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The large-scale new energy sources such as photovoltaic power generation reduces the
original damping and inertia of the power system, resulting in the oscillation of the system.
Self-adaptive virtual synchronous generator (SDVSG) controlled grid-connected inverters
can provide virtual damping and inertia to support the frequency and voltage of the grid.
Combining SDVSG control with stand-alone PV systems, a mainstream solution is to
configure energy storage systems for them. In this paper, a grid-connected PV storage
system with SDVSG is proposed with coordination control; an adaptive variable-step
conductivity increment method is adopted to achieve the maximum power point tracking
(MPPT) for PV array, and variable domain fuzzy logic control methods of DC-DC converter
are implemented as well. Finally, the simulation results prove the system has strong
robustness and could handle the perturbations.

Keywords: new energy grid connection, photovoltaic, maximum power point tracking, energy storage, coordinated
control, virtual synchronous generators, adaptive variable-step conductivity increment method

1 INTRODUCTION

With the rapid development of renewable energy technologies such as photovoltaic and wind energy,
increasing distributed generator (DG) systems are connected to the conventional power system. Compared
with the centralized power generation system based on the synchronous generator, the inverter-based DG
system has flexible control and fast response but reduces the original inertia and damping characteristics of
the power system (Alipoor et al., 2014; Pattabiraman et al., 2018). The rotational inertia and damping
characteristics of synchronous generators play an important role in maintaining the frequency stability of
power systems. However, the increasing penetration of DG has led to a decreasing proportion of installed
synchronous generator capacity in power systems. The inertia and damping of the system are relatively
weakened and the rotating reserve is relatively reduced, which poses a serious challenge to the stable
operation of the power system (Alipoor et al., 2015; Bri -Mathias et al., 2020).

To improve the inertia and damping of power systems containing high permeability, DGs
enhance their ability to suppress frequency fluctuations and improve the compatibility between
inverters and the grid. The virtual synchronous generator (VSG) and its working principle were
invented to improve the damping and inertia of the system (Zhong and Weiss, 2011; Zhong et al.,
2014). The main idea of VSG technology is to make the inverter simulate the external characteristics
of a synchronous machine, especially the frequency characteristics, using control algorithms. To
equip the inverter with the frequency characteristics of a synchronous generator, the control
algorithm is required not only to simulate the inertia of the rotor of the synchronous generator
but also to connect the inverter with an energy storage device to consume the power required to
simulate the kinetic energy change of the rotor of the synchronous generator. The current research
on VSG is mostly based on the premise that the DC side of the inverter can provide a stable voltage
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source (European FP6 project workshop, 2011; Zhong andWeiss,
2011; Chen et al., 2011; D’Arco et al., 2013; Hua et al., 2017),
which is not satisfied by the inverter powered by PV only. As the
capacity and number of grid-connected PV systems increase, it is
important to equip them with the characteristics of synchronous
generators for the stable operation of the grid. The reduced-order
small-signal closed-loop transfer function model is proposed and
impedance analysis is developed to verify the stability of DC
Microgrids (Rui et al., 2020; Wang et al., 2021). This reduced-
order model is a novel preprocessing approach for the real-time
simulation of large-scale converters which could be provided for
DC microgrid designers. The adaptive error correction method
for voltage source inverters severally is embedded into both the
outer and inner prediction loop (Ma et al., 2021). The impacts of
different negative factors can be simultaneously processed and
corrected through an adaptive error correction strategy.

There are two dominant functions of energy storage in
renewable energy plants (Wei et al., 2019): one is to suppress
the fluctuation of grid-connected power of renewable energy
plants (Sun et al., 2019; Al- Shetwi et al., 2020; Kulyk and
Zgurovets, 2020); the other is to control the operation of
plants and energy storage systems to make their output meet
the requirements of a given generation output curve, to achieve
the purpose of economic dispatch of plants (Li et al., 2011; Ma
et al., 2017). There is little research on how to utilize energy
storage to make distributed generation systems with synchronous
generator characteristics. In (Liu et al., 2017; Ma et al., 2017), it is
pointed out that the utilize of energy storage simulates the kinetic
energy change of the synchronous generator rotor, but the control
method of energy storage and renewable energy is not fully
researched. In (Velasco de la Fuente et al., 2013), energy
storage is selected as a backup for photovoltaic power
generation, so that the distributed generation system can
operate in both grid-connected and off-grid modes, but the
inverter still adopts PQ and droop control and does not have
synchronous generator characteristics. In the literature (Liu et al.,
2015; Zhao et al., 2017), a storage inverter based on VSG control
is connected in parallel to the AC side of the PV inverter to
increase the inertia of the system, but it does not make the grid-
connected PV inverter itself have synchronous generator
characteristics. The VSG control in photovoltaic storage power
systems is analyzed in (Zhong et al., 2022), but still regard the PV
array and energy storage as equivalent DC voltage sources. The
control of energy storage charging and discharging is normally
neglected, resulting in large fluctuations in the state of charge
(SOC), which results over charging or discharging to shorten the
battery life. The concept of virtual inertia for frequency control of
MGs via an extended VSG is introduced in reference (Fathi et al.,
2018) the proposed control inherits both properties of inertia
response of real SGs and fast dynamics of power electronic
interfaces. The decentralized deep policy gradient algorithm is
developed and employed to find the optimal control policy for
VSG (Li et al., 2021). The optimal policy in amodel-free fashion is
obtained and validated with this adaptive control. In (Zhang et al.,
2020), a coordinate control for PV-storage grid-connected system
was proposed, in which the energy storage unit implements the
MPPT control and the photovoltaic inverter implements a VSG

algorithm providing inertial and primary frequency support for
the microgrid. Whereas the conventional MPPT and VSG can
hardly handle the new energy systems with random perturbations
and high permeability.

To mitigate the issues of the current research, the proposed
topology and its advanced control in this paper have the following
main characteristics.

- The Adaptive variable-step conductivity increment method
is implemented to achieve MPPT for PV arrays to avoid
oscillation and untimely tracking near the maximum
power point.

- The variable domain fuzzy logic control for DC-DC
converter is designed to overcome large overshoot while
quickly obtaining the desired reference voltage

- An adaptive virtual synchronous generator control strategy
is developed for the power supply of the PV energy storage
system to provide variable damping and inertia, improving
the stability of the power supply.

- A coordinated control strategy is proposed to achieve grid-
connected power leveling function, improve power
generation efficiency and ensure DC bus voltage stability.

The rest of this paper is organized as follows: In Section II, the
configuration of the system is presented and introduced; In
Section III, the advanced control of the DC-AC inverter, DC-
DC converter, ADVSG, and coordinate strategy is introduced,
respectively; In Section IV, the proposed design and its control
method are verified by the simulation experiment in MATLAB/
Simulink. In Section V, conclusions are summarized and
potential research directions are mentioned as well.

2 COORDINATED PV AND BATTERY
GRID-CONNECTED SYSTEMS

Conventional PV grid-connected systems are capable of
maximum power tracking and grid-connected inverters.
However, there are power leveling difficulties as well as low
inertia and damping problems, which normally require
external power sources for co-powering. In this section, the
structure and characteristics of conventional PV grid-
connected systems and energy storage-based PV grid-
connected systems are introduced, respectively.

2.1 Conventional Grid-Connected PV
Generator
The structure of two conventional PV grid-connected power
generation systems is shown in Figure 1. In the direct PV system,
the PV array is directly connected to the DC side of the inverter, as
shown in Figure 1A. The power generated by the PV array is fed into
the grid only through the DC/AC single-stage converter. The circuit
of the two-stage grid-connected PV system is a two-stage power
conversion circuit, as shown in Figure 1B. The front stage uses a
boost converter to perform the step-up function of the output voltage
of the PV array on the DC side and MPPT; the rear stage is a grid-
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connected inverter to perform the power conversion and grid-
connected function, and the control of the boost converter and
the inverter are independent of each other.

The inverter control of a conventional grid-connected PV
system generally consists of an outer loop of DC voltage and an
inner loop of active and reactive currents, which are externally
reflected as current source characteristics. Since there is no energy

storage device, the system output active power can only follow the
power generated by the PV array, which is intermittent and
fluctuating. The inverter output frequency is the grid frequency
obtained from the phase-locked loop, which does not have inertia
and damping characteristics. Therefore, conventional PV
systems, whether single-stage or two-stage, are unable to
provide frequency support for the grid.

FIGURE 1 | Structure of conversational grid-connected PV system. (A) Direct photovoltaic power generation system (B) Photovoltaic power generation system
with DC-DC converter.

FIGURE 2 | Structure of grid-connected PV-energy storage system.
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2.2 Grid-Connected PV-Energy Storage
System
The structure of the grid-connected energy storage PV system
is shown in Figure 2. The system includes the PV array, the
energy storage device, the bidirectional DC-DC converter,
the inverter, and its filtering circuit. The PV array is directly
connected to the DC bus of the inverter and connected in
parallel with the energy storage device with a buck/boost
converter, and the energy is fed into the grid by the inverter
based on VSG control. The control system is divided into
three main parts: the coordination control unit, the DC-DC
control unit, and the VSG control unit. On the one hand, the
coordination control unit is responsible for searching the
maximum power point voltage UMPP of the PV array and
transmitting it to the DC-DC control unit as the DC bus
voltage command value Uref, which controls the DC bus
voltage according to the command, thus completing the
MPPT of the PV array. On the other hand, the output
power of VSG is adjusted according to the given rate
command, while the reactive power command of VSG is
given to control the charging and discharging power of
energy storage, thus realizing the purpose of adjusting the
SOC of energy storage. The VSG control unit implements the
inverter to simulate the characteristics of the synchronous
generator and to track the power command.

Compared with the traditional grid-connected PV power
generation system, the energy storage PV grid-connected
power generation system has the following features: 1) The
energy storage device has an energy buffering effect so that the
inverter output power does not have to be equal to the PV
power, which not only reduces the fluctuation and
intermittency of the grid-connected power but also meets
the basic condition that the inverter simulates the rotor
inertia of a synchronous generator. 2) The inverter in the
grid-connected energy storage PV system is controlled by
VSG, which simulates the characteristics of a synchronous
generator and can realize the self-synchronous grid connection
without the need for a phase-locking loop to detect the
frequency and phase of the grid. 3) By simulating the
synchronous generator characteristics, the energy storage
PV grid-connected power generation system is externally
characterized as a voltage source and has the ability of
frequency inertia and damping frequency shift.

3 THECONTROLOFGRID-CONNECTEDPV
ENERGY STORAGE SYSTEM

3.1 The Control for the DC-DC Converter
The DC-DC control strategy aims to control the DC bus voltage
to track the commanded value of Udc_ref given by the
coordinated control unit and to control the charging and
discharging of the energy storage device by controlling the
inductor current of the buck/boost converter during the
system operation. Therefore, the DC-DC control strategy
adopts an outer loop of DC bus voltage and an inner loop
of inductor current to control the buck/boost converter, as
shown in Figure 3, in which a proportional-integral (PI)
regulator is used for the outer loop of voltage and a
proportional regulator is used for the inner loop of current.
When the dc bus voltage rises, the bidirectional converter
operates in buck mode to store energy for charging; when the
dc bus voltage decreases, the bidirectional converter operates
in boost mode to store energy for discharging. It is worth
noting that the energy storage device stabilizes the DC bus
voltage.

It is worth noting that by stabilizing the DC bus voltage, the
energy storage device not only achieves the MPPT function but
more importantly, enables the VSG to simulate the rotor
inertia of the synchronous generator. Assuming that the
output power of the PV array is constant when the
disturbance reduces the frequency of the VSG, the grid-
connected inverter simulates the process of releasing energy
from the rotor of the synchronous generator, increasing the
active power; this causes the DC bus voltage to decrease, and
the energy storage discharges to stabilize the DC bus voltage
and vice versa. Meanwhile the energy change of the energy
storage simulates the increase or decrease of the kinetic energy
of the synchronous generator rotor.

To ensure the normal operation of the system, the energy
storage always maintain the DC bus voltage at a level not lower
than the minimum voltage for successful inverter operation.
The scaling factor and variable domain for fuzzy control
provide a fast response to track the reference values. On the
one hand, the maximum discharge power of energy storage is
required to be no less than the short-term maximum output
power of the inverter based on VSG control; on the other hand,
during the frequency shift and PV power fluctuation, when the
energy generated by the PV array is less than the output energy

FIGURE 3 | Variable domain fuzzy-logic control for DC-DC converter.
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of the inverter, the output power of energy storage should be
sufficient to make up the shortfall between them; and when the
energy generated by the PV array is greater than the output
energy of the inverter, which should have enough space to
store the excess power.

3.2 DQ Decoupling for Photovoltaic
Grid-Connected Inverters
This section will specifically introduce the principle of DQ-axis
decoupling control of the inverter. The connection of the inverter
to the grid can be approximated by the following equation.

Uabc � iabcR + L
diabc
dt

+ eabc (1)

Where the subscript abc denotes the column vector composed
of the quantities corresponding to the three phases of abc; Uabc

denotes the voltage of the inverter; iabc denotes the three-phase
current, and eabc denotes the three-phase voltage on the net
side. A Park transformation of Eq/(1) yields the following
equation.

⎧⎪⎪⎪⎨⎪⎪⎪⎩
vd � Rid + L

did
dt

− ωLiq + ed

vq � Riq + L
diq
dt

+ ωLid + eq

(2)

Whereω is the rotational angular velocity of the dq coordinate system
in the Park variation. After the transformation, the active and reactive
power output to the grid can be expressed as the following equation

⎧⎪⎪⎪⎨⎪⎪⎪⎩
P � 3

2
(edid + eqiq)

Q � 3
2
(eqid − ediq)

(3)

Where P,Q represents the active and reactive power output to the
grid, respectively.

The active and reactive power can be controlled separately by
controlling the DQ axis current. Assuming that the reference
values of id and iq (ip d, ip q) are known, then we can control the
voltage output of the inverter so that id = ip d,iq = ip q. First, the
Laplace transform of Eq. 2 is performed.

⎧⎪⎪⎪⎨⎪⎪⎪⎩
id � Vd + ωLiq − ed

R + Ls

iq � Vq − ωLid − eq
R + Ls

(4)

Where s is the Laplace operator. Vd and Vq are the DQ voltages of
the inverter, so these are the two quantities that we can control.
These two control quantities are of the following form.

⎧⎨⎩ Vd � ed − ωLiq + (Kpd + Kid/s)(ipd − id)
Vq � eq + ωLiq + (Kpq +Kiq/s)(ipq − iq) (5)

Taking 5) into (4), the controlled quantity is obtained as

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

id � ipd ·
Kpds +Kid

Ls2 + (R + Kpd)s + Kid

iq � ipq ·
Kpqs +Kiq

Ls2 + (R +Kpq)s + Kiq

(6)

Eq. 6 shows that if the control variables could satisfy the
relationship shown in Eq. 5, then the whole system can be
represented as a second-order system shown in Eq. 6.

3.3 Self-Adaptive VSG Control
The control algorithm of VSG usually needs to calculate the
output current or voltage of the synchronous generator in the
current state based on a given mathematical model, and use it
as a command to control the inverter to follow the command,
to simulate the external characteristics of the synchronous
generator. In this paper, the mathematical model of a
synchronous generator is used as follows:

J
dw

dt
� Tm − Te −D(w − wg) (7)

Where J is the rotor inertia of the synchronous generator, D is
the damping factor, Tm and Te are the mechanical torque and
electromagnetic torque of the synchronous generator,
respectively, ωg is the rated angular frequency of the grid,
and ω is the measured angular frequency.

eabc � E⎡⎢⎢⎢⎢⎢⎣ sin θ
sin(θ − 2π/3)
sin(θ + 2π/3)

⎤⎥⎥⎥⎥⎥⎦ (8)

Pe � eaia + ebib + ecic (9)
The VSG control strategy is shown in Figure 4, where the filter

capacitor voltage uabc is considered as the terminal voltage, and the
output current iabc_ref of the synchronous generator in this state is
calculated according to Eqs. 7–9 and used as the command value of
the inverter output current iabc. To better simulate the synchronous
generator characteristics, the inverter must track the commanded
current iabc ref without static difference and quickly. Therefore, in

FIGURE 4 | Control of conventional VSG.
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this paper, the inverter is controlled in the synchronous coordinate
system by using the angle θ solved by the model; at the same time,
the capacitor voltage uabc is used as a feedforward quantity to
improve the accuracy and speed of the VSG control system.

It should be noted that since the frequency regulation factor K
and the damping factor D in the governor are the same for
frequency regulation, this paper ignores the governor, i.e., Pref is
equal to Pm, and compensates for its role by adjusting D.

The VSG connected in parallel with the grid must not only output
active power to the grid but also can output a given amount of reactive
power. In a conventional synchronous generator set, the reactive power
can be regulated by adjusting the excitation current, i.e., the electric
potential. Based on this principle, the variableD is adopted to obtain a

better response of the characteristics of the excitation regulator. The
difference between the commanded value of reactive power Qref and
the actual valueQ of theVSG is utilized as the input of the PI regulator,
and adjusts the electric potential E to realize the closed-loop control of
reactive power in grid-connected operation without differences.

3.4 Adaptive Variable-Step Conductivity
Increment Method
The mainstream MPPT algorithms are the perturbation observation
method and the conductance increment method. For the poor
dynamic performance of the conductance increment method in
the range of low slope, this paper adopts the conductance

FIGURE 5 | Flowchart of Adaptive variable step conductance increment method.
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increment method based on adaptive variable step size. First, when
the light and temperature are constant, the PV output power P is
considered as a function of the port voltage U. The output power
shows a variation of increasing and then decreasing with the process
of increasing voltage. The differentiation process is given as follows:

dP

dU
� I + U

dI

dU
(10)

Where I represents the current output from the PV. Eq. 10 could
be transferred into (11).

1
U

dP

dU
� I

U
+ dI

dU
(11)

To reduce the disturbance of the sampling process, the systemnoise
can be reduced by the low-pass filtering method. The control period is
Ts, and the sampling period is Ts/10, then the average value obtained
from ten samples can be used to input the system for processing.

The adaptive variable step conductance increment method is
when the operating point voltage is less than the maximum
power point, and the operating voltage should be increased to
approach the maximum power point. Besides, due to the low
slope of the curve, the tracking of the maximum power point is
accelerated by using a larger step size, i.e., k1 takes a larger value. The
voltage update process in the adaptive variable step size conductance
increment method can be expressed as shown in Eq. 12

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

U′ � U, if(dI

dU
� − I

U
)or((dU � 0)and(dI � 0))

U′ � U + k1ΔU, if(dI

dU
> − I

U
)or((dU � 0)and(dI> 0))

U′ � U + k2ΔU, if(dI

dU
< − I

U
)or((dU � 0)and(dI< 0))

(12)

FIGURE 6 | Coordinated control for the system.

TABLE 1 | Key parameters in the simulation.

Items Parameters Values

System Bus voltage 750 V
PV array Parallel strings 46

Series 12
Module A10 J-S72-175

Battery Rated voltage 640 V
Capacity 62.5AH
Initial SOC 30%, 70%, 95%

Converter Inductor 1000uH
Capacitor 470uF

FIGURE 7 | Frequency response of the grid impedance.

TABLE 2 | Control objects and methods.

Conditions PV module Battery Inverter

Case 1 Constant power Discharge Control bus voltage
Case 2 MPPT Power supply Control bus voltage
Case 3 Constant power Charge Control bus voltage
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The flowchart of the proposed adaptive variable-step
incremental method for MPPT is depicted in Figure 5.

3.5 The Optimized Coordinated Control
The task of the coordinated control unit is mainly two: first,
to determine the maximum power point voltage UMPP of the
PV array; second, to control the charging and discharging

power of the energy storage to adjust the SOC of the energy
storage. The VSG reactive power command Qref is given
directly and the active power command Pref (i.e., Pm) is
obtained by the coordinated control strategy. Based on the
deviation of the charge/discharge power command value
Pst_ref (Pst_ref > 0 discharge, Pst_ref <0 charges) from the
actual value pst, the PI regulator adjusts the mechanical

FIGURE 8 | Dynamic response in case 1. (A) Light intensity (B) Temperature (C) Photovoltaic power (D) Grid voltage (E) System active and reactive power (F)
Battery SOC.
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power Pm of the VSG, and the grid-connected inverter
changes its output power according to the characteristics
of the synchronous generator, thus controlling pst to track
Pst_ref. For convenience, we assume that the SOC of energy
storage is in the optimal range and set Pst_ref to 0. In this case,
energy storage only compensates for the power imbalance
between the PV array and VSG in the dynamic process, while
maintaining a constant SOC in the steady-state. In practice,
Pst_ref is adjusted by the energy management system
according to the change of SOC. Figure 6.

The following is a detailed analysis of the process of
controlling pst. The case of increasing light intensity is

taken as an example: after the increase in light intensity,
the PV power increases; at this time, the VSG output power
remains unchanged, and the DC bus voltage increases; and
the buck/boost converter will charge the battery to maintain
a constant DC bus voltage, that is, pst < 0; then, Pst_ref -pst> 0,
which makes the PI regulator output Pm increase, and
according to the principle of synchronous generator, the
VSG output power gradually increases; after the PV power
is stabilized, as the VSG output power increases, the charging
power pst will gradually decrease, until pst = Pst_ref = 0.

It can be seen that the coordinated control strategy can
control pst and thus adjust the SOC of energy storage, which

FIGURE 9 | Dynamic response in case 2. (A) Light intensity (B) Temperature (C) Photovoltaic power (D) Grid voltage (E) System active and reactive power (F)
Battery SOC.
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can avoid deep charging and discharging to shorten the
battery life. Hence, the dynamic and static performance of
the system is closely related to the switching frequency,
synchronous generator model parameters, and controller
parameters.

4 SIMULATION AND VERIFICATION

To verify the feasibility of the above principle and the effectiveness
of the system, the corresponding simulation model is built and
experiments are conducted in MATLAB/Simulink environment.

FIGURE 10 | Dynamic response in case 3. (A) Light intensity (B) Temperature (C) Photovoltaic power (D) Grid voltage (E) System active and reactive power (F)
Battery SOC.
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Section 4.1 introduces and explains the relevant parameters in the
experiments, and describes the experimental procedure, and
section 4.2 compares and analyzes the simulation results.

4.1 Parameters for Simulation
In this section, the parameters are presented in Table 1 as follows.
the variation of the light intensity and the temperature is given in
the following sections. Detailed descriptions of the dynamic
response are provided as well.

In a steady-state, the larger the active damping coefficient and the
greater the phase margin of the system is indicating the system
stability is improved. And the variation of the inverter inductance
has a smaller impact on the system stability.While the increase of the
filter capacitance and grid inductance leads to the decrease of the
phase margin and reduces the system stability. The disturbance
amplitude was taken as 0.5% of the rated voltage, and the frequency
response was recorded for the reference voltage of 1.0 p. u. and 1.5 p.
u., respectively, and the data were plotted as shown in Figure 7.

4.2 Results and Analysis
To further verify our design, three cases are set up to validate the
proposed topology and its control. The descriptions of these three
cases are given in Table 2.

4.2.1 Case 1
When the battery is overcharged (high SOC), the battery needs to
be discharged with constant power, thus avoiding the battery
from being damaged by overcharging. To obtain clear analysis
results, constant light intensity was used in case1. three different
temperatures were set in the PV module to verify the feasibility of
constant power control. PV power, busbar voltage, and grid active
and reactive power are recorded separately. The battery is in the
discharge process and its output power and PV power together
provide active power to the grid. The dynamic response of the
above description is provided in Figure 8.

4.2.2 Case 2
In case2, both light intensity and temperature are changed, and
the PVmodule can obtain themaximum power byMPPT control.
Accordingly, the output power of the PV module will change
abruptly, when the energy storage system can provide a certain
buffer. Compared with the power conversion of PV modules, the
power of the grid changes more smoothly with energy storage
support. The role of the inverter is to maintain a stable grid
voltage at all times. The output power of the battery changes in
response to sudden changes in the power of the PV module, thus
smoothing the actual power received by the grid. The dynamic
response of the above description is provided in Figure 9.

4.2.3 Case 3
Case 3 uses the same light intensity variation and dimensional
variation as case 2, and for a clear comparison between MPPT
control and constant power control. Besides, the power control of
the battery is protected in constant power charging mode. The
dynamic response of the above description is provided in Figure 10.

The coordinate control proposed in this paper was validated
through three test scenarios. Based on maintaining a constant grid

voltage, the storage battery can smooth out the power variation of
the PV; conversely, the PV system can also charge the energy
storage system. Besides, the adaptive control adopted for MPPT
and VSG significantly improved the stability of AC grid.

5 CONCLUSION AND FUTURE WORK

In this paper, an energy storage type grid-connected photovoltaic
power generation system with synchronous generator characteristics
is researched. The hardware structure, control strategy, and
mathematical model of the system are established. The influence
of the main parameters on the stability and dynamic performance of
the system is analyzed in detail. The simulation results not only verify
the correctness of the fundamental working principle, but also prove
the proposed control strategy can simulate the characteristics of
synchronous power generation and maximum power tracking,
and control energy storage charging and discharging, and the
following conclusions are obtained: 1) The self-adaptive VSG
control enables the interface inverter of PV power generation
system to simulate the characteristics of synchronous generator,
which has the ability of variable frequency inertia and damping
frequency shift and can effectively improve the performance of the
grid-connected distributed PV power generation system. 2) The
coordinate control can switch the charging and discharging power
of energy storage, adjust the SOC of energy storage, and provide the
power required for throughput simulation of synchronous generator
rotor kinetic energy changes, and can effectively avoid the impact of
deep charging and discharging on energy storage life; 3) The adaptive
variable-step conductivity increment method for MPPT of the PV
array to improve the power generation efficiency but also smooths out
the fluctuation of the grid-connected power of the PV system.

Due to the constraints of the research platform and some
other factors, some simplification is made in the simulation
verification, which will not affect the experimental conclusions.
Based on this, some potential future research directions are
summarized: 1) The variations of each battery in the array to
achieve the synergistic operation of internal energy balancing
and smoothing system power; 2) adaptive VSG control have
variable damping and inertia, which should be optimized in
real-time, and the application of deep learning will be
considered in the future.
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