:' frontiers ‘ Frontiers in Mechanical Engineering

’ @ Check for updates

OPEN ACCESS

Hamit Solmaz,
Gazi University, Turkiye

Cagdas Hisar,

Gazi University, Turkiye
Imdadullah Imdadullah,

Aligarh Muslim University, India

Hailong Mej,
13915010951@163.com

06 February 2024
22 March 2024
10 April 2024

Du M and Mei H (2024), The application of
virtual synchronous generator technology in
inertial control of new energy vehicle
power generation.

Front. Mech. Eng 10:1382664.

doi: 10.3389/fmech.2024.1382664

© 2024 Du and Mei. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Mechanical Engineering

Original Research
10 April 2024
10.3389/fmech.2024.1382664

The application of virtual
synchronous generator
technology in inertial control of
new energy vehicle power
generation

Meng Du?! and Hailong Mei®*

!College of Transportation Engineering, Changzhou Vocational Institute of Mechatronic Technology,
Changzhou, China, 2Component Testing and Research Department, China Automotive Technology and
Research Center Co., Ltd., Changzhou, China

Introduction: With the rapid development of human society and economy, the
power generation technology of various new energy vehicles has begun to
receive widespread attention.

Methods: Due to the lack of inertia and frequency stability in the new energy
vehicle power generation system, this paper proposes a power generation
control method that combines linear active disturbance rejection control
technology and virtual synchronous generator technology. This method first
introduces the control strategy and inertial response of the virtual synchronous
generator. Then, it uses linear active disturbance rejection control technology to
improve the virtual synchronous generator technology to deal with the
uncertainty and external interference in the system.

Results: The results showed that when the virtual inertia coefficient was 0, and
the new energy vehicles would hardly intervene in the regulation of the grid
voltage. When the virtual inertia coefficient was 5, the decline rate of the DC bus
voltage of new energy vehicles had slowed down. When the virtual inertia
coefficient increased, the power output of new energy vehicles can be
increased to the grid. When the load suddenly increased, and the
corresponding DC bus voltage decreased more slowly. In the VSG output
power comparison, under the research method, the frequency fluctuation
only increased by 0.09 Hz and returned to the rated frequency of 50 Hz.
Additionally, the dynamic process of the system output power was the
shortest, lasting only 0.05s.

Discussion: The above results show that the research method has significant
superiority and effectiveness in improving the inertial response and overall
stability of the new energy vehicle power system.

virtual synchronous generator, inertia, new energy, automobile power generation,
control system, smart grid, stability
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FIGURE 1

Structure of VSG.

1 Introduction

With the transformation of the global energy structure and
the increasing requirement for environmental protection, the
new energy vehicles (NEVs) are becoming a global trend.
Meanwhile, the rapid growth of renewable energy resources
(RES) causes the power system operate stable uncertainly. In
this context, how to effectively integrate NEVs and power
systems has become one of the hot research topics in the
current energy field (Chang et al., 2021; Mitra and Nguyen,
2022). Especially in the inertial control of power generation in
the power system, NEVs play an increasingly important role. At
present, most research focuses on the application of VSG
technology in fixed power systems, while there is relatively
little research on the specific application scenarios of mobile
power systems, especially NEVs. At the same time, traditional
power systems rely on large synchronous generators to provide
the necessary inertia to maintain system frequency stability.
However, with the widespread integration of RES, the number
of traditional generators in the system has decreased, leading to a
decrease in grid inertia and thus affecting the stability of the grid.
this (VSG)
technology has attracted widespread attention in recent years

In situation, virtual synchronous generator
as an innovative solution (Muhtadi et al., 2021; Choudhuri et al.,
2023). VSG technology can simulate the dynamic features of
traditional synchronous generator (SG), such as inertia and
damping, which is particularly important for power sources
without rotating mass such as photovoltaics, wind power, and
NEVs. By implementing behaviors similar to SG, VSG technology
provides a useful way to enhance the stability and adaptability of
the power grid, especially in the face of large-scale RES
integration and load fluctuations (Zeng et al., 2021). However,

applying VSG to NEVs power generation systems (PGS) still
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faces challenges, especially in dealing with uncertainty and
this
proposes to use linear active disturbance rejection controller
(LADRC) technology to improve VSG and apply it to the
inertial control of NEVs in the PGS, aiming to improve the
operational stability of the PGS.

The experiment focuses on two innovative points. Firstly, the

external disturbances. In view of this, experiment

mathematical model of SG is established, and then the basic model
of virtual synchronous machine is extended. This model is combined
with the topology structure of the NEV converter to obtain the
charging and discharging control strategy of the converter. Secondly,
second-order active disturbance rejection control is introduced to
improve the traditional VSG model, and the performance of the
improved control model is analyzed. Meanwhile, the conclusions are
supported through simulation comparison and verification with
different methods.

2 Related works

The application of VSG technology in inertial control of
NEVs power generation (IC-NEVsPG), especially in improving
the stability and flexibility of power systems, has attracted
widespread attention from many scholars. Rathore et al.
proposed a damping control method based on VSG to enable
real-time adjustment of equation parameters. It utilized VSG to
control the inertia and damping factor, and the effectiveness of
this technology has been verified through simulation. By
adjusting the inertia and damping factors, the dynamic
frequency variation of micro-grids could be effectively
controlled (Rathore et al, 2021). Elizabeth Michael N and
other scholars proposed a compensatory technique based on
VSG to control the frequency fluctuations of electric vehicle
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FIGURE 2
Operating structure of SG.

inverters. It analyzed the construction of direct current (DC) and
electric vehicle batteries, and verified the bidirectional power flow
between the proposed virtual power plant and the power grid
through case studies. Ultimately, it enabled the power grid to
have higher penetration capabilities (Elizabeth Michael et al,
2020). Tinajero’s team proposed a nonlinear optimal controller
for PGSs based on electronic power inverters to simulate the
inertia. In addition, the analysis program predefined the inertia
constant of the inverter, which must consider the rated power of
the generator during the formulation process. This method was
effective (Tinajero et al., 2022). Zhang et al. proposed a control
method that integrates fuzzy inference system and VSG to
achieve a multi VSG parallel system for micro-grid alternating
current (AC). This method utilized fuzzy logic rules to adjust the
virtual inertia and damping factor to achieve coordinated control
between the two. This method could effectively suppress power
frequency oscillations (Zhang et al., 2022). Terazono et al.
proposed an improved intelligent motor control method to
effectively enhance the inertia of future power grids. By
utilizing this system, it was possible to effectively control
mechanism updates and temporarily utilize the kinetic energy
stored in rotating loads. The proposed method for suppressing
power grid frequency fluctuations had significant effectiveness
(Terazono et al., 2020).

In addition, scholars have analyzed other control strategies for
micro-grids. Rasool et al. analyzed two methods, sag control strategy
and low inertia micro-grid stability control strategy, and verified the
effectiveness and sharing of this method from theory and practice.
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The charging control of electric vehicles could provide sufficient
inertia and damping for the micro-grid, and extend the lifespan of
electric vehicle batteries (Rasool et al., 2020). Jafari et al. proposed an
induction charging method based on modulation grid power supply
to improve the stability of power supply frequency. This method
could effectively adjust the charging station and virtual inertia using
a controller, thereby controlling the frequency of power grid
fluctuations and improving the control efficiency of the controller
(Jafari et al., 2020). Magdy et al. proposed a vehicle networking
control method based on VSG to control the load frequency of AC
islanded micro-grids. It also used an improved heuristic
optimization algorithm to adjust the controller parameters, and
finally verified the feasibility and effectiveness of this method
(Magdy et al,, 2021). The team of scholars Khokhar and Dahiya
proposed a bio inspired SSO and fuzzy PID control method to
reduce the minimum frequency of electric vehicle battery operation.
The experiment found that the controller has good robustness and
the system has high stability under this technology (Khokhar et al.,
2020). Albert et al. proposed an optimization method that integrates
adaptive hybrid particle swarm optimization and grey wolf
algorithm to improve the charging efficiency of fast charging
stations for hybrid vehicles. This method limited the quantity of
charging stations installed while minimizing the overall pricing cost,
significantly improving the charging capacity of stations and
minimizing charging costs (Albert et al., 2022).

To sum up, most current research focuses on fixed power
systems. Relevant research on mobile power systems, especially
the specific application scenario of new energy electric vehicles, is
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still relatively scarce. The dynamic working environment and
changing load demands of NEVs place higher requirements on
the adaptability and control strategies of power generation
technology. In view of this, the paper proposes an improved
virtual synchronous power generation technology and applies it
to new energy PGSs, hoping to improve the stability of
automobile PGSs.

3 The application of VSG technology in
IC—NEVsIgG ¥

The aim of this experiment is to explore the application of VSG
technology in IC-NEVsPG and further optimize the control strategy
by combining LADRC technology. An in-depth analysis is
conducted on the working principle and control strategy of VSG
technology, especially its implementation and effectiveness in NEVs,
and the application of LADRC technology in VSG systems
is explored.

3.1 Control strategy and inertial response
of VSG

The development of VSG mainly addresses some challenges
encountered in distributed energy systems, such as the large
fluctuations, lack of inertia, and complex power allocation
problems that arise when using traditional power electronic
devices. This type of system typically includes new energy
generation units, energy storage systems, and VSG inverters that
play a core role (Idan et al, 2023). Figure 1 shows the
topology of VSG.

The synchronous machine model in virtual synchronous
machine technology can adopt different levels of simulation
models. Although higher-order models theoretically have more
precise accuracy, their value in practical applications is limited
due to their complexity and high computational costs (Salem
et al., 2023). Therefore, the experiment adopts a second-order
hidden pole synchronous machine model as the core of VSG,
while assuming that the model does not include the magnetic
saturation effect of the iron core and rotor damping. The
corresponding operational structure of the SG is Figure 2.

Assuming that variable DC current source iy provides power to
the rotor winding of VSG. When the system is stable, it is assumed
that the value of iy remains unchanged, then djs/dt = 0. The
corresponding calculation of the back electromotive force of the
synchronous machine is Eq. 1.

Fb] - Myji (dG/dt)[sinGsin(é) - 2?”) sin(G - 43—”)]_1 (1)

€c

In Eq. 1, e,, ep, and e, all represent the back electromotive force
of the generator. i ¢ represents the rotor excitation current of the SG.
My represents the max-mutual inductance between the stator-
winding and the rotor-winding. Furthermore, the calculation of
the active power (AP) P and reactive power (RP) Q of VSG at the
inverter bridge arm is Eq. 2.
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The above equation and the principle of VSG indicate that
frequency stability is a key indicator for the operation of automotive
power systems. Its fluctuations not only reduce the operational
efficiency of power grid equipment, but may also affect the entire
system’s stability. If the frequency deviation is not corrected in a
timely manner, it may seriously interfere with the normal operation
of the car, and even lead to the collapse of the power grid frequency.
In traditional SGs, the static characteristic equation between the AP
and frequency of the generator, as well as the mechanical equation,
can be established through a speed controller. The specific
calculation is Eq. 3.

Py =P, = —K(wpef - w,)

]sE =Tp—-T.- D(wref - wg) (3)
]swi—‘: = Kf(a)r - wg) + Py — P, —D(a)—wg)

In Eq. 3, P, is the mechanical power input to the generator. P,
represents the electromagnetic power output by the generator. w;.s
represents the angular frequency (AF) reference value of the
generator. w, represents the AF of the generator rotor. Ky
represents the frequency adjustment coefficient. J; represents the
moment of inertia of the generator rotor. T, T, and D represent the
mechanical torque, electromagnetic torque, and damping coefficient
of the generator, respectively. P, represents the reference value of
the given AP of the SG. Next, this experiment combines the damping
coefficient and droop coefficient under the active frequency
modulation of VSG, and the corresponding control equation is
Eq. 4.

dw Pset
V& =,

+ D, (w, — w)T. (4)

In Eq. 4, ] represents the virtual moment of inertia. Py
represents the given AP reference value. D, represents the virtual
damping coefficient. The reactive voltage regulation of VSG can be
established through the reactive voltage control characteristics of
SGs, and the droop coefficient of reactive voltage can be obtained, as
shown in Eq. 5.

(Qset - Q) + Dq(Uref - Um) = Kstif

20 ©)
P AU

In Eq. 5, Qs represents the reference value of RP. Q represents

the actual RP output of VSG. U,,, is the voltage amplitude at the PCC

point of the LCL inverter. U, s represents the reference value of VSG

output voltage amplitude. D, is the RP voltage coefficient. The
process of VSG’s AP control and RP control is Figure 3.
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FIGURE 3

Flow of VSG AP control and reactive voltage control. (A) VSG active power control diagram (B) VSG reactive voltage control diagram.

In VSG design, inertia and damping are crucial for the inertial
response of VSG. The larger the inertia time constant, the more
difficult it is for the generator rotor to accelerate, and the
corresponding natural oscillation angle frequency and damping
coefficient will be smaller. The inertia time constant is usually
defined based on the rated capacity of the generator and is used
to obtain the dynamic response time, as shown in Eq. 6.

m—90

— (6)
8= tan’! 17_5

§

In Eq. 6, w, is the AF of natural oscillation. & represents the
damping coefficient. t, is the dynamic response time. & represents
power-frequency response. Therefore, when calculating the
equivalent inertia time constant of the power grid, the output
power of the generator can be linked to the inertia constant,
thereby obtaining the virtual inertia constant K of the system.
When determining the parameters of the VSG model, it is
necessary to avoid power overshoot during transient processes

and ensure the equipment’s safety and stable operation.

3.2 IC-NEVsPG based on VSG

The suppression of frequency fluctuations at the grid
connection point in this study plays a crucial role in the grid
connection stability of NEVs. In islanding mode, the output
voltage of NEVs will vary with the load, making it difficult to
maintain a stable rated frequency. To reduce frequency
fluctuations at the grid connection point, improve the
dynamic response of NEVs converters, and achieve seamless

Frontiers in Mechanical Engineering

frequency modulation in islanding mode, this experiment
proposes to improve the VSG control strategy using LADRC.
By linearizing the controller and linking various parameters in
the system with the bandwidth of the controller and observer,
the problem of parameter tuning is simplified (Wu et al., 2023).
At the same time, the tracking differential part in ADRC is
omitted, and the extended state observer (ESO) and nonlinear
state error feedback (NLSEF) are linearized and transformed
into Linear Extended Star Observer (LESO) and linear state error
feedback (LSEF). Among them, ESO is used to observe the
output of the system and estimate its existence of
disturbances. NLSEF is used to receive the results of ESO
observations, control system errors, and compensate for
disturbances. LESO is an observer used in control systems,
whose core function is to estimate the system state, especially
in situations where the system state is difficult to measure
directly. The design purpose of LESO is to quickly and
accurately observe unknown disturbances and states in the
system, and it plays an important role in active disturbance
rejection control (ADRC) technology. Taking second-order
LADRC as an example, its structure is shown in Figure 4.
When the PGS of NEVs is considered as a second-order
controlled object, the differential equation y =-a,y—a,y+w+
bu can be obtained. In this equation, u and y represent the inputs
and outputs of the controlled object in the system. w represents the
external disturbance of the system. a; and a, both are system
This
experiment guarantees b = b, and considers b, as the nominal

parameters. b represents the system gain parameter.
value of b. Assuming x, = y,x; = y, the system’s total disturbance
can be obtained as x3 = f(y, y,w) = -a1y —a,y +w+ (b —by)u.
After optimization, the system’s state equation can be obtained, and
then the state equation of the Linear Extended Star Observer (LESO)

is constructed, as shown in Eq. 7.
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FIGURE 4
Second order LADRC

J’Cl =X,

J.CZ = )?3 + bou

X = f(y3hw)

y=x1 (7)

Zi=z- P (z1-y)
Zy=2z3-B,(z1 — y) + bou
z3=-Py(z1-y)

In Eq. 7, x1,x2, x3 represents the state variables of the system.
B1> B> B3 represents the gain value of the undetermined observer in
the system. zj, 23, z3 represents the observation value of observer
LESO on the state variable xi, x,, x3. LADRC will feed back the
system disturbance estimated by LESO to the controller for
compensation; and after compensation, the controlled NEV
system can be equivalent to an integral series structure. Since the
proportional-derivative controller (PD controller, PD) has zero
steady-state error, strong anti-interference ability, and better
stability and maximum peak overshoot than the integral
controller, the PD controller was used to control the automotive
PGS in the experiment. The composition of the differential equation
and LSEF that can be obtained is shown in Eq. 8.

y=f+bu

u= [kp (v—2z) —kgz, — Zs]/bo

il (®)
kd = ZEwc

In Eq. 8, k, and k; both represent the proportional and
differential coefficients of the PD controller, and both parameters
are to be quantified. w. represents the controller bandwidth. &
represents the damping ratio. During the operation of NEVs,
their PGS is considered as a second-order controlled object,
while LESO is a third-order controlled object. The characteristic
equation of the third-order LESO and the expression of the gain
value of the system’s undetermined observer can be obtained
through synthesis, as shown in Eq. 9.

As)=s +ﬁ152 +B,s+

B, =3w
yo
ﬂa = “’3
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In Eq. 9, s represents a complex frequency domain operator. wy
represents the observer bandwidth. To lift the dynamic response
capability of power output and maintain the stability of system
frequency, this experiment then introduces the second-order linear
active disturbance rejection control algorithm (SO-LADRC) in the
AP frequency link. Before introducing LADRC, the AP frequency
loop control of VSG is Figure 5.

In Figure 5, K s is the frequency droop coefficient, which is used to
obtain the primary frequency modulation power based on the deviation
between the VSG output AF and the rated AF. D, is responsible for
providing damping for the system, and low-pass filter (LPF) is the
output power feedback first-order low-pass filtering link. Using the
process in Figure 5 to improve the VSG control system can effectively
respond to the response and stability of the power grid’s dynamic
changes. The closed-loop transfer function of the AP-frequency loop
can be obtained through Figure 5. After performing the inverse Laplace
transform, the total disturbance calculation of d* / 32 and the system
can be obtained, as shown in Eq. 10.

Jw, + (Dp + kf)wn'rp dﬂ _ (DP + kf) o P*—P,. . (DP + kf) ‘

dZ - W,
“fag? JouT, dt J7, Jw,t, Jr, "
w, +(D, +kf)w,T D, +k * _
f()',j},w):] (]:;T f) Pi—ff( P]T f)w+P]w1:’“t
nTp » nTp

(10)

In Eq. 10, 7, represents the time constant of LPF. w,, represents
input. w represents the integrated series controlled object of the output. It
is very consistent with the control form of LADRC and can be combined
with VSG. In summary, the designed VSG control structure based on
LADRC is Figure 6.

In summary, the transfer function of zj,z,,z3 and the
composition of LSEF can be obtained. By combining the two, the
transfer function of the control input U (s) of the controlled NEVs
can be obtained. The calculation is Eq. 11.

UGS = 4-Ra () [V ()~ R (9Y (9)

R (s) = [(s+w0)3]/[s3+g152+g25] (an
RH (S) = (h1$3 + h252 + h3$2 + h4)/ [ (S + (4)0)3]
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VSG control based on LADRC.

In Eq. 11, V (s) represents the reference input of ADRC. Y (s)
represents the specific form of the output of the controlled object in
the complex frequency domain. Then, it is combined with the
control input of the controlled NEVs, and the system output AP
P, and the set value of AP P* are obtained. Furthermore, the
closed-loop transfer function from the given VSG’s AF value to the
VSG output AF can be obtained, as displayed in Eq. 12.

_ M($)Pou (s) + N (s)P* (s) + P(s)w, ()

(12)
;8% +as* +ass® + aus? +ass + ag

w(s)

In Eq. 12, a; ~ae represents the coefficients. The final
verification of the stability of the control system for NEVs can be
based on the Lienard Chipard stability criteria. This standard is
applied to the control strategy of the design. Since a; ~ a¢ is all
positive, the stability of NEVs PGSs can be evaluated using odd
order Herwitz determinant. The calculation of parameters is Eq. 13.

as as 0 0 0
as a4 as ag 0
a, a, as a, as >0 (13)
0 0 a a, as
00 0 0 g

Eq. 13 constrains wy and w, in terms of stability and can serve as
a reference for adjusting these two parameters. In addition,
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simulation software is utilized for numerical analysis of the
stability of new energy generation systems.

4 Performance testing and application
effects of the IC-NEVsPG system

With the rapid growth of NEVs worldwide, the operation of
their PGSs has become an undeniable topic. Especially in terms of
power grid stability and energy efficiency, the control technology of
NEVs PGSs is particularly important. Therefore, this experiment
aims to explore the practical effects and potential advantages of
improving VSG technology in NEVs through comprehensive
performance testing and practical application case analysis.

4.1 Performance testing of IC-NEVsPG
system

To test and analyze the proposed control strategy, a model of an
AC-DC hybrid micro-grid containing electric vehicles is built using
PSCAD/EMTDC software, as shown in Figure 7.

In Figure 7, in the test system, the AC power supply is equivalent
to a synchronous motor, and the DC power supply is equivalent to a

07 frontiersin.org
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FIGURE 7
Testing of AC/DC hybrid power grid.

TABLE 1 Partial parameters of new energy generation system.

Parameter Numerical value

Rated voltage of AC bus (Un/V) 380
AC frequency (f/Hz) 50
Filter inductance (L/mH) 2.5
Filter capacitor (C,/puF) 20
Rated voltage of DC bus (ugn/V) 400
DC side capacitance (C,/pF) 1,000
Rated voltage of power battery pack (Upa/V) 300

controllable voltage source. Energy conversion is realized on both
sides of AC and DC through two VSG connections, and a certain
amount of load is connected. The electric vehicle is connected to the
DC bus through a bidirectional DC/DC converter. Table 1 shows the
PGS parameters.

Based on the above experimental setup, ignoring the impact of
NEVs access, load fluctuation testing of the PGS is started. When the
time is 3s, the load of the system is suddenly increased by 10 kW.
The entire process of frequency variation during system load
fluctuations during this process is Figure 8.

The variation of the curve in Figure 8 shows that the frequency
of the system begins to slowly decrease during load fluctuations, and
it can overcome the shortcomings of inertia in traditional control
strategies during power generation, effectively enhancing the
frequency stability. Under the virtual inertial control strategy,
NEVs can give voltage support for the DC power grid. This
support can be controlled by adjusting the value of the virtual
inertia coefficient (VIC). Different coefficients have different effects
on the voltage response of the system when the load suddenly
changes. When the load of 10 kW is suddenly increased for 3s, the
changes in DC bus voltage (DC-BV) and NEVs power can be
obtained as shown in Figure 9.

The three waveforms in Figure 9A show the changes in DC-BV
under the conditions of VICs of 0, 5, and 20, respectively. The three
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waveforms in Figure 9B represent the changes in power of NEVs.
In waveform A, when the VIC is 0, under the droop control, the
DC-BV will rapidly decrease when the load suddenly increases,
and NEVs will hardly intervene in the regulation of the grid
voltage. In waveform B, after introducing the VIC K = 5, the
decrease rate of the DC-BV of NEVs slows down, indicating that
NEVs will increase the power output of the grid when the load
suddenly increases. Waveform C further shows that increasing the
VIC can improve the output of NEVs to the grid power during
sudden load increases, making the decrease rate of DC-BV slower.
The above results indicate that under virtual inertial control, NEVs
can effectively provide voltage support for the DC network of
micro-grids. By adjusting the VIC, the degree to which NEVs
participate in voltage support can be controlled. However, when
the VIC exceeds a certain limit value, virtual inertia control may
cause system instability, so it is necessary to choose an
appropriate VIC.

To test the effectiveness of the virtual inertia control strategy,
this experiment selects the DC micro-grid voltage regulation
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FIGURE 10

Changes in DC-BV and VIC. (A) Changes in DC bus voltage (B) Comparison of virtual inertia coefficient.

method based on fractional order virtual inertia method (VRM-
DC), the electric vehicle V2G technology based on inverter and
optimal non integer model virtual inertia control (OAIM-VIC),
and the constructed LADRC-VSG method for load fluctuation
comparison (Khooban, 2020; Long et al., 2022). The above three
methods are respectively referred to as strategies A, B, and C.
Similarly, when the time is 3 s, the load of the system is suddenly
increased by 10 kW. When the time is 4 s, the load begins to
return to normal. The obtained load test results are shown
in Figure 10.

Figure 10A, B show the changes in DC-BV and VIC under
different strategy operations. Analyzing the changes in
waveform A in Figure 10, under the VRM-DC strategy, when
the value of the VIC is very small or close to 0, the voltage drop
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rate of the DC network is faster. The inertia of DC voltage is
small, and NEVs are hardly involved in voltage regulation.
Under the OAIM-VIC the VIC will change
according to the specific fluctuation of the grid voltage,

strategy,

allowing NEVs to participate in the regulation of the grid
voltage. Waveform B represents the dynamic response
change of the DC-BV. The speed of the decrease in DC-BV
is significantly slowed down, and the stability of the voltage is
significantly improved. In waveform C, the LADRC-VSG
method can not only slow down voltage fluctuations, but also
accelerate recovery speed and improve voltage stability. The
above analysis indicates that adjusting the VIC appropriately
can slow down voltage fluctuations while maintaining recovery
speed, thereby enhancing the stability of the DC network.
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Simulation results in island mode. (A) VSG output frequency (B) VSG output active frequency.
TABLE 2 Comparison results.
Project LADRC-VSG  VRM-DC ( )  OAIM-VIC ( )
Frequency fluctuation of grid connection point 0.08 Hz 0.18 Hz 0.14 Hz
VSG output power Add 0.09 Hz Add 0.2 Hz Add 0.18 Hz
Grid-connected output power dynamic process duration 0.16 s 0.33s 0.22s
System output power dynamic process duration 0.05s 0.1s 0.08 s
Frontiers in Mechanical Engineering 10 frontiersin.org
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4.2 Simulation results of grid connection
modes for different virtual inertial control
strategies

The correctness of the proposed NEV's power generation strategy is
verified and simulated in MATLAB R2020b/Simulink environment.
The experiment is carried out with a NEV as the research object, and
ANOVA test is used to select the test. At the beginning of the
experiment, NEVs are connected to the grid with an AP of -4kW,
achieving single power factor charging. When the time reaches 0.6s, the
AP setting of NEVs is adjusted to 4kW, and it is converted to discharge
to the grid at a unit power factor. By monitoring the frequency
fluctuations and power output changes of the grid connection points
in the monitoring system, simulation results are exhibited in Figure 11.

Figure 11A shows the frequency variation of NEVs at the grid
connection point. The comparison of different VSG control
strategies shows that the frequency fluctuations at the grid
connection points of VRM-DC, OAIM-VIC, and LADRC-VSG
are 0.18Hz, 0.14Hz, and 0.08Hz, respectively. Compared to
VRM-DC and OAIM-VIC, LADRC-VSG significantly reduces
the frequency of grid connection by 55% and 43%. Figure 11B
shows the output variation of AP of NEVs. When given a change
in AP, the dynamic process of VRM-DC’s grid connected output
power lasts for 0.33s. Under the control of OAIM-VIC and
LADRC-VSG, the dynamic process of grid connected output
power lasts for 0.22s and 0.16 s, respectively. The comparison
shows that the LADRC-VSG strategy has significant advantages
in terms of disturbance resistance and dynamic performance.
Then, under the initial conditions, the system load is set to 12kW,
which means the initial given AP P* of NEVs is 12 kW. When the
time is 0.7 s, the load of the system suddenly decreases to 4 kW,
and the variation of the output frequency and AP of the simulated
system is Figure 12.

Figure 12A shows the VSG output power. Under VRM-DC
control, the fluctuation of system output frequency caused by
load changes ultimately increases by 0.2 Hz and tends to stabilize.
When using OAIM-VIC control, the frequency fluctuation
increases by 0.18 Hz and then returns to the rated frequency
of 50 Hz. Under LADRC-VSG, the frequency fluctuation only
increases by 0.09 Hz to restore to the rated frequency of 50 Hz. In
Figure 12B), after a sudden load change under three control
strategies, the output AP of the system decreases from 12 kW to
4kW. However, under LADRC-VSG, the duration of the
dynamic process of system output power is the shortest, only
0.05s. Under VRM-DC control and OAIM-VIC control, the
duration is 0.1 s and 0.08 s, respectively. This indicates that
the LADRC-VSG strategy performs better in terms of dynamic
performance and frequency regulation ability.

Based on the above results, compared to the VRM-DC control
proposed in reference (Long et al., 2022) and the OAIM-VIC
control strategy proposed in reference (Khooban, 2020), the
LADRC-VSG strategy has very superior performance in
improving new energy electric vehicles. To emphasize the
superiority of the research method, the performance results of
the three methods are compared. The results are shown
in Table 2.
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5 Conclusion

The widespread application of NEVs PGSs has led to a series
of problems such as inertia loss in automotive PGSs, and has
brought adverse effects on the stable operation of the system.
Therefore, this study proposed an IC-NEVsPG strategy that
LADRC and VSG. Firstly,
conducted on the VSG strategy, followed by the improvement
of VSG using LADRC technology, which was jointly applied to
the inertial control of NEVs PGSs. The results showed that
adjusting the VIC appropriately could control the degree to
which NEVs participate in voltage support. Under the LADRC-
VSG strategy, voltage fluctuations could be effectively reduced

integrates an analysis was

and recovery speed could be accelerated. The changes in the
frequency of NEVs at the grid connection point showed that the
frequency fluctuations of VRM-DC and OAIM-VIC strategies at
were 0.18 Hz and 0.14 Hz,
respectively. The frequency fluctuation of the grid connection
point under LADRC-VSG operation was 0.08 Hz. In the
comparison of AP, under the control of VRM-DC, OAIM-
VIC, and LADRC-VSG strategies, the dynamic process of grid
connected output power lasted for 0.33s, 0.22's, and 0.16,
respectively. The above data all indicate that the LADRC-
VSG strategy not only provides new theoretical and technical

the grid connection point

support for the effective integration of the power grid and NEVs,
but also provides practical guidance for further improving the
stability and reliability of smart grids. In the future, the charging
and discharging of electric vehicles will become more large-scale
and orderly with the construction of large-scale charging
stations, the unification of electric vehicle battery standards,
and the gradual adoption of battery replacement charging
methods. This will enable electric vehicles to participate in
the frequency and voltage regulation of the power grid. The
ability will be stronger, and the proposed control strategy will be
more practical and economical. However, the experiment was
analyzed and tested solely through the constructed simulation
model, without any physical tests being conducted. Additionally,
due to time constraints and lack of experimental conditions,
only the effectiveness of the improved VSG electric vehicle
charge and discharge control method was verified. This
experiment failed to further verify the control effect of
multiple electric vehicles participating in charging and
discharging.
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