& frontiers | Frontiers in Smart Grids

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Francisco Gonzalez-Longatt,
University of South-Eastern Norway
(USN), Norway

REVIEWED BY

Shameem Ahmad,

American International
University-Bangladesh, Bangladesh

Youcef Belkhier,

Université de Bretagne Occidentale, France

*CORRESPONDENCE

Ji Li
230035@slxy.edu.cn

RECEIVED 06 August 2024

ACCEPTED 14 October 2024
PUBLISHED 05 November 2024

CITATION

Li J, Yang F, Wang H and Chu B (2024) Study
on improved control strategy of virtual
synchronous generator.

Front. Smart Grids 3:1476695.

doi: 10.3389/frsgr.2024.1476695

COPYRIGHT

© 2024 Li, Yang, Wang and Chu. 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.

Frontiersin Smart Grids

TYPE Original Research
PUBLISHED 05 November 2024
pol 10.3389/frsgr.2024.1476695

Study on improved control
strategy of virtual synchronous
generator

Ji Li**, Fan Yang?, Huanmin Wang' and Bingging Chu!

!Electronic Information and Electrical Engineering College, Shangluo University, Shangluo, China,
2Shanghai Sunshine Power Supply Co. Ltd, Shanghai, China

Virtual synchronous generator (VSG) control technology for photovoltaic, energy
storage, wind power, and other new energy to provide flexibility in the grid
interface characteristics, is conducive to improving the stability of the power
system, and has been widely considered by many scholars. Firstly, an improved
VSG control method is proposed through simulation and analysis, which realizes
the complete decoupling of the frequency response time constant and the inertia
quantity of the active power control loop and reduces the complexity of the
parameter design of the VSG system. Secondly, to avoid the frequent action
of the VSG system caused by small-scale frequency change perturbation, this
study proposes a VSG frequency optimization control method for VSG frequency
control with rated angular velocity wset feedforward composed of multivariate
factors when considering a primary frequency regulation dead zone. Thirdly,
the impact of VSG parameter design on the system is investigated through
the system response characteristics of power scheduling, primary frequency
regulation at the grid connection, and the small-signal dynamic characterization
of the improved VSG. Finally, Simulation and experimental verification yielded
an active power overshoot of 7% and a maximum frequency deviation of 0.17
Hz for the improved system. The improved control method resulted in an
improvement of 0.1 s in the frequency response time and a reduction of 0.15
Hz in the oscillation amplitude. The response speed of the improved control
method is much better, while the oscillation amplitude is reduced to meet the
grid’s regulation requirements. The simulation and experimental analysis verify
the feasibility of the improved VSG control method.

KEYWORDS

virtual synchronous generator, frequency regulation dead zone, power scheduling,
microgrid, power system

1 Introduction

The output power of renewable energy generation systems such as solar and
wind power, which are interfaced with grid-connected inverters, is characterized by
intermittency and uncertainty. More and more new energy devices are connected
to the power grid, which seriously affects the stable operation of the power system
(Rocabert et al., 2012; Liu et al., 2015; Shuai et al., 2018). In addition, most distributed
generation (DG) in the microgrid is employed through the power electronic interface,
and the penetration rate of DG has been steadily increasing in recent years (Zaitsev
et al., 2022; Zhong and Weiss, 2011). Synchronous inverters, virtual synchronizers,
and improved sag control have been mentioned more often (Djouadi et al, 2023;
Mo et al, 2017; Meng et al, 2019; Belkhier et al, 2022). Virtual synchronous
generator (VSG) technology emulates the rotor inertia and damping characteristics of
synchronous generators, presenting friendly characteristics to a power grid and improving

01 frontiersin.org


https://www.frontiersin.org/journals/smart-grids
https://www.frontiersin.org/journals/smart-grids#editorial-board
https://www.frontiersin.org/journals/smart-grids#editorial-board
https://www.frontiersin.org/journals/smart-grids#editorial-board
https://www.frontiersin.org/journals/smart-grids#editorial-board
https://doi.org/10.3389/frsgr.2024.1476695
http://crossmark.crossref.org/dialog/?doi=10.3389/frsgr.2024.1476695&domain=pdf&date_stamp=2024-11-05
mailto:230035@slxy.edu.cn
https://doi.org/10.3389/frsgr.2024.1476695
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/frsgr.2024.1476695/full
https://www.frontiersin.org/journals/smart-grids
https://www.frontiersin.org

Lietal.

a system’s stability (Liu et al., 2017; Li et al, 2014). In recent
years, the VSG control technique has received the attention of
many scholars.

With more and more scholars focusing on VSGs, many
researchers have proposed different VSG control architectures
to improve the system’s performance. Furthermore,in order to
improve the transient stability of the system, some scholars
have adopted adaptive control strategies (Pan et al., 2020; Xiong
et al,, 2021a; Wu and Wang, 2020), mode-switching (Shen et al.,
2023), the virtual negative resistance method (Zhang et al,
2016), and the virtual inductor method (Guerrero et al., 2005;
Wen et al., 2020), among others. Yu et al. (2024) and Othman
et al. (2020) proposed optimal virtual inertia and damping ratio
control methods for VSGs using parameter optimization, which
eliminated the system’s low-frequency oscillations and improved
the frequency droop and frequency rate of change. Optimizing
the design of VSG parameters is also often adopted by scholars,
such as co-designing control parameters (Singh et al, 2023;
Qu et al, 2020; Jain et al, 2024) and modifying the power
reference (Li and Kao, 2009; Xiong et al., 2021b; Chen et al,
2022; Kirkland et al, 2022; Pan et al, 2019). In addition,
improved voltage and current loops are often applied, such as
the voltage drop method used by Wang and Wai (2019) and
the current compensation method used by Li et al. (2016) and
Wang and Wai (2022). These studies contribute to full power
decoupling and have strong robustness but have the disadvantages
of being applied under certain conditions and increasing the
complexity of the algorithms. In considering the influence of
the primary frequency dead zone on the VSG characteristics,
An et al. (2019) propose a feedforward control and adopt the
main frequency modulation coeflicient correction strategy used
by An et al. (2019) and Kirkland et al. (2022). These methods
can be summarized as shown in Table I (Wang and Wai, 2022).
Although many improved VSG control methods have been
proposed recently, the contradiction between improving the system
performance and simplifying the parameter design has yet to
be resolved.

This study focuses on improving VSG systems performance
and weakening the parameters’ effects on the system’s response.
of this

The major contributions article are summarized

as follows:

1) An improved VSG control method is proposed to realize the
complete decoupling of the frequency response time constant
and inertia of the active power control loop and reduce the
complexity of VSG system parameter design.

2) Considering the primary frequency dead zone and power-
limiting device based on a multivariate factor consisting of
rated angular velocity wset feedforward is proposed as an
optimal control method for VSG frequency tuning to avoid
the frequent action of the VSG system caused by the small
range of frequency perturbation.

3) By analyzing the system’s response characteristics of power
scheduling and primary frequency modulation at the grid
connection and the small-signal dynamic characteristics of
the improved VSG, the influence of the VSG parameter design
on the impact on the system is investigated, which provides
ideas for the parameter design.
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The rest of this article is organized as follows: The VSG model
is established and the basic principle of the VSG is analyzed in
Section II. In Section III, an improved VSG control method is
proposed by analyzing the influence of VSG parameters on the
system. The VSG control strategy is further optimized based on
primary frequency regulation dead zone considerations. In Section
IV, the small-signal dynamic characteristics of the improved VSG
are analyzed by the VSG parameters’ design. In Section V, the
simulation model and experimental platform are built to verify the
rationality and effectiveness of the theoretical analysis. Section VI
presents our conclusions.

2 Theoretical analysis

Diode-clamped three-level inverters are commonly utilized in
grid-connected solar and energy storage converters because of their
straightforward design and controllability. The “I”-type three-level
topology is used in the main circuit of the VSG energy storage
converter in this work, as seen in Figure 1 (Zhang et al., 2019).
Through an inductor and capacitor (LC) filter, the VSG is directly
linked to the grid, and the DC side of the inverter is a lithium
energy storage battery, which, during steady-state operation, may
be roughly described as a stable DC power supply. The battery
can be charged or discharged using one of the two functioning
modes of the energy storage converter; the discharging mode is
the primary subject of this study. The filter inductor and capacitor
in the converter are denoted by L and C, respectively, while Ug.
is the corresponding DC power supply. Lg is the grid-side line
inductance, Ug is the grid voltage, and Uy, and I are the three-
phase output voltage and output current of the VSG’s main circuit.
The closed voltage—current loop, the pre-synchronization control
unit, the power-frequency regulator, the excitation regulator, and
the stator electrical equation make up the majority of the VSG
control block diagram.

From the block diagram of the VSG control structure in
Figure 1, it can be seen that the VSG control technique introduces
the synchronous generator rotor equations of motion containing
rotational inertia and damping coeflicients into the inverter. The
VSG control technique gives the inverter the characteristics of a
synchronous generator operation and provides the system with
virtual inertia to achieve frequency regulation (Belkhier et al., 2022;
Liu et al,, 2017). The rotor motion is expressed as

_ P,
J4Z = Ty = Te = D (@ — o) = 2 — £ — D (0~ wn)
%:w—wnzAw

(1
where ] is the rotational inertia; @ and w, are the rotor angular
velocity and rated angular velocity, respectively; T, and T are the
mechanical torque and electromagnetic torque; Pyr is the reference
value of active power setting; P is the actual output power; D is the
damping coeflicient; and § is the power angle.
Simplifying Equation 1 gives

wp — W my
Ppf—P  Ts+1

2

where 1;=J/D , m; = 1/Dw;, .
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TABLE 1 Existing performance improvement methods for VSG.

10.3389/frsgr.2024.1476695

Methods Proposals Main contributions Drawbacks
Modify the control loop o Adaptive virtual inertia (Pan et al.,, 2020; Xiong e Clear physical meaning e Dependence on system parameters
etal.,, 2021a; Wu and Wang, 2020) e Improved stability o Algorithm complexity
e Mode-switching (Shen et al., 2023) e Easy implementation e Negative resistance may reduce
e Virtual negative resistance method (Zhang e Ensure predominantly Dependence on system parameters
etal, 2016) inductive impedance e Power angle is not considered
e Virtual inductor method (Guerrero et al., 2005;
Wen et al., 2020)
Co-design control e Coordinate J and D (Singh et al., 2023) o Stabilized under a wide range e Strong parameter dependency
parameters e Optimal Damping Design (Jain et al., 2024) of conditions
Modify the power Change active power reference (Li and Kao, 2009; e Easy implementation e Virtual impedance has a negative
reference Xiong et al,, 2021b; Chen et al., 2022) Increasing Q effect on system transients
reference (Kirkland et al., 2022; Pan et al., 2019)
Improved voltage and e Noval voltage droop method (Wang and Wai, e Estimation for ac-bus voltage e Requires prior knowledge of the
current loop 2019) Compensation for coupling caused by system
e Current compensation method (Wang and Wai, power by power angle. e Only in inductive condition
2022) o Totally power decoupling o Algorithm complexity
e Strong robustness
Considering the primary e Feedforward control (An et al., 2019) e Increases the active power output e Frequent system movements
frequency dead zone e Primary frequency modulation coefficient under small frequency fluctuations e Increased control complexity
correction strategy (An et al,, 2019; Shin et al., e Reduced risk of frequency overruns
2022)
r—eY—,———— e —_— - — = — = = = \
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I S S, S - U, - — O o= |
a2 a b2 c2 TN o' s o N A A 1) I
Uy 7 — ” f——— — 11
| —— b P B o W LU — e : |
T S gt 1| e He | 1y | oV |
I _L a3 Sis o3 N7/ 7N LN
| T 1 1 | N L
[ 2| Da Dy, D, CTT | 'Load |
| 1 1 1 | |
S S S ] I
| a4 b4 c4 ILabe Labe] Uabc, I | Z; Ugabe |

The VSG entirety
control diagram

FIGURE 1

Topology and control diagram of the virtual synchronous generator (VSG; Zhang et al., 2019).

Frontiersin Smart Grids

03

frontiersin.org


https://doi.org/10.3389/frsgr.2024.1476695
https://www.frontiersin.org/journals/smart-grids
https://www.frontiersin.org

Lietal.

Equation 2 shows that an inertia link is added to the active
power and frequency transfer functions for droop control once
the rotor equations of motion are incorporated into the control
algorithm. The combination of the damping coefficient and
rotational inertia determines the amount of system inertia. The
damping coefficient is the single factor determining the droop
coefficient; the more damping, the lower the frequency dip value.

The excitation regulation is added to the VSG reactive
power control loop to imitate the reactive power voltage droop
characteristics of the synchronous generator. The reactive power-
voltage control expression is as follows:

Ue = U, + DQQref - Q (3)

where Q¢ is the supplied reactive power, Q is the reactive
power, D, is the reactive power voltage droop factor, and Uy, is the
rated voltage magnitude.

Overall, the design idea for VSG control is to add frequency
and voltage control loops to the synchronous generator model.
After stabilizing the voltage and frequency, the rotor inertia is then
simulated to improve the stable off-grid and on-grid operation of
the inverter.

3 Analysis of the improved VSG
control

3.1 Improved VSG principal analysis

From the previous section, it can be seen that the VSG
control is droop control with rotor inertia. To simulate the
synchronous generator characteristics more accurately, the prime
mover regulation equation is added to the VSG power frequency
control (Pan et al., 2019). Equation 1 is rewritten as

]d(w—wn) _ Pret Ky (wn-w) _ i

dt wn wn Wy

—D(w—wn), “)
where K|, is the frequency regulation parameter.
Simplifying Equation 4 gives

wp — W my
Ps—P s+ 1

where 1:2:]a)n/(Du)n + K,), my = 1/(Da)n + K,).

From Equation 5, it can be seen that the rotational inertia ], the
damping coefficient D, and the frequency adjustment parameter K,
affect the frequency response stability and the dynamic adjustment
time of the VSG system. When ] is fixed, the roles of K, and D
are the same. Adjusting either the K, or D parameter affects the
time constant 7, and the droop coeflicient m,, which increases the
complexity when designing the parameters of the VSG system. The
VSG power-frequency regulation controller incorporating prime
mover regulation is shown in Figure 2A. A droop characteristic
exists between active power and frequency, and the VSG has
the self-synchronization characteristic of a conventional generator.
When the grid frequency rises (falls), the VSG automatically
reduces (increases) the active power injected into the grid and
participates in the primary frequency regulation of the power grid.
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A

FIGURE 2
Virtual synchronous generator (VSG) power frequency regulation
controller. (A) VSG with prime mover regulation. (B) Improved VSG.

Based on the preceding analysis, the improved VSG active
frequency regulation controller acts as the virtual prime mover
directly on the VSG output frequency based on the traditional
VSG control. This improved control method skips the droop link
of the rotor equation of motion, which cannot be realized this
way by the real generator. The improved VSG power-frequency
regulation controller is shown in Figure 2B. The improved active
power-frequency control expression is as follows:

d(@=on—Ky(@n-)  Pu  Pe
dat T wn wp

J —D(w-wn),  (6)

Simplifying Equation 6 gives

wp — W ms3

=— , %
P —P T35+ 1

where 73 = ]/D, mz = 1/(Dwn + K,).

From Equation 7, it can be seen that the time constant t3
is adjusted by parameter J and that the droop coeflicient ms3
is adjusted by K, when the VSG system parameter D is fixed.
The complete decoupling of the time constant 73 and the droop
coefficient m3 in the off-grid mode is realized when D is fixed. The
improved VSG power-frequency regulation control can recognize
that the static characteristics are regulated by J alone and the
dynamic characteristics are regulated by K,,, which reduces the
complexity of VSG system parameter design. Usually, D has a great
influence on system stability in grid-connected mode (Mo et al.,
2017; Meng et al,, 2019), so the damping parameter D selected based
on grid-connected mode can also be applied to off-grid mode.

The simulation model before and after the improved active
power control loop is constructed as shown in Figure2 to
analyze the effect of circuit parameter changes on the VSG’s
frequency response. The frequency response curves under different
parameters are shown in Figure 3. The VSG has a power increase of
10 kW at 0.3 s in off-grid operation mode. The frequency response
metrics are shown in Table 2 when comparing curves 2, 3, and 4 in
Figure 3. It can be seen that the improved control strategy in the
parameter changes in the frequency can respond quickly. As can

frontiersin.org
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FIGURE 3
Virtual synchronous generator (VSG) frequency response curves
with different parameters. (A) VSG without improved active power
control loop. (B) VSG with improved active power control loop.

be seen from the comparison of curves 2 and 4 in Figure 3A with
curve 1, respectively, both D and K|, affect the droop coefficient.
Adjusting K, has almost no effect on the frequency response, and
the droop coefficient is mainly adjusted by D. Curves 2, 3, and 4,
respectively, and curve 1 are compared; J, D, and K,, will have
an effect on the frequency response time, and after adjusting the
inertia time constant, J and D have a greater impact. As can be seen
from the comparison of curves 2, 3, and 4 in Figure 3B with curve
1, respectively, both D and K, have a large effect on the droop
coefficient. Only J and D affect the regulation of the inertia time
constant. In the parameter design of the improved VSG system,
the parameter D can be fixed, the time constant 73 can be adjusted
through the parameter J, and the droop factor mj3 can be adjusted
through K. Comparing the frequency response curves analyzed
before and after improving the active power control loop, the
improved VSG system reduces the parameter design’s complexity.

3.2 Optimization analysis of VSG control
strategy considering the primary frequency
regulation dead zone

From the analysis in the previous section, it can be seen that
the VSG active power control loop is essentially a kind of droop
control. When the VSG operates in a grid-connected operation, the
rotational inertia J, the damping coeflicient D, and the frequency
regulation parameter K, determine the VSG frequency modulation
capability and the dynamic characteristics of the active power
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TABLE 2 Comparison of frequency response indexes of different control
loops.

Control Frequency Curve 3 Curve 4
loop response

indicator
Not Response time 0.1 0.05 0
improved deviation (s)

Amplitude bias 0.13 0 0

(Hz)
Improved Response time 0.1 0.04 0

deviation (s)

Amplitude bias 0.18 0 0.05
(Hz)

Z=R,+jX, Z=RytjX, Zs=Ry+jX; Z=RytiXa

+\U, 28, +\U, 28, +\U, 26, +\U, 25,  +
o

FIGURE 4
Equivalent circuit of a virtual synchronous generator connected to
the grid.

in grid-connected operation, that is, the amount of the increase
(decrease) of the output active power of the VSG during the dip
(rise) in the frequency of the power grid. When VSGs are operated
in parallel, they can be equivalent to a controlled voltage source,
and the equivalent circuit of multiple VSGs connected to the grid is
shown in Figure 4.

Usually, the grid-side line impedance is predominantly
inductive, and the power angle is usually small so that siné ~ §.
The power interaction of each VSG with the grid can be expressed
by Equation 8:

2 U, Uy

U2 _
P=— REZ cos ¢ + Rig7 €08 (p —9) )
— n H UeUn : _ ’
Q= w7 Sing + Trizz Sin (o —96)

Combining Equations 6-8, the simplified control block
diagram of the improved active power frequency control loop is
obtained as shown in Figure 5.

From Figure 5B, it can be seen that the power response of
the primary frequency regulation is only a part of the power
frequency control loop, and the Aw,s transformation inevitably
induces a change in power. When the VSG system participates in
the grid’s primary frequency regulation, the frequency regulation
dead zone is too small, which will lead to frequent operation
of the VSG unit and reduce the equipment life. To avoid the
VSG system action caused by small frequency perturbations,
controlling Awf to zero is necessary so that there is no
power angle generation in the system. If the dead zone is too
large, the VSG unit may still not participate in the frequency
response when the frequency deviation is large, which affects
the VSG’s primary frequency regulation effect, then directly

frontiersin.org
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FIGURE 5
Improved virtual synchronous generator control block diagram. (A)
Block diagram of the power scheduling control loop. (B) Block
diagram of primary frequency regulation control loop. a role in realizing the dynamic support of the VSG’s control of the

A Pw(t)

Py

| »

oL Aoy,

_wL

-d 0 d

FIGURE 6
Frequency regulation characteristics of virtual synchronous
generator considering the frequency regulation dead zone.

affects the system’s frequency safety, and triggers the frequency
overrun problem (Wang and Wai, 2019; Marton and Lantos,
2011).

In this work, the proposed frequency regulation dead zone
and power-limit sub-setting method are shown in Figure 6. In the
figure, Aw(y is the angular frequency deviation of the system,
and Py is the active power of the VSG system during primary
frequency regulation. Py is the initial active power output of the
VSG, wy, is the frequency deviation corresponding to when the
VSG reaches the maximum active power threshold, and d is the
frequency dead zone. When the frequency deviation |Awy)| s less
than or equal to the set frequency dead zone d, the VSG does
not participate in the system’s primary frequency regulation, and
the output power remains fixed. When the frequency deviation
|Aa)(t)| is greater than or equal to the frequency deviation wy,
corresponding to the maximum active power threshold, the VSG
maintains a maximum active power threshold operation. When
the frequency deviation |Aw(y)| is greater than d and less than
o1, the VSG unit participates in the system’s primary frequency
regulation. The active power-frequency droop control loop plays

Frontiersin Smart Grids

grid frequency.
According to Figure 6, the primary frequency regulation power
expression including the dead zone is shown in Equation 9:

APW(t) =0 ‘Aa)(t)| <d
APW(t) =0 ‘Aa)(t)| > wr, s (9)
APW(t) = —kvsgAa)(t) d < |Aw(t)| < W],

where kysg is the primary frequency regulation coefficient set
when the VSG participates in grid frequency regulation.

According to Figure 6 and Equation9, considering the
VSG’s frequency regulation characteristics in the dead zone of
frequency regulation, an optimal control method of VSG frequency
regulation with rated angular velocity ws; feedforward composed
of multivariate factors is proposed. The VSG frequency response
control model considering the primary frequency regulation dead
zone is shown in Figure 7. From the real synchronous generator
point of view, the VSG power angle is kept constant during small
frequency perturbations to achieve constant VSG output power.
Keeping the power constant only requires that Aw,.f be controlled
to zero so that the power angle § is zero. When a frequency
fluctuation occurs in the VSG unit, the set value of ws is selected in
the power frequency control loop based on the frequency deviation.
The setting value of wse is based on the following three cases.

Case 1: When |Aw(t)| < d, due to the transient nature of the
grid frequency fluctuation and the delay of the grid frequency phase
locking, as well as the presence of the damping link, ensuring that
Wset = Wgrid 18 only necessary to realize Aw =~ 0.

Case 2: When |Aa)(t) | > wr,, because the VSG is running at the
active power maximum threshold steady state at this time, it has
produced a certain power angle Aw # 0. Therefore, only in the
case of Wet = Wgriq — Aw, Awyer can be realized to be zero, and the
power angle § no longer changes so that the power is kept constant.

Case 3: When d < |Aw(| < wr, the VSG operates in the
primary frequency regulation stage so that ws = wy. This stage
can generate a second-order system step response with the value of
Awpef according to the difference between the grid frequency wgriq
and the rated frequency wy, in real time, realizing the dynamic active
support to the grid.

frontiersin.org
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4 Improved VSG static stability
analysis

4.1 VSG parameter design

When the system operates in off-grid mode, the improved
power-frequency control loop can be equivalent to a first-order
system, realizing the complete decoupling of the time constant 73
and the sag factor ms. In the grid-connected mode, the system
has two main operating states, power scheduling and primary
frequency regulation, and the power-frequency control loops can
all be equated to a second-order system. The active power and
frequency closed-loop transfer function expressions can be derived
from the improved power-frequency control loop block diagram of
Figure 5:

1 UnUe
Jon (14 X
P=Gp () Prg= —22 P (10)
SHTST k) X
1 UnUe
Jon(1+Ky) X
A® = Gy () Aorer = ) - Awr (1)

2, D 1
S TSt Ry X

The undamped natural oscillatory angular frequency * and
damping ratio ¢* are obtained for the active power and frequency
second-order system:

_ C
“’3—\/ Jon (1K)

— / (1+K<u)D2wn
; *— 0.5 T

where C = (U, U.)/X.
From Equations 10, 11, it can be seen that the power

(12)

scheduling and primary frequency regulation are both second-
order systems, and the power scheduling and primary frequency
regulation transfer functions have the same damping ratio and
the same oscillation angular frequency, which present the same
dynamic characteristics to the outside world. Due to the positive
feedback relationship, the primary frequency regulation behaves as
a negative response to the amount of frequency change. The active
power dynamic characteristics of VSG in grid-connected mode
are jointly determined by D, J, and K,,. To stabilize the system
and, at the same time, require the system to have a good transient
response characteristic curve, the second-order system operates in
an underdamped state (0 < " < 1). The system obtains the
regulation time f; and the overshooting amount o with a £5%
allowable error.

_ 4
b= Tar
e > (13)
o=e\ VI 5 100%

From Equations 12, 13, when the damping coeflicient D and
the frequency adjustment parameter K, are fixed, the smaller J, the
larger ;’*, and f, is longer. When J and K, are fixed, D is larger,
e * is smaller, and ¢, is shorter. It can be seen that as J increases, the
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system oscillation is more violent and less stable. As D increases, the
system’s response is smoother and can reach the steady state faster.

VSG parameter design can enhance system stability and
improve system response time. In this paper, during the parameter
design process, the rotational inertia refers to the VSG design
method used by Katholieke Universiteit Leuven (Guerrero et al.,
2005), so ] < P M ax(wdw/di) - Lhe frequency adjustment
parameter reference is K, < B max /) wmax (ZDONg and Weiss, 2011).
For a faster response time and less overshoot, {” can be set to the
optimum damping ratio. Let ¢* = 0.707, the damping coefficient D
be obtained:

p= [ (14)
(1+Ky) wn

On one hand, the VSG parameter design process focuses on
the influence of the parameters on the power and frequency
response of the system. On the other hand, comprehensively
considering the system’s requirements for transient response
overshoot and overall damping is also necessary. According to the
requirements of the system’s operating conditions, the parameters
are reasonably designed.

4.2 Small-signal dynamic characterization

When multiple VSGs are grid-connected, the circuit model of
each VSG is the same. Drawing on the traditional synchronous
generator single-machine infinite stability analysis method (Shen
et al, 2023), a small-signal model is constructed according to
Figure 5 to analyze the dynamic characteristics of the improved
VSG system. During the VSG’s steady-state operation, small-signal
perturbations are processed at power angle §, angular velocity w,
and output voltage U.. Small-signal perturbation is also added
to the active and reactive power, and the sampling filtering delay
for power is replaced by a first-order low-pass filter. The VSG
small-signal analysis model is obtained according to Equations 3,
6, 8:

N o 2 (Uﬁ—ffe)Un .
b= () -tz s+ g cos (0= (5+9))

L
040 = g (P — (P+P)) + o
Ue+ Ue = Up + Dy (Qr — (Q+ Q)

where w is the filter cutoft frequency.
According to Equation 15, the following small-signal modeling
characteristic equation is obtained:

as*8 + bs*8 + ¢s?8 + dsé + €8 = 0, (16)

where
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FIGURE 8
Poles and zeros of (A) R = 0.01-25, (B) L = 0.2-50 mh, (C) K, = —2-1, (D) J = 0.005-5, (E) D = 0-50, and (F) Dy = 0.0001-0.05.

a=(1+K,)Jw,Z?

b= (1+K,) (3JonwcZ? + DwnZ2 + Jonw.DgUnZ sin (¢ — §))

c= (1+K,) (3DwnwcZ* + 3Jwn? Z* + (2Jwc + D) wyDqUnZsin (¢ — 8))

d=(1+K,) (3Dwn@?Z?* + Jone? Z* + (Jooe + 2D) wn@?DqUnZ sin (¢ — §))
+ UcUpwcZsin (¢ — §)

e=(1+K,) (Dwn@*DqUnZsin (¢ — 8) + Dwnw’Z?) + U, Upw?Z sin (¢ — 8)
+ UeU?w?DgZsin® (¢ — 8) + U, U2w? Dy cos (¢ 4 8) cos (¢ — &)

¢ = arctan (0, L/R), Z = v/R? + (w,L)?

Based on the improved VSG small-signal modeling, the results
of the root trajectory stability analysis are shown in Figure 8. From
Figures 8A, B, it can be seen that as the impedances R and L
increase, two of the conjugate poles gradually move away from the
imaginary axis and converge to the real axis, the system oscillation
is weakened, and the stability is gradually enhanced. In Figure 8C,
when the value of K, is divided into two-end root trajectory trends,
with —1 as the dividing line, the root will cross the longitudinal axis
and appear in the positive half-plane only in the vicinity of —1, at
which time the system is in an unstable state. In Figure 8D, with the
process of increasing rotational inertia /, an integer root gradually
nears the imaginary axis; at this time, the system stability gradually
deteriorates. In Figure 8E, as the damping coefficient D gradually
increases, all the poles move away from the imaginary axis, and
the stability becomes better. In Figure 8F, as the reactive voltage
sag coeflicient Dy slowly increases, two of the conjugate eigen roots
are also slowly moving closer to the imaginary axis, and the system
oscillations increase and become unstable.
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TABLE 3 The simulation model parameters.

Parameters  Values Parameters = Values
Uge (V) 700-800 U* (V) 311

Cr (1LF) 20 Lg (mH) 2

Xy (mH) 2 X,y(mH) 2

* (rad/s) 314 R(£2) 0.1

D, 0.0002 Ko —0.5

J 0.1 D 40

It can be seen that the VSG has the advantage of adjusting the
system circuit parameter design according to the actual working
conditions compared with the synchronous generator. In this
section, the effect of the variation of each parameter of the VSG
on the system, which provides a theoretical reference for the
simulation and experimental parameter design, is analyzed.

5 Simulation and experimental
analysis

To verify the effectiveness of the improved VSG control
method, the simulation model shown in Figure 1 is built in this
article using MATLAB/Simulink. The main circuit parameters of
the simulation and experiment are shown in Table 3.
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5.1 Simulation validation

The primary frequency regulation and power scheduling
response curve is shown in Figure 9. The VSG is connected to
the grid at 0.2s, and the blue curve is the power step response
of changing the power scheduling value from 0 to 10 kW for the
reference value of 10 kW given at 0.3s. The red curve is the step
response of the frequency change of the grid frequency from 50 to
49.5Hz for the red curve at 0.3s. Because the parameters of the
system D, ], and K, are kept the same, the active power dispatch
response curve and the primary frequency response curve have the
same trend, which is the second-order system unit step response
under the same parameters.

The active power and frequency response curves when varying
the circuit parameters are shown in Figure 10. The VSG is
connected to the grid at 0.2 s and the grid frequency drops from 50
to 49.5 Hz at 0.3 s. To realize the change of steady-state power, the
unimproved VSG system adjusts the droop coefficient by adjusting
the parameter D, while the improved VSG system adjusts the droop
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coefficient by adjusting the parameter K. The improved VSG
system has much less effect on the transient oscillation process of
the system by adjusting K, than by adjusting D. It can be seen
that the improved control method improves the frequency response
time by 0.1's and reduces the oscillation amplitude by 0.1 Hz. The
improved VSG makes achieving the optimal control effect of the
system easier through the parameter optimization design.

Through simulation analysis, the index comparison of this
study with other control methods is shown in Table 4. The
improved control method system has an active power overshoot of
7% and a maximum frequency deviation of 0.17 Hz. The proposed
method in this article can recognize an active power overshoot and
a smaller maximum deviation of frequency, better improving the
output dynamic response characteristics.

The VSG frequency response curve considering the primary
frequency regulation dead zone is shown in Figure 11. Considering
the relationship between the droop coeflicient and the Aw
parameter, the maximum threshold of the VSG’s frequency
regulation power is set to 7.89 kW, and the frequency regulation
dead zone is set to 0.1 Hz. The simulation model is set to close
the grid-connecting switch at 0.2s and drop the grid frequency
from 50 to 49.9 Hz at 0.3 s. At 0.5s, the grid frequency drops again
to 49.8 Hz. At 1.5s, the grid frequency drops further to 49.7 Hz,
and at 2.5s, the grid frequency returns to the rated 50 Hz. At
0.3s, the grid frequency falls by 0.1 Hz, due to ’Aw(t)| < d,
the frequency regulation being within the set dead zone, and the
active power does not respond to not participate in a frequency
regulation. At 0.5s, the grid frequency continues to fall by 0.1 Hz,
due to d < ’Aw(t)| < g, as the frequency change has
exceeded the regulation dead zone range, the VSG participates in
frequency control; at this time, the active power output to the
power-limit sub-value of 7.89 kW and remains stable. At 1.5s, the
grid frequency falls again by 0.1 Hz, and because |Aa)(t)| > wr,
the active power of the primary frequency regulation has reached
the maximum limit value at this time; the VSG still maintains
the maximum value of active power operation. At 2.5s, the grid
frequency returns to the rated 50 Hz, and the active power is also
restored to the initial state of zero under the control of primary
frequency regulation. The corresponding change in the relationship
of power during the whole-grid frequency change process verifies
the effectiveness of the frequency dead zone and power-limiting
scheme proposed in this article. This method effectively guarantees
the effect of the system’s primary frequency regulation and avoids
the frequent action of the VSG system caused by small-scale
frequency disturbances.

5.2 Experimental validation

To verify the correctness of the theoretical analysis, the VSG
experimental platform built in this work is shown in Figure 12.
A DC power source is used on the input side instead of the
storage battery. The main circuit uses a 500 kW “I”-type three-level
energy storage converter, and the controller uses a TMS320F28335
digital signal processing (DSP) control chip. The hardware and
software parameters of the experimental platform are shown in
Table 1. The active frequency droop factor ms is converted to
100 kW/0.1 Hz.
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TABLE 4 Comparison with other methods.

10.3389/frsgr.2024.1476695

References Parameter design meterization Active power Frequency
decoupling overshoot deviation
Mo etal. (2017), Meng et al. (2019), No prime mover No t=J/D 27% 0.41 Hz
Pan et al. (2020), Shen et al. (2023) adjustment m = 1/Dw,
Yu et al. (2024), Othman et al. Add prime mover No 7::](;)“/(Da)n +K,) 15% 0.32 Hz
(2020), Singh et al. (2023), Tayab regulation m:l/(Da)n + K,)
and Humayun (2018), Qu et al.
(2020), Jain et al. (2024), Kirkland
et al. (2022), Zhang et al. (2019)
This work Improved method Yes t=J/D 7% 0.17 Hz
m=1/(Dw, + K,)
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FIGURE 11
Primary frequency response of virtual synchronous generator
considering the frequency regulation dead zone.

The experimental waveforms of the primary frequency
regulation response are shown in Figure 13. Figure 13A shows the
active power response waveform when the grid frequency drops
from the rated value of 50 to 49.7 Hz in the grid-connected mode,
and Figure 13B shows the active power response waveform when
the frequency returns to the rated value. From Figure 13A, it can
be seen that in the grid-connected condition, the grid frequency
falls 0.3 Hz, and the system output active power is 300 kW stable
operation. Figure 13B shows that the step recovery of the grid
frequency occurs, the active power gradually decreases, and the
VSG gradually returns to the no-load operation state.

The experimental waveform considering the primary frequency
regulation dead zone is shown in Figure 14. The frequency
regulation dead zone is set to 0.1 Hz, and the maximum power
is 100 kW. In Figure 14A, when the frequency of the power grid
fell from 50 to 49.9 Hz, the VSG was not involved in the grid-
frequency adjustment due to the presence of a dead zone. The
power fluctuation returns to the original value. Temporary power
fluctuations are mainly caused by the delayed sampling of the
VSG grid frequency. In Figure 14B, when the grid frequency drops
from 50 to 49.8 Hz, the frequency disturbance deviation is greater
than the set frequency dead zone, and the VSG participates in
a frequency control to 100 kW-powered stable operation. When
the frequency drops again, the system still runs at a maximum
power limit of 100 kW. This experiment verifies the feasibility of
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FIGURE 12
The virtual synchronous generator experiment platform. (A) The
experimental schema. (B) Experimental device.

the VSG control strategy optimization method when considering a
dead zone.

6 Conclusion

This article proposes an improved VSG control method for
distributed power access microgrids that may cause frequency
and power fluctuations in the grid. First, by building a virtual
synchronous generator model, the mechanism of changes in system
frequencies and output power in the interim process is analyzed.
An improved VSG control method is proposed for the power-
frequency control circuitry. Through theoretical and simulation
analysis, the improved VSG system achieved the complete
decoupling of the time constant and frequency adjustment
parameters, reducing the complexity of parameter design. Second,
to avoid the small-range frequency disturbance caused by the
movement of the VSG system, based on considerations of a dead
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Experimental waveform of the primary frequency response. (A)
Frequency-drop response curve. (B) Frequency recovery response
curve.

zone and a power limit, this article proposes a multivariable
factor composed of quota angle speed wg before feedback of
the VSG frequencies optimization control method. This method
effectively guarantees the system’s primary frequency regulation
effect, avoiding small-range interference, which causes frequent
movement in the VSG system. Third, the preliminary VSG
parameter design principles are given by analyzing the system
response characteristics and the improved VSG small-signal
dynamic characteristics during power scheduling and primary
frequency regulation when connected to the grid. Finally, the VSG
simulation model and experimental platform are constructed, and
the simulation and experimental analyses verify the feasibility and
effectiveness of the improved VSG control method. The improved
control method system has an active power overshoot of 7% and
a maximum frequency deviation of 0.17 Hz. The improved control
method enhances the frequency response time by 0.1 s and reduces
the oscillation amplitude by 0.15Hz. The response speed of the
improved control method is much better, while the oscillation
amplitude is reduced to meet the grid’s regulation requirements.
The research on the improved VSG control method in this
article has certain theoretical guidance values for the parameter
design and control strategy optimization in the engineering
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application of the VSG system. Under the existing hardware
conditions, this study does not provide a validation analysis
of the VSG fault ride-through capability and the improvement
of transient immunity during load switching. Meanwhile, no
experimental verification of parallel operation of multiple VSG
systems has been carried out in this study. The next step is to verify
the parallel operation of multiple VSG systems.
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