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Abstract: The DC distribution network is a low-inertia system, which is very sensitive to load distur-
bance, system failure, and other factors. By adding virtual capacitance to the converter connected
to the power supply, the virtual inertia of the DC power grid can be improved. Firstly, this paper
proposes a strategy for adjusting virtual capacitance based on the voltage change rate to achieve
adaptive control of virtual inertia, which enables the converter to quickly absorb or release energy
during power fluctuations. Secondly, the adaptivity of the strategy is improved and the main control
parameters in the proposed control method are qualitatively analyzed. Finally, the four-terminal
photovoltaic storage DC distribution network system is constructed. Through Simulink, the adaptive
virtual inertia control is incorporated on the battery side to simulate and validate the effectiveness of
the strategy and the rationality of parameter analysis. The results show that this method can provide
flexible and adjustable inertia support for DC grids and improve the voltage stability of DC grids.

Keywords: adaptive virtual inertia control; DC distribution network; virtual capacitor

1. Introduction

With the application and development of power electronics technology, the economic
and technological advantages of DC distribution network systems have been significantly
improved [1–5]. Compared with the AC grid, the DC grid connection does not need to go
through DC/AC conversion, which has fewer converter links and reduces the investment
and maintenance cost of the equipment, and there is no problem with frequency and power
angle stability [6]. However, the development of a DC distribution network is still in the
early stage, many operation and control technology problems need to be optimized and
solved [7], which is the key to ensuring power quality and system stability.

In the DC distribution network, only active power exists. The absence of inductive and
capacitive reactance in the DC system makes voltage the only measure of power balance in
the DC network [8]. Since the DC system is a low-inertia system, it is very sensitive to load
changes, system faults, and distributed energy outlets [9]. To ensure the stable operation
of the DC distribution network, it is necessary for the converter to take advantage of its
potential inertia to provide a certain amount of power support to enhance the ability of the
system to prevent sudden voltage changes [10,11].

Reference [12] proposes a VSG control method analogous to AC systems, which uses
fixed virtual inertia to suppress voltage fluctuations and effectively improves the voltage
quality. The method can be borrowed for DC distribution networks. References [13,14]
use a combination of virtual inertia and droop control to enhance the inertia of the DC
grid, effectively suppressing the fluctuation of the DC grid, but the virtual inertia value is
constant. In the above references, if the virtual inertia size can be adjusted dynamically, the
voltage quality can be further improved. Theoretically, larger virtual inertia can significantly
improve the system’s voltage quality, but too large virtual inertia will cause the system’s
dynamic response to become slower, which may lead to the instability of the system.
Therefore, the virtual inertia control techniques for DC distribution network systems need
to be improved.
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References [15,16] use virtual inertia segmented control, but it is unable to provide
protection in case of an excessive voltage change rate; it can be improved in terms of sup-
pressing large voltage rates. References [17–19] uses voltage hierarchical control to improve
power quality if combined with virtual inertia and voltage rate of change, the system’s tran-
sient stability is higher. The method can be applied to this paper. Reference [20] equates the
virtual capacitor to the droop control and presents the equivalent calculation method of the
virtual capacitor, which presents a new method to achieve adaptive control of virtual inertia,
but it is not intuitive enough to reflect the size of the virtual capacitor. An intuitive ex-
pression for virtual capacitance can be further investigated. References [21–23] introduced
virtual capacitance control on a converter connected to the power supply, which effectively
improved the flat wave rejection of the grid and enhanced the stability of the system. This
control method can be introduced to the battery side of the DC distribution network.

To provide flexible and adjustable inertia support for the DC grid to deal with a series
of problems such as random load fluctuation and fault impact, it is necessary to further
study the control method for virtual capacitance. The control strategy is based on the
voltage change rate and can flexibly adjust the size of the virtual capacitance, according to
which, an improved virtual capacitance adaptive control is proposed.

Firstly, the topology of the DC grid is designed and presented, in which the control
strategy of each of its converter units is described. Secondly, this paper introduces the
concepts of grid inertia and virtual capacitance, presents an intuitive virtual capacitance
calculation method, and estimates the maximum and minimum virtual capacitance values
based on converter power margins. Thirdly, an adaptive virtual capacitance control strategy
based on the voltage change rate is proposed, in which the parameter’s self-adaptation is
qualitatively analyzed. Finally, adaptive virtual inertia control is introduced to the battery
side, and the proposed method is examined by Simulink to test whether it effectively
improves the voltage quality and stability of the system.

2. DC Distribution Network Topology

The four-terminal distribution network based on the VSC studied in this paper is
shown in Figure 1. The system consists of an AC power grid, photovoltaic system, energy
storage system, and load system.
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Figure 1. Schematic diagram of the four-terminal DC distribution network structure. 

The system consists of four main components: 
(a) Grid-connected converter: The AC grid is connected to the AC grid through the con-

verter G-VSC, which adopts droop control and controls the DC bus voltage together 
with B-DC. 

(b) Distributed power: The PV array is connected to the DC grid by converter P-DC, 
which adopts maximum power tracking (MPPT). 

Figure 1. Schematic diagram of the four-terminal DC distribution network structure.

The system consists of four main components:

(a) Grid-connected converter: The AC grid is connected to the AC grid through the con-
verter G-VSC, which adopts droop control and controls the DC bus voltage together
with B-DC.

(b) Distributed power: The PV array is connected to the DC grid by converter P-DC,
which adopts maximum power tracking (MPPT).

(c) Energy storage system: The battery is connected to the DC grid through the converter
B-DC, which adopts droop control to control the DC bus voltage.

(d) Load system: The AC loads in the grid are connected to the DC grid through the
AC/DC converter L-VSC, which adopts constant voltage to control AC loads.
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3. Virtual Inertia of the Power Grid
3.1. Inherent Inertia of the AC Grid

For AC grids, the inertia of the system represents the ability to impede sudden fre-
quency changes. Larger inertia means that the generators have enough time to regulate
the power and, thus, re-establish the power balance, which helps to maintain voltage
stability [24]. The inertia time constant HS of a conventional generator in an AC grid can be
expressed as Equation [25], as follows:

HS =
WK

SN
=

1
2

Jω2

SN
(1)

where WK is the kinetic energy stored in the rotor, SN is the rated capacity of the generator,
J is the rotor moment of inertia, and ω is the rotor mechanical speed. For a typical AC grid,
the parameters for calculating the inertia time constant are shown in Table 1.

Table 1. Parameters of traditional synchronous generators.

Parameters Unit Value

UN V 380
PN kW 30
J kg·m2 28.7
ω r/min 1500
HS s 7.9

As can be seen from Table 1, the rated voltage UN is 380 V, the rated power PN is
30 kW, the rotor moment of inertia J is 28.7 kg·m2, and the rated mechanical speed ω is
1500 r/min. Carrying the above parameters into Equation (1), the inertia time constant HS
of a typical AC system is 7.9 s.

3.2. Inherent Inertia of the DC Grid

The inertia of the DC distribution network is similar to that of the AC grid, which char-
acterizes the ability of the system to impede the fluctuation of the DC voltage. According
to the Equation (1) method of the AC inertia time constant HS, the inertia time constant
Hdc of the DC power grid is expressed in Equation [26], as follows:

Hdc =
∑ WKi

∑ SNci
=

n
∑

i=1

1
2 CiU2

n
∑

i=1
SNci

(2)

where Ci is the value of parallel capacitance, Wki is the electrical energy stored in capacitors,
SNci is the base value of the capacity of the nth capacitor, and n is the number of devices
with parallel DC capacitance.

In order to compare the inertia time constant Hs of the AC grid, the DC voltage bus of
the DC grid is selected as in Table 2. As can be seen from Table 2, the DC voltage bus of the
DC grid is selected as 750 V, the parallel capacitance value is selected as 2 mF. The value
of the capacity base value SNDC is the same as the rated capacity SN of the synchronous
motor, both of which are 30 kW.

Table 2. Parameters of the DC grid.

Parameters Unit Value

Udc V 750
SNDC kW 30

C mF 2
Hdc s 0.012
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Carrying the above parameters into Equation (2), the inertia time constant Hdc of the
DC grid is 0.012 s.

It can be seen that the DC grid inertia time constant of 0.012 s is much smaller than
the AC grid’s inertia time constant of 7.9 s, which is due to the small value of the parallel
capacitance of the DC grid, leading to the small inertia of the DC grid. In order to improve
the stability and voltage quality of the DC grid in the face of various disturbances, the
inertia support capacity of the DC grid can be improved, which in turn enhances the ability
of the system to impede the fluctuations of the DC voltage.

3.3. Virtual Inertia of the DC Grid

In addition to the higher-level grid, distributed energy sources and energy storage
batteries connected to the distribution network can provide inertial support to the DC
distribution network at this level. In practical engineering, the capacitance of all the
above-controlled power electronic devices can release or absorb kinetic energy, so they
have certain inertia, but a large number of transient characteristics show that the system’s
capacitance cannot provide sufficient inertia support [24,25]. Virtual inertia is equivalent
to virtual capacitance on the converter side, which can be determined through the control
strategy or by using a direct calculation method; the control principle is shown in Figure 2.
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The voltage and current of the DC side capacitor have the following relationship:

Co
dUdc

dt
= Io − Ii (3)

Multiplying both sides by Udc yields Equation (4):

CoUdc
dUdc

dt
= Po − Pi = Pc (4)

When the DC system is in stable operation, the voltage change rate is 0 and the power
exchanged on both sides of the converter is also the same:

dUdc
dt

= 0 (5)

Po = Pi (6)

where Pi is the power supplied by the converter, Po is the power flowing to the DC bus,
Pc is the charging and discharging power of the DC side capacitor Co, and Udc is the DC
side voltage.

When the DC grid is disturbed, the DC bus will generate a voltage change rate. With
the addition of virtual capacitance control, the converter provides power Pi

′. This can be
expressed by the following equation:

Pi
′ = Pi + ∆Pi = Pi + CvirUdc

dUdc
dt

(7)
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At this time, the power flowing to the bus, Po
′, is as follows:

Pi
′ + Pc = Po

′ (8)

We compare Equation (7) with Equation (4):

(Co + Cvir)Udc
dUdc

dt
= Po

′ − Pi
′ (9)

Based on the above equation, Equation (10) can be derived, which is the inertia time
constant, Hdc, of the DC distribution network with the addition of virtual inertia control,
as follows:

Hdc =
∑ Wki

∑ SNci
=

n
∑

i=1

1
2 CiU2 +

m
∑

i=1

1
2 CvirU2

n
∑

i=1
SNci

(10)

Equation (10) shows that the addition of virtual capacitance, Cvir, on the DC side
can effectively improve the ability to suppress voltage fluctuations. The larger the virtual
capacitance, the more converters are involved in the virtual inertia control, and the larger
the inertia of the system. Compared to converters without virtual inertia control, converters
with virtual inertia control improve the dynamic performance of the system, suppress the
fluctuation of the DC bus voltage, enhance the DC voltage support capability, and help the
stability of the entire power system.

3.4. Calculation of Virtual Capacitance Size

The upper and lower limits of the estimated virtual capacitance provide the basis for
the subsequent study, requiring the derivation of an expression for the magnitude of the
virtual capacitance based on Equation (9):

∆P = Pi
′ − Pi = CvirUdc

dUdc
dt

(11)

where Pi
′ is the power of the grid-side converter after adding virtual inertia, Pi is the

power of the grid-side converter without adding virtual inertia. Integrals are on both sides
at the same time, as shown in Equation (12):

Wi
′ − Wi =

1
2

CvirU2
dc (12)

where Wi
′ is the power supplied to the grid by the converter after adding virtual inertia,

and Wi is the power supplied to the grid by the converter without adding virtual inertia.
From Equation (12), the virtual capacitance, Cvir, size can be calculated, as shown in
Equation (13):

Cvir =
2(Wi

′ − Wi)

U2
dc

(13)

In actual calculations, the bus power and the power dispatched by the converter to the
grid are considered between the actual capacitance, Co, which provides very little power
support, and the virtual capacitance, Cvir, which is much larger than Co, so the actual
capacitance, Co, can be ignored in power provision, allowing the virtual capacitance, Cvir,
to be approximated by Equation (14), as follows:

Cvir ≈
2(Wi

′′ − Wi)

U2
dc

(14)

where W is the power supplied by the DC side capacitance in the direction of the grid.
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In addition, to make full use of the inertia margin of the converter and to prevent the
converter output power from exceeding the limit, it is necessary to determine the maximum
value and minimum value of the virtual capacitance, Cvirmax, and Cvirmin.

When the virtual capacitance is used in the converter, the power increase should not
be more than Pmax, and the corresponding power supply should not exceed Wmax. The
value of Cvirmax can be determined. It can be expressed as the following equation:

Cvirmax =
2(Wmax − Wi)

U2
dc

(15)

When virtual capacitance is used in the converter, to ensure stable operation of the sys-
tem, the minimum power, Pmin, should be provided, which corresponds to the provision of
electrical energy, and should not be less than Wmin. The value of Cvirmin can be determined.
This can be expressed as the following equation:

Cvirmin =
2(Wmin − Wi)

U2
dc

(16)

4. Adaptive Virtual Capacitance Control Strategy
4.1. Flexible Virtual Capacitance Control Strategy

When the system is disturbed, the voltage will have a certain deviation, so it is
necessary to provide additional inertia support. However, the greater the inertia of the
system, the weaker the recovery ability of the voltage. To provide the system with flexible
and variable virtual inertia, an adaptive virtual capacitance control strategy is proposed
in this paper. The adaptive strategy is flexible within the permissible range and needs
to satisfy various constraints of the system [26]. The size of the virtual capacitance, Cvir,
should be limited when the converter provides power support. During this interval, the
virtual capacitance, Cvir, varies with the magnitude of the voltage change rate. This can be
expressed as the following equation:

Cvir = (1 + k1k2
dUdc

dt
)Co (17)

k2 =

{
m1, dUdc

dt > 0
m2, dUdc

dt < 0
(18)

where Co is the size of the initial virtual capacitance value, k1 is the voltage variation rate
dUdc/dt correction coefficient, k2 is the Cvir size adjustment coefficient, m1 and m2 are the
values of k2, which are taken with respect to the direction of the voltage variation rate
dUdc/dt, and the maximum and minimum values of the virtual capacitance.

From Equations (17) and (18), when the voltage is stable and the voltage change
rate dUdc/dt=0, the size of the virtual capacitance Cvir is a fixed value Co. When the
voltage changes rate dUdc/dt ̸= 0, firstly, k1·dUdc/dt corrects the coefficient, secondly, k2
is multiplied to amplify it. Since dUdc/dt has both size and direction, k2 picks a different
value depending on the direction of the voltage change rate. Compared to the fixed
capacitance, Co, the virtual capacitance, Cvir, size in this strategy is changed according to
the actual working conditions, which improves the stability of the system and provides
inertia support of different sizes for the DC voltage.

However, it was found that the strategy is very dependent on the values of k1 and
k2. If the values of k1 and k2 are not taken properly, the virtual capacitance will be too
large, which will lead to the system response slowing down, with the transient response
time being too long, even exceeding the threshold value. Moreover, the virtual capacitance
under this strategy is very sensitive to the response of small variables, requiring the setting
of a dead zone, which will lead to the deterioration of the stability of the system. To solve
the above problems, the virtual capacitance control strategy needs to be improved.
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4.2. An Improved Flexible Virtual Capacitance Strategy

Addressing the above virtual capacitance control strategy, where it is difficult to value,
sensitive to the response of small variables, and slow to the response of large variables, in
this paper, based on improvements to Equation (17), a new calculation method for virtual
capacitance Cvir is proposed by combining the arctangent function with the power function.
This can be expressed as the following equation:

Cvir = (1 + k2arctan((k1 ·
∣∣∣∣dUdc

dt

∣∣∣∣)k3

))Co (19)

where Co is the initial virtual capacitance value size, k1 is the voltage variation rate dUdc/dt
correction coefficient, k2 is the Cvir size adjustment coefficient, and k3 is the voltage variation
rate dUdc/dt adjustment coefficient.

From Equation (19), when the voltage changes rate dUdc/dt ̸= 0, firstly, k1 corrects the
voltage change rate, followed by an exponential function k3 value. If the corrected value is
very small, the power function converges this corrected value to 0. If the corrected value is
large, it amplifies the corrected value, while the system responds quickly to fluctuations,
and after the inverse tangent function, the corrected value is limited and finally amplified
by k2 times.

There are many advantages of using a combination of the arctangent function with
the power function to calculate the virtual capacitance. Firstly, the power function reduces
the sensitivity to small disturbances when the voltage variation rate is small. Assuming
that the system is disturbed, the voltage change rate becomes 0.1 and the value after
the 4th order power function is 0.0001, which is too small to cause system fluctuations.
Secondly, this strategy does not require a dead zone and causes less frequent controller
action. In fixed capacitance, if the voltage change rate is 0.1 and has not been limited by the
inverse tangent function, the controller will have a certain amount of virtual capacitance,
which will be changed very frequently, causing system voltage fluctuations. Generally,
the controller should not act frequently, so a dead zone needs to be set. However, after
passing through the arctangent function and power function, it is possible to limit the small
voltage change rate very well, which is small enough not to cause changes in the virtual
capacitance. Finally, when the voltage variation rate is large, it can respond quickly to
the system changes and increase the rapidity of the system. In addition, the arctangent
function can reduce the errors brought by the k1 and k3 parameters, providing a strong
inertia support ability when the voltage variation rate is large, suppressing the DC voltage
fluctuation, and enhancing the stability of the system.

4.3. An Adaptive Virtual Inertial Control Strategy for the DC Distribution Network

In practical control systems, due to interference from noise and harmonics, it is difficult
to accurately detect the voltage change rate. Therefore, in this paper, the transient variation
δUdc is used instead of dUdc/dt (δ denotes the transient component) [14]. Specifically, the
voltage signal is low-pass filtered to remove the high-frequency noise as well as harmonics
and retain the fundamental component of the voltage signal, followed by the voltage
change quantity δUdc output from the high-pass filter, which filters out the low-frequency
and highlights the fast change portion of the voltage. In the case of a constant sampling
period, δUdc is proportional to dUdc/dt. Therefore, δUdc can be chosen to estimate the rate
of change of the voltage, where the adoption of δUdc affects the selection of the values of k1
and k3 but has no effect on the overall system performance.

Cvir = (1 + k2arctan((k1 · |δUdc|)k3))Co (20)

In DC distribution networks, the inertial support of the DC-side voltage is achieved
through the droop control of the battery B-DC or the grid-side converter G-VSC. In this
paper, the control method is prioritized on the battery side in order to improve the friendli-
ness of distributed power sources, which avoids the repeated regulation of primary energy
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sources and reduces the power quality impact of the DC grid on the AC grid. Using the
improved virtual capacitance control strategy, its control block diagram can be obtained
according to Equations (11) and (20), as shown in Figure 3, where kB is the inverse of the
B-DC droop coefficient of the battery.
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4.4. Parametric Analyses

From Equation (19), it can be seen that the selection of k1 and k3 will directly affect
the change rate of the virtual capacitance, which in turn indirectly affects the stability and
dynamic performance of the system. The k2 selection directly affects the size of the virtual
capacitance; therefore, all the above parameters need to be analyzed.

(1) Analysis of the k2 parameter.

The size of the virtual capacitance depends on the selection of k2, which should be
avoided to be selected too large or too small.

Cvirmin < (1 + k2 · arctan(t))Co < Cvirmax (21)

Theoretically, k2 can be chosen as −2/π < k2 < 0, but it will lead to a decrease in the
virtual capacitance, which further leads to the acceleration of the transient process and the
instability of the system. Considering the existence of virtual capacitance as support inertia,
k2 > 0 is selected here. Moreover, the DC distribution network as a low-inertia system
preserves a certain margin of inertia to cope with small disturbances in loads, whereby
inertia support is provided, the initial value of virtual capacitance should be preserved,
which is not suitable to be changed from 0. Figure 4 shows the size of the virtual capacitance
for different values of k2 when k1 and k3 are fixed values. In order to improve the virtual
inertia margin, it is recommended to take the maximum kmax = c. The value of c is selected
with respect to the maximum value of virtual capacitance. The c selected in this paper is
2.5F.
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(2) Analysis of the k1 parameter.

The choice of the value of k1 affects the speed of correction of the change rate of the
virtual capacitance, which indirectly has an impact on the dynamic performance of the
system. It can be seen from Figure 5 that the value of k1 has little effect on the dynamic
performance when the value is small. As the value of k1 increases, the dynamic performance
of the system increases rapidly. When it reaches a certain range, the system will cause a
large virtual inertia for small load fluctuations. Meanwhile, the k1 parameter is mainly
involved in the voltage variation rate correction, a smaller value of k1 is more friendly to
the system. Figure 5 shows the sizes of the virtual capacitance values for different k1 values
when k2 and k3 are fixed values. It is recommended that k1 be selected between b~10b. The
b selected in this paper is 2.

Energies 2024, 17, x FOR PEER REVIEW 9 of 15 
 

 

inertia support is provided, the initial value of virtual capacitance should be preserved, 
which is not suitable to be changed from 0. Figure 4 shows the size of the virtual capaci-
tance for different values of k2 when k1 and k3 are fixed values. In order to improve the 
virtual inertia margin, it is recommended to take the maximum kmax = c. The value of c is 
selected with respect to the maximum value of virtual capacitance. The c selected in this 
paper is 2.5F. 

Cvir

Cvirmax

Co

k2=c
k2=b
k2=a

Cvirmin d
d
u
t  

Figure 4. Variation of virtual capacitance with k2. 

(2) Analysis of the k1 parameter. 
The choice of the value of k1 affects the speed of correction of the change rate of the 

virtual capacitance, which indirectly has an impact on the dynamic performance of the 
system. It can be seen from Figure 5 that the value of k1 has little effect on the dynamic 
performance when the value is small. As the value of k1 increases, the dynamic perfor-
mance of the system increases rapidly. When it reaches a certain range, the system will 
cause a large virtual inertia for small load fluctuations. Meanwhile, the k1 parameter is 
mainly involved in the voltage variation rate correction, a smaller value of k1 is more 
friendly to the system. Figure 5 shows the sizes of the virtual capacitance values for dif-
ferent k1 values when k2 and k3 are fixed values. It is recommended that k1 be selected be-
tween b~10b. The b selected in this paper is 2. 

k1=100b
k1=10b

k1=b

Cvir

Cvirmax

Co

Cvirmin d
d
u
t

k1=1000b

 
Figure 5. Variation of virtual capacitance with k1. 

(3) Analysis of the k3 parameter. 
The value of k3 as a power function has the effect of eliminating the effect of the small 

voltage change rate, the selection of k3 affects the rapidity of the change of virtual capaci-
tance, which has a greater impact on the dynamic performance of the system. When k3 < 
1, the system generates very large virtual inertia at small disturbances, which is detri-
mental to the stability of the system. When k3 > 1, the power function cancels out the small 
disturbances in the system and the virtual capacitance increases rapidly as the voltage 

Figure 5. Variation of virtual capacitance with k1.

(3) Analysis of the k3 parameter.

The value of k3 as a power function has the effect of eliminating the effect of the
small voltage change rate, the selection of k3 affects the rapidity of the change of virtual
capacitance, which has a greater impact on the dynamic performance of the system. When
k3 < 1, the system generates very large virtual inertia at small disturbances, which is
detrimental to the stability of the system. When k3 > 1, the power function cancels out the
small disturbances in the system and the virtual capacitance increases rapidly as the voltage
change rate increases. Considering k1 as a correction coefficient will also improve the
rapidity of the system, but the system should not respond too quickly, so it is recommended
that the value of k3 be between 2 and 4. Figure 6 shows the sizes of the virtual capacitance
values for different values of k3 when k1 and k2 are fixed values.
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In summary, the selection of k1 is related to the maximum transmission power of the
converter, which will increase the upper limit of the virtual capacitance. Fully considering
the inertia margin, it is recommended to take the value of k2max. k1, as a correction coefficient
of the voltage change rate, depending on the parameters of the high and low-pass filters,
should be between b and 10b. k3, as a power function coefficient, can eliminate the effects
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of small disturbances and respond quickly to high power fluctuations. Considering k1 as a
correction coefficient, it is recommended that the value of k3 be between 2 and 4.

5. Simulation and Analysis

The following simulations all use this condition. At the initial moment of simulation,
the constant power DC load, LDC1, consumes 20 kW of power, the resistive DC load, LDC2,
consumes 10 kW of power, and the total DC load, LDC, consumes 30 kW. The AC load,
LAC, consumes 10 kW of power. The PV array emits a total power of 40 kW. At 1 s, the
illumination is increased, the PV array emits an additional 40 kW, and the illumination is
restored at 2 s. At 3 s, the resistive DC load, LDC2, increases by 20 kW.

The specific parameters are shown in Table 3.

Table 3. Parameters of system components.

Parameters Value

UDC 750 V
DC side capacitance 2000 µF

G-VSC Rated capacity of 30 kW

Energy storage Battery voltage of 120 V, rated capacity of 100 A·h,
rated capacity of 30 kW, SOC: 20~80%

Droop coefficient kB −1/30,000

5.1. Simulation Analysis of Power Mutation

Select k1 = 10, k2 = 2.5, k3 = 4 for this simulation. It can be seen from Figures 7 and 8
that the illumination is enhanced at 1 s, the DC bus power rises, and all three control
strategies respond quickly to sudden power changes. Without using virtual inertia control,
voltage changes occur the fastest, the virtual capacitance used in the fixed virtual inertia
strategy is a fixed value, and the inertia support power provided is also a fixed value. Using
adaptive virtual inertia control allows for virtual capacitance to achieve adaptive changes;
the DC voltage changes the slowest, which performs better than the remaining two types of
control and effectively improves the voltage quality. Virtual capacitance changes with the
voltage change rate, which can quickly reduce the voltage change rate and maintain voltage
stability. Similarly, when the illumination is restored at 2 s, and the load is increased by
20 kW at 3 s, the DC bus voltage decreases. The fixed inertia control, which can provide a
certain degree of inertia support, results in a slower rate of DC voltage decrease compared
to the virtual inertia control strategy without virtual inertia control. However, compared to
the fixed inertia control, adaptive virtual inertia control can slow the rate of DC voltage
drop more effectively and provide stronger inertia support.
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In general, systems without inertia control have a greater amount of overshoot during
voltage fluctuations. Fixed inertia control has a faster response but provides a fixed virtual
capacitance. Adaptive control has a greater ability to suppress voltage fluctuations and
reduce the shock from voltage fluctuations.

5.2. Simulation Analysis of Different Parameters

Figure 9 shows the simulation of DC voltage waveforms with different k2 parameters.
As the value of k2 increases, the dynamic performance of the system decreases, the steady-
state performance increases, and more inertia support is provided. To utilize the inertia
margin as much as possible and enhance the inertia of the system, the value of k2 should be
as large as possible within the permissible range.
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Figure 9. DC voltage waveforms with different k2 parameters.

Figure 10 shows a simulation of DC voltage waveforms with different k3 parameters.
As the value of k3 increases, the dynamic performance of the system increases, but an
excessively fast response will bring instability to the system. To prevent the system from
responding too quickly while eliminating the effects of small disturbances, the value of k3
should not be too large.
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Figure 11 shows a simulation of DC voltage waveforms with different k1 parameters.
The fastness of the system increases as the value of k1 increases. k1 is used as a correction
coefficient whose value is related to the filtering parameters. It is not advisable to choose
too small a size for k1 to avoid too much dependence on the value of k2.
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6. Conclusions

In this paper, research was carried out on the problem of low inertia in the DC grid,
which is very sensitive to power changes, including increases or decreases in distributed
energy output. A virtual capacitance adaptive control method based on the voltage change
rate is proposed and the strategy is improved. Through qualitative analysis, an exploration
is conducted to study the impacts of the main parameters on DC voltage stability, aiming
to provide virtual inertia support swiftly and flexibly for the DC grid. After theoretical and
simulation analyses, the specific conclusions are as follows.

(1) A virtual capacitance adaptive control strategy is proposed, which can adaptively
change the virtual capacitance size during load fluctuation and provide flexible inertia
support for the DC side by utilizing the converter of the energy storage system to
quickly release and absorb energy, which improves the dynamic performance of the
system.

(2) A direct calculation of the virtual capacitance of this control strategy is proposed, and
the effect of the virtual capacitance size on the system is qualitatively analyzed and
simulated experimentally.

(3) The strategy can effectively improve the dynamic performance of the DC distribution
network when the parameters are within the appropriate range. Through the combi-
nation of the inverse tangent function and power function, it can effectively eliminate
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small disturbances and quickly respond to large disturbances, while maximizing the
virtual inertia support.

(4) By adopting this strategy on the battery side and combining it with the widespread
application of droop control in the DC grid, it can effectively reduce the impact of the
DC system on the AC grid, which has certain practical advantages.

Through the control method proposed in this paper, the voltage quality can be effec-
tively improved and the system inertia can be enhanced, but the comprehensive consid-
eration of system stability, rapidity, and storage charge state constraints is necessary to
determine the optimal level of virtual inertia enhancement. Moreover, the performance
of different source-side converters (with storage and without storage) in providing inertia
needs to be further investigated.
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