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Various controllable resources contribute to energy regulation and rapid support
in the form of virtual energy storage (VES), which can significantly simplify
control parameters and facilitate the evaluation of a microgrid's economic
and secure operational reserves. This paper establishes a power density
virtual energy storage (PDVES) model and an energy density virtual energy
storage (EDVES) model. Wind turbines, photovoltaics (PVs), controllable loads,
and electric vehicles (EVs) are equated to EDVES and PDVES, respectively.
Furthermore, an economic calculation model for microgrids that incorporates
VES is developed, and an energy regulation framework for microgrids is
constructed with virtual current (VCU) and virtual capacitor (VCA) as scheduling
parameters. With the frequency security of island microgrids as a constraint, a
rapid support coordinated control strategy for PDVES and EDVES is proposed
to ensure the economic and secure operation of microgrids across multiple
time scales. Finally, a high-proportion renewable energy test system with VES is
established. The test results demonstrate that under the proposed VES control,
the energy regulation and dynamic stability control performance of microgrids
can be significantly improved.

virtual battery, virtual capacitor, energy regulation, frequency support, dynamic stability

1 Introduction

With the rapid increase in the proportion of distributed wind power, photovoltaic (PV),
electric vehicles (EVs), seawater desalination loads (SDLs), and other flexible resources
(FRs) connected to the power system, both the power supply and load sides present a
power challenge potential (Thomas et al., 2018). Microgrids are in urgent need of a feasible
solution in order for new energy and controllable loads to be integrated into the system’s
energy regulation and rapid support control system, realizing the collaborative participation
of power sources and loads in system regulation (Mateus et al., 2025; Lin et al., 2025).
However, the power output of wind power and PV on the power supply side is intermittent,
and controllable loads such as EVs and SDLs have heterogeneous control parameters. Due
to the complexity of the operating parameters, microgrids lack a means of evaluation for
the system energy and dynamic stability reserves, which not only makes it difficult to
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optimize economic operation but also makes it hard to cope
with disturbances and guarantee the safe operation of the system.
Therefore, microgrids need to integrate FRs, simplify operating
parameters, and collaborate to accomplish energy regulation and
rapid support control objectives, which will be key to improving the
economic and safe operation of the system.

Enhancing the economy of microgrid operation through the
cooperative operation of new energy sources, energy storage, and
loads is a key research direction for microgrids. Multilevel optimal
scheduling models of microgrids have been constructed, which
provide a feasible solution for optimizing the energy regulation
mode of power source, load and energy storage (Huang et al., 2024;
Cao et al,, 2025; Li et al., 2025; Morais et al., 2012; Sun et al,,
2023) Yang et al. (2025), and Shui et al. (2024) assembled air
conditioners, EVs, and smart buildings in a microgrid; considered
the interest demands of power, load, and energy storage; and
proposed a master-slave co-optimization method to save system
investment costs by reducing the peak-valley difference of the
operation of the microgrid. However, while the introduction of
a demand-side response in microgrids is beneficial for increasing
revenue, there is still a lack of coordinated methods for controllable
loads, and the resource flexibility potential needs to be further
developed. Simplifying system operating parameters reduces the
difficulty of energy regulation and coordination between the power
supply and load sides, which is essential for unlocking the regulation
potential of various FRs. The VES technology, which equates FRs
to energy storage and operates jointly with real energy storage,
has become a popular topic of research. For example, on the
load side, the energy conversion relationship between FRs such
as EVs (Westermann and Schlegel, 2013; Zhu and Zhang, 2025),
smart air conditioners (Wang et al., 2021; Pahasa et al., 2022), and
SDLs (Zhou et al.,, 2020; Liu et al.,, 2021), and energy storage is
established, and the controllable load can simulate the charging and
discharging characteristics of energy storage. Lv et al. (2024) and
Wang et al. (2020) established the dynamic relationship between
thermal inertia and the charging and discharging characteristics
of the VES for the cold\heat load in buildings and improved the
economy of a building’s energy system through the VES to regulate
the load’s cold and heat characteristics. However, microgrids that
rely solely on a single device for power regulation struggle to meet
system energy demands. To further explore the potential of VES,
Lvetal. (2024) and Wang et al. (2020) established a combined VES
system that incorporated air-conditioning loads and EVs based on
their operational characteristics. This system, while balancing the
interests of multiple stakeholders, can effectively reduce peak-valley
difference, decrease the dependence of the regional power system
on traditional energy storage devices, and thus save investment
costs. Wang et al. (2024) and Du et al. (2019) proposed realizing
the potential of VES by transferring energy across time periods
using EVs and smart buildings. By utilizing these in the form of
VES, system power fluctuations can be further mitigated. However,
due to the different control parameters for electrical and thermal
loads, there is still room for improvement in the power coordination
between the two. In summary, regarding microgrids, although new
energy, energy storage, and load have the potential for energy
regulation, the control parameters of each type of equipment are not
uniform. Although the charging and discharging characteristics of
the VES are involved in system energy regulation, the control process
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is complicated, and it is difficult to assess the system energy reserve.
In microgrids, the joint dispatching strategy of VES and real energy
storage needs further improvement.

The rapid responses of FRs to short-term frequency changes to
ensure system dynamic stability and alleviate the pressure on power
support of the energy storage is another technical bottleneck that
urgently needs to be resolved (Chen et al., 2024; Yang et al., 2022).
To guarantee the stability of the DC distribution network, Fu et al.
(2022) and Tanaka et al. (2011) proposed a coordinated control
strategy of controllable loads and batteries to reduce DC voltage
fluctuation after disturbances and to avoid the deep charging and
discharging of the battery. However, due to the large number of
control parameters, the current research does not discuss in detail
the control methods for new energy to join the system stability
support. Alyami (2024) constructed a hybrid energy storage system
containing gas storage, air conditioning, and battery, taking into
account time-of-use tariffs, and proposed a coordinated control
strategy for PV and hybrid energy storage in an isolated island
microgrid. However, while it is suitable for longer time-scale power
dispatch, how to respond quickly to short-term frequency changes
still needs further research. Gabriele et al. (2023) and Tang et al.
(2021) proposed a multi-time-scale coordinated control method
for microgrids which can issue control commands for all devices
within the day-ahead stage at one time. However, due to the
lack of controllable parameters suitable for sensing the power and
operating status of controllable devices, the current ability of the
microgrid control system to cope with sudden disturbances remains
insufficient. In Tangqing et al. (2014) and Honarmand et al. (2014),
the energy storage and SDLs coordinate to participate in the primary
and secondary frequency regulation of the system. Although existing
studies have proposed short-time coordinated control methods for
FRs—such as natural gas, smart air conditioners, and SDLs—they
have three shortcomings. First, the system power reserve is difficult
to assess, and whether the controllable resources can realize
continuous regulation needs verification. Second, the operating
parameters of the controllable equipment are not uniform, and
the design methods of inertia and frequency regulation coefficients
are unknown in the short-time frequency response process. Third,
whether the FRs in microgrids can take into account energy
regulation and short-time frequency support on a long time scale
has to be explored. In summary, a VES model urgently needs to
be established for microgrids to simplify the operating parameters
of each type of FR and to combine the charging and discharging
characteristics of PDVES and EDVES. This will realize energy
regulation and rapid support control in multiple time scales, give
full play to the control potential of the new type of power system,
and improve the system operation level.

To optimize the energy regulation effect of microgrids and
realize the rapid frequency support control of each type of FR, the
PDVES and the EDVES models were respectively established, and
a novel cooperative control of VES for energy regulation and rapid
frequency support is further proposed. This study is structured as
follows. Section 1 establishes VES models for controllable loads,
wind turbines (WTs), hydrogen energy storage (HES), and EVs,
simplifies the operating parameters of various types of FRs, and
proposes the operation mode of a microgrid with VES. Section 2
establishes the economic calculation model of microgrids with VES
and proposes a dispatching method of microgrids with VCU and
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VCA value as unified instructions and VSOC to assess system energy
storage. Section 3 proposes a frequency cooperative control adapted
to PDVES, EDVES, and real energy storage devices in microgrids,
taking into account both the economic and safe operation of
microgrids. Section 4 builds a new energy high-proportion test
system with multi-type VES and verifies the effectiveness of the
proposed control strategies. The study ends with conclusions.

2 %peration mode of microgrids with
VE

2.1 PDVES model

In microgrids, distributed energy resources, controllable loads,
HES, and EVs can all be considered typical FRs. Distributed energy
resources (such as WTs) and controllable loads possess rapid power
response characteristics and can be categorized as PDVES devices.
EV and HES systems have the capability to provide sustained power
support and can be classified as EDVES. Moreover, to ensure the
stable operation of microgrids in island mode, the system requires
the configuration of a hybrid energy storage system composed
of batteries and supercapacitors. In terms of microgrid control
structure, the PV units and permanent magnet direct-drive WTs
in the distributed energy resources are connected to the microgrid
through inverters. The controllable load, exemplified by SDLs,
produces fresh water through reverse osmosis. EVs are charged at
a constant voltage and slow charging rate and are connected to the
microgrid through a bidirectional inverter. HES is integrated into
the microgrid through inverters equipped with electrolyzers and fuel
cells; it consumes surplus power from the microgrid by producing
hydrogen and supplies power to the microgrid by burning hydrogen.
The hybrid energy storage system operates in power control mode.

To flexibly regulate various types of FRs in a microgrid,
the operational information on distributed energy resources,
controllable loads, and other FRs should be collected by the dispatch
control center. In addition, hybrid energy storage should rapidly
participate in system regulation. The operation mode of a microgrid
is depicted in Figure 1. The microgrid’s dispatch center monitors
the rotational speed of WTs, the power consumption of controllable
loads, and the state-of-charge of EVs, batteries, and supercapacitors.
The microgrid needs to process this operational data to generate
dispatch commands that facilitate the management and control of
multiple types of devices. It also perceives the overall system energy
and power reserves, evaluates the reserve status of adjustable system
resources, and achieves optimized energy regulation and rapid
coordinated control that accounts for various FRs, thereby ensuring
the economic operation and dynamic stability of the system.

To simplify the operational parameters involved in the
regulation of FRs in microgrids, this paper will establish models
for PDVES represented by new energy sources and controllable
loads, as well as EDVES represented by HES and EVs. Through
unified scheduling by the microgrid, the complexity of coordinated
regulation between FRs and real energy storage devices will be
mitigated.

i) Controllable load: SDLs are currently recognized as typical
controllable loads in microgrids. The high-pressure pumps
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in SDLs usually possess variable frequency speed regulation
capabilities and can be equated with asynchronous motors
for simulation purposes. By mimicking the charging and
discharging characteristics of power density supercapacitors,
an energy conversion relationship can be established between
the energy of the capacitor and the kinetic energy of the rotor
in the asynchronous motor. This can be expressed as follows:

Jsw do,

Jow, dw, B 4 dUc B dU:
EI‘J > d dt‘f Uc—pgucaucvd“J UcCigpdt ()
dt

where Ej, ], w,, and p, are the rotor kinetic energy, inherent inertia,
and angular velocity of the motor, respectively, and Uc is the voltage
of the supercapacitor.

It can be seen from Equation 1 that the VCA C, of the SDL is
expressed as

-, ()

In Equation 2, where w* r represents the reference value of the
electrical angular velocity of the motor.

To facilitate the coordinated control of VES and supercapacitors,
this paper introduces the concept of virtual state of charge (VSOC)
for the SDL, which is defined as:

2

2 2
w w w:
socl:]S ;/]S > == ©)
2pn 2Pn 6‘)rn’

In Equation 3, where w,, represents the rated electrical angular
speed of the motor.

ii) Variable speed WT: the variable-speed constant-frequency
WT connected to the grid through a power electronic
converter has a rapid power response characteristic. The
WT simulates the charging and discharging characteristics
of a power density supercapacitor, establishing an energy
conversion relationship between the capacitor energy and the
rotor kinetic energy of the WT. This can be expressed as

3kop!w(2)ptdwopl
Ey = | kopeddt = U a_ de g, (yec, Weur
w optWoptdt = Uc UcdUc T - C WF :
dr

)

It is evident from Equation 4 that after equating the variable-
speed WT to VES, the VCA value C,, of the WT can be expressed as

3
Awopt

_ 2k (wgptf - wgpt,

2
AU

opt
2
AU,

(©)

w opt
In Equation 5, where w* opt represents the reference value of the
electrical angular speed of the WT rotor.

The VSOC for a variable-speed WT system can be expressed as

2
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FIGURE 1
Structure of the microgrid with VES.

In Equation 6, where w, ., represents the rated value of the electrical

optn
angular speed of the WT rotor.

By equating the SDL and the variable-speed WT to VCAs and
introducing the VSOC, the microgrid can regulate FRs with rapid
power response capabilities. In conjunction with supercapacitors,
this facilitates the evaluation of the energy storage and operational
status of the VCAs compared to real energy storage, achieving
coordinated regulation between distributed energy resources,

controllable loads, and supercapacitors.

2.2 EDVES model

i) HES exhibit
characteristics during the electricity-to-hydrogen energy

systems continuous  power regulation
conversion process and can participate in power regulation
over extended periods. By simulating the charging and
discharging characteristics of energy-density batteries, the
HES system can establish an equivalent relationship between
the hydrogen production process and the battery charging
and discharging process, constructing a connection between
the energy conversion of battery charging and discharging
and the HES system. The rates of hydrogen production
via electrolysis and the combustion of hydrogen can be

represented respectively as:

N, _ Mgr Ve Leu i her
ELH2 —LHVH2 .
N, _ Upclpchgc
FCH2 =
M H2lout

In Equation 7, where Uy and Upc represent the input and output
voltage of the VES, respectively, Iy and Iy represent the input
current and output current of the VES, respectively, #g; and
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g represent the electrolysis efficiency and hydrogen combustion
efficiency of the HES with values of 0.7 and 0.95, respectively, #;,
and 7, represent the power conversion efliciency of the inverter
with a value of 0.95, hy; and hp. represent the working states of
the electrolysis hydrogen and fuel cell, respectively, and LHV Y,
represents the lowest heating value of hydrogen.
After equating the HES device to a virtual battery, the VCU
parameter I}, of the HES can be expressed as:
~ Usileuiyher + Urclrchsc

) ()

H2V
UHZV

In Equation 8, where Uyy,y represents the terminal voltage of the
virtual battery.

The VSOC of the HES system, SOCy,(t), can be
expressed as follows:
N, ) - N, f),
SOC,(t) = SOC, (t— 1) + pia(8) = Necia () 9)

MHZ max

In Equation 9, where My, represents the maximum hydrogen
mass limit within the hydrogen storage tank.

ii) EVs can adopt time-of-use electricity pricing to guide their
charging behavior, achieving orderly load management. By
controlling the scaled and orderly charging and discharging of
EVs, a controllable virtual battery can be formed to coordinate
and solve the problem of unordered charging after EVs are
connected to the grid.

EV charging and discharging both occur in a conventionally
slow manner. The Monte Carlo simulation method is used to model
the daily charging load of EVs. The return time of EVs follows a
normal distribution (Zhang et al., 2018) tp~N (17.47,3.41), and the
daily driving distance of EV's follows a log-normal distribution—S§ ~
N (3.24, 0.88). Based on the Monte Carlo simulation method and
by comparing the return time ¢; of the i" EV with the end time T,
of the early morning low electricity price period and the start time
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T s of the evening peak electricity price period, the VES of EVs can
be charged before the end of the early morning low price period to
absorb redundant power. After the evening peak price period, the
VES of EVs can be discharged to reduce the impact of the original
load power. Reasonably arranging the start time T'_ for charging the
VES of EVs and the start time Ty for discharging the VES of EVs
is as follows:

ti) (0 ti) < Tyy)
ti(i) (Tpe <t{(i) < Ty)

T(i)= 10 (Tpe <tf()) < Tpy), (10)
t(i) (T < t((i) < 24)
0 (T < i) <24)
Ty(i) = (i) (T, <t (i) <24), (11)

In Equations 10, 11, where, T represents the end time of the low
electricity price period, and T represents the start time of the peak
electricity price period.

The charging and discharging of the virtual battery require the
EV charging pile to obtain the EV battery capacity C; and the state of
charge SOCA I of the battery. The charging pile management system
collects EV users’ charging decision behavior, including the expected
parking time #; and the desired state of charge level SOCB I when
leaving, which is set to 0.8. The charging and discharging duration
and the amount of electricity for a single EV are, respectively:

Egepar(i) = min {Pcte + (SOCH - SOCM™)C, - S(i)w, rC,}
(socP-soCM™)C; sy
PC - PC

(12)

Tdchar(i) =ti—tc—

In Equation 12, where, P is the charging and discharging power of
the EV under conventional slow-speed mode, with a value of 1.8 kW,
t. is the charging duration of the EV, SOCmin i is the minimum state
of charge of the EV, with a value of 0.1, S(i) is the driving distance
of the EV, and w is the battery consumption per kilometer of the EV,
with a value of 0.15.

The orderly charging and discharging scheduling process of EV's
is shown in Figure 2.

The entire charging duration of the EV is determined by the
discharge amount of its virtual battery and the state of charge at
the time of return. By guiding the EV to selectively participate in
the energy flow in the microgrid during electricity price valleys
and peaks, the start time of the EV’s virtual battery charging and
discharging can be expressed thus:

Tdchare(i) = Tdchar(i) + Tdchare(i)
Tchare ()

(13)

Pc+ S(i)w}
=T gchare ()

Tchare(i) = Tchare(i) + P
C

>

In Equation 13, where T, and T 4u, represent the end times of

chare
charging and discharging, respectively.

The charging and discharging of the electricity E,, (¢) of the EV’s
virtual battery at each moment, as determined by Equation 13, can

be expressed as follows Equation 14:
. {
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After equating the EV to VES, a VCU I_,(t) can be introduced
to simulate the battery’s charging and discharging characteristics,
which can be expressed as

E..(t)

I,(t) = s
ev( ) Uev(t)
In Equation 15, where U, () represents the voltage at the busbar of

the EV charging station.
The VSOC of the EV can be expressed as

Eey (D11
C
In Equation 16, where 7, represents the charging and discharging
efficiency of the EV.
In the microgrid, HES and EVs can introduce VCU and VSOC as
control variables, which have the same operating parameters as real
batteries and participate in system power regulation, simplifying the

(15)

SOC,, (1) = SOC,,(t—1) + : (16)

control mode of energy density energy storage devices.

3 Cooperative control of VES for
energy regulation and frequency
support

3.1 Multi-time scale dispatching system of
VES

After introducing VES, the multi-time scale scheduling system
structure of the microgrid is shown in Figure 3, where the
microgrid’s dispatch center is equipped with an energy regulation
system for long-time-scale economic optimization operations. After
introducing VES, both the EDVES and the battery participate
in system regulation and status monitoring through VCU and
VSOC, while the PDVES and the supercapacitor participate through
VCA and VSOC.

In the energy regulation system, the economic optimization
model of the microgrid with VES is solved to complete the dispatch
command allocation with the goal of reducing economic operation
costs. In the short-term rapid support control system, the microgrid
prioritizes the use of PDVES devices to provide inertial support
at the initial stage of frequency changes, while the EDVES takes
on the task of primary frequency regulation. Because VES actively
participates in power regulation at different time scales of the system,
it not only reduces the capacity of configuring real energy storage
devices but also helps reduce the number of charge and discharge
cycles of the energy storage devices, thereby extending the service
life of those devices.

3.2 Cooperative energy regulation of VES

3.2.1 Objective function

The energy regulation system of the microgrid utilizes the
charging and discharging of VES and adjusts the power output
of various FRs. The objective function of the microgrid’s energy
regulation takes into account the daily revenue R of the load and
the operating cost C,;., and can be expressed as:

24
maxz [RHZ +Rey + R, — (Cm + Coy + G+ G + Chy)]’

t=1

17)
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FIGURE 2
Flowchart of virtual battery emulated by EV.

In Equation 17, where Ry, represents the revenue from hydrogen

production, R,, represents the revenue from EV charging, R,

eV
represents the revenue from the purified water in SDLs, Cy,
represents the maintenance cost of HES, C., represents the
compensation cost of EVs, C,, represents the cost of WTs
participating in system regulation, C,; represents the operation and
maintenance cost of WTs, and C,, represents the operation and

maintenance cost of energy storage.

3.2.1.1 Revenue of microgrids
As is evident from Equation 17, the revenue of the microgrid is

derived from the load revenue, including the revenue from hydrogen
production, the revenue from EV charging, and the by-product

Frontiers in Energy Research

End

revenue, which can be expressed as

24 N,

24 24
2 R= Y Ny (0K, + My (VASOCiy 1y + ). ) P(DEe (1) + ) KiQ(),
t=1 t=1j=1 t=1
(18)

In Equation 18, where Ky, represents the revenue from products
obtained by hydrogen production, ASOCyy, ¢ represents the daily
surplus hydrogen mass, p;,, represents the hydrogen selling price,
py(t) represents the electricity purchase price sold by LA to EV users
in the time period, E,,(t) represents the charging amount of the
virtual battery, N, represents the number of virtual batteries, and
K| represents the revenue from purified water.
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FIGURE 3

Structure of a multi-time scale dispatching system for microgrids with VES.

The controllable load participates in power regulation in the
form of a VCA. Referring to the speed change of an asynchronous
motor, the relationship between the load power Py (t) and the output
power of the VCA is can be expressed as Equation 19

J[wi(t) - wi(t-1)].

P, (t)=P;(t—-1
L(6) L( )+ ZpﬁAt

(19)

Taking the SDL as an example, the relationship between the
purified water flow rate and the load output power can be fitted
(Wang et al,, 2021). The purified water flow rate of the SDL can be
expressed as Equation 20

Q(f) = 2.741 — 2.408 cos [0.1216P, ()] + 1.324 sin [0.1216P, (1)].
(20)

The microgrid scheduling center can output the VCA value
according to the revenue optimization result and use the VCA
to complete load regulation. The controllable load uses the motor
frequency conversion speed regulation system to change the load
power so that the PDVES has a variable capacitance value.

3.2.1.2 Cost of microgrids

The operating cost C,;. of the microgrid needs to consider the
operation and maintenance cost Cy;, of HES, the peak shaving cost
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C., of EV users, the regulation cost C, of WTs, the operation and
maintenance cost C.;, and the operation and maintenance cost Cy,,,
of energy storage, which can be expressed as Equation 21

24
Z Cric = ULlgLher Py + UrclechecPrc + ZKmP w(D)

t=1
24 M 24

+ ZZAp(t)Eevd(t) + ZKW[PWO(t) - P, (1]

t=1j=1 t=1
+Chy (21)
where, pg; and ppc represent the operation and maintenance costs
per unit of electricity of AC and PEMFGC, respectively, K, represents
the operation and maintenance cost per unit of electricity of
WTs, M and E_ 4
virtual batteries, respectively, Ap(t) represents the compensation

represent the number and discharge amount of

electricity price per unit of discharge amount of EV connected to the
grid, P, (t) represents the output power of WTs under maximum
power tracking control, P, (t) represents the output power of WTs
under VES control, and K, represents the unit wind curtailment
cost of WTs.

In actual operation, the charging and discharging of the battery
will reduce its service life. Therefore, the operation and maintenance
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cost Cp,, of the hybrid energy storage includes the operation and
maintenance cost Cy and the life loss Cp, and can be expressed as
Equations 22, 23

24 24
Chy=C+GC, = ;Cg(t) + ;Khy(|Phyc(t)| + |Phyd(t)|)’ (22)

W, A
il 150C,(t - 1) — SOCK(H)],

Cu(t) = ————
s(0) 1-SOH, ;.

(23)
where, K}, represents the operation and maintenance cost of energy
storage, Py, (t) and Py 4(t) represent the power output of the energy
storage in time period ¢, respectively, W, ., represents the purchase
cost of the battery, A represents the aging coefficient of the battery,
SOH ,;,, represents the critical life of battery scrapping, with a value
0f 0.8, and SOCy(t) represents the SOC of the battery in time period
t.

3.2.2 Constraint conditions

During the microgrid’s it is

ensure the power balance of the power source and the load.

operation, necessary to
Therefore, the power balance constraint of the system can be
expressed as Equation 24

N

Py (8) + Ppy() + Py (£) = Py (£) = PL(8) + ) Eg\ (1) + Py
i=1

(24)

To avoid overcharging and over-discharging of the real energy
storage device, the state of charge constraints of the supercapacitor
and the battery are, respectively, expressed as Equation 25

20% < SOCy(t) < 80%
20% < SOC(t) < 80%
40% < SOC(24) < 60%
40% < SOC(24) < 60%

(25)

To ensure the continuous operation of the system during the day,
the state of charge at the end of the hybrid energy storage device
is constrained to meet the energy regulation needs of the system
the next day.

During the operation of the EDVES, the operation limits of
the electrical equipment need to be considered. For example,
the state of charge constraints of HES and EVs are respectively
expressed as Equation 26

30% < SOC,, (1) < 90%

. (26)
10% < SOCy,(1) < 90%

The PDVES also needs to consider the allowable operation range
of electrical equipment. For controllable loads such as SDLs and
WTs, the VSOC constraints can be respectively expressed as

21.78% < SOC,., (1) < 100%
16% < SOC.. '

virg

(27)
(f) < 100%

In Equation 27, 46% of the rated speed of the controllable load
is set as the minimum rotor speed, which is 1400r/min—the VSOC
operation threshold of the controllable load is 21.78%—and 40% of
the rated speed of the WT is set as the minimum speed—the VSOC
operation threshold of the WT is 16%.
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When the HES system is operating, it is necessary to ensure that
it works accurately in the AE or PEMFC state. The state constraint
of the HES system is expressed as Equation 28

hEY + BFC < 1. (28)

3.3 Cooperative control of VES for
frequency support

When the system frequency f remains within the safe range,
the microgrid maintains economic operation through the energy
regulation system. The system collects the operation states of the
VES and the real energy storage device and sends them to the
microgrid dispatch control center to complete the long-term scale
economic optimization. However, if the microgrid encounters a
disturbance and the system frequency exceeds the safe operation
range, the microgrid should have the ability to coordinate various
FRs to participate in the system frequency regulation and reduce the
frequency regulation task of the energy storage. The collaborative
operation strategy process of the PDVES and the EDVES in the
microgrid is shown in Figure 4.

As seen in Figure 4, within the frequency safety range, the
microgrid is in the economic dispatching operation mode. When
the frequency exceeds the safe range, the controllable electrical
equipment with short-term frequency response in the microgrid
includes WTs, controllable loads, EVs, and HES. At this time, the
WTs and controllable loads deploy their power rapid response
capabilities and provide inertia support in the initial stage of
frequency change. EVs and HES participate in the primary
frequency regulation of the system.

As shown in Figure 4, the PDVES mainly undertakes the rapid
power regulation in the initial inertia response stage (df/dt < 0).
In this stage, the PDVES adjusts w* r and w* opt respectively
through the VCA C; and C,, to further adjust its power output,
share the inertia support task of the supercapacitor, and reduce
the rate of change of the system frequency. In the frequency
recovery stage (df/dt > 0), the PDVES and the EDVES jointly
undertake the frequency regulation task. In this stage, the EDVES
outputs Iy, and I, through the VCU instruction, simulates the
charging and discharging characteristics of the battery, adjusts the
hydrogen storage electrolysis rate Ng; or the hydrogen combustion
rate N and the EV charging amount E(t), respectively, relieves
the frequency regulation pressure of the battery, and accelerates
the system frequency recovery speed. Under the multi-terminal
regulation of the source, storage, and load, the system frequency
gradually recovers until (df/dt > 0), when the system frequency
returns to the steady-state value, the system frequency no longer
changes, an inertia response link exits, and the primary frequency
regulation link continues to maintain the safe operation of the
system frequency in the new operating state.

In Figure 5, the red lines represent the data flow of the
microgrid. The microgrid uses the communication network to
obtain information on the output and response of sources, loads,
and energy storage. After analysis and processing, this information
is converted into coordinated operation commands represented
by VCA and VCU parameters. These virtual commands are then
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FIGURE 4

Cooperative control of the microgrid for energy regulation and frequency response.

transmitted to the FR device terminals through the data flow.
The blue lines indicate the power flow of the microgrid, which is
the control structure for the FR device to participate in energy
regulation. Upon receiving the virtual commands, the FR device
terminals switch to the corresponding working modes and adjust the
actual parameters. By responding to power changes, they provide
rapid frequency support, thereby ensuring the stability of the

microgrid operation.
The VCA value C,, set by the PDVES has the following
relationship with the capacitance value C of the real supercapacitor:
Cvir

=k

vircCe (29)

In Equation 29, k. represents the VCA adjustment coefficient.

virc
The state of charge of the supercapacitor is closely related to the
terminal voltage and can be expressed as

UC B UCmin

SOCp = (30)

UCmax - UCmin'

In Equation 30, U represents the voltage of the supercapacitor,
and U, and Ui, represent the allowable upper and lower limits
of the voltage of the supercapacitor, respectively.
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If the system frequency change is Aw,, the PDVES needs
to provide inertia support, and the change in virtual rotational
kinetic energy is

1
AELG = EJVBweAwe’ (31)
Jepw?
Hyp = % (32)
NB

where, J 5 represents the moment of inertia of the PDVES, w, is the
angular velocity of the virtual synchronous generator, and Sy is the
capacity of the virtual synchronous generator.

Substituting Equation 32 into Equation 31 yields

AE; = 2H 383 A@,. (33)

In Equation 33, Aw, represents the per-unit value of the angular

frequency variation.
Writing it in the form of frequency gives
AE;G = 47H 5 SpA f, (34)

where A;‘ represents the per-unit value of the frequency variation.
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FIGURE 5

Cooperative control structure diagram of the microgrid with VES.

Assuming that all the unbalanced energy of the system during
the frequency change is provided by the VCA, the energy change of
the VCA is expressed as

AE= %C(Uf ~2), (35)

where U_and U are the steady-state DC voltage of the VCA and the
voltage value of the VCA after participating in frequency regulation,
respectively.

According to Equations 34 and 35, the system frequency change
can be reflected as the DC voltage fluctuation of the PDVES so as to
adjust the output power of the VCA in Equation 36:

- CU-U3)

Af= . 36
f 8nH 5Snp (36)

After introducing VES, the relationship between the capacitor
voltage and the virtual amplification factor is expressed as

Ué(t) - Uzc(tset)
Ué(t) - Uzc(tres)

virc =
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where Uq(t,,,) is the terminal voltage of the capacitor when the
set SOCp value is reached, and Ug(t,.,)
supercapacitor when the SOCp reaches the limit value.

is the voltage of the

From Equations 2, 5, and 37, the reference values of the electrical
angular velocity of the SDL and the WT are respectively expressed as

Wrmin W, < Wrnin
2\2
* 3
w; wm<K1ASOC+ SOC; ) W <w <@, (38
Wiy W, S W,
Woptmin Wopt < Woptmin
2\2
* — E
Wopt wopm<K2ASOC+ SOCW> Woptmin < Qop < Dopin, (39)
Woptn Woptn < Wopt

In Equations 38, 39, where, K; = 2p,>UcC, (U cmax-Ucmin)/ Us@m>),
ASOC = SOCp-SOCyeq; SOCq,,, represents the limit value of the
VSOC SOCyp of the SDL, K, = UcCyy(UcmaxUcmin) Kopt@opin)»
SOC s represents the limit value of the VSOC SOCcp of the WT,
and w optmin
the motor and the WT, respectively.

and w, represent the minimum angular velocities of

rmin
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Structure of the test system.

TABLE 1 Simulation system parameters.

Component Parameters

WTs Py = 3000 kW, wy = 1500 rad/min
Supercapacitors C=1000mE V y =30kV
Batteries Qy =10000 A h, Vi =12kV
SDLs ny = 3000 rad/min, n,,;, = 1400 rad/min
EVs N = 500,SOC,: 30%-90%
HES Maximum inlet volume 2380Nm?>/h, maximum outlet
volume 1770Nm?*/h

The VCU value I,;, of the EDVES can be set as

Ly = Kyivilps (40)

is the VCU adjustment coeflicient, and
I is the output current of the real battery.

In Equation 40, where k;;
The frequency response model of the microgrid after
introducing VES is

(2Hgp+ Dy )Af() = AP + AP, — APy, (41)

where H, is the system inertia when the new energy penetration rate
is 1, Dy is the damping coefficient of the system, AP is the power
output of the PDVES, AP, is the power output of the EDVES, and
APy is the disturbance power.

Frontiers in Energy Research

Combining Equations 8, 15, and 41, the VCU values of the two
EDVES can be obtained respectively as Equations 42, 43

AP, LG1
L= , 42
vt UHZV ( )
AP, LG2
IvirZ = U > (43 )

ev

where, I, and AP, are the VCU and output power of the HES,
respectively, and I ;, and AP| s, are the VCU and output power of
the EV; respectively.

By calculating the reference value of the electrical angular
velocity and the VCU command value through the VCA and the
virtual battery, respectively, the output power of the EDVES and the
PDVES can be adjusted to provide rapid power support and improve
the frequency stability. In addition, the operation state of the VES
can be directly monitored through the VSOC and combined with
the energy regulation system, taking both the economy and safety of
the microgrid into account.

4 Simulation analysis
4.1 Introduction of the test system

In order to verify the enhancement effect of the proposed
VES on the energy regulation and rapid power support of the
microgrid, a test system was built (Figure 6). This paper compares
two scenarios: one without additional control and one with VES
control. In the scenario without additional control, only the batteries
and supercapacitors participate in power regulation, and the FR in
the microgrid consumes electrical energy as loads. In the scenario
with VES control, in addition to the batteries and supercapacitors
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TABLE 2 Time-of-day tariffs.

10.3389/fenrg.2025.1574188

Time period 08:00-11:00 22:00-06:00 06:00-08:00
18:00-21:00 11:00-18:00
Electricity price/CNY/(kW-h) 1.197 0.356 0.744
TABLE 3 Benefit/cost factor for economic operation of
the system (Wang et al., 2023). Power SoC
Parameters Value Parameters Value - T
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State of charge and power responses of the battery under two
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Power dynamic responses of the test system under VES control.
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SDL, EVs, and HES in the test system are shown in Table 1, the
EV time-of-use tariffs are shown in Table 2, and the economic
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VCU and VCA command values.

operating parameters of the system are shown in Table3
(Wang et al., 2021; Wang et al., 2023). The test system solves the
energy regulation model by invoking the CPLEX solver.

4.2 Analysis of energy regulation

The comparison of the test results with and without the
economic optimization dispatch under the no-attachment control
and VES control are shown in Figures 7-11.

After the introduction of VES, the energy regulation system of
the microgrid scheduling and control center will generate VCA value
and VCU value commands to cooperate the resources to respond to
the system (Figure 11). During the economic operation scheduling
process, based on the VSOC of the VES device (Figure 12), the
microgrid can intuitively perceive the energy reserve state of
the system.

Looking at Figures 7 and 9, it can be seen that in the traditional
mode without additional control—between 0:00 and 4:00—the
output power of the WT increases, and the EV charging load
demand is less, failing to respond to the wind power disturbance;
this achieves wind power dissipation by charging the supercapacitor.
In addition, at 2:00-4:00, when the supercapacitor charging reaches
the limit—after the state of charge rises to the maximum value—it
is handed over to the battery charging to smooth out the wind
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power disturbance, which makes the SOC of the battery rise to
67.4% at 4:00.

At 5:00, the wind power decreases significantly. To respond to
the system power disturbance in time, the supercapacitor and the
battery participate in power regulation to maintain the system power
balance. At 8:00-18:00, on the one hand, the PV modules begin to
generate electricity. On the other hand, the wind power plummets
at 12:00, and under the pressure of this double disturbance, coupled
with the limited range of supercapacitor regulation, the controllable
loads as well as other controllable FRs fail to participate in the
response. They mainly rely only on the hybrid energy storage system
of the battery to respond to the system disturbance, leading to an
increase in the depth of discharge of the battery and also putting the
battery in a state of frequent charging and discharging; this causes
the SOC of the battery to show a rising-declining-rising trend.

After 18:00, the EV is in a centralized charging state, and a
load peak occurs, its maximum load reaching 620 kW. In addition,
the PV is unable to output power at night, resulting in an increase
in the system’s peak-valley difference. The batteries will be deeply
discharged, and the lowest value of its SOC reaches 53.79%.

In this model, some controllable FRs (EVs, controllable loads,
HES) fail to exploit their adjustable potential or fully mobilize
their response. The hybrid energy storage system consisting only
of supercapacitors and batteries supports the unbalanced net load
caused by wind and PV power disturbances. In addition, combining
Table 4 and Figure 10 shows that the net gain of the system in 24 h
is ¥ 1,354.72. It is worth noting that during the dispatch cycle, the
battery is in a frequent charging and discharging state; especially
after 18:00, the battery is deeply discharged, which leads to an
increase in the cost of operation and maintenance and aging, and
the system revenue is significantly reduced.

After the introduction of VES, the microgrid uses the VCU and
VCA values in Figure 6 to regulate the FRs and simulate the charging
and discharging characteristics of energy storage devices.

As shown in Figure 11, from 0:00 to 4:00, in order to fully
stimulate the responsiveness of controllable FRs and under the
constraint of meeting customer charging demand, the microgrid
adopts time-of-use tariffs so that EVs are charged when the price is
low and discharged when the price is high, forming a phenomenon
of “low storage and high generation.” In order to flexibly dispatch
EVs, the microgrid generates VCU values to regulate EV's for VES. In
addition, in order to tap its adjustable potential, the microgrid treats
the SDL as VES and regulates the load power through the VCA value.

At 3:00, the WT sets the VCA to 37.1F through the VES
technology, which responds quickly to the power change and
balances the system power. During this period, battery charging
and discharging power is significantly reduced, and the microgrid
effectively consumes the significantly increased wind power. At 5:00,
the wind power is reduced, and the WTs are constrained by the
rotational speed and wind speed. At this time, the controllable
loads mainly carry out the rapid power response, and the HES and
EV clusters carry out the supplemental regulation to satisfy the
system power demand, fully mobilizing the enthusiasm of the VES
in responding to the power change.

At 8:00-18:00,
power redundancy, and controllable load through the VES

the PV begins generating power, system

technology to set the VCA to 22.4 F to increase the rotor speed
to dissipate the redundant power. At 12:00, when the wind power
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TABLE 4 Economy results under different cases.
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§ II ,,A"‘
Hydrogen production 330 80.67 200 ./.\ ) A
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FIGURE 13
plummeted—limiting the WT VES adjustable potential—the Load profile of EV in multiple modes.
controllable load actively participated in the system regulation,

reduced its own operating power, and reduced the output power to
1,642 kW. The energy regulation system generates a negative VCU
value, and the HES works in the fuel cell state, increasing the output
power by burning hydrogen; this reduces the number and depth of
battery discharges.

After 18:00, unlike the EV as a load in the no-attachment
control, the EV has already shifted the peak power consumption
to other times to dissipate the wind-PV disturbances through
the complementary response of the power on different periods.
Therefore, at this time, the dispatch center of the microgrid sends
a command to the EV with a negative value for the VCU to supply
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power to the system and maintain the power balance. At 24: 00, the
battery SOC is controlled to be at 62.57%. At this time, compared
with no additional control, the battery SOC in the VES mode is
improved by 8.78%.

The test results indicated that after the introduction of VES,
the maximum change of battery SOC without additional control is
12.4%, and the battery starts charging and discharging 17 times; the
maximum change of battery SOC in the VES mode is 3.7%, and
the battery starts charging and discharging five times. The change
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of battery SOC decreases in amplitude, and the fluctuation number
is significantly reduced, which alleviates the depth of charging and
discharging of batteries, reduces the number of times for their
charging, and reduces system operation cost.

Combined with Table 4 and Figure 10, the cumulative net gain
of the system in 24 his ¥ 2,278.55. Compared to the scenario without
additional control, the system’s revenue has increased by a factor of
1.68. The main reason is that after the VES participates in power
regulation, although the microgrid revenue is reduced, the battery
operation and maintenance costs are significantly reduced.

To test the effectiveness of the VES of EVs, this paper established
three scenarios: uncontrolled charging, price-guided charging, and
VES control. The comparison of the charging load curves of EVs
under these three scenarios is shown in Figure 13.

By comparing the three scenarios, it can be seen that under the
uncontrolled charging scenario, the charging behavior of EVs exhibits
significant spatiotemporal clustering characteristics. The chargingload
of EVs surges in the evening, exacerbating the system’s peak-valley
difference. The maximum charging load reaches 650 kW at 21:00,
which poses a threat to the safe and stable operation of the system.
Under the price-guided scenario, EVsare guided to charge inan orderly
manner, concentrating their charging during the low-price period
from 0:00 to 6:00, achieving a redistribution of charging load in time
and space. Under the VES control scenario, EVsare centrally scheduled
to supply power to the microgrid between 19:00 and 21:00, providing
194 kW of power. The results show that the participation of FRs in
the coordinated operation of the microgrid can effectively regulate
the resources within the grid, achieving the “peak shaving and valley
filling” of the microgrid.

To validate the effectiveness of the solution proposed in this
paper, its optimization results obtained are compared with those
obtained from the particle swarm optimization (PSO) algorithm
under the described VES control scenario. After solving with PSO,
the best result among ten runs is selected and set as the VCA and
VCU values to participate in the system’s energy management. The
specific economic indicators obtained from solving with CPLEX and
PSO are compared in Table 5.

The differences in the economic indicators obtained from the
two solution methods are relatively small. The CPLEX solution
increased the microgrid revenue by 0.81% compared to the PSO
solution. This situation may be caused by the parameters set for the
PSO algorithm, which may still converge to a local optimum even
after multiple iterations. In contrast, the CPLEX solution method
can effectively avoid the issue of falling into a local optimum and
has demonstrated reproducibility through repeated validation. The
comparison confirms the rationality of the solution results in this
paper and indicates that using CPLEX can significantly improve the
efficiency of solving the optimization model.

4.3 Analysis of frequency support effect

After 12:00, the wind power decreases abruptly after 10s,
causing the system frequency to fall and exceed the safety threshold
by 0.5 Hz. The FRs in the microgrid need to respond quickly to
the frequency change to guarantee the dynamic stability of the
system. The system dynamic response before and after the VES
is shown in Figure 14.
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TABLE 5 Comparison of results from different solution methods.
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FIGURE 14
Dynamic responses of the system after sudden wind power reduction.

Figure 14 shows that at 10 s, the wind speed decreases suddenly,
and when VES is not introduced, the supercapacitor and battery
can participate in the system frequency support, but the regulation
ability is insufficient, and the inertia response time is 4.9 s. At the
early stage of the disturbance, the system frequency drops at a rate
of 0.80 Hz/s, and the maximum frequency deviation Af; is 0.74 Hz.
The supercapacitor SOC falls to 18% in this mode. In the frequency
recovery phase, the hybrid energy storage undertakes a frequency
regulation task, and the frequency returns to a steady state at 31.2 s.
The frequency at steady state is 49.69 Hz.

After the introduction of VES, in the inertial response stage,
the system frequency change rate is 0.63 Hz/s, and the maximum
frequency deviation Af, is 0.49 Hz. The supercapacitor SOC
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decreases by 7.2%, which satisfies the frequency safety regulation.
In this process, the controllable load shares the pressure of the
supercapacitor participating in the frequency adjustment with a
VCA value of 29.8 F. The supercapacitor’s SOC is also reduced by
7%. As shown in Figure 14, the load power is rapidly reduced by
129 kW, the rapid frequency response mode of the FRs is simple,
and the control potential is fully released. It should be noted that if
the wind power is insuflicient to cause the frequency drop, the WT
operates at the upper limit of the wind speed under the maximum
power tracking control and cannot further increase the wind power,
so the WT does not activate the VES control at low wind speeds.
After 13.3 5, the HES and EV clusters in the system frequency
recovery phase participate in one frequency regulation with VCU

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1574188
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Yang et al.

values of 13.7 A and —7.9 A, respectively, to share the discharge
pressure of the batteries. The frequency returns to the steady-state
value after 25.5 s, and the frequency in the steady state is 49.92 Hz.
Compared with the no-attachment control, the frequency deviation
is reduced by 0.23 Hz, the amount of the change in the SOC of
the batteries is significantly lower, and the frequency stability of the
system is improved.

5 Conclusion

To enhance the coordinated operation performance of
renewable energy, energy storage, and controllable loads, a novel
cooperative control of VES is proposed to fully release the
regulation potential of FRs in the microgrid across multiple time
scales. Through a combination of theoretical analysis and testing
verification, the following conclusions are drawn.

1) WTs, controllable loads, HES, and EVs participate in system
energy regulation in the form of VES, which unifies the control
parameters for the scheduling operation of various FRs into
VCU and VSOC. This not only facilitates the evaluation of
system energy reserves but also makes it easier to integrate with
real energy storage devices for joint participation in system
energy regulation.

With the introduction of VES, the FRs in the microgrid,
under the proposed dual-layer optimization scheduling mode,

2)

can coordinate power distribution through VCU, and the
system’s energy reserves can be intuitively reflected in real-
time through the VSOC. The test results indicate that under
the proposed optimized energy regulation mode, the system
operation model is significantly simplified and the daily net
revenue is increased 1.48 times, effectively enhancing the
economic operation capability of the microgrid.

Due to the identical control parameters, EDVES and PDVES
can easily cooperate with batteries and supercapacitors. During

3)

the frequency support process, they can quickly generate VCU
commands, enabling the orderly response of various FRs and
real energy storage devices to system frequency changes. The
test results demonstrate that with the cooperative support of
VES, the maximum system frequency deviation is reduced by
31%, and the frequency recovery time is shortened to 5.7 s. The
desired rapid frequency response and the economic operation
of the test system are both achieved.
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