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Abstract: Renewable energy sources are connected to the grid through inverters, resulting
in reduced grid inertia and poor stability. Traditional grid-connected inverters do not have
the function of voltage and frequency regulation and can no longer adapt to the new
development. The virtual synchronous generator (VSG) has the function of voltage and
frequency regulation and has more outstanding advantages than the traditional inverter.
Based on the principle of the VSG, the relationship between energy storage capacity,
frequency response and output power of the VSG is derived, and the relationship between
the virtual inertia coefficient, damping coefficient and frequency characteristics of the VSG
and output power is revealed. The mathematical model is established and modeled using
the Matlab/Simulink simulation software, and the simulation results verify the relationship
between energy storage capacity and frequency response and the output power of the VSG.
Key words: damping coefficient, energy storage capacity, inertia coefficient, virtual syn-
chronous machine

1. Introduction

With the rapid development of new energy sources, new energy sources represented by
photovoltaic and wind power have been widely used [1–3]. However, due to the constraints of
power output characteristics, new energy sources are generally grid-connected through power
electronic interface devices. Therefore, this type of new energy is categorized as an inverter-
based power supply [4, 5]. At present, these new energy sources are mainly grid-connected
through inverters, which do not have the inertia and damping characteristics that generators
have. The virtual synchronous generator (VSG) can simulate the inertia and damping inertia of
synchronous generators, and it has been widely studied and applied once it was proposed [6, 7].
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The VSG does not have a rotor, and mainly uses control algorithms to simulate the rotor generated
rotational inertia and damping. The VSG achieves grid connection by simulating the actual output
characteristics to achieve grid integration, which makes the stability of the grid consistent with
that of conventional generators and facilitates the operation and management of the grid. The
inertia and damping are mainly determined by the control algorithm of the inverter and the
parameters of the energy storage device. There are more studies on the control algorithm and
stability of the VSG, and less studies on the relationship between VSG parameters and energy
storage device [8–10].

The literature [11] summarizes the principle models of various VSGs. The literature [12]
proposes a power quality control strategy based on a small-signal virtual synchronizer micro-
grid. Reference [13] proposes a control strategy to improve the receiver-side converter of virtual
synchronous machines. Reference [14] proposes a VSG frequency control strategy based on dig-
ital frequency protection to improve frequency stability and maintain dynamic safety of inertial
systems. Reference [15] proposes an inertial fuzzy control that can dynamically adjust the iner-
tia. References [16, 17] analyzed the effect of inertia and damping on the system performance
by comparing the VSG control algorithm with the control algorithm of a conventional inverter.
References [18–23] analyze the improved VSG control algorithm and its performance. Refer-
ence [24–26] analyze the strategy of virtual inertia distribution regulation for multi-VSG systems.
The parameters of the VSG require not only the setting of the control algorithm, but also the
support of the energy storage capacity, and most of the references mentioned above does not
examine the influence of energy storage. Reference [7] investigates the methods of energy storage
configuration in different settings to find the optimal energy storage configuration scheme, but
does not account for the need of energy storage in terms of inertia and damping. Reference [27]
investigated the energy storage model and the power control method for charging and discharging
for PV applications of the VSG, but has not yet derived the capacity requirements of the VSG
inertia and damping with respect to energy storage. Reference [28] investigated the optimal con-
figuration structure of cells for energy storage systems, but has not yet calculated the inertia and
damping of the VSG in relation to the capacity of the energy storage setup.

The capacity of the energy storage device has a very important influence on the design
of the VSG. In this paper, we analyze the relationship between the energy storage capacity of
the VSG and frequency response and output power, we also analyze the effect on frequency
response and output power under different inertia and damping coefficients, as well as derive the
corresponding relationship equation. The results can be used in the design of VSG parameters
and the configuration of energy storage devices.

2. VSG mathematical modeling

Synchronous generators have rotors with a certain rotational inertia, so the system does not
have a sudden change in frequency over a short period of time. The VSG, on the other hand,
introduces virtual rotational inertia control in the control algorithm of the inverter to simulate the
rotor inertia of the synchronous generator [29]. The mechanical rotation equation of the virtual
synchronous generator is shown in Eq. (1).

𝐽
d𝜔
d𝑡

= 𝑇𝑠 − 𝑇𝑒 − 𝐷 (𝜔 − 𝜔0), (1)
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where: 𝑇𝑠 is the mechanical torque; 𝑇𝑒 is the electromagnetic torque; 𝐷 is the damping factor; 𝐽 is
the rotational inertia; 𝜔 is the actual rotor angular velocity; 𝜔0 is the rated rotor angular velocity.

Define the mechanical power as shown in Eq. (2).

𝑃𝑠 = 𝑇𝑠 · 𝜔0 . (2)

Define the electromagnetic power as shown in Eq. (3).

𝑃𝑒 = 𝑇𝑒 · 𝜔0 . (3)

From Eqs. (1)–(3), we can obtain Eq. (4).

𝐽
d𝜔
d𝑡

=
𝑃𝑠

𝜔0
− 𝑃𝑒

𝜔0
− 𝐷 (𝜔 − 𝜔0). (4)

The VSG simulates the rotor motion equation of the synchronous generator mainly by control-
ling the control algorithm of the inverter, (4). The rotational inertia and damping characteristics of
the synchronous generator are simulated. The stability and sag characteristics of the VSG output
voltage and frequency are achieved. The schematic diagram of the VSG is shown in Fig. 1.

Virtual Synchronous 
Generator
DC/AC

Distributed 
Power AC 

Grid

Energy storage 
equipment

Pin Pout

P
es

Fig. 1. Diagram of VSG system

In the figure: 𝑃out is the output power; 𝑃in is the input power; 𝑃es is the charging and
discharging power of the energy storage device; 𝑢𝑎, 𝑢𝑏 , 𝑢𝑐 are the three-phase voltages of the
output; 𝑢𝑔𝑎, 𝑢𝑔𝑏 , 𝑢𝑔𝑐 are the three-phase voltages of the grid;𝑈𝑑𝑐 is the input DC bus voltage.

Consider that the angular frequency of the induced electric potential is the same as the rotor
rotating mechanical angular frequency when the pole logarithm of the VSG is 1. From Eq. (4),
Eq. (5) is obtained.

𝑃in − 𝑃out = 𝐽𝜔0
d𝜔
d𝑡

+ 𝐷𝜔0 (𝜔 − 𝜔0), (5)

where: 𝐽 is the rotational inertia of the VSG; 𝐷 is the damping coefficient of the VSG.
Use 𝑃in0 to denote the rated input power of the VSG and 𝑃out0 to denote the rated output

power of the VSG.
Let Δ𝜔 = 𝜔−𝜔0, Δ𝑃in = 𝑃in−𝑃in0, and Δ𝑃out = 𝑃out−𝑃out0. Then Δ𝜔 denotes the difference

between the output angular frequency and the rated angular frequency of the VSG. Δ𝑃in denotes
the difference between the actual input power and the rated input power of the VSG. Δ𝑃out denotes
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the difference between the actual output power and the rated output power of the VSG. Therefore,
from Eq. (5), Eq. (6) is obtained as follows:

𝑃in0 + Δ𝑃in − 𝑃out0 − Δ𝑃out0 = 𝐽𝜔0
d (𝜔0 + Δ𝜔)

d𝑡
+ 𝐷𝜔0Δ𝜔. (6)

Equations (7) and (8) are obtained when the VSG is operated under rated steady-state operating
conditions.

𝜔 = 𝜔0 , (7)

𝑃in0 = 𝑃out0 . (8)

Equation (9) can be obtained from Eqs. (6)–(8).

Δ𝑃in − Δ𝑃out = 𝐽𝜔0
dΔ𝜔
d𝑡

+ 𝐷𝜔0Δ𝜔. (9)

The output active power of the generator can be expressed as Eq. (10).

𝑃out = 3
𝑈𝑈𝑔

𝜔𝐿
sin 𝛿, (10)

where:𝑈 denotes the 𝑢𝑎, 𝑢𝑏 and 𝑢𝑐 rms values;𝑈𝑔 denotes the 𝑢𝑔𝑎, 𝑢𝑔𝑏 and 𝑢𝑔𝑐 rms values. Let
Δ𝑈 = 𝑈 −𝑈0, Δ𝛿 = 𝛿 − 𝛿0; 𝑈0 denotes the rated values of 𝑢𝑎, 𝑢𝑏 and 𝑢𝑐; 𝛿0 denotes the rated
power angle of the VSG. Without considering the variation of the VSG output voltage and the
grid voltage, Eq. (11) can be obtained as follows:

𝑃out0 + Δ𝑃out = 3
𝑈𝑈𝑔

𝜔𝐿
sin(𝛿0 + Δ𝛿). (11)

Since Δ𝛿 is small, then we have cosΔ𝛿 ≈ 1, sinΔ𝛿 ≈ Δ𝛿 and 𝜔0 + Δ𝜔 ≈ 𝜔0. Thus, Eq. (12)
can be obtained as follows:

𝑃out0 + Δ𝑃out = 3
𝑈𝑈𝑔

𝜔0𝐿
sin 𝛿0 + 3

𝑈𝑈𝑔

𝜔0𝐿
cos 𝛿0Δ𝛿. (12)

When𝑈 and𝑈𝑔 are constant, because 𝑃out0 = 3
𝑈0𝑈𝑔

𝜔0𝐿
sin 𝛿0, Eq. (13) can be obtained.

Δ𝑃out = 3
𝑈0𝑈𝑔

𝜔0𝐿
cos 𝛿0Δ𝛿. (13)

Let 𝐾 = 3
𝑈0𝑈𝑔

𝜔0𝐿
cos 𝛿0 be the synchronization factor of the VSG. Then Eq. (13) can be

expressed as Eq. (14).
Δ𝑃out = 𝐾Δ𝛿. (14)

The amount of change of the VSG power angle can be expressed as Eq. (15).

Δ𝛿 =

𝑡∫
0

(Δ𝜔 − Δ𝜔𝑔) d𝑡, (15)

where: Δ𝜔𝑔 = 𝜔𝑔 − 𝜔0, 𝜔𝑔 is the grid frequency.
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Equations (9), (14) and (15) represent the small-signal time-domain mathematical model of
the VSG, and the Laplace transform is applied to it to obtain the small-signal frequency-domain
mathematical model of the VSG, as shown in Eqs. (16)–(18).

Δ𝑃in − Δ𝑃out = 𝐽𝜔0Δ𝜔𝑠 + 𝐷𝜔0Δ𝜔, (16)

Δ𝑃out = 𝐾Δ𝛿, (17)

Δ𝛿 =
Δ𝜔

𝑠
. (18)

The block diagram of the transfer function of the VSG can be obtained according to
Eqs. (16)–(18), as shown in Fig. 2.

Fig. 2. Small signal model of VSG

Equation (19) can be obtained from Fig. 1.

𝑃in = 𝑃out + Δ𝑃es = 𝑃in0 + Δ𝑃in = Δ𝑃es + 𝑃out0 + Δ𝑃out . (19)

As a result, the charging and discharging power of the energy storage device can be obtained
as in Eq. (20).

Δ𝑃es = Δ𝑃in − Δ𝑃out . (20)

The inertial response and FM response of the VSG are shown in Fig. 3. Throughout the
frequency response, the rates of change amplitude, peak frequency, regulation time and steady-
state frequency of the system appear sequentially in time order.

Frequency event

Inertial 
response

Frequency 
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New 
equilibrium

Frequency nadir

Settling 
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Fig. 3. Inertial response and frequency modulation response of VSG
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3. Frequency response and output power of VSG as a function
of energy storage capacity

The energy storage device is related to the inertia coefficient and damping coefficient of the
VSG. The configuration of the VSG energy storage parameters is mainly based on the actual
demand to determine the inertia coefficient and damping coefficient. Then the demand of energy
storage is determined according to the parameters of the VSG and output power. The following
is an analysis of the two main aspects of the frequency response and the relationship between
output power and energy storage.

3.1. Relationship between VSG frequency response and energy storage capacity

The effects of input power disturbance and grid frequency variation are not considered. Based
on Fig. 2, the relationship between the frequency response and energy storage capacity is shown
in Eq. (21).

Δ𝜔

Δ𝑃es
=

1
𝐽𝜔0𝑠 + 𝐷𝜔0

. (21)

Equation (21) indicates that the system can adjust the VSG power angle by adjusting the
frequency 𝜔 for a first-order system.

The time constant 𝑇 is shown in Eq. (22).

𝑇 =
𝐽

𝐷
. (22)

The inverse Laplace transform of the step response of the transfer function of Eq. (21) yields
Eq. (23).

Δ𝜔 = Δ𝑃es
1 − 𝑒−𝐷

𝐽
𝑡

𝐷𝜔0
. (23)

The derivative of Eq. (23) shows that the function is monotonic and takes extreme values at
the t infinity. The maximum value of Δ𝜔 can be obtained as shown in Eq. (24).

Δ𝜔max = Δ𝑃es
1

𝐷𝜔0
. (24)

From Eq. (24), we can see that the larger the damping factor 𝐷, the smaller the frequency
variation of the VSG and the better the stability.

3.2. Relationship between VSG output power and energy storage capacity

The relationship between the output power and energy storage capacity is shown in Eq. (25).

Δ𝑃out
Δ𝑃es

=
𝐾

𝐽𝜔0𝑠2 + 𝐷𝜔0𝑠
. (25)
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Equation (25) is a second-order system. The angular frequency of the oscillation 𝜔𝑛 and the
damping ratio 𝜁 of this transfer function are shown in Eq. (26).

𝜔𝑛 =

√︂
𝐾

𝐽𝜔0

𝜁 =
𝐷

2

√︂
𝜔0
𝐽𝐾

. (26)

The inverse Laplace transform of the step response of the transfer function of Eq. (25) yields
Eq. (27).

Δ𝑃out = Δ𝑃es
𝐽𝐾

𝐷2𝜔0

(
𝐷

𝐽
𝑡 − 1 + 𝑒−𝐷

𝐽
𝑡

)
. (27)

From Eq. (27), it can be seen that when the input power is constant, the energy storage capacity
is larger. The more power can be output, the larger the energy storage capacity can ensure the
stability of the output power.

4. Simulation analysis

To verify the relationship between the charging and discharging power and capacity parameters
of the energy storage device, the inertia coefficient and damping coefficient of the VSG are studied.
A model is built in Matlab/Simulink for simulation. The relevant parameter settings are shown in
Table 1.

Table 1. Parameters of VSG

Parameter name Unit Value

𝐽 kg·m2 56.3

𝐷 N·m·s 2073.9

𝐾 W·rad−1 6 × 106

𝜔0 rad·s−1 100𝜋

𝑈0 kV 6.6

For VSG simulation, Δ𝑃es is set to 1 MW.

4.1. Verification of the relationship between VSG frequency response
and energy storage capacity
The simulation curve of the frequency response versus energy storage capacity is shown in

Fig. 4.
The simulation results in Fig. 4 verify Eq. (24).
The VSG selected the parameters shown in Table 1, changed 𝐽 and 𝐷, and simulated the

frequency response. The results are shown in Fig. 5.



902 Baoge Zhang et al. Arch. Elect. Eng.

1.53

Maximum frequency perturbation calculated value

Frequency disturbance simulation curve
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Fig. 4. Simulation diagram of frequency characteristics of VSG

(a) 𝐽 changes

(b) 𝐷 changes

Fig. 5. Effect of VSG parameters on frequency characteristics
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As can be seen from Fig. 5, the smaller the inertia coefficient 𝐽 is, the shorter the time required
for frequency tuning. However, the smaller the inertia coefficient 𝐽 is, the greater the rate of change
of the initial frequency adjustment. If high-frequency interference occurs in the input power, the
inertia coefficient is too small, which will lead to violent oscillation of the VSG frequency and
the performance becomes poor. Therefore, in order to enhance the anti-interference capability,
the inertia coefficient should not be too small. The larger the damping factor 𝐷, the shorter the
frequency adjustment time, the better the anti-interference performance of the VSG.

The VSG selects the parameters in Table 1 and varies Δ𝑃es. The frequency response is
simulated and the results are shown in Fig. 6.

Fig. 6. Simulation of frequency response under different energy storage capacity

As can be seen from Fig. 6, when the stored energy becomes larger, the frequency response
takes longer to reach stability, and the time required for frequency stabilization is longer when
the stored energy capacity is larger.

4.2. Verification of the relationship between VSG output power and energy storage capacity
The simulation curve of the VSG output power versus the energy storage capacity using the

parameters in Table 1 is shown in Fig. 7.

Fig. 7. Simulation of VSG output power and energy storage device capacity
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Equation (27) verifies the value of the simulation results in Fig. 7.
The VSG selects the parameters in Table 1 and varies 𝐽 and 𝐷. The output power is simulated

and the results are shown in Fig. 8.

(a) 𝐽 changes

(b) 𝐷 changes

Fig. 8. Effect of VSG parameters on output power

As can be seen from Fig. 8, the larger the inertia coefficient 𝐽, the smaller the power output
in the same time. The larger the inertia coefficient 𝐽, the greater the power output. The larger the
damping coefficient 𝐷, the smaller the power output in the same time. The smaller the damping
factor 𝐷, the greater the power output in the same time. Therefore, if you want to increase the
output power, you can adjust the inertia coefficient and damping coefficient. If you want to reduce
the output power, you can adjust the inertia coefficient and damping coefficient.

The VSG selects the parameters in Table 1 and varies the Δ𝑃es. The output power is simulated
and the results are shown in Fig. 9.
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Fig. 9. Simulation of output power under different energy storage capacity

As can be seen from Fig. 9, when the Δ𝑃es decreases, the corresponding output power
decreases. If the stability of the output power is to be improved, the energy storage capacity needs
to be increased.

5. Conclusion

In this paper, the relationship between the frequency characteristics, output power and energy
storage capacity of the VSG is derived in detail. The simulation was verified by Matlab/Simulink.
The results of the study show that:

1. In order to improve the anti-interference capability of VSG output power, the inertia
coefficient needs to be increased; to reduce the range of VSG frequency variation due to
grid frequency change, the damping coefficient needs to be increased. A larger capacity of
energy storage equipment is also required.

2. When the energy storage capacity of the VSG is insufficient, it will not be possible to
control the output of the VSG as expected and will cause voltage fluctuations. Therefore,
the actual design should meet the minimum charging and discharging requirements of the
VSG.

3. When the inertia coefficient and damping coefficient are smaller, the output power will be
larger, and it will meet the high-power output.

4. The VSG has the same output characteristics as a conventional synchronous generator,
justifying the establishment of a model that facilitates more efficient use of new energy
sources.
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