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Abstract: The DC microgrid does not need to consider frequency when accessing distributed energy,
but the distributed energy access port does not have inertia and damping characteristics, so there
are problems of voltage instability and power fluctuation. In this paper, the bidirectional DC-DC
converter is the main object; based on the virtual synchronous generator (VSG) control strategy, the
inertia regulation is added to adjust the bus voltage dynamically. In addition, a balancing strategy is
proposed to ensure the balanced distribution of the state of charge (SOC) and power for multiple
batteries. Finally, a simulink is built to prove the viability and availability of the VSG control strategy.

Keywords: DC microgrid; virtual synchronous generator; state of charge; power distribution

1. Introduction

The consumption of fossil energy, mainly consisting of coal, 0il, and natural gas, has
increased dramatically with the development of society, resulting in an increasing problem
of energy demand. Therefore, it is necessary to use new energy to generate electricity to
meet the energy demand. With the development of distributed control technology [1,2],
distributed generation technology is becoming widely used in microgrids. Distributed
generation technology is the main path toward new energy generation, which mainly
relies on a distributed power supply. However, the performance requirements of the
distribution network have become stricter with the grid connection operation of distributed
generation (DG) technology. The security and stability of DC microgrids composed of
distributed generations, energy storage system units, and loads have become a research
hotspot in recent years. The typical DC microgrids with DESS is shown in Figure 1. The DC
microgrid loses stability as a large number of distributed systems are linked [3]. Therefore,
maintaining the stability of the DC bus voltage has become one of the main tasks of
microgrid research [4]. In [3], the large signal stability of inverters in a DC microgrid was
discussed to solve the instability. In [4], the stability of the microgrid was ensured by
studying a hybrid energy storage system.

Due to the low inertia of DC microgrids, the DC bus voltage fluctuates from its
steady value with frequent variation in loads and the intermittent generation of renewable
power generators (RPGs). There are many ways to maintain bus voltage stability, such
as damping compensation [5] or additional energy storage units [6]. However, none of
these methods has improved the inertia; so, the effect of changing the performance of the
DC microgrid has been limited. Therefore, the key to adjusting the DC bus voltage is to
control the power electronics converters to enhance the inertia in DC microgrids. In order
to improve the stability of a DC microgrid, virtual inertial control (VIC) technology has
been applied to inverters. In [7], a virtual inertia control technology was introduced for
DC bus voltage control to adjust the bus voltage and emulate inertia. The DC bus voltage
control unit consisted of a bidirectional DC-DC converter (B-DC) and an inverter. In [8],
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a controller was designed to realize the virtual inertial control of the microgrid. However,
their control depended on voltage synchronization based on a phase-locked loop when the
above methods were connected to the power grid. In order to avoid the above influence,
the concept of a virtual synchronous generator (VSG) has been proposed.
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Figure 1. Typical DC microgrids with DESS.

The VSG control strategy simulates the characteristics of synchronous generators, so
that the distributed converters have inertia and damping, and the distributed power gener-
ation units can support the system’s frequency and voltage [9-11]. In [12], an improved
VSG control algorithm was proposed, which solved the problem of the large frequency os-
cillation caused by the system parameters in the VSG control. The theoretical proof showed
that the grid-connected VSG could maintain stability under very weak grid-connected
conditions in [13]. In [14], the adaptive virtual impedance control strategy was proposed to
accelerate the active power adjustment process of the VSG system, which was helpful to
complete the primary frequency modulation and improve the inertia adjustment ability.
Due to the contradiction between the steady-state deviation of the VSG active power and
dynamic shock regulation, an improved VSG virtual inertia control strategy was proposed
to improve the dynamic characteristics of active power and maintain the steady-state
characteristics [15]. The dynamic characteristics of a microgrid were improved through
the improvement of the VSG virtual inertial control strategy [16]. In [17], a VSG control
method based on adaptive virtual impedance was proposed, which relieved the output
impedance of the converter and ensured the sharing of reactive power.

On the other hand, because the initial value of the SOC for each battery in the en-
ergy storage system is different, the power and frequency provided for the microgrid
easily fluctuate, which reduces the stability of microgrid operation. The research on the
SOC balance in the batteries of a microgrid has also become a research hotspot in recent
years [18,19]. When the SOC of the batteries are balanced, the maximum capacity support
can be achieved for DGs [20-22]. In [23], the current between the energy storage units
was distributed in proportion to the capacity, and the same sag curve was defined. In [24],
an adaptive droop control scheme was proposed to balance the SOC. In the charging mode,
the droop coefficient proportional to the nth order of the state of charge was adopted, and
in the discharge mode, the droop coefficient inversely proportional to the nth order of the
state of charge was adopted. A completely decentralized control method was proposed
in [25], which eliminated the need for central controllers and communication links. In [26],
a new power allocation method for an energy storage unit was proposed, which not only
balanced the SOC but also realized the control of the required power. In [27], a virtual
DC machine control strategy was proposed to balance the SOC of the energy storage unit
while improving the inertia of the microgrid. Based on the above analysis, we propose the
SOC-based VSG control strategy to balance the power and SOC of multiple energy storage
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units while improving the inertia of the DC microgrid, so as to improve the stability of the
DC microgrid.

The major contributions of this paper are as follows: 1. An improved control strategy
of a virtual synchronous generator for a DC-DC converter of a battery energy storage unit
is proposed, which dynamically adjusts the bus voltage to the desired stability value by
combining the voltage variation rate and inertia coefficient. Moreover, the small signal
model is established to consider the dynamic characteristics of the proposed control and
ensure the stability of the system. 2. In order to solve the problem of the early discharge of
batteries with a low initial charge state due to the unreasonable power distribution among
batteries, the SOC balance strategy for adjusting the battery power balance for multiple
batteries is proposed, which further guarantees the stability of the bus voltage and the
microgrid system. Compared with [27], we apply the SOC balanced distribution method to
the DC microgrid based on VSG control, which has a better effect on restraining the bus
voltage fluctuation.

The remaining sections are organized as follows: the DC-DC VSG control strategy
is introduced in Section 2. In Section 3, we introduce the SOC power balance distribu-
tion strategy. The feasibility of the results is verified by simulation in Section 4. Finally,
the conclusions and plans for future research are drawn in Section 5.

2. DC-DC Virtual Synchronous Generator Control Strategy

In this section, the traditional VSG control strategy is improved, and the inertia
coefficient is combined with the voltage change rate to suppress the bus voltage fluctuation.
Moreover, the small signal model is established to analyze the stability of small interference.

2.1. DC Microgrid Topology

Figure 2 is a structure diagram of a DC microgrid, which contains a B-DC. The DC mi-
crogrid is mainly composed of distributed energy storage, loads, and converters. The main
circuit diagram of the B-DC is as follows.
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Figure 2. Structure Diagram of a DC Microgrid with a B-DC.

As shown in Figure 2, L and R are the inductors and resistors, respectively. u; is
the voltage of the energy storage system, 1, is the DC bus voltage, 7, is the current of
inductance and resistance, and i, is the current of the converter. The B-DC is directly
linked to the DC bus to ensure the stability of the bus voltage and the balance of power.
The topology shown in the figure makes it easier to expand the DC microgrid.
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2.2. Virtual Synchronous Generator

The VSG mainly simulates the inertia and damping of the synchronous generator; it
can ensure the stable operation of a microgrid. The formula of the mechanical motion of
the synchronous generator rotor is expressed as:

J4 =T, — Ty — {(w — wy), 1)

where [ is the moment of inertia of the synchronous generator, w is the rotor angular
velocity, wy, is the rated angular velocity, T, is the mechanical torque, T is electromagnetic
torque, and ( is the damping coefficient.

The rotor motion equation can be expressed as:

T, = % ()
T, =% 3)

where P; is the mechanical power, and P; is the electromagnetic power.

When the power of the synchronous generator is unbalanced, the output frequency
remains stable because of the inertia characteristics of the synchronous generator rotor. In
addition, the existence of the damping characteristics enables the synchronous generator to
suppress the power fluctuation.

The essence of the virtual synchronous control strategy is to simulate the distributed
inverter power supply as a synchronous generator through the control strategy, so that the
distributed inverter power supply can obtain the characteristics similar to the synchronous
generator. The VSG is composed of energy storage and an inverter. One side of the VSG
can be linked to a DC bus or distributed generator, and the other side can be connected to a
public grid or a microgrid. The inverter simulates the inertia and damping characteristics
of the synchronous generator.

In [28], Equation (1) was analogized to enhance the inertia of the microgrid and to
restrain the DC bus voltage fluctuation. The equation is as follows:

d . .
Ccudcr% = Iset — 1o — kd(udcr - MN) @)

where C, is the virtual capacitance, 1y, is the DC voltage reference value, uy is the
rated value of the DC bus voltage, k; is the droop coefficient, and i is the dc output
current reference.

2.3. Improved Virtual Synchronous Generator

Although the VSG control can alleviate the impact of sudden load changes on a DC
microgrid, when a power supply or load power disturbance occurs, the rate of voltage
change is too large due to the power fluctuation. Therefore, it is possible to consider using
the rate of voltage change caused by a power disturbance to adjust the inertial parameters
in real time so as to avoid the voltage rise and fall.

On the basis of the VSG, the inertia coefficient Cy, is introduced to solve the problem in
which the voltage difference introduced into the virtual synchronous generator leads to the
system’s stability degradation; it alleviates the frequent voltage and power mutations in a
microgrid system. The inertia coefficient is combined with the rate of change of the DC bus
voltage in the system to achieve the flexible adjustment of various parameters of the VSG.
In this paper, the improved VSG control method is proposed:

va = kd(MN - udc) —l4c ©)

where C, is the inertia coefficient, 1. is the DC bus voltage, and i is the DC output current.
The improved VSG control strategy suppresses the bus voltage fluctuations by com-
bining the voltage change rate and the inertia coefficient.
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2.4. Small Signal Model

The B-DC proposed in this article is a BUCK-BOOST circuit, and its circuit diagram is
shown in Figure 3.

T R L L idc
> — YL 7~ > I
A 4 +

Figure 3. Buck-Boost Circuit Diagram.

From the above figure, a small signal model of the B-DC circuit was built according to
Kirchhoff’s law of current and voltage to study the stability of the model. Its mathematical
model expression is:

d . .
Coe = (1= n)ip — ige
©

L% = Uy — (1 — n)udc — ZbR

where C is the capacitor; u,, is the DC bus voltage; n is the duty cycle; i), is the battery
current; i . is the output current; L is the inductance; and u, is the battery voltage.
Equations (5) and (6) are linearized near steady-state values, and by Laplace transform
we can obtain:
SCUA”dcref + 8(uge — un)ACo = —kgBuge — Dige @)

sCAudC = (1 — N)Aih - ibATl - Aidc

®)
sLAi, = Aup — (1 — N)Aug, + ug.An — AipR.

From Equations (7) and (8), the relationship between the variables can be obtained as
follows:

Gi = i = i ©)

Go = S = TR 10)
Gs = & = emrre (7 (11)
G = A%’ = ng—(l—m (12)
G2 = (1—N)(—RZ?(1—N)%) - ﬁ (13)

where Gj; is the ratio of a small disturbance of the battery current to a small disturbance of
the output current, G;; is the transfer function of the current loop, G, is the ratio of the small
disturbance of the bus voltage to the small disturbance of the duty cycle, G is ratio of the
small disturbance of the bus voltage to the small disturbance of the output current, which
are the transfer functions between the variables, and G, is the feedforward compensation.
Gy, is the PI voltage regulator, which can realize no difference adjustment between 1. and
uger. Gjis the PI current regulator, which can realize no difference adjustment between i,
and 7. A is the small disturbance of the corresponding physical quantity.

According to the relationship between the variables, we can build a B-DC control
block diagram under the control of a VSG, as shown in Figure 4.
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Figure 4. B-DC Small Signal Control Block Diagram Under VSG Control.

Small signal analysis is used for stability analysis near the stable operating point
affected by the small interference.

Each unit is connected to the DC bus, and the proposed distribution strategy is related
to the DC bus voltage; so, ensuring the stability of the DC bus voltage is a necessary and
sufficient condition for achieving SOC balancing.

3. SOC Balancing Strategy

The unbalanced output power of batteries often results in unstable bus voltage.
The system cannot operate steadily at the rated voltage because of the existence of multiple
batteries in the system. Therefore, this article further carried out SOC power allocation
to the battery. The control block diagram of the SOC power allocation strategy under the
control of the VSG is shown in Figure 5.

The power that the energy storage unit has to bear when the microgrid is operating is
calculated as: Y

P, = duiﬁf — P, (14)

where Py is the power to be assumed by the battery; I is the load current; Uy is the load
voltage; and P; is the output power of the photovoltaic panel.

soc

Figure 5. VSG SOC Power Distribution Control Block Diagram.

In order to stabilize the DC microgrid voltage within the allowable range, a power
compensation link was set up in the energy storage system. The compensation power
undertaken by the battery is:

k
Py = (udcref — Uge) 'Zl Lacis (15)
i=

where P, is the compensation power to be undertaken by the battery, and I;; is the output
current of the i-th battery.
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From Equations (14) and (15), we can obtain the total power that the battery has to
bear as:
P; = Py + P, (16)

Based on the above, we propose the SOC power balanced strategy:

Pfi =P x mSOC" = (Px + Pb) X mSOC,-

¥ SOC; ¥ 50C; (17)

i=1 i=1
SOC; = SOCy — ¢ [ irdt (18)
SOcmirl < Soci < SOCmaXr (19)

where SOC; is the SOC of the i-th battery, C,; is the remaining capacity of the i-th battery,
Py is the power allocated for the i-th battery, SOCy is the initial state of charge; i\ is the
output current, and SOC,,;;, and SOCj,x represent the minimum and maximum SOC of
the batteries, respectively.

4. Simulation Results

In order to test the feasibility and effectiveness of the proposed approach, we chose the
rated value of the DC bus voltage uy = 400 V and the droop control coefficient k; = 0.85
on the basis of the actual system of a microgrid in conjunction with [25]. The simulation
model of a DC microgrid was established in Matlab/Simulink. The simulation parameters
are shown in Table 1.

Table 1. Model parameters.

Cy uN kd C L Pg
0.4 400V 0.85 500 uF 7 mH 25 kw

Figure 6 shows the voltage stability waveform of introducing C, on the basis of VSG
control, in which Figure 6a is the waveform of the bus voltage, Figure 6b is the waveform of
the bus voltage deviation, and Figure 6c is the waveform of the bus compensation voltage.
From Figure 6a, it can be seen that the bus voltage quickly regulated to the rated voltage
within 0.5 s. From Figure 6b, the voltage deviation was 50 V, when the bus voltage was
350 V. Then, the voltage deviation also became zero, when the bus constant voltage was
stabilized at the rated value. Therefore, we can conclude that the VSG control strategy
proposed in this paper can quickly regulate the DC bus voltage to the rated value.

a.
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Figure 6. Voltage waveform. (a) Bus voltage. (b) Voltage deviation. (c) Compensation voltage.

We chose the initial SOC values of two batteries as SOC; = 70% and SOC, = 60% for
simulation verification, respectively. Figure 7 shows the SOC curve of the two batteries.
From Figure 7, we see that the values of SOC; and SOC, were consistent at 1.5 s, when the
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initial values were different. Then, the same value was used until reaching SOC = 100%
at 3.6 s. Figure 8 shows the deviation of SOC; and SOC;. From Figure 8, we see that the
deviation of SOC; and SOC, was zero at 1.5 s and was maintained.

100

95—

90

85

80

SOC(%)

75—
70

65 —

—soc, | |
—soc,

Figure 7. SOC Change.

SOC Deviation (%)
T

I
ol —5001-50C,

Figure 8. SOC Deviation.

The power output curves of the two batteries are shown in Figure 9. The power output
was balanced at 1.5 s. From Figures 8 and 9, we can conclude that the proposed balanced
strategy not only ensured that the SOC values of the two batteries were balanced to the
same value, but also the output power was equally distributed.

—50C,

—S0C,
-1000 1

-2000 o

-3000
g -4000 [ n
-5000
-6000
-7000

-8000 [~ N

Figure 9. Power Balance.

Based on the above analysis, the proposed control method can not only regulate the
DC bus voltage to the rated value but also ensure the balanced distribution of the SOC
and the power in the energy storage system. Under the effect of this control method,
the inertia of the DC microgrid system was improved, and it restrained the fluctuation of
the bus voltage and ensured the stability of the DC microgrid when the power of the system
changed suddenly. Moreover, the power distribution method proposed can enable batteries
with a larger SOC to bear more power, to achieve the balance of the SOC among batteries.
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Meanwhile, it can reduce the discharge of the battery with a low SOC and prolong the
service life of the battery.

5. Conclusions

In this paper, the proposed control strategy was shown to restrain the fluctuation of
the bus voltage and ensure the transient stability of the DC microgrid, when the power of
the DC microgrid changed suddenly.

Meanwhile, a new SOC power balance distribution strategy was proposed to ensure
that the power of two storage batteries could be quickly and effectively distributed, which
ensured the stable operation of the microgrid. Through this distribution strategy, the power
of the multiple energy storage units and the SOC eventually became equal.

The control method proposed by us is only applicable to a DC microgrid. The fre-
quency and phase changes would need to be considered in an AC microgrid; so, the method
proposed in this paper is not valid for an AC microgrid. In the future, we hope to study the
power sharing of multicomponent distributed energy storage units based on the concept
of multiagent consensus and apply it to an AC microgrid. Moreover, the voltage and
frequency in AC microgrids are also important issues to be considered. Therefore, we plan
an in-depth study on the voltage regulation and frequency regulation in an AC microgrid.
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