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Abstract: With the continuous integration of new energy sources, the power system gradually begins
to present the characteristics of a weak power grid. The system’s inertia decreases, leading to
problems in the stability of the power grid. In this paper, a virtual synchronous generator model with
a supercapacitor is analyzed. The supercapacitor provides additional virtual inertia to the system
and suppresses system frequency disturbances more quickly. Bifurcation theory is used to analyze
the nonlinear dynamics of the model. The bifurcation diagram of input active power is given in
this paper, and the phase portraits and sequence diagrams of the frequency and power angle are
presented to verify that, if the initial value of the system falls inside the stability region, the system
can remain stable. If the initial value of the system falls outside the stability region, conversely, the
system will lose stability. Finally, the simulation verifies the influence of the supercapacitor on the
system inertia. The results show that the recovery speed of a small capacitance system is faster than
that of a large capacitance system when disturbance occurs. It is concluded that, the smaller the
supercapacitor is, the greater the virtual inertia it can provide.

Keywords: nonlinear dynamics; frequency stability; virtual synchronous generator; supercapaci-
tor; bifurcation

1. Introduction

Renewable energy systems are developing rapidly, and intelligent and efficient con-
verters need to be used to realize the various functions required by new power systems. The
performance of the converter is directly related to the power quality. With the continuous
integration of renewable energy systems with traditional power grids, a large number of
nonlinear loads will be generated in the grids. Considering the long transportation lines
of the distribution network, transformer leakage inductance, and other factors, the power
grid presents weak grid characteristics [1,2]. Compared with conventional synchronous
generators, renewable energy units based on droop control lack a dynamic frequency
response and provide no support for the moment of inertia. With the continuous increase
in renewable energy penetration, the system frequency stability will continue to decline. To
solve the problem of the system inertia loss caused by droop control, some scholars have
proposed virtual synchronous generator (VSG) control. Reference [3] proposes a control
solution to realize the stable charging and discharging of the energy storage device by
using a VSG, so that the direct current (DC) energy storage device can be stably connected
to the AC (alternating current) microgrid and participate in grid frequency regulation.
Reference [4] shows the value range of the VSG’s virtual inertia and damping parameters
under the constraint of its energy storage capacity and analyzed the influence of the energy
storage charging and discharging power limit on the VSG’s primary frequency modulation
and performance. Reference [5] establishes the relationship between virtual inertia, virtual
impedance, and energy storage capacity, and selects appropriate parameters to maintain
the stability of the converter control system during power transmission. References [6–9]
propose that, on the basis of a VSG, the system adaptively change the VSG parameters in
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different response stages to obtain a better regulation effect and further exert the energy
storage frequency support capability. The application of the VSG in nonlinear systems has
gradually become a mature and effective control method.

Energy storage elements are required to maintain the stable, reliable, and efficient
operation of the VSG. Reference [10] proposes a “bottom-up” energy management strategy
based on multi-agent system. Each agent exchanges information through the communi-
cation network and determines its control mode by judging the status of its components
(solar cells, batteries, etc.). It relies on communication links and sacrifices control speed
and accuracy. Reference [11] proposes to manage the state of charge (SOC) of the battery
by automatically adjusting the current of the fuel cell and providing or absorbing a certain
amount of peak power by changing the current of the battery to maintain the stability of
the DC bus voltage, obviously increasing the input cost. Based on the above considerations,
supercapacitors (SC) can be used as energy storage devices. As an energy storage element
with unique properties, a SC uses the electrolyte between its two solid conductors as the
medium for energy storage. Therefore, it has a higher dielectric constant. In addition, its
losses can be almost negligible, and its life is long. Compared with lead-acid batteries,
which only have thousands of charge and discharge cycles, they can handle a large number
of cycles and provide a higher current. SCs have many advantages and have been applied
in many fields. For instance, they can be used as a backup power supply in electronic
products such as memory, computers, timers, etc. They can also be used as the main power
supply in electric toys, the starting power for internal combustion engines, and the auxiliary
power supply for solar cells [12]. Some photovoltaic systems use SCs to smooth power
fluctuations [13]. The development of SC has entered a mature period, and its commercial
market is also growing. More companies will focus on the production of SCs [14].

Small-signal based stability analysis is a classical method. It evaluates the stability
of the system by analyzing the distribution of eigenvalues related to the system state
matrix in the complex plane. When the real part of all feature values is negative, the
system is stable [15]. When the nonlinear process of the system leads to a large disturbance,
the system has an instability risk. Although the research is still in the preliminary stage,
it is still necessary to propose research on large signal modeling and stability analysis.
Typical methods include the energy function method, bifurcation theory, graphic analysis,
etc. [16]. Bifurcation theory plays an important role in the analysis of nonlinear systems.
It has a high theoretical research value and practical application value [17]. When the
dynamic parameter value exceeds the system’s stability range, the system’s behavior (such
as the number of equilibrium points, periodic motion, and stability) will change suddenly,
which often accompanied by chaos, fractals, mutation, etc. This phenomenon is called
bifurcation [18]. There are many types of bifurcation, such as Hopf bifurcation, period-
doubling bifurcation, etc. The essence of Hopf bifurcation is that the characteristic root
of the Jacobian matrix of the system has a pair of conjugate pure imaginary solutions.
The bifurcation diagram of period-doubling bifurcation has an obvious phenomenon of
one splitting into two. In the modern power system, due to the extensive application of
electrically powered devices and the use of various advanced nonlinear control systems,
power systems have become increasingly complex high-dimensional nonlinear systems.
Thus, the power system operates closer to the stability limit than before, and the operational
uncertainty increases. Reference [19] studied the transient response of three-phase VSGs
under the actual grid voltage drop and found the abrupt bifurcation phenomenon in the
system. The converter shows irreversible instability after descending. An increase of
the AC reactive current will have disastrous consequences for the system. The full-order
eigenvalue analysis and the analysis method based on the reduced order mixed potential
theory are used to reveal the physical origin of the large signal instability. The critical
parameters of the system are identified, and the instability boundary of the system is
determined. Reference [20] demonstrated a new instability scenario for grid voltage source
converter limit-induced bifurcation (LIB) caused by the reference current limitation of the
external control loop. When the current limit exceeds a certain critical value, the system may
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immediately become unstable, and LIB may occur when meeting this limit. Bifurcation
analysis is used to find the critical value of the dynamic parameters of the system, to
facilitate the stability analysis of the nonlinear system and to determine the value range of
the dynamic parameters.

According to the definition used in physics, inertia is an inherent attribute of an object
that represents the ability of an object to resist the impact of an external force after being
subjected to such an external force. Traditional power systems equipped with an SG have
high inertia and damping and can therefore remain stable under small disturbances. Inertia
can prevent a sudden change in the system frequency; that is, there is a kind of blocking
effect. The size of a unit’s inertia determines the size of the blocking effect of the unit on
a sudden change in frequency [21]. Strong inertia can make the SG stabilize the system
frequency under sufficient conditions and realize the active power balance. The existence of
damping reduces the impact on the SG when a load is suddenly added and removed. When
a frequency disturbance occurs in the system, the inertia hinders the frequency change
and the damping suppresses the system oscillation. The two complements help each other
to stabilize the grid. According to the current “source-grid-load-storage” power system
structure, load-side and storage measurements can also provide potential inertia, so the
integrated inertia of the current system is made up of the traditional SG inertia, load inertia,
and virtual inertia [22].

The system inertia of a traditional SG is abundant. The inertia of a traditional SG in
operation is represented by the amount of energy that hinders the rotation of the SG rotor.
When a frequency disturbance occurs, the rotating kinetic energy of the SG rotor is released
to provide inertia as support for the system. The other loads in the system also change
their operating state and load power according to their own characteristics and frequency
variations [23]. For new energy power systems, if the inertia simulation function is added
to the system converter, the system can adjust its frequency with the converter [21–24].
At present, the control of the converter is mainly divided into two categories: the current
tracking type and the voltage configuration. The current tracking type introduces the
system frequency change rate in the active power control link and regulates the system
power support through changes in the active power. The voltage configuration is to
introduce the rotor motion equation and electromagnetic transient equation in the control
link, and provide energy through the DC side system of the converter. These equations
simulate similar characteristics of the SG. In this paper, the voltage configuration control
method is used to simulate the rotor motion equation and realize the frequency regulation
of the system.

The rest of this paper is organized as follows: Section 2 introduces the virtual syn-
chronous generator model with a supercapacitor. Section 3 gives the bifurcation analysis of
the proposed model. Section 4 sets simulation conditions to explore the effect of DC side
capacitance on system frequency recovery. Section 5 summarizes this paper.

The contributions of this paper are as follows:

• Propose a SC-based VSG model for improving the frequency response speed.
• Calculate the stability region of the SC-based VSG model using bifurcation theory.

2. Nonlinear Dynamic Mathematical Model of the VSG with SC
2.1. VSG Control Strategy

The rotor motion equation of the traditional SG is the core idea of VSG control. In the
mathematical model of the SG, the mechanical part is described by the rotor mechanical
characteristic equation. Assuming that the mechanical loss is neglected, the corresponding
equation is shown in (1). It can be seen from (1) that it mainly reflects the mechanical rotary
inertia and damping characteristics of the synchronous generator rotor [25].

Js
.

ω = Tm − Te − Ds

(
ω − ωre f

)
(1)
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where ω − ωre f is the difference between the actual speed and the reference speed. Tm and
Te are the mechanical torque and electromagnetic torque of SG, Js is the inertia of the SG,
and Ds is the damping constant.

According to the governor and excitation regulation principle of the traditional SG,
the VSG includes active frequency control and reactive voltage control. It also adds the
moment of inertia and damping to enable it to display external characteristics similar to
those of the traditional SG. The active frequency control of the VSG is shown in (2). Its
principle is to change the output of the VSG by detecting the deviation of active power to
achieve frequency regulation.

Jv
.

ωm =
P − Pre f

ωm
− Dv

(
ωm − ωre f

)
(2)

where P − Pre f is the difference between actual power and reference power, ωm − ωre f is
the difference between the actual speed and the reference speed. Jv is the virtual inertia;
The damping constant Dv represents the adjustment degree of the frequency change to the
active power, which makes the VSG show the inhibition effect on the oscillation. Compared
with a synchronizer, the VSG shows a similar principle to that of the synchronizer. The
difference between the mechanical power and electromagnetic power of the synchronizer
corresponds to the difference between the actual power and reference power of the VSG.
The speed difference of the synchronizer corresponds to the VSG’s speed difference.

2.2. SC-Based VSG Modeling

The structural block diagram of the SC-based VSG is shown in Figure 1. The input
power is defined as Pin, and the output power after passing through the DC side is Pout.
A virtual impedance gain module Z(s) is added to provide the required impedance at the
output. The output reference voltage from the virtual damping module and the reactive
module minus the virtual impedance is divided by half of the DC side voltage (Vdc/2) to
form the modulation index of the inverter switch [26]. The energy of the system is provided
by the SC. The main reason for introducing the SC is that it can provide more than 105

charge and discharge processes, meaning that it has a better anti-aging effect than the
traditional battery energy storage system. In addition, the SC has a faster response speed
than traditional energy storage.
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Figure 1. Virtual synchronous generator with supercapacitor modeling.

2.2.1. Virtual Damping

The damping part (Pdp = D
(
ωg − ωm

)
) in the SG should be added to the VSG.

However, the point of application for Pdp is not available in the proposed controller. Pdp
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has to be applied differently and is translated into voltage amplitude, namely Vdp, which is
implemented at the output of the RPC block.

Vdp = −DVg
(
ωg − ωm

)
cos
(
δ − δg

)
(3)

where Vg is the grid voltage, and δg is the power angle of the power grid. By adding the
damping effect to the voltage amplitude, the simulation of the damping part of the VSG
control is realized.

2.2.2. RPC

It can be seen from Figure 1 that the damping is introduced into the output voltage E.
The reactive power control module adopts a voltage droop control, and the control block
diagram is shown in Figure 2.{

Qre f = Qn − kv
(
Vg − Vn

)
.
E = kq

(
Qre f − Q

) (4)

where Qre f and Qn are the reference value and real value of the reactive power in the
system, respectively.
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The voltage amplitude within the SG is proportional to the speed. However, droop
control allows the voltage amplitude to be determined by the droop controller, and the
dependence of voltage on speed is eliminated. This is why the internal voltage in the VSG
proposed in this paper is not dependent on the speed, but is directly controlled through the
RPC link.

2.2.3. SC Model

This paper adopts the classic energy storage model of the SC, namely the resistance
capacitance (RC) model [13], as shown in Figure 1. The two triodes in the figure play a
filtering role to ensure that the output terminal is DC voltage. According to Kirchhoff’s
voltage law, the mathematical model of the SC can be obtained:

Usc = IscRsc +
1

Csc

∫
Iscdt (5)

where Usc is the output voltage of the SC. Isc is the charge-discharge current of the SC,
Rsc is the equivalent resistance, Csc is the equivalent capacitance, and Cdc is the DC side
capacitance of the system.

There are three cycle operation modes for SCs. In the first, the SC is kept in the constant
DC charging mode until the terminal voltage of the SC is saturated, and then the terminal
voltage is kept stable by discharging. This mode is called the energy storage mode. In the
second, when the voltage provided by the power grid system is interrupted or dropped, the
electric energy stored by the SC will supply power to the load through the DC converter. In
this mode, which is called the constant voltage operation mode, the SC is in the discharge
state. In the third, the SC does not operate; that is, there is no energy flow. This mode is
called the standby holding mode.

The inertial energy of the VSG is obtained from the capacitance on the DC side of
the converter. Part of the inertial energy can be directly supplied by the input source, if
the time constant of the input source allows it. Assuming that the inertia required by the
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system is Jt, the virtual inertia provided by the DC side capacitor of the converter J = KC,
where the gain K = kk0, the parameter k depends on the allowable swing range of the DC
voltage, and the parameter k0 depends on the rated value of the DC voltage Vdcn. In other
words, to have the same inertia as the traditional SG, the required capacitance value needs
to be determined as C = J/K when setting the capacitance value.

In general, the inertia provided by the capacitor to the system is changed by changing
the DC terminal voltage. This indicates that there is a relationship between the value
of the capacitor and the inertia that can be provided to the system. Assuming that the
inertia provided by the input terminal is Jin, the converter system equation can be further
rewritten as

Pin − Pout = Jtωm
.

ωm = Jωm
.

ωm + Jinωm
.

ωm (6)

The VSG system model with SC can be expressed in the form of the following set of
equations containing six sets of state variables (ωm, E, δ, id, iq, Vdp), as shown in (7).

For each given active power input (Pin) and reactive power input (Qn), the equilibrium
point can be obtained by linearizing the nonlinear system model through the Jacobian
matrix. Assume that the grid frequency and voltage are rated, i.e., Vg = Vn, ωm0 = ωg =
ωre f , Vdp0 = 0, the equilibrium point of the system model becomes (ωm0, E0, δ0, id0, iq0,
Vdp0) and the Jacobian matrix is given below.

The initial value of the output voltage is expressed as

E2
0 = Y + V +

√
(Y + V)2 − Y2 − Y2, Y = RPin + LωgQn, Y = LωgPin − RQn, V = 0.5V2

g

.
ωm =

∫
Iscdt

(Usc−IscRsc)k
Pin−Eid−Vdpid

Vdcn+k(ωm−ωre f ).
E = kq

(
Qn + kv

(
Vn − Vg

)
+ Eiq

)
.
δ = ωg − ωm
.
id = − R

L id +
1
L

(
E + Vdp

)
− 1

L vcd + ωmiq
.
iq = − R

L iq − 1
L vcq − ωmid.

Vdp = − 1
τ Vdp − 1

τ DVg
(
ωg − ωm

)
cos δ

(7)



0 −id0×
∫

Iscdt
(Usc−IscRsc)kVdcn

0 −E0×
∫

Iscdt
(Usc−IscRsc)kVdcn

0 −id0×
∫

Iscdt
(Usc−IscRsc)kVdcn

0 kqiq0 0 0 kqE0 0
−1 0 0 0 0 0
iq0

1
L 0 − R

L ωm0 − 1
L

−id0 0 0 −ωm0 − R
L 0

D
τ Vg cos δ0 0 0 0 0 − 1

τ


3. Bifurcation Analysis

In this section, bifurcation theory is adopted to analyze the nonlinear dynamics of
the power angle and damping voltage. The initial condition of the system is set as y0 =
[377, 828, 0.054, 5.5,−0.9, 0]. Some of the system parameters are given in Table 1.

Table 1. Parameters of the VSC.

Parameter Symbol Value

DC side voltage rating Vdcn 430 V
DC side capacitor Cdc 880 µF
Damping constant D 0.05

Grid frequency f 60 Hz
Power factor cos ϕ 0.68

The bifurcation diagram for the active power Pin is shown in Figure 3. The solution
changes suddenly at Pin = 470.74 W, which implies that the system bifurcates at that point.
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When Pin ≤ 470.7 W, the power angle converges to δ = −1 after a short oscillation. This
indicates that the system is stable. When Pin ≥ 470.8 W, it can be seen in the Figure 3 that
the power angle value starts to drop, which indicates that the system becomes unstable.
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Figure 4a,b are the phase portraits of δ − ωm and Vdp − ωm. When Pin = 470.7 W,
the trajectory in Figure 4a approaches the stable equilibrium point eventually. When
Pin = 470.8 W, the trajectory is attracted by the saddle point and separated from the stable
equilibrium point gradually. The blue line in Figure 4b is the trajectory on the phase plane
Vdp − ωm, when Pin = 470.7 W. It can be seen that the trajectory slowly converges to the
stable equilibrium point. When Pin = 470.8 W, the trajectory ultimately breaks away from
the stable equilibrium point, which implies that the system becomes unstable.
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Figure 4. Phase portraits of frequency-power angle and frequency-damping voltage.

Figure 5a,b are sequence diagrams of the power angle. When Pin = 470.7 W, the power
angle approaches the equilibrium point δ0 = −1. When Pin = 470.8 W, the power angle
breaks away from the stable equilibrium point, which corresponds to the sequence diagram,
in which it starts to vibrate and then falls.

Figure 5c corresponds to the voltage sequence diagram when Pin = 470.7 W, and
Figure 5d corresponds to the voltage sequence diagram when Pin = 470.8 W. When
Pin = 470.7 W, the voltage value converges to the stable value 0 and finally tends to a
steady state, as shown in Figure 5c. While Pin = 470.8 W, the voltage value starts to diverge
and oscillate continuously after t = 1 s. The sequence diagrams of the power angle and
voltage coincide with the stability intervals in the bifurcation diagram in Figure 3 and
phase portraits in Figure 4.
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Figure 5. Sequence diagrams of power angle and damping voltage.

The structure and initial point of the system will change when the disturbance occurs
in the system. If the initial value of the system falls inside the stability region, the system
can remain stable through oscillation; that is, it has a certain anti-interference ability. If the
initial value of the system falls outside the stability region, the system will lose stability.

4. Simulation

To verify the model proposed previously, this paper uses MATLAB/Simulink software
to simulate and verify whether the system can inhibit the frequency disturbance and the
extent to which the supercapacitance can inhibit the frequency disturbance of the system.
Some simulation parameters are shown in Table 2:

Table 2. System Parameters.

Parameters Symbols Value

DC side voltage rating Vdcn 430 V
DC side capacitor Cdc 750 µF

Grid voltage Vg 169.71 V
Grid frequency f 60 Hz
Active power Pin 142.65 W

Reactive power Qn 0.01 Var

A group of initial points in the system is set as (377.1, 0.0055, −4.56, −5.28, −1.81,
−24.60). To simplify the simulation, the SC operates in the constant voltage mode after the
system is disturbed. To verify the effect of the model on the frequency disturbance of the
power grid, the proposed model is simulated in the following scenarios:

1. 0 s < t < 5 s, the system starts and operates normally;
2. 5 s < t < 8 s, the system frequency drops 0.1 Hz;
3. 8 s < t < 11 s, the system frequency rises 0.1 Hz;
4. 11 s < t < 14 s, the system adds 255 W active power and 255 Var reactive power;
5. 14 s < t < 17 s, the system reduces 100 W active power.
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The simulation results are shown in Figure 6, where Figure 6a is the partial simulation
diagram of the system with a frequency of falling and rising, and Figure 6b is the partial
simulation diagram of the system with inrush and power reduction. It can be observed
from Figure 6 that the controller can stably respond to the transient disturbance of the
power grid, and, on this basis, it is stable at a new working point. This is because, when the
input power jumps, the controller adjusts the power output so that the system frequency
will maintain the current steady-state value. When active and reactive power is added to
the system, the controller can also act quickly and restore the unit frequency to stability as
soon as possible.
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Figure 6. System Frequency Simulation Diagram.

To verify that VSG control with a supercapacitor has a faster corresponding speed,
the system with and without a supercapacitor is simulated and compared under the same
conditions. When t = 5 s, the system has a 0.1 Hz frequency drop, and the result is shown
in Figure 7. It can be seen from Figure 7 that the system with a supercapacitor can quickly
reach the stability value after a frequency drop. The system without a supercapacitor
can also recover to the stability value, but its recovery speed is not as fast as that of the
other system. This is because the discharge speed of the supercapacitor is faster, and it can
quickly transfer energy to the system in case of disturbance.
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Figure 7. Comparison between supercapacitor and non-supercapacitor under frequency disturbance.

To verify the influence of the supercapacitor of the converter on the system inertia,
a simulation experiment is carried out by changing the capacitance value to observe
the regulating effect of different capacitance sizes on the system frequency in cases of
disturbance. The variation range of the capacitance value is between 740 µF and 1.55 mF
under the parameters of Table 2, which is verified by bifurcation analysis. The simulation
results are shown in Figures 8 and 9. The red line capacitance value in Figure 8 is still
750 µF. The blue line capacitance is 950 µF. The green line capacitance is 1.5 mF. It can be
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seen from Figure 8a that, after the system frequency drops 0.1 Hz at t = 5 s, capacitors of
various capacities can well maintain the system frequency at a certain value. However, if
the capacitance value is larger, the system recovery speed will be slower, and the inertia
provided by the supercapacitor will be smaller. Figure 8b shows the results when the
system frequency rises at t = 8 s. The system frequency change after the system’s inrush
of reactive and active power is shown in Figure 9. It can be seen from the Figure 9 that
the smaller the capacitance value is at t = 11.02 s, the easier it is to suppress the frequency
change and the faster the frequency stabilizes.
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5. Conclusions

This paper studies the characteristic of the SC-based VSG model, which provides DC
voltage to the system with its excellent energy storage advantage. The system uses the
supercapacitor to provide virtual inertia to suppress frequency disturbances in the system.
Bifurcation diagrams are presented to illustrate the dynamics of the system. The results
show that the supercapacitor in the system can provide virtual inertia to the grid, and
the magnitude of the virtual inertia is related to the supercapacitance. The smaller the
supercapacitance, the faster the system recovers after a frequency disturbance, which also
proves that the smaller supercapacitor can provide more virtual inertia to the system. The
inadequacy of this study is that, when the system frequency is disturbed due to a sudden
influx of active and reactive power in the power grid, the system cannot highlight the faster
response speed caused by the change of capacitance. How to quickly restrain the inflow
and outflow of power is the focus of the next stage of our research.
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13. Şahİn, M.E.; Blaabjerg, F.; Sangwongwanİch, A. Modelling of supercapacitors based on simplified equivalent circuit. CPSS Trans.
Power Electron. Appl. 2021, 6, 31–39. [CrossRef]

14. Hu, C.C.; Chen, W.C.; Chang, K.H. How to Achieve Maximum Utilization of Hydrous Ruthenium Oxide for Supercapacitor. J.
Electrochem. Soc. 2004, 151, A281–A282. [CrossRef]

15. Wang, X.; Taul, M.G.; Wu, H.; Liao, Y.; Blaabjerg, F.; Harnefors, L. Grid-Synchronization Stability of Converter-Based Resources—
An Overview. IEEE Open J. Ind. Appl. 2020, 1, 115–134. [CrossRef]

16. Xiong, L.; Liu, X.; Liu, Y.; Zhuo, F. Modeling and stability issues of voltage-source converter dominated power systems: A review.
CSEE J. Power Energy Syst. 2015, 8, 1530–1549.

17. Lazaros, L.; Christos, V.; Ioannis, S. Antimonotonicity, Hysteresis and Coexisting Attractors in a Shinriki Circuit with a Physical
Memristor as a Nonlinear Resistor. Electronics 2022, 11, 1920.

18. Xia, J.; Mi, X. Bifurcation Analysis for Power System Voltage Stability Based on Singular Perturbation Method. In Proceedings of
the 2007 International Conference on Electrical Machines and Systems (ICEMS), Seoul, Republic of Korea, 8–11 October 2007;
pp. 1811–1814.

19. Huang, M.; Peng, Y.; Tse, C.K.; Liu, Y.; Sun, J.; Zha, X. Bifurcation and Large-Signal Stability Analysis of Three-Phase Voltage
Source Converter Under Grid Voltage Dips. IEEE Trans. Power Electron. 2017, 32, 8868–8879. [CrossRef]

20. Xing, G.; Min, Y.; Chen, L.; Mao, H. Limit Induced Bifurcation of Grid-Connected VSC Caused by Current Limit. IEEE Trans.
Power Syst. 2021, 36, 2717–2720. [CrossRef]

21. Ma, J.; Qiu, Y.; Li, Y.; Zhang, W.; Song, Z.; Thorp, J.S. Research on the Impact of DFIG Virtual Inertia Control on Power System
Small-Signal Stability Considering the Phase-Locked Loop. IEEE Trans. Power Syst. 2017, 32, 2094–2105. [CrossRef]

22. Schiffer, J.; Aristidou, P.; Ortega, R. Online Estimation of Power System Inertia Using Dynamic Regressor Extension and Mixing.
IEEE Trans. Power Syst. 2019, 34, 4993–5001. [CrossRef]

23. Best, R.J.; Brogan, P.V.; Morrow, D.J. Power System Inertia Estimation Using HVDC Power Perturbations. IEEE Trans. Power Syst.
2021, 36, 1890–1899. [CrossRef]

http://doi.org/10.3390/electronics11203322
http://doi.org/10.3390/electronics11203270
http://doi.org/10.1109/TEC.2016.2623982
http://doi.org/10.1186/s41601-017-0070-0
http://doi.org/10.1016/j.renene.2009.02.029
http://doi.org/10.1109/TVT.2007.901929
http://doi.org/10.1021/nl061576a
http://doi.org/10.24295/CPSSTPEA.2021.00003
http://doi.org/10.1149/1.1639020
http://doi.org/10.1109/OJIA.2020.3020392
http://doi.org/10.1109/TPEL.2017.2648119
http://doi.org/10.1109/TPWRS.2021.3053142
http://doi.org/10.1109/TPWRS.2016.2594781
http://doi.org/10.1109/TPWRS.2019.2915249
http://doi.org/10.1109/TPWRS.2020.3028614


Sustainability 2023, 15, 1248 12 of 12

24. Wang, X.; Ding, L.; Ma, Z.; Azizipanah-Abarghooee, R.; Terzija, V. Perturbation-Based Sensitivity Analysis of Slow Coherency
with Variable Power System Inertia. IEEE Trans. Power Syst. 2021, 36, 1121–1129. [CrossRef]

25. Shi, K.; Song, W.; Ge, H.; Xu, P.; Yang, Y.; Blaabjerg, F. Transient Analysis of Microgrids with Parallel Synchronous Generators and
Virtual Synchronous Generators. IEEE Trans. Energy Convers. 2020, 35, 95–105. [CrossRef]

26. Khajehoddin, S.A.; Karimi-Ghartemani, M.; Ebrahimi, M. Grid-Supporting Inverters with Improved Dynamics. IEEE Trans. Ind.
Electron. 2019, 66, 3655–3667. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/TPWRS.2020.3020837
http://doi.org/10.1109/TEC.2019.2943888
http://doi.org/10.1109/TIE.2018.2850002

	Introduction 
	Nonlinear Dynamic Mathematical Model of the VSG with SC 
	VSG Control Strategy 
	SC-Based VSG Modeling 
	Virtual Damping 
	RPC 
	SC Model 


	Bifurcation Analysis 
	Simulation 
	Conclusions 
	References

