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Introduction: Frequency oscillations induced by stochastic disturbances pose
significant challenges to grid-connected photovoltaic (PV) systems. This study
proposes an adaptive optimization strategy for photovoltaic-energy storage
systems (PV-ESS) based on a GA-BP neural network to address this issue.

Methods: First, the working principles and characteristics of virtual synchronous
generator (VSG) technology are elaborated. Second, the power control point
positioning under deloading operation of PV systems and the virtual inertia
control of energy storage systems are analyzed. Subsequently, a GA-BP neural
network is introduced and applied to the adaptive parameter design of the PV-
ESS system, enabling real-time dynamic adjustment of the moment of inertia J,
damping coefficient D, and virtual inertia coefficient K, thereby enhancing the
dynamic response performance of active power.

Results: The experimental results demonstrate that under active power
command mutation scenarios, compared with fixed-parameter control
strategies, the proposed strategy reduces the frequency nadir deviation by
14.81%, overshoot by 62.5%, and steady-state recovery time by 44.44%.

Discussion: The adaptive parameter adjustment mechanism effectively
mitigates frequency oscillations, offering a robust solution for grid stability in PV
scenarios.

KEYWORDS

coordinated PV-ESS control, frequency regulation, GA-BP neural network, deloading
control, dynamic parameters

1 Introduction

To address climate change and accelerate the green and low-carbon transition
of energy systems, countries worldwide are vigorously expanding their renewable
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energy infrastructure. Renewable energy generation is typically
integrated into power grids through power electronic devices, which
inherently lack the capability to provide damping and inertial
support to the grid, posing significant challenges to grid stability
(Zhangetal., 2022). As the proportion of grid-connected PV systems
increases, frequency-related issues in power systems have become
increasingly prominent (Kurm and Agarwal, 2021; Pei et al., 2020;
Chai et al., 2021). Current approaches to enable PV power plants
with primary frequency regulation and inertial support capabilities
include active power reserve and energy storage integration. By
combining energy storage with PV systems to form PV-ESS
integrated systems and adopting VSG control strategies, effective
grid frequency support can be achieved during load disturbances
(Nguyen et al., 2019; Shenghu et al., 2024; Chen et al., 2024).

In recent years, research on photovoltaic frequency regulation
technologies has grown substantially, with the primary objective
of empowering PV power plants to participate in grid frequency
regulation through advanced control strategies, thereby ensuring the
secure and stable operation of modern power systems. Peng et al.
(2025) incorporate PV systems into conventional power system
models, deriving time-domain analytical solutions for frequency
dynamics, which provides a more accurate and comprehensive
literature for analyzing frequency characteristics in PV-integrated
grids. Zhao et al. (2024) propose an enhanced voltage-controlled,
deloaded PV virtual synchronous generator frequency support
method with adaptive reserve ratios, significantly improving the
efficacy of PV systems in grid frequency regulation. Zhang et al.
(2024) introduce a consensus-based frequency regulation strategy
for PV plants utilizing the average consensus algorithm, enabling
coordinated frequency control among multiple PV stations under
localized communication constraints. Zhong et al. (2022) develop
a hybrid control strategy integrating a deloading operation with
virtual synchronous machine (VSM) control. Sun et al. (2022)
incorporate generator droop characteristics into deloaded power
control frameworks, endowing PV plants with active frequency
oscillation suppression capabilities. Zhong et al. (2019) propose a
control strategy for PV cluster participation in primary frequency
regulation, which accounts for the derating factor and multiple
parameters to enhance system operation stability.

The critical role of energy storage in frequency regulation lies
in its ability to rapidly absorb or release energy through storage
systems, compensating for grid power deficits and mitigating
instantaneous imbalances between load fluctuations and generation.
Ren (2024) propose embedding fast frequency regulation devices
between the grid and energy storage stations to achieve rapid
coordinated power dispatch. Qian et al. (2024) proposes using a
flywheel energy storage system to assist in endowing pumping
and power generation conditions with the same frequency
regulation capability. Dang et al. (2025) develop a dual-layer power
optimization framework for multi-storage plants that balances
system economics with state-of-charge equilibrium, minimizing
frequency regulation costs. He et al. (2024) propose a frequency-
decoupled composite control strategy based on real-time battery
status monitoring, improving the frequency regulation performance
of energy storage batteries. Zhao et al. (2020) propose a control
strategy for optimizing the dead zone of power grid energy storage
frequency regulation, which enhances system stability.
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The PV-ESS compensates for the volatility of the PV output
by controlling the energy storage in concert with the PV power
plant, using the fast power response capability of the energy
storage and providing virtual inertia support and frequency
regulation services for the grid. Tiecheng et al. (2023) propose
the use of a supercapacitor to assist PV units for frequency
regulation, which effectively enhances the frequency stability of
high-occupancy PV systems. Yongxi and Jiangrong (2023) proposed
an improved VSG control strategy for the problems of fixed
inertial link parameters and difficult real-time adjustment in the
traditional virtual synchronous machine control strategy. Jia et al.
(2022) combine the variable power tracking technology with a
supercapacitor to form a new coordinated control strategy for PV
energy storage. Zhang et al. (2023) propose that the PV energy
storage system and synchronous generator be considered to be
connected through a virtual shaft system, so that the PV energy
storage system can simulate the dynamic characteristics of the
synchronous generator’s shaft system and provide a new method
for the friendly grid connection of the PV-ESS. Ur Rehman et al.
(2021) propose a method to grid-connect PV and energy storage via
VSG and provide inertial support. Hongchun et al. (2025) propose
a cooperative control strategy for PV-hybrid battery energy storage
systems to improve the system frequency response characteristics.

Because the virtual inertia and virtual damping coefficient are
the core parameters in the VSG control technique, adjusting the VSG
control parameters to improve the system dynamics and response
performance has become the focus of today’s research. Jianhui et al.
(2019) proposed an adaptive adjustment of virtual inertia VSG
control strategy, which can effectively suppress the fluctuation of
system active power. Ren et al. (2021) combined virtual impedance
control with adaptive control to improve the frequency response
characteristics of the system. Lu et al. (2024) derived the initial
value of adaptive virtual inertia control based on an improved
particle swarm algorithm, which improves the stability of the VSG
grid-connected system. Fu et al. (2024) proposed the introduction
of a virtual governor model, so that the primary frequency
regulation under the action of delay and damping control is
relatively independent, thus facilitating the completion of the control
parameter design separately and effectively solving the problem of
the traditional VSG control in the primary frequency regulation and
damping is difficult to take into account. Ren et al. (2020) used the
output angular frequency feedback control to regulate the dynamic
damping of the VSG grid-connected system, which improves the
performance of the system frequency regulation.

None of the above studies have deeply explored the dynamic
control of parameters of the combined PV-ESS. Therefore, this
article proposes an adaptive optimized strategy for the parameters
of the combined photovoltaic and storage system based on GA-BP.
First, the control principles of VSG active and reactive loops are
introduced, and GA-BP is used for dynamic optimization of ] and
D in the active loop. Second, the load shedding control adopted for
PV is analyzed to determine the PV load shedding control operating
point. Subsequently, the ESS is introduced to use virtual inertia
control. The virtual inertia control coefficients are also used in a GA-
BP optimized strategy, and their dynamic changes follow the change
rule of the S-type function. Finally, the effectiveness and superiority
of the described adaptive optimized strategy in suppressing the
frequency fluctuation of a high percentage of PV grid-connected

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1640949
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Mu et al.

A
:Deload control : Dual E+
| strategy Vo I, PI I closed +
I I
| ¢ ¢ . V 1| loop
:V})v, [y e | pvresde L "7 | Voltage 4
— » DPPT v | and
Ilpv V |
| mppt y — | [current
I 1t I
FIGURE 1

Control framework of the combined PV-ESS.

are verified through an RT-LAB simulation as well as a hardware
experimental comparison test.

2 System modeling and dynamic
characterization

2.1 System architecture

Figure 1 shows the control framework of the combined PV-
ESS. The system integrates PV-ESS to improve energy utilization
and system stability. The control block diagram shows how stable
operation and efficient energy management of the power system can
be achieved through the synergy of the ESS, PV modules, GA-BP,
and VSG control. The modules are interconnected through control
signals and power flows to ensure the stability and reliability of the
system working under different operating conditions.

2.2 Grid-side converter control

VSG technology is one of the key technologies for new
power systems with a high percentage of renewable energy access.
Compared with traditional droop control, VSG control simulates
the behavior of traditional synchronous generators by modeling
the electromagnetic dynamic characteristics and mechanical inertial
response of synchronous generators, introducing damping and
rotational inertia characteristics to provide short-term frequency
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FIGURE 2
VSG active-frequency control.

stability for the grid, and effectively improving the transient stability
of the high-percentage new energy grid.
VSG technology is implemented through the following parts:

1) Active-frequency control

Figure 2 shows the block diagram of VSG active power-
frequency control. The characteristic expression of the active power-
frequency control loop is as follows:

Pm:Pref_Kp(w_wn) 1

In Equation 1, P, is the virtual mechanical power, P, is the VSG
literature active power, K, is the active power droop coefficient,
w is the actual operating angular velocity, and w, is the rated
angular velocity.
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FIGURE 3

VSG reactive power-voltage control.

The complete mathematical model of a synchronous generator
requires comprehensive consideration of multiple interacting
factors, including stator-rotor electromagnetic coupling, mechanical
inertia, and damping effects. Its essence lies in a high-order
nonlinear differential equation system. However, a simpler second-
order model is typically adopted in the field of power electronic
converter control to reduce controller design complexity and enable
intuitive analysis of frequency-power dynamic responses. Its core
expressions are

n Wy (2)

In Equation 2, J is the equivalent rotational inertia, and D is the
damping coefficient.

When a random perturbation occurs in the PV-ESS, it is difficult
to achieve the ideal adjustment effect with fixed coefficients of J
and D because the virtual inertia J and virtual damping coeflicient
D in the VSG control are not linearly related to the frequency.
In this article, the J and D parameters of VSG are efficiently and
dynamically adjusted in the complex and variable power system
through GA-BP combined with global optimization and dynamic
learning, which greatly improves the system frequency stability and
dynamic response speed.

2) Reactive power-voltage control

Figure 3 shows the block diagram of the VSG reactive power-
voltage control. In the VSG control system, the synchronous
generator changes its internal electromotive force by dynamically
adjusting the excitation current, so as to accurately control the
reactive power output, realize the balance between supply and
demand of reactive power, and keep the power system voltage at
the rated level. In the reactive-voltage control loop, reactive-voltage
regulation is realized by changing the virtual excitation current,
and the reactive power deviation obtained after reactive-voltage
sag control:

AQ=K,(U-U,) (3)

In Equation 3, where K, is the reactive power-voltage sag factor, U,
is the rated system voltage, and U is the inverter output voltage.

In order to realize the difference-free regulation of the output
reactive power, an integral link is introduced into the reactive power
control loop to modify the sag control loop, and the output voltage
of the converter port is

E:Un+AU:Un+nJ(Qn—AQ—Q)dt (4)
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P-V curve of PV system output.

In Equation 4, where AU is the voltage deviation, # is the integration
coeflicient, Q,, is the rated reactive power of the system, and Q is the
output reactive power of the inverter.

2.3 Machine-side converter control

2.3.1 PV deloading control

Generally, the PV power generation system operates in the
maximum power mode to obtain the maximum power conversion
efficiency, so when the power supply is suddenly withdrawn, the load
is suddenly increased or subjected to random perturbations. The
lack of spare power to make up for the power difference will lead
to fluctuations in the frequency of the system, affecting the stability
of the power grid system. PV deloading control technology adjusts
the operating state of the PV cells so that they do not operate at
the maximum power output point but instead reserve a portion of
the power for grid frequency regulation. Although this will result
in part of the solar energy not being fully utilized, thus reducing
the energy conversion efficiency, it can effectively provide the active
power support required for frequency regulation within the normal
fluctuation range of the grid frequency.

As shown in Figure 4, by controlling the working voltage of the
PV system to not be at the voltage at the maximum power tracking
point, the PV panels do not work in the maximum power tracking
mode but leave some reserve power. Point a in the figure is the
working point of the PV power generation system when the active
output is maximum. When the working point of the PV system
is at b and c in the figure, then it represents that the PV retains
a certain amount of reserve power, the corresponding expression
is shown in Equation 5:

Pbackup = Pmppt - Pdppt ©)

When the photovoltaic power generation system operates in the
power—-voltage curve area on both sides of the maximum power
point, although the reserve power can be reserved through load
shedding control, it should be noted that the operating points on
both sides are not necessarily stable operating points. Based on the
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PV curtailment control.
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FIGURE 6
ESS-based virtual inertia control.

FIGURE 7
SOC dynamic variation curve.

principle of conservation of energy, the output power of the PV
array consists of the active power output from the inverter and the
variation of DC bus capacitor energy storage, and the power balance
relationship is Equation 6:

Py, =P, +P, (6)

where P, is the PV array output power, P, is the PV inverter output

inv
active, and P, is only the PV DC side capacitive power, which can be

expressed as

dv,.
dt

P, =V,C (7)
In Equation 7, where V 4. is the capacitive voltage on the dc side of
the PV, and C is the dc capacitance.

Applying small increments to the PV system voltage, the
increment of the PV array output power can be obtained as

dAv,,

APPV =V,C T (8)
In Equation 8, where V|, is the voltage at steady state of the PV.
Frontiers in Energy Research
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Linearizing AP, for increments with small perturbations can

obtain the Equation 9:
dAV,,
dAP,, =V, C——

dt ©)

Expanding the PV array power P,, with Taylor’s expansion, at

the steady-state voltage V), and neglecting the higher-order terms,

yields the PV increased power AP, as
dp

pv
AP, = AV, —2~
pv CdVdC

(10)
In Equation 10, where AV 4, is the amount of disturbance voltage.

The Laplace transform of the couplings (9) and (10) is obtained
Equations 11, 12:

dp,,

dev AVPV(S) =V, CsAVPV(s) (11)
dPPV

<VOCS—WPV>AVPV(S):O (12)

The condition for nonzero solutions is given by Equation 13:

ar
V,Cs— —2 =0 (13)
av,,
The characteristic roots are given by Equation 14:
dp
s= I Sl (14)
VoCdVv,,

When dP,,/dV,, is greater than 0, the working point of the PV
power generation system is on the left side of point a. At this
time, the characteristic root is greater than 0, and the system is
in a positive feedback state. At this time, if V,, voltage increases
slightly due to a disturbance, the PV power P,, increases with it.
According to Equation 6, if the inverter is not adjusted in time, the
excess power will be absorbed by the capacitor, resulting in capacitor
charging and further voltage increase, which will form a positive
feedback loop of “voltage increase-power increase-voltage increase
again” and may lead to voltage runaway.

When dP,,,/dV,,, is less than 0, the working point of the PV
power system is on the right side of point a. At this time, the
characteristic root is greater than 0, and the system is in a positive
feedback state. If the voltage V', increases slightly, the PV power P,
decreases. At this time, the power shortage must be compensated by
the capacitor discharge, resulting in a voltage drop, which will form a
negative feedback loop of “voltage rise - power reduction - and then
voltage drop,” and the system will return to the steady state.

Therefore, the sufficient condition for the stable operation of
the PV power system is that its characteristic root is negative,
which in turn leads to the stable operation condition of the PV
power system as Equation 15:

<0

(15)
av,,

Therefore, point c is the stable operation working point where
the PV power system can be deloading controlled. From the PV
characteristic curve of PV, by controlling the inverter voltage to
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adjust the output power, theoretically up to 80%-90% of the active
power of the PV power plant can be left as a backup to provide
power support to the grid in an emergency. PV load shedding control
is shown in Figure 5.

When analyzing the frequency regulation capability of the
PV system to cope with load disturbances, it is necessary to
establish the dynamic coupling relationship between its frequency
regulation output, grid frequency deviation, and the maximum
active output of the PV. To this end, the load shedding rate of the
PV power system can be defined as the proportion of the actual
operating power reserved relative to the maximum power, which is
expressed as Equation 16:

d=K <1 Af) (16)
N
where K is the rated load deloading rate, and f, is the rated
frequency of the grid, 0.7 <d < 1.
The active power output from the

PV under load

deloading control is

Py =dxP (17)

mppt

In Equation 17, when the power system frequency drops,
Af <0, the PV power system releases the reserved reserve power by

Frontiers in Energy Research

increasing the load shedding rate d, thus increasing the active output
and helping the grid to realize rapid frequency recovery.

When the power system frequency rises, Af>0, the PV system
increases the reserve power by reducing the load shedding rate d,
thus reducing the active output and absorbing the excess power from
the grid, and suppressing the further rise of frequency.

2.3.2 Dynamic virtual inertia control for ESS

When a PV-ESS system is subjected to random power
perturbations, it is necessary to maintain power balance through
the coordination of internal energy units. Due to the intermittent
and fluctuating characteristics of PV power, this time, the ESS
also must undertake the task of frequency regulation, through
the rapid power response to restore the system frequency to the
rated range. However, the regulation ability of energy storage and
its charge state SOC has a coupling relationship; if the state of
SOC is ignored in the control, it may lead to the energy storage
battery entering a deep charging and discharging state. This not
only accelerates the capacity degradation of the energy storage
battery but also may lead to an early exit from operation due
to triggering the overcharge/overdischarge protection mechanism,
which in turn exacerbates the system frequency instability. In order
to better utilize the frequency fast response regulation capability
of the energy storage, as well as to protect the battery from

frontiersin.org
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overcharging and overdischarging, this article proposes to realize
the output adaptive virtual inertia control coefficients based on the
state of the SOC as the input and the GA-BP. The adaptive control
strategy can effectively maintain the SOC in the healthy working
interval of 20%-80%, avoid overcharging and overdischarging of the
energy storage, guarantee the safe operation of the energy storage
equipment, and improve the frequency regulation capability of the
energy storage system. Figure 6 shows the block diagram of the
virtual inertia control for ESS.

The active power supplied by the storage battery through virtual
inertia control when the system frequency changes is

dnf

—K—2

AP, 7

(18)

In Equation 18, where AP, is the charging and discharging power of
the ESS; K is the dynamic virtual inertia coefficient.

ki, Af<0
ky, Af>0

K= (19)

In Equation 19, where k, is the frequency regulation factor when the
ESS is discharged; k, is the frequency regulation factor when the ESS
is charged.

Among them, Figure 1 shows that taking the SOC state as the
input of GA-BP and the dynamic virtual inertia coefficient K as the
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output, we can dynamically adjust the power output of the energy
storage system according to the state of the SOC of the energy storage
system and better serve the system for frequency regulation.

In order to make the energy storage system have a better
frequency regulation effect and not cause damage to the storage
battery, when the SOC of the energy storage is close to SOC ., k, is
set as the maximum value, and k; decreases with the decrease of the
SOC. When the SOC of energy storage is close to SOC

as the maximum value, and k, decreases with the increase of SOC.

min>

maxo K1 18 set
Therefore, in this article, the dynamic virtual inertia coefficient K
output from GA-BP is characterized by the change of S-type function
(sigmoid function), and the specific relational equations are given by
Equations 20, 21:

0, S< Sin

K

max

S...<8<S

kl = 1. (SSpyy) N max (20)
1+ 100K . . e SmaxSmin

max

Kmax’ S > Smax

K

max’

S<S
Kmax
(S S)

1+ 100K, e SmaxSmin

max

0, S Spra

min

S

k2: min<S<Smax (21)

where K, . is the maximum value of the dynamic virtual inertia
coeflicient; n is a constant for adjusting the nonlinear characteristics
of the function.

The specific SOC formula can be expressed as Equation 22:

SOC(t) = SOC, 1y +

E (22)

JtP,c(t)dt

0

where SOC(t) is the value of SOC at moment t; SOC, ;. is the initial

SOC value; E is the energy capacity of the energy storage system.
The SOC of the energy storage system generally has upper

and lower limits, and the allowable range of SOC can be

expressed as Equation 23

min <

SOC, i < SOC < SOC, 0 (23)

where SOC
storage battery, and SOC,,,, denotes the highest charge state allowed

min denotes the lowest charge state allowed for the energy
for the energy storage battery.

As shown in Figure 7, the SOC above SOC,,,, or below SOC
is a forbidden zone. The energy storage system is not allowed to work

min

in this area so as not to affect the service life of the storage battery.
In the optical storage system, the charging and discharging power
limit of the energy storage system is often linked with the SOC.
When the SOC is close to the lower limit of SOC
power is limited to avoid deep discharge; when the SOC is close to
the upper limit of SOC
overcharging.

the discharge

min>

max> the charging power is limited to prevent

3 Adaptive control strategy for optical
storage based on GA-BP

GA has a strong global search ability that can avoid the
defect of traditional optimization methods falling into local optimal
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TABLE1 Comparison of PV, ESS, and PV-ESS.
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Restoration of homeostasis

Compensation method Frequency minimum Frequency maximum point
change overshoot

timing
13% 0.03 p.u. 0.015 p.u. 70's
ESS 0.029 p.u. 0.014 p.u. 755
PV-ESS 0.027 p.u. 0.008 p.u. 45
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=
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Time(s)

FIGURE 11
Frequency response curves of fixed vs. dynamic J and D.

solutions. In this article, GA and BP neural networks are deeply
integrated to construct a GA-BP neural network optimization
algorithm model, and through the synergistic cooperation of the
two, a hybrid algorithm with better performance is obtained to
optimize the parameters of the optical storage system. On the
one hand, the BP is used to adjust the parameters of the PV-ESS
dynamically according to the error of the desired signal and the
actual signal; on the other hand, the GA is used to optimize the
weight and bias of the BP globally, which significantly improves
the efficiency of parameter search. The weights and biases of the
BP are optimized globally with the help of GA, which significantly
improves the parameter optimization efficiency. In this model, the
GA dynamically optimizes the initial weights and bias parameters
of the BP to break through the limitations of the traditional random
initialization on the performance of the network so that the model
has a faster convergence speed and a stronger generalization ability.
The following are the specific steps of the algorithm implementation:

(1) The dynamic model of PV-ESS is formulated in Equation 24

x(t) = f(x(t), u(t))
y(t) = h(x(t))

where x(f) is the time derivative of the state variable, x(¢) is the

(24)

system state, u(t) is the control input, and y(t) is the output.

(2) Design the BP neural network controller as Equation 25

u(t) = BP — NN(x(t); W, B) (25)
where W = {wij, W,-j}; B= {bj, Bj}; W is the hidden layer input weight;

W; is the hidden layer output weight; b; is the hidden layer input
bias; B; is the hidden layer output bias.
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(3) Define the multi-objective loss function as Equation 26

2 T
+ A3Z |Ibat(t)|
=1 26)

T 2 T
A= %z [,es® =y +AIWIE+2, Y o)l
=1 t=1

The following is a specific explanation of each part of the multi-
objective loss function as A:

T 2
B= 23 [0 -x(0)] 27)
t=1

In Equation 27, where y,¢(t) is the literature output; y(¢) is the actual
output. This equation calculates the difference between the literature
output y,.¢(t) and the actual output y(¢).

C=11wl; (28)

In Equation 28, where A, is the weighting factor. This equation is
used to prevent overfitting and make the model more generalized by
increasing the penalty term of the weights.

2

T
D=1, [lu(®)l (29)
t=1

In Equation 29, where A, is the weighting factor of the control energy
consumption term. This equation reduces the energy consumption
of the system by minimizing the control input.

T
E=1) [Lu(0)] (30)
=1

In Equation 30, where A; is the weighting factor of the battery aging
term. This equation is used to reduce the number and magnitude of
charging and discharging of the battery, thus prolonging the lifetime
of the battery.

(3) Chromosome code length:

(4) The chromosome code length is defined by Equation 31:

n
W+ ) B, (31)
j=1

M=
M=

H=z Wi+
i=1j=1 J

bi+)

3 n
=1 j

3
=1

I
—
I

(5) The fitness function is defined by Equation 32:
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TABLE 2 Comparison of fixed J, D, and dynamic J, D.

Compensation method

Frequency minimum

10.3389/fenrg.2025.1640949

Frequency maximum Steady-state recovery

change point overshoot time
Fixed ], D 0.03 p.u. 0.015 p.u. 70s
Dynamic J, D 0.029 p.u. 0.012 p.u. 60 s
Compare 3.33% 20% 14.3%
Calculate the intensity of variation o;,
2
1.01 t
- a,-:amax-(l——) (37)
3 1 Tnax 7 max
S
~0.99 . . . s . s
where 0, is the maximum variation intensity; ¢ is the current
0.98] —— Fixed K in ESS

0.97 —— Dynamic K in ESS

0 10 20 30 40 50 60 70 80 90 100
Time(s)

FIGURE 12
Frequency response curves of fixed K vs. dynamic K.

1
1+A

exp (BE) (32)
where f is the aging penalty factor.
(6) The genetic selection operation is defined by Equation 33:

For each individual k in the population, calculate its selection
probability:

(33)

where N is the population size.
(7) The crossover operation is defined by Equations 34, 35:

Cross-segmentation is used for the selected parents (P,, P,) for
the neural network hidden layer weights w;; part:

C"i = P\ +(1-g)P,’ (34)
Bias the b; part to the neural network:
Cli = uP) + (1 )P (35)
where ¢ and p are the crossover coefficients.

(8) The mutation operation is defined by Equations 36-38:

For each locus x;, mutate with probability p,,:
x] =x;+0;-N(0,1) (36)

where x/ is the gene value after the mutation. x; is the original gene
value. g; is the intensity of variation, which controls the magnitude
of variation. A/(0,1) is the standard normal distribution, which
represents the random perturbation.
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iteration number; T, is the maximum iteration number.
Projective corrections are applied to the mutated parameters:
in ./ in
M x <X
x| = 4 X x] > X (38)

x],else

(9) The BP neural network design is formally expressed in
Equations 39-43:

Step 1. Import the input variables. The ith neuron in the input
layer is X

Step 2. Calculate the input value h}’:“ and the output value hj‘.’”t of
the jth neuron h; in the hidden layer;

3
=Y (WX +by) (39)

i=1
out _ g in
K = (") (40)
The activation function of the hidden layer uses the
sigmoid function:

_ 1
1+e™

f(x) (41)

Step 3. Calculate the input and output quantities of the output
layer. The input " of the ith neuron of the output layer is

n
yr= (Wihi+B) (42)
=1
The output of neuron i in the output layer, y*/, is
]:y;mt — _]amt()/i:n),i =1
D=y = () i=2 @)
K=y;3ut — fuut(ygn))i 3

where the activation function of the output layer is also chosen
to use the sigmoid function.

The above GA-BP is applied to the optimization process of the
VSG control parameters ] and D of the optical storage system, as well
as the virtual inertia coefficient K of the energy storage dynamics.
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TABLE 3 Fixed K vs. dynamic K.

Compensation method Frequency minimum

10.3389/fenrg.2025.1640949

Frequency maximum

Steady-state recovery

change point overshoot time
Fixed K 0.029 p.u. 0.014 p.u. 75s
Dynamic K 0.028 p.u. 0.011 p.u 60's
Compare 3.45% 21.43% 20%

The installed capacity of the PV array is 4 MW. The parameters
=101 of the PV array are set according to the model of SunPower SPR-
=1
& . 200-WHT-U, and 20 strings and 20 parallels are set as a group; there
§099 are a total of 50 groups under the standard ambient temperature
Eooy —_ Fixed K, J Din PV-ESS and .1rrad1ance COIldlthTlS. The output power of this PV array is

097  Dynamic K J, D in PV-ESS maximally 4 MW. PV strings are connected to the converter through

0 10 20 30 40 50 60 70 80 90 100
Time(s)

FIGURE 13
Frequency response curves of fixed vs. dynamic K, J, and D in PV-ES.

The flowchart of the GA-BP shown in Figure 8 is obtained. First, the
GA is used to find the optimal weights and bias values in the BP;
then the optimal weights and bias values are inputted into the BP;
then the BP dynamically outputs the control parameters such as K,
J, and D according to the inputs as well as the optimal weights and
bias values, and the parameters are returned to Equations 2, 18 after
the adaptive adjustments to realize the adaptive closed-loop control
of K, J, and D. Closed-loop control can be realized by returning the
adaptively adjusted parameters to Equations 2, 18.

4 Calculation design

In this study, a digital twin model of an optical storage, multi-
source cooperative control system is constructed based on the RT-
LAB platform, and the proposed cooperative control strategy is
verified through comparative simulation. As shown in Figure 9,
the real-time simulation system adopts a heterogeneous computing
architecture, integrating multi-core CPUs, field-programmable gate
array (FPGA) hardware acceleration units, and development hosts,
in which the CPU cluster undertakes the numerical solving tasks
of the electromagnetic transient model of the new energy station
cluster and the dynamic model of the three-machine, nine-node
system and realizes multi-protocol communication, such as CAN
and IEC61850. The FPGA module performs the microsecond-level
step execution of the power electronics converter. The FPGA module
performs accurate power electronic converter modeling and SFP
+ fiber optic communication protocol processing in microsecond
steps and realizes nanosecond data interaction with the main
computing unit via PCle Gen4 x16 bus, constructing a deterministic
simulation environment with a fixed step size of 50 ms for the
whole system.
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a convergence box and then connected to the DC bus after boosting.
The DC side voltage is 600 V, and the AC side voltage is 380 V. After
two boosts, the PV string is connected to the 35-kV main grid. The
installed capacity of the energy storage system is 1 MW, and the rated
load shedding rate of PV is K = 0.9. The parameter of the energy
storage system is SOC,;;, = 0.8. The simulation results are based on
the standardized value, and the power literature value is 5 MW.

4.1 Comparison of frequency regulation

Figure 10  displays the frequency of
photovoltaics, energy storage, and the joint participation of
photovoltaics and energy storage in frequency regulation. The case

response curves

isatt =5s, load surge APy, = 0.1 p.u.

From Table 1, it can be seen that PV-ESS joint participation in
the frequency lowest point of change is 0.027 p.u., the highest point
of frequency overshooting amount is 0.008 p.u., and the steady-state
recovery time is 45 s. Meanwhile, the PV frequency lowest point
of change is 0.03 p.u., the highest point of frequency overshooting
amount is 0.015 p.u., the steady-state recovery time is 70 s, the lowest
point of change in the E frequency 0.029 p.u., the highest point
of frequency overshooting amount is 0.014 p.u., and the steady-
state recovery time is 75s. The ESS frequency’s lowest point of
change amount is 0.027 p.u. The frequency of the highest point of
overshooting is 0.014 p.u., and a steady-state recovery time of 75 s
can be obtained. The PV-ESS joint participation in the frequency
regulation effect is better.

4.2 Comparison of Jand D

Figure 11 demonstrates the fixed J, D and dynamic J, D
frequency response curves under VSG control. The test case is a load
surge at time t = 5, and APy, = 0.1 p.u. Only PV is involved in
adjusting the frequency in this case.

In the case of fixed J and D control, the frequency nadir is
approximately 0.970 p.u., the variation is 0.030 p.u., the overshoot
is approximately 0.015 p.u., and the steady-state recovery time
is 70s. In the case of dynamic J and D control, the frequency
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TABLE 4 Fixed K, J, D vs. dynamic K, J, D.

Compensation method

Frequency minimum

Frequency maximum point

10.3389/fenrg.2025.1640949

Steady-state recovery time

change overshoot
Fixed K, J, D 0.027 p.u. 0.008 p.u. 45s
Dynamic K, J, D 0.023 p.u. 0.003 p.u 25s
Compare 14.81% 62.5% 44.44%
From Table 3, it can be concluded that the frequency minimum
ol change is reduced by 3.45%, the overshoot is reduced by 21.43%, and
-~ . the steady-state recovery time is reduced by 20% under dynamic K
=
&0 % control compared to under fixed K control.
2o.
0.98 ——BP
0.97, —— GA-BP
0 10 20 30 40,50 S0 70 80 50100 4.4 Comparison of K, J, and D
FIGURE 14 .
Frequency response curves of BP vs. GA-BP. Figure 13 demonstrates the frequency response curves of PV-
ESS with fixed K, ], and D parameters versus dynamically adjusted K,

TABLE 5 Comparison between BP and GA-BP.

Compensation Frequency | Frequency NCEA
method minimum | maximum state
change point recovery
overshoot time
BP 0.025 p.u. 0.006 p.u. 40s
GA-BP 0.023 p.u. 0.003 p.u. 255
Compare 8% 50% 37.5%

nadir is approximately 0.971 p.u., the variation is 0.029 p.u., and
the overshoot is approximately 0.012 p.u. The steady-state recovery
time is 60 s.

From Table 2, it can be concluded that the frequency minimum
change is reduced by 3.33%, the overshoot is reduced by 20%, and
the steady-state recovery time is reduced by 14.3% under dynamic J
and D control compared to under fixed J and D control.

4.3 Comparison of K for ESS

Figure 12 demonstrates the energy storage fixed K and dynamic
K frequency response curves. The test case is a load surge APy, =
0.1 p.u. at time ¢ = 5 s. In this case, only ESS is involved in frequency
regulation.

In the case of fixed K control, the frequency nadir is
approximately 0.971 p.u., the variation is 0.029 p.u., the overshoot
is approximately 0.014 p.u., and the steady-state recovery time is
75s. In the case of dynamic K control, the frequency nadir is
approximately 0.972 p.u., the variation is 0.028 p.u., the overshoot is
approximately 0.011 p.u., and the steady-state recovery time is 60 s.
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J, and D parameters. The test case involves a sudden load increase of
APy, =0.1 p.u.att=>5 s, with both PV-ESS participating in frequency
regulation in this case.

In the case of fixed K, J, and D control, the frequency nadir is
approximately 0.973 p.u., the variation is 0.027 p.u., the overshoot is
approximately 0.008 p.u., and the steady-state recovery time is 45 s.
In the case of dynamic K, ], and D control, the frequency nadir is
approximately 0.977 p.u., the variation is 0.023 p.u., the overshoot is
approximately 0.003 p.u., and the steady-state recovery time is 25 s.

From Table 4, it can be concluded that the amount of frequency
nadir change is reduced by 14.81%, the amount of overshooting is
reduced by 62.5%, and the steady-state recovery time is reduced by
44.44% under dynamic K, J, and D control compared to under fixed
K, ], and D control.

Figure 14 shows the case of optimizing the frequency regulation
of PV-ESS parameters using BP and GA-BP. The case is a sudden
increase in load APy, = 0.1 p.u. at time t=5s.

Under the the
approximately 0.975 p.u., the variation is 0.025 p.u., the overshoot

BP optimization, frequency nadir is
is approximately 0.006 p.u., and the steady-state recovery time
is 40 s. Under the GA-BP optimization, the frequency nadir is
approximately 0.977 p.u., the variation is 0.023 p.u., the overshoot is
approximately 0.003 p.u., and the steady-state recovery time is 25 s.

From Table 5, it can be concluded that GA-BP is optimized over
BP. The amount of frequency nadir variation is reduced by 8%,
overshooting is reduced by 50%, and the steady-state recovery time
is reduced by 37.5%.

5 Conclusion

This article proposes a GA-BP-based adaptive parameter
adjustment method to dynamically optimize the virtual inertia J,
damping coefficient D, and droop coefficient K in real time. A GA-
BP driven adaptive optimization strategy for PV-ESS is developed
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to suppress frequency oscillations, shorten regulation time, and
enhance system stability. The main conclusions are as follows:

(1) Compared to fixed-parameter control strategies for K, J, and
D, the proposed GA-BP-based parameter adaptive dynamic
adjustment strategy significantly improves frequency stability
and dynamic response performance. The frequency nadir
deviation is reduced by 14.81%, the overshoot amplitude
is suppressed by 62.5%, and the steady-state recovery time
is shortened by 44.44%, demonstrating the effectiveness of
the proposed strategy in enhancing transient stability and
mitigating power oscillations.

(2) In contrast to conventional BP-based adaptive adjustment

of K, J, and D, the GA-BP collaborative control strategy,

which integrates the global optimization capability of genetic
algorithms, further enhances the dynamic characteristics
of frequency regulation. The frequency nadir deviation is
decreased by 8%, the overshoot amplitude is reduced by

50%, and the steady-state recovery time is accelerated by

37.5%, highlighting the superior convergence efficiency and

robustness of the GA-BP neural network in parameter

coordination and optimization.

(3) While the proposed GA-BP-based dynamic optimization

method for PV-ESS frequency regulation parameters

demonstrates advantages in improving coordinated frequency
control, its application scope and generalizability remain
limited. The study does not validate the adaptability
of the method in wind turbine frequency regulation

systems. Due to inherent differences in dynamic
response characteristics between wind turbines and
PV-ESS, the parameter optimization efficacy of the

current strategy may be constrained in wind power
scenarios. Furthermore, multi-energy coordinated frequency
regulation mechanisms and robustness under extreme
disturbances have not been thoroughly explored, necessitating
further
future research.

validation and framework development in
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