3% in 1000 cycles.
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The extra long cycle life of 2000 h was achieved, which further clarified the precipitation
mechanism and interface formation process of gel based lithium metal battery (Chen et al.
2022). Chen and Chang proposed an adaptive artificial bee colony optimization method for
a household energy management system to optimize the residential microgrid connected
to the main power grid. The research results indicated that the system could optimize the
power flow allocation between photovoltaic, energy storage, and main grid based on load
demand and electricity price information, minimizing power consumption costs (Chen and
Chang 2023). Wang et al. added positively charged graphene chloride quantum dots to the
electrolyte to construct a dual functional dynamic adaptive interface to regulate zinc depo-
sition in aqueous zinc ion batteries and suppress side reactions. The research results indi-
cated that this interface formed a shielding layer on the surface of Zn, promoting uniform
deposition of zinc and achieving hydrophobic protection of Zn anode (Wang et al. 2023).
Wang et al. proposed a defender attacker defender model to address the optimal scale and
pre-positioning problem of elastic driving. The research results indicated that it determined
the scale and location of energy storage systems, while evaluating potential attack scenarios
(Wang et al. 2022b).

VSG technology literature review

In summary, in the field of frequency stability in new energy power systems, VSG technol-
ogy has attracted much attention for simulating the inertia and damping characteristics of
traditional generators. The strategy based on virtual impedance control proposed by Li M
et al. can optimize the transient stability of electromechanical systems, but complex control
designs pose challenges in practical applications. The reference current saturation method
proposed by Saffar K G et al. improves transient stability, but the complex design limits
its large-scale application. Chen T and others optimized the performance of lithium metal
battery through elastic gel electrolyte, which has guiding significance for the optimization
of energy storage equipment. The adaptive artificial bee colony optimization method pro-
posed by Chen S Y et al. is effective in household energy management, but the optimization
accuracy needs to be improved under variable grid load conditions. Wang Y et al's multi-
functional electrochromic energy storage device has excellent performance, but the com-
plexity of operation limits its application.

Therefore, the adaptive VSG technology draws on the advantages of the above research in
parameter optimization and adaptive control. The study has improved the limitations of tra-
ditional VSG, especially in terms of response speed and system coordination performance.
Research multiple methods to achieve higher frequency control accuracy and enhance sys-
tem robustness and adaptability by adjusting parameters in real-time. These improvements
aim to enhance the frequency stability of new energy power systems, while also providing
solid technical support for applications in large-scale practical power grid environments.

Power system frequency based on VSG adaptive energy storage coordinated
control

This study explores the frequency regulation problem in power systems. An adaptive
energy storage coordination control strategy ground on VSG technology is devel-
oped. Firstly, the key role of VSG in simulating the dynamic behavior of traditional
synchronous machines is analyzed. Then how the energy storage system utilizes VSG
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technology to achieve frequency adaptive coordinated control is elaborated in detail.
Secondly, a new energy power system frequency stability response model integrat-
ing VSG control is constructed, aiming to improve the system’s response ability and
stability to frequency fluctuations. It is expected to provide new basis for maintaining
frequency stability in the power system and demonstrate new perspectives for opti-
mizing the operation mode of new energy grid connection.

Adaptive coordinated control strategy for energy storage based on VSG technology
The energy storage adaptive coordinated control strategy ground on VSG technology is
applied in the power system. Modern computer technology are crucial for ensuring fre-
quency stability of the power grid and improving system adaptability (Yao et al. 2023). By
utilizing advanced algorithms, real-time monitoring data can be transformed into accu-
rate power grid models. VSG technology allows control systems to deeply understand
the dynamic characteristics of power systems, and thus reproduce the true dynamic
behavior of the power grid (Mcglone et al. 2023). Figure 1 displays the control structure.
In Fig. 1, T), represents mechanical torque; P, Q represent the actual output active
and reactive power of VSG; E represents the internal potential of VSG. VSG technol-
ogy simulates the external characteristics of synchronous machines by controlling grid
connected converters, enabling new energy units to have characteristics such as inertia,
damping, frequency regulation, and voltage regulation, thereby providing system fre-
quency and voltage support, improving their adaptability and stability when connected
to the power grid. The topology based on VSG includes energy storage units, converters,
filters, and transmission lines, forming a model consisting of outer loop power control
and inner loop current control to ensure efficient operation and reliable regulation of the
system. The core feature of VSG technology is reflected in its precise coordinated con-
trol. Various components within the power system are dynamically controlled to achieve
high levels of participation and responsiveness in energy storage systems (Luo et al.
2023). The stability is a key indicator to ensure the reliability and efficiency of power
supply. The coordinated control efficiency of VSG technology is shown in Eq. (1).

n=> o
a =) Bid;

In Eq. (1), n represents the efficiency of coordinated control; a; indicates the power

(1)

regulation amount generated by the control strategy; f; indicates the contribution of
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Fig. 1 VSG control structure
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the i-th control strategy to frequency regulation; ®; stands for the importance weight
of the i-th control strategy. Figure 2 displays the adaptive control strategy.

The key to the adaptive control strategy process lies in the continuous identification
and adjustment of system parameters to optimize dynamic system performance. This
process is based on a feedback mechanism, which dynamically adjusts the controller
parameters by monitoring the difference between the system output and the expected
target in real time. Firstly, monitor the frequency of the power grid in real time to deter-
mine whether energy storage power needs to be put into operation. When frequency
deviation is detected to exceed the threshold, evaluate the proportional allocation coef-
ficient of the control mode and adjust the energy storage output. If the frequency devia-
tion reaches the maximum value, adjust the control parameters and continue to monitor
frequency changes until the system frequency deviation returns to a steady-state value,
ending the primary frequency adjustment. The entire process relies on feedback mecha-
nisms to dynamically optimize system performance. The adaptive control strategy per-
forms dimensionless processing on the original data matrix, as shown in Eq. (2).

Qnm — M (2)
oCy

In Eq. (2), Qu, represents the real-time dimensionless value of the #-th control strat-
egy parameter at the m-th time node; C,,;,, represents the original value of the n-th con-
trol strategy parameter at the m-th time node; C,, denotes the mean value of the control
strategy parameters at the m-th time node; o C,, represents the standard value of the
control strategy parameter at the m-th time node. According to the data matrix, the
probability values of the contribution of each control strategy in the power system are
shown in Eq. (3).

Qum

an =
ZL: an (3)
k=1

In Eq. (3), Py represents the probability value of the contribution of the n-th control
strategy parameter to system frequency regulation at the m-th time node, and Q,;;, rep-
resents the dimensionless value of the n-th control strategy parameter at the m-th time
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i
node; > Qum denotes the sum of all dimensionless values of the n-th control strategy
k=1
parameter; k indicates the index of the sum operation, ranging from 1 to i, where i rep-

resents the total number of time points. VSG technology maintains the stable operation
and reflects the dynamic changes through efficient energy storage coordination control.
The energy storage adaptive coordinated control framework based on VSG technology is
shown in Fig. 3.

In Fig. 3, distributed energy is connected to the system through the grid interface, and
real-time monitoring is carried out by the grid measurement and battery system. The
inner loop current control and virtual impedance ensure current stability, and the exci-
tation regulator regulates voltage. The Rob equation describes the dynamic response of
the system, and the virtual governor simulates the inertia of the synchronous machine.
Charge and discharge control optimizes battery performance, coordinates control com-
ponents including model interfaces and controllers, and achieves efficient management
of energy storage systems. VSG technology converts the collected power system data
into a highly accurate power grid model, and fine tunes the model through coordinated
control processes. Among them, the virtual regulator simulates the speed controller
from the external characteristics to ensure that the output frequency has a droop char-
acteristic. The mathematical expression is shown in Eq. (4).

Hy, = ref + l(Iref - Ig) (4)

In Eq. (4), [ is the droop proportional coefficient, which determines the degree of
influence of frequency deviation on output power. The numerical frequency I, mainly
refers to the rated frequency of the power system, usually a fixed value (50 Hz or 60 Hz).
I, refers to the actual frequency measured in real-time during the operation of the power
system. Hy, is the output power of the virtual regulator, which refers to the actual output
power adjusted by the virtual regulator based on frequency deviation. H, is the refer-
ence active power value, which refers to the expected output power of the system with-
out frequency deviation. The torque output frequency of the power difference control
virtual regulator. Damping power reduces power oscillation, as shown in Eq. (5).

d*v av

J—=+Z

dar? E = H,, — H, (5)

In Eq. (5), Z represents the damping coefficient, which determines the attenuation
rate of frequency oscillation. v represents the angular frequency of VSG output voltage,
reflecting the rate of voltage variation over time; H, indicates the actual power of the
power grid; Hy, denotes damping power, usually the result of input mechanical power
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Fig. 3 An adaptive coordinated control framework for energy storage based on \/SG technology
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and electromagnetic conversion; J represents the virtual moment of inertia, which
reflects the system’s resistance to frequency changes. This technology provides a new
dimension for adaptive coordinated control of power systems, helping power grid regu-
lation achieve highly simulated control effects in a virtual environment simulating the
power grid. The application of energy storage adaptive coordinated control strategy
based on VSG technology in real power systems requires consideration of the dynamic
characteristics and complexity of the power grid, ensuring the accuracy of real-time
monitoring and control. The potential challenge lies in the real-time and accuracy of
data collection and processing, as the transmission and calculation of high-frequency
and large-scale data may lead to system delays and affect control effectiveness.

Construction of frequency stability response model for new energy power systems
integrating VSG control

VSG technology is used to construct a highly accurate frequency response model. By
integrating power grid operation data, it provides dispatchers with an intuitive control
interface. The coordinated control model utilizes advanced algorithms to dynamically
simulate the frequency regulation characteristics, including power flow and frequency
changes, thereby enhancing control over system stability. Figure 4 presents the fre-
quency response model.

This model utilizes SVG technology to continuously monitor power grid operation
data, such as grid frequency and power flow, and provide real-time feedback on these
data. Based on these real-time data, the model dynamically adjusts the controller param-
eters and dynamically simulates the frequency regulation characteristics, automatically
adjusting the system parameters. The model adopts a centralized control perspective to
provide a real-time monitoring and decision-making platform for power grid operators.
The effectiveness and economy of regulation are ensured while meeting the response
needs of different power grid conditions. To make the control strategy more scientific
and reliable, the variation coefficient weighting method is used to evaluate the impor-
tance of each control parameter. The variation coefficient of each parameter is shown in
Eq. (6).

CV;=— (6)

In Eq. (6), CV; represents the coefficient of variation of the i-th parameter, which is
used to measure the relative dispersion of the parameter. The larger the coefficient of
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Fig. 4 Frequency response model of power system
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variation, the more unstable the variation of the parameter, and the higher its impor-
tance for system control; o; represents the standard deviation of the i-th parameter,
mainly reflecting the degree of dispersion of parameter values; X; represents the aver-
age value of the i-th parameter, reflecting the concentration trend of the parameter.
The frequency control model containing new energy is displayed in Fig. 5a.

The frequency control model introduces the characteristics of new energy gen-
eration and redefines the frequency control algorithm of traditional power systems
to adapt to the high volatility and unpredictability of renewable energy. The corre-
sponding power system benefits are statistically analyzed for their frequency response
degree, as shown in Eq. (7).

Af = SPyyg + CPres + AAPgig (7)

In Eq. (7), S represents the degree of correlation between virtual synchronous
machine technology and power system frequency response, indicating the response
characteristics of virtual synchronous machines in the power system; Py, represents
the active power output by the virtual synchronous machine, which simulates the
rotational inertia characteristics of traditional synchronous generators; C represents
undetermined parameters that can represent the frequency response coefficients
of other renewable energy sources; Py, indicates the active power output of other
renewable energy sources; A denotes the control effectiveness coefficient of the coor-
dinated control strategy reflects the role of the coordinated control strategy in stabi-
lizing system frequency; APy, indicates the amount of power change in the power
grid, which refers to the power deviation caused by load changes. Ground on this
judgment, it can be ensured that the power system frequency is both scientific and
reliable. At the same time, it can also adapt to the continuous changes in new energy
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Fig.5 Frequency control model of power system containing new energy and frequency response model
ground on VSG control
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and the diversity of grid demand. The frequency response model ground on VSG con-
trol is shown in Fig. 5b.

VSG technology enhances system stability in new energy power systems through precise
frequency regulation and adaptive energy storage. Advanced coordinated control strategies
are integrated to improve the response speed and reliability. The penetration rate of renew-
able energy is used to calculate the stability. The open-loop transfer function is adopted, as
displayed in Eq. (8).

_ KaPre(1+4sTy)

H(S)_—1+5(Tp+Td) (8)

In Eq. (8), H (s) represents the open-loop transfer function of the system, representing the
relationship between the system input and output; K; represents the frequency modula-
tion coefficient of the system, reflecting the magnitude of the system’s frequency modula-
tion capability and affecting the system’s ability to adjust frequency changes; P;, represents
the proportion of new energy installed capacity, reflecting the proportion of new energy
generation in the total power generation, which directly affects the overall stability of the
system; Ty represents the damping time constant, reflecting the response speed of the sys-
tem during frequency fluctuations; T), represents the adjustment time constant, reflecting
the frequency regulation ability of the system during load changes; s represents complex
variables in Laplace transform. This model reveals the coordination and control strength
between different subsystems by analyzing the dynamic interaction between them, as
shown in Eq. (9).

cmp@qw) 13 o)
c(n) +ple) +q(w)/3

In Eq. (9), K represents the coordinated control force. ¢(n) represents the power system.
p(e) represents system stability. g(w) represents frequency control. This model can reveal
the synergistic effects between different control strategies by quantifying the coordina-
tion and control efforts. The quantification of coordinated control efforts enables accurate
evaluation of the contribution of various control strategies in system frequency regulation,
thereby achieving more precise and efficient frequency control. This method can optimize
the frequency stability response model, which helps to improve the overall performance
and adaptability of new energy power systems.

The above model can provide decision support tools for the development of power grid
operators, achieving real-time monitoring and dynamic adjustment functions. This tool
integrates power grid operation data and frequency response models to visually display
system status, and utilizes advanced algorithms to optimize control strategies. This type of
interface can enhance the control ability of power system stability and help cope with the
uncertainty and volatility brought by new energy generation.
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Simulation analysis of power system based on VSG adaptive energy storage
coordinated control

In order to verify the accuracy and reliability of the model, the study compares and
analyzes it with existing classical models or measured empirical data. Evaluate the fre-
quency response characteristics of the model under different operating conditions by
comparing simulation testing with actual power system operation data. Statistical error
indicators such as mean squared error (MSE) and mean absolute error (MAE) are used
to quantify the accuracy of model predictions. At the same time, multi scenario simula-
tion is applied to verify the generalization ability and adaptability of the model, ensuring
stability and effectiveness under different power grid conditions.

Simulation analysis of adaptive VSG control

To effectively test and analyze the effectiveness of frequency coordination control in
power systems based on VSG technology, a unified experimental environment was
established for research. The simulation environment is modeled and simulated using
MATLAB/Simulink R2023a version. Assuming that the power grid operates under ideal
conditions and there is no external interference within the system. The software configu-
ration adopts a real-time operating system based on Linux to optimize the efficiency of
simulation operation. Model and analyze the power system using an open-source power
system calculation software package. The model includes new energy generation, energy
storage system, and VSG control module to simulate load fluctuations and their impact
on frequency response. The initial state of charge of the energy storage system is set
to 50%, taking into account the frequency changes and response characteristics under
different operating conditions. The simulation time step is set to 0.01 s to ensure high-
precision dynamic response analysis. The power system data collection and analysis
equipment adopts high-precision digital power grid analysis instruments. The param-
eter settings of this model are shown in Fig. 6.

In Fig. 6, L/mH is the inductance, which affects the current change rate and transient
current characteristics of the system; J is the moment of inertia. D is the damping coef-
ficient, representing the damping characteristics of the system. k, is the voltage regula-
tion coefficient, which represents the degree of adjustment of voltage deviation in the
control strategy, affecting the accuracy and response of voltage regulation. k,; represents
the reactive power regulation coefficient, which helps maintain voltage stability. k is the
proportional gain, representing the gain of the proportional control part in the control
system. U, is the reference voltage, representing the target voltage value during system
operation. wy is the reference angular velocity. T), is the voltage control time constant.
T, is the time constant for reactive power control. To understand the impact of differ-
ent parameters on model performance, parameter sensitivity analysis experiments were
conducted, and the results are shown in Table 1.

The results show that the moment of inertia and proportional gain have a significant
impact on frequency response and system stability, and higher moments of inertia and
proportional gain can improve system stability and frequency response performance.
The changes in damping coefficient and droop coefficient mainly affect the accuracy of
oscillation amplitude and frequency response. A higher damping coefficient can effec-
tively reduce oscillation amplitude and improve the stability of frequency response.
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Numerical value

Fig.6 The parameter settings of the model

Table 1 Results of parameter sensitivity analysis

Parameter Value range Frequency Stability (%) Oscillation
response (Hz) amplitude
Moment of inertia 1-10 49.5-50.3 85-95 56-7.3
Damping coefficient 0.5-5 49.7-50.2 80-90 6.1-6.9
Sag coefficient 1-5 49.6-50.1 83-93 6.0-7.1
Proportional gain 1-10 49.8-50.3 88-97 58-6.5
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Fig. 7 Adapting to the control strategy of VSG for energy storage active power output and its state of charge

From the adaptive VSG strategy, the active power output of energy storage and its state
of charge are shown in Fig. 7.

In Fig. 7 (a), the active power output capability was significantly improved, increas-
ing from 1.32 to 24.77, reflecting the efficient intervention of the system in frequency
coordination control. The droop coefficient increased from 1.26 to 23.98, indicating
an improvement in response speed and sensitivity to load fluctuations, and enhancing
the dynamic stability. In Fig. 7(b), the state of charge added from 47.9% to 35.8%. The
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unbalanced power also decreased from 0.466 kWh to 0.342 kWh. This indicates that the
adaptive characteristics of VSG technology not only improve the response efficiency of
energy storage systems to frequency changes, but also optimize the management of the
state of charge. The virtual inertia and descent gain under adaptive VSG technology con-
trol are shown in Fig. 8.

In Fig. 8a, in the adaptive VSG technology, virtual inertia achieved a significant
increase from 2.34 to 23.37 after the initial 5 s. This indicated that the energy storage
system quickly adjusted its inertial response to match the immediate frequency require-
ments of the power system. In the following 10 to 14 s, there were significant fluctu-
ations in virtual inertia. The fluctuation is caused by sudden changes in the grid load,
and the energy storage system quickly adjusts its inertial response to adapt to new grid
conditions. This fluctuation reflects the transient instability that the system needs to
overcome during the adjustment process, but through adaptive control technology, the
virtual inertia ultimately recovers and stabilizes at the level of 2.27, indicating the sys-
tem’s adaptability and stability in dealing with frequency disturbances. In Fig. 8b, the
descent gain in the adaptive VSG technology showed a significant decrease after 2 s,
from 26.48 to 15.83. From 2 to 40 s, the decreasing gain gradually decreased to 4.06.
Adjusting the decreasing gain helped to reduce power losses caused by frequency fluc-
tuations. The stability results of the adaptive VSG technology and VSG technology ana-
lyzed by Proy are shown in Fig. 9.

The analysis method of Proy is of great significance in evaluating the frequency stabil-
ity and oscillation suppression performance of power systems. Through Proy analysis,
the oscillation amplitude and frequency of the system can be accurately quantified to
compare the effectiveness of different control strategies. This analysis method provides
detailed frequency and time domain characteristics, providing a theoretical basis for
optimizing control strategies. The Proy analysis in Fig. 9 reveals significant advantages
of adaptive VSG technology over traditional VSG technology in suppressing oscillations
and maintaining frequency stability. In Fig. 9a, the system under VSG technology did
not show significant performance in oscillation suppression, with oscillation amplitudes
of only 6.67 to 6.72, and oscillation frequencies within a narrow range, increasing from
6.23 to 6.54. This indicated that VSG technology limited effectiveness in suppressing
oscillations. In Fig. 9b, the oscillation suppression effect under adaptive VSG technology

was more significant. The oscillation amplitude had a greater variation, increasing from
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Fig. 8 Virtual inertia and descending gain under adaptive VSG technology control
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Fig. 9 Adaptive VSG technology and stability results of VSG technology analyzed by Proy

Table 2 Unit parameters with adaptive VSG and new energy power system

Unit number Installed capacity Equivalent inertia Regulation coefficient Droop
(MW) J) (%) coefficient

(%)

Unit 1 300.00 315 5.12 426

Unit 2 450.00 4.64 6.07 335

Unit 3 500.00 5.22 4.09 517

Unit4 600.00 6.18 4.55 4.86

Unit 5 800.00 843 3.05 6.04

6.63 to 6.84. The oscillation frequency remained within the range of 6.23 to 6.54. This
indicated that adaptive VSG technology could more effectively control the oscillation
amplitude while maintaining a stable oscillation frequency, thereby improving the over-
all stability. By dynamically adjusting the response of the energy storage system, adaptive
VSG technology could more accurately match the actual demand, providing a more sta-
ble power supply and ensuring the long-term stability of the system.

Simulation verification of frequency stability response model for new energy power
systems based on VSG

By analyzing the dynamic behavior of adaptive VSG technology and traditional synchro-
nous generators, frequency stability response is thoroughly explored. According to the
dynamic performance of systems under different control strategies, the performance of
adaptive VSG technology is quantified, providing theoretical and technical support for
the frequency regulation mechanism. The unit parameters containing adaptive VSG and
new energy power system are shown in Table 2.

Table 2 shows the parameter settings of each unit in the new energy power system
under adaptive VSG technology. This includes the installed capacity, equivalent iner-
tia, adjustment coefficient, and droop coefficient index parameters of each unit, pro-
viding basic data for simulation verification. In the table, the installed capacity of the
unit ranges from 300 to 800 MW, and the equivalent inertia increases with the increase
of installed capacity, with a maximum of 8.43 (unit 5) and a minimum of 3.15 (unit 1).
The difference in values between the adjustment coefficient and the droop coefficient is
significant, with the highest adjustment coefficient being 6.07% (unit 2) and the lowest
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being 3.05% (unit 5); The sag coefficient varies between 3.35% (unit 2) and 6.04% (unit 5).
The parameter configuration of each unit helps adaptive VSG technology achieve better
frequency control effects under different operating conditions. The frequency response
results are displayed in Fig. 9.

Introducing energy storage units in wind and photovoltaic systems can smooth out-
put power and enhance system schedulability. These schedulable new energy resources
can provide frequency and voltage support under VSG control strategy, thereby enhanc-
ing the stability and reliability of the power system. The key difference between adaptive
VSG technology and traditional VSG technology is that the former can adjust param-
eters in real-time based on system status, thereby achieving more accurate frequency
control. According to Fig. 10, in the adaptive VSG technology, the peak frequency of
wind power was 50.27 Hz, and the lowest value was 49.51 Hz. The peak frequency of
photovoltaic power generation was 50.18 Hz, and the lowest value was 49.62 Hz. This
indicated that adaptive VSG technology could remain frequency within a narrow range
and improve the stability. In the VSG technology, the peak frequency of wind power
was only 50.16 Hz, with a minimum value of 49.68 Hz. The frequency of photovoltaic
power generation showed a small variation, with a peak of 50.11 Hz and a minimum
of 49.73 Hz. The VSG technology provides frequency control. However, compared with
adaptive VSG technology, its ability to suppress frequency fluctuations was weaker. In
addition, for energy storage systems, when their State of Charge (SoC) reaches its limit,
energy recovery control is required to prevent overcharging or discharging of energy
storage equipment, thereby ensuring the long-term stable operation of the system.
Therefore, the implementation of VSG needs to consider the actual operational limita-
tions of wind turbines and energy storage equipment. The frequency response results of
the new energy power system without participating in primary frequency regulation and
providing system inertia are shown in Fig. 11.

In Fig. 11a, the frequency fluctuation was severe under VSG technology. When
not participating in primary frequency regulation and not providing system iner-
tia, the system stability index was as low as 29.47, indicating insufficient adaptability
to load changes. In Fig. 11b, in the adaptive VSG technology, the system compat-
ibility and stability indicators were significantly improved, increasing from 44.65
and 1.16 to 53.18 and 85.22, respectively. The performance benchmark and system
maintainability also increased from 60.95 and 10.08 to 74.29 and 95.57, respectively,
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Fig. 10 Frequency response results of new energy power system based on VSG
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Fig. 11 Frequency response of new energy power systems without participating in primary frequency
regulation and providing system inertia

Table 3 System Frequency Response and Stability Indicators under Different Control Strategies

Control strategy Peak frequency  Minimum frequency  Stability index System
(Hz) value (Hz) (%/kW) completion
efficiency (%)
Adaptive VSG 50.27 49.51 85.22 7539
Traditional VSG 50.16 49.68 44.65 53.18
Sag control 50.15 49.64 50.87 60.22
Not using VSG 50.11 49.73 2947 498

demonstrating the contribution of VSG technology to the robust operation of power
systems. Adaptive VSG technology significantly improved system completion effi-
ciency without providing system inertia support, increasing from 4.98 to 75.39. The
stability index results reflect the adaptability of the technology to load changes. The
higher the index, the stronger the adaptability. The technology has obvious advan-
tages in enhancing system robustness and maintaining frequency stability. There-
fore, adaptive VSG technology had a significant positive impact on improving the
adaptive energy storage coordination control and frequency stability of new energy
power systems. To further enhance the comprehensiveness of the comparison, the
experimental results of the currently popular droop control strategy were added
and compared with the results of adaptive VSG, traditional VSG, and those without
VSG. The results are shown in Table 3.

In the table, adaptive VSG technology exhibits the optimal frequency control capa-
bility, with the minimum range of peak and minimum frequency values, ensuring the
highest system stability index and completion efficiency. Traditional VSG and droop
control strategies are slightly inferior in frequency fluctuation control, especially in
stability indicators and system completion efficiency. Adaptive VSG has improved
by 40.57% and 22.21%, respectively. In contrast, the droop control strategy performs
suboptimal, outperforming traditional VSG and non VSG, but still lags behind adap-
tive VSG in terms of frequency control accuracy and system stability. Therefore,
adaptive VSG technology is significantly superior to other control strategies in terms
of dynamic response and frequency and voltage regulation, providing a more robust
solution for frequency regulation in new energy power systems.
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Discussion

The study explores the application efficiency of adaptive VSG technology in frequency
control of power systems, and verifies its significant improvement in frequency stability
and dynamic response through experiments. The results show that adaptive VSG tech-
nology performs the best in frequency response, with the smallest frequency fluctuation
range. The system stability index and completion efficiency are significantly higher than
traditional VSG technology and droop control strategy. The main reason is that adap-
tive VSG technology can adjust parameters in real-time based on the actual state of the
power system, achieving more accurate frequency control. Compared with the robust
control of hybrid energy storage systems based on Type 2 fuzzy observers proposed by
Ghavier H. F et al,, this study highlights the significant improvement of frequency con-
trol accuracy by adaptive VSG technology. Adaptive VSG technology can adjust param-
eters in real-time, making it more sensitive and efficient than traditional fuzzy control
(Ghavidel and Mousavi-G 2022). The adaptive multi-mode switching control strategy
proposed by Liu Z et al. aims to improve the stability of virtual synchronous generators
(Liu et al. 2023). Compared to this, adaptive VSG technology significantly improves sys-
tem stability and completion efficiency without participating in primary frequency mod-
ulation. Li M et al. study on dynamic power coupling of grid to grid converters shows
that adaptive VSG technology performs better in handling frequency fluctuations and
stabilizing system frequencies (Li et al. 2022b).

This study validated the advantages of adaptive VSG technology through experimental
data, demonstrating its excellent performance in dynamic response and frequency regu-
lation, providing a more robust solution for frequency regulation in new energy power
systems. This is of great significance for the smooth operation of the power system and
the maintenance of grid frequency, providing effective technical support for grid opera-
tors and decision-makers.

Future research should further optimize the adaptive VSG control strategy, consider
more complex power grid operation scenarios, and verify its adaptability and reliability
to different types of power grids through larger scale experiments.

Conclusion

With the rapid progress of new energy power systems, system frequency stability has
faced unprecedented challenges. In modern power systems with massive renewable
energy connected to the grid, frequency stability is an important factor in maintain-
ing the reliable operation. Based on this background, an adaptive VSG energy storage
coordination control strategy was developed to enhance the adaptive regulation ability.
From the research results, in the adaptive VSG technology, the frequency stability of
wind power was significantly improved, with a peak frequency stable at 50.27 Hz and a
minimum value of 49.51 Hz. The peak frequency of photovoltaic power generation was
50.18 Hz, and the minimum value was 49.62 Hz. In the VSG technology, the frequency
stability of wind and photovoltaic power generation systems was significantly poor, with
the peak and minimum values of wind frequency being 50.16 Hz and 49.68 Hz, respec-
tively, and the peak and minimum values of photovoltaic frequency being 50.11 Hz and
49.73 Hz, respectively. In addition, the adaptive VSG technology improved the system
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stability index from 29.47 to 85.22 without providing system inertia support. The perfor-
mance benchmark and system maintainability indicators were also improved from 60.95
and 10.08 to 74.29 and 95.57, respectively, indicating the significant effect of this tech-
nology in improving system stability.

The proposed adaptive VSG energy storage coordination control strategy significantly
improves the frequency stability of high proportion renewable energy grid connection
in modern power systems. The novelty of this strategy lies in its adaptive adjustment
ability, which can adjust control parameters in real-time to more efficiently respond to
frequency fluctuations and stabilize the power grid, and has important energy informat-
ics significance. However, there are also some limitations to the research, such as chal-
lenges in cost control, technology integration, and large-scale applications that have not
been fully resolved. These limitations partially affect the widespread applicability of the
results, indicating that further validation and optimization are still needed in practical
applications.

Future research can be carried out from the following aspects: further optimizing
adaptive VSG control strategies, exploring methods to reduce the cost of adaptive VSG
technology, and optimizing solutions for technology integration; Study its applicability
and reliability in larger scale complex power systems; Strengthen the integration with
other control strategies to further enhance the system’s adaptability and robustness.
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