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ABSTRACT

In the DC microgrid, the lack of inertia and damping in power electronic converters results in poor stability of DC
bus voltage and low inertia of the DC microgrid during fluctuations in load and photovoltaic power. To address this
issue, the application of a virtual synchronous generator (VSG) in grid-connected inverters control is referenced
and proposes a control strategy called the analogous virtual synchronous generator (AVSG) control strategy for the
interface DC/DC converter of the battery in the microgrid. Besides, a flexible parameter adaptive control method is
introduced to further enhance the inertial behavior of the AVSG control. Firstly, a theoretical analysis is conducted
on the various components of the DC microgrid, the structure of analogous virtual synchronous generator, and the
control structure’s main parameters related to the DC microgrid’s inertial behavior. Secondly, the voltage change
rate tracking coefficient is introduced to adjust the change of the virtual capacitance and damping coefficient
flexibility, which further strengthens the inertia trend of the DC microgrid. Additionally, a small-signal modeling
approach is used to analyze the approximate range of the AVSG’s main parameters ensuring system stability. Finally,
conduct a simulation analysis by building the model of the DC microgrid system with photovoltaic (PV) and battery
energy storage (BES) in MATLAB/Simulink. Simulation results from different scenarios have verified that the AVSG
control introduces fixed inertia and damping into the droop control of the battery, resulting in a certain level of
inertia enhancement. Furthermore, the additional adaptive control strategy built upon the AVSG control provides
better and flexible inertial support for the DC microgrid, further enhances the stability of the DC bus voltage, and
has a more positive impact on the battery performance.
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Nomenclature

J Moments of inertia

C, Virtual capacitance (F)

D, Damping coefficient

Karoop Droop coefficient

P, Electromagnetic power (W)

Py Damping power (W)

P, The P — w droop control output power (W)
P, Photovoltaic output power (W)
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P Load output power (W)

1) The angular velocity

Wy Rated angular velocity

U, Output voltage of AVSG (V)

Uy The rated voltage of AVSG (V)

Uge DC bus voltage (V)

Al Virtual capacitance current (A)

Teet The P — w droop control input current (A)
Ige DC bus current (A)

iy Damping current (A)

Spy Solar irradiance (W/m?)

I Inductive current of the battery (A)

SoC State of charge of the battery

A Voltage change rate tracking coefficient of C,
B Voltage change rate tracking coefficient of D,

1 Introduction

In recent years, the issues of energy scarcity and environmental pollution have driven a transition in
the generation mode of the power system from traditional centralized power generation to distributed
power generation [1,2]. As a type of power system, the DC microgrid has gained widespread attention
due to its suitability for large-scale integration of distributed power sources. And compared with the
AC microgrid, the DC microgrid does not need to consider factors such as frequency, reactive power,
and phase, resulting in higher power supply quality [3].

In the DC microgrid, the power balance among distributed source, energy storage unit, and load
ensures the stability of the DC bus voltage, which serves as a critical indicator for the secure and stable
operation of the system. The DC microgrid form adopted in this paper is a photovoltaic (PV) and
battery energy storage (BES)-integrated DC microgrid. In the microgrid, the PV unit in microgrid
usually operates in the maximum power point tracking (MPPT) state [4]. And BES is connected to the
DC bus through its interface DC/DC converter, which can smooth out the fluctuations generated by
the PV unit and the load, thereby maintaining the power balance in the DC microgrid and the stability
of the DC bus voltage. The control strategies of the DC/DC converter of the energy storage interface
usually use constant voltage control or droop control. Both proportional-integral (PI)-based control
strategies have a positive effect on maintaining the stability of the DC bus voltage. However, due to
the lack of inertia and damping of the converter, the voltage stabilization effect of BES is limited and
the DC microgrid is still a low-inertia network. Intermittent fluctuations from the PV unit and load
switching can result in sudden changes in the DC bus voltage, which significantly impact the stability
of the DC microgrid system and the voltage quality [5].

To address the aforementioned issues, experts both domestically and internationally have pro-
posed various types of inertia control strategies, mainly including virtual element control [6-9], virtual
DC generator (VDGQG) control [10-17], and analogous virtual generator (AVSG) control [18-22].
Virtual element control is often used in the form of electronic components for inertial enhancement.
Adib et al. proposed an adaptive virtual impedance control strategy to improve system inertia by
adjusting the load input impedance [6]. Li et al. [7] used virtual capacitance control to improve the
performance of the system transient response, but this control still produced a certain degree of voltage
fluctuation during the initial stages of disturbance. Similarly, the research of Ahmed et al. [8,9] also
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showed that the virtual element inertial control can improve system stability. As a single variable
control strategy, virtual element control has a simple structure, but it has relatively poor robustness to
system parameter changes or external interference. Therefore, with the evolution of inertia control
strategies, multi-variable and higher-performing virtual motor control technologies, including the
VDG and the AVSG, have been proposed.

The VDG control simulating the characteristics of the DC generator is used in the interface
converter of the DC microgrid side to provide inertia and damping. The VDG control can be applied to
the converter of the load side to reduce DC bus voltage fluctuation caused by disturbance of the load
[10,11]. Heetal.[12] proposed a control strategy applying the VDG control to the source-side converter
of the DC microgrid to effectively reduce the influence caused by power fluctuation. Furthermore, as
an inertia control strategy, the VDG control is commonly used in the energy storage side of the DC
microgrid system. The VDG control not only adjusts the power support function of energy storage
devices to fully utilize their performance but also stabilizes the DC bus voltage. Tan et al. [13,14]
applied the VDG control to the energy storage interface converter to enhance the inertial support
capability and power calming effect of the energy storage unit. However, as a multi-variable control
strategy introducing inertia and damping, the VDG control lacks inherent droop characteristics [1 5—
17]. The direct utilization of the VDG control only meets the requirements for maintaining constant
voltage control of the energy storage interface converter, while it fails to address the demands of
droop control. To impart droop characteristics to the DC bus voltage, which is better suited for
accommodating multiple energy storage units in the DC microgrid in the future, the AVSG control
strategy is introduced.

By drawing inspiration from the VSG control concept in the AC microgrid, the AVSG control
incorporates inertia, damping, and droop characteristics, and has a simple structure. It is well-
suited for DC microgrids and demonstrates significant effectiveness in stabilizing DC bus voltage.
Cao et al. [18] proposed a variable-structure AVSG control strategy for DC microgrid multi-port
converters. Zhu et al. [19,20] designed two AVSG control strategies for the power electronic converters
and both control strategies have shown excellent voltage regulation performance. The converter
controlled by the AVSG can smooth the voltage fluctuation in the DC microgrid to a certain extent.
However, during instances of large external power disturbances, especially when random fluctuations
arise within the microgrid, the fixed inertia and damping parameters limit the flexibility of the DC
microgrid’s inertia. As a result, there may still be a large fluctuation of the DC bus voltage in the
transient process, affecting the stability of the system. To tackle this issue, the parameter adaptive
control method is introduced and has been proven effective in improving the flexibility of the DC
microgrid’s inertia. At present, there have been some research results on the AVSG adaptive control.
Caoetal. [21,22] employed two adaptive control approaches for inertia and damping based on distinct
AVSG control structures, and both adaptive controls exhibited certain improvements in comparison
to the original control. However, Cao et al. [21] solely focused on the impact of load fluctuation, and
the effectiveness of the adaptive control is unsatisfactory. Zeng et al. [22] considered the impacts of the
photovoltaic power and load power under the step conditions, but the designed adaptive control lacks
universality and presents complexity. In reality, scenarios involving random power fluctuations more
closely resemble the actual operating conditions of the DC microgrid. Examples include short-term
random shifts in solar irradiance and frequent load switching, both of which require consideration.

Therefore, according to the above analysis, the study conducted encompasses the following:

(1) Through theoretical analysis and equation derivation, the AVSG control is introduced into the
DC/DC converter of the BES interface in the DC microgrid.
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(2) By analyzing the inertia effects of the AVSG control parameters that meet system stability, a
universally applicable and simple adaptive parameter control method is designed.

(3) In the scenarios involving both step power fluctuation and random power fluctuation of the
PV and load, the correctness and effectiveness of the AVSG adaptive control strategy are proved.
Furthermore, the role of the voltage rate of change tracking coefficient in AVSG adaptive control is
discussed.

2 Structure of DC Microgrid with PV and BES

The DC microgrid in this study comprises the photovoltaic (PV) unit, the battery energy storage
(BES) unit, the load unit, and the corresponding interface converters, as illustrated in Fig. 1. The PV
unit operates in the MPPT mode to output the photovoltaic power. The load units are connected to
the DC bus and output the load power.

Input power DC/DC Boost Converter Output power

Load
s> ! A
_.I Vout: +

Cin Cout E Battery
—|_ V| storage

Vv | Iy |_Driver Circuit Control of
y improved

AVSG
=N y

Transmission and
MPPT storage of energy

Figure 1: The overall framework of DC microgrid

PV Array

When the step or random fluctuations occur in the photovoltaic output power and the load
output power within the microgrid, the BES can stabilize the certain system power and stabilize the
DC bus voltage through the energy storage interface DC/DC converter. However, the introduction
of the BES does not fundamentally address the issue of low system inertia in the DC microgrid.
Therefore, this paper adopts the AVSG control to tackle the problem of insufficient system inertia.
Besides, introducing an adaptive and enhanced control strategy for the AVSG control aims to provide
flexible and improved inertial support, enhancing the stability and robustness of the DC bus voltage
in response to the power changes within the DC microgrid.

3 Adaptive Control Strategy for DC Microgrid Based on AVSG

3.1 AVSG Control Principle

In the AC microgrid, the VSG control is usually applied to the DC/AC converter to improve the
inertia. The active power-frequency P — w link of the control structure simulates the inertia, damping,
and primary frequency modulation characteristics of the synchronous generator, and the original VSG
equation is shown in Eq. (1).

Po— PPy = J0? & J 3¢
[ set e D — wdt ~ JwN dl (1)
Py =D, (w— wy)
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where J and D, are the moments of inertia and damping coefficient, respectively, P, is the P —
droop control output power, P, is the output electromagnetic power, Py, is the damping power, o is
the angular frequency, and wy is the rated value of w. Based on the control structure of Eq. (1), wy is
introduced into the inertia link, the P — & droop frequency modulation link, and the damping link.
w, acts as the feedback signal of the frequency modulation link, and the new VSG control equation is
shown in Eq. (2).

d(w—wy)
@ dr

where Py is the rated power of P — w droop control, & is the droop coefficient, and w, is the angular
frequency of the DC bus. According to Eq. (2), when the grid frequency changes suddenly, k is used
for the primary frequency modulation, D, is used to suppress the frequency oscillation, and J can
make the converter control the active power output under the adjustment of VSG, thereby achieving
the effect of suppressing frequency changes. The energy W, stored in J is shown in Eq. (3).

J =k(a)N_a)c)-i_I)N_I)e_l)p(a)_a)N) (2)

T ()

Drawing inspiration from the concept of the VSG in the AC microgrid, the AVSG control is
implemented in the DC microgrid. Analogous to the P — @ droop control in the AC microgrid,
the droop control that utilizes current to suppress the voltage fluctuation is implemented in the DC
microgrid. Analogous to Eq. (3), in the energy storage interface DC/DC converter, the energy can be
stored by paralleling the virtual capacitance C,, acting as the moment of inertia J in the AC microgrid.
The energy W, stored in C, is shown in Eq. (4).

1
VVC = EC\,Z/I(ZR (4)

where 1, is the DC bus voltage, which is also the output voltage of the DC/DC converter in this paper.
The remaining variables associated with the DC/DC converter follow a similar pattern.

The main variable in the AC microgrid is frequency, while in the DC microgrid, the DC bus
voltage is the sole indicator to measure the power balance and the stability of the system. Inertia
and damping represent the ability to suppress the sudden changes and oscillations in the DC bus
voltage. The DC/DC converter lacking inertia features on the DC side is too sensitive to the response
of the DC bus voltage, which can cause voltage sudden changes or system instability when responding
to external power fluctuations. The introduction of a virtual capacitance with voltage-stabilizing
properties slows down voltage changes by utilizing the stored energy. By analogy with the relationship
between frequency and power in Eq. (2), the energy stored in J is substituted with the energy stored in
C,, while factoring in the damping effect for voltage oscillation suppression, the control equation for
virtual capacitance current is shown in Eq. (5).

du;,
dr

where u;, is the output voltage of the AVSG, and Aj, i, i, and i, are virtual capacitance current, the
droop control input current, the DC bus current, and damping current, respectively.

Ai = C,

= iset - idc - id (5)

Based on the above analysis, the analogous relationships exist between the DC/AC converter with
the VSG in the AC microgrid and the DC/DC converter with the AVSG in the DC microgrid. The
corresponding analog parameters of the AC microgrid and the DC microgrid are illustrated in Table 1.



344 EE, 2024, vol.121, no.2

Table 1: Analogy between the AC microgrid and the DC microgrid

Analogous items The AC microgrid with the VSG The DC microgrid with the AVSG
Droop equation w— P, Uge — I

Objective of control w Uge

Output of control P, iy

Inertia of system J C,

Energy relationship 0.5Jw? 0.5C,uy.*

According to the correspondence between the variables between the DC microgrid and the AC
microgrid in Table 1, and the analogy of Eqs. (2) and (5), and make adjustments to some variables, the
AVSG control equation is shown in Eq. (6).

d (u;‘C - uN)
dt
where k.., 18 droop coefficient of the AVSG control; uy is the rated voltage of the AVSG.

Fig. 2 shows the control block diagram of the energy storage system with the AVSG, which is
composed of the BESS (Battery Energy Storage System), the current tracking module, and the AVSG
control module. The output voltage u; of the AVSG control module is used as a reference value for
the voltage outer loop. In order to eliminate voltage steady-state errors, the outer loop uses the voltage
PI controller to make the converter DC side voltage u,, track the reference value u;_ all the time. The
output current i, outputs the signals to the switch tubes S, and S, of the DC/DC converter through
the current tracking module to achieve the control purpose.

kdroop (uN - udc) - idc - Dp (U;C - udc) = Cv

(6)

AVSG control module

Figure 2: Control block diagram of energy storage system with AVSG
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3.2 AVSG Equivalent Model

As shown in Fig. 3, the AVSG equivalent model is established on the basis of the droop control
equivalent model, and the equivalent components of the AVSG control are introduced. The impedance
R, represents the droop coefficient, the inductance Ly, represents the voltage PI controller, C, is the
virtual capacitance, and —D,u; is the controllable current source. Compared with the droop control,
the AVSG control introduces inertia and damping to the system, thereby improving the voltage quality
of the microgrid.

Ry
EEE— ey s

Rd lac isa LPl + idc
Q:. T
() u § * ud+
_)ux & ':D (_ U * ¢
N Dudc

] il

0 0

Figure 3: AVSG equivalent model

3.3 AVSG Small Signal Modeling and Inertial Trend Analysis

In order to analyze the specific control effect of the energy storage interface DC/DC converter
after the introduction of the AVSG control, suppose the duty cycle of the DC/DC converter is d, and
the state space equation is shown in Eq. (7).

x=Cx+ Cu

x = [iuge]' (7)

U= [ubatidc]T
where x and u are state variables, uy, and i; are respectively the input voltage and input current of
the energy storage interface DC/DC converter, and u,. and i, are respectively the output voltage
and output current of the energy storage interface DC/DC converter. The matrices Ciand C, are
respectively are shown in Eq. (8).

R, 1—-d 1 0
C = L, G, C, = L, | )
1 —d, 0 0 4
G, G

The small-signal linearization of the state average equation is carried out, and the disturbance is
introduced near the steady-state operating point, and the instantaneous values of the corresponding
DC/DC converter variables are shown in Eq. (9).

(i, =1, + A,

Uge = Uyge + Aty

Uper = Ubat + Aty (9)
d=D+ Ad

‘l'dc = L. + Al

where Ai, Aug, Auy,, Ad and Ai, represent the corresponding small signal disturbance, and 1,
Ui, Uny, D and I, represent the steady-state values of the corresponding variables. The small signal
equation after neglecting the quadratic disturbance is shown in Eq. (10).
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SCAudC - (1 - D) AlL - ILAd - Aidc (10)
SCAiL - Auba‘ - RLAiL - (1 - D) Audc + Uchd

By sorting out the small signal equation of Eq. (10), the relevant transformation can be deduced.
The main transfer function of the DC/DC converter is shown in Eq. (11).

i Al (s) 1-D
Gi () = — = 2
Aldc (S) CbLbSZ + CbRLS + (1 - D)
G (S) = Al () CUyps+ (1 -D) I,
“ o Ad (S) N CbLsz + CbRLS + (1 - D)z (1 1)
Gus (5) = Auge (5) —Lyiyys — Ryip + (1 — D) Uy,
YA () T GoLys + GoRus+ (1 — D)
Ay, —Lys— R
Gy () = 2 R T
| Aug () CL,s? + CoRus+ (1 — D)

where Gj (s) is the transfer function from the output current to the input current, Gy (s) is the
transferfunction from the duty cycle to the input current, G, (s) is the transfer function from the
duty cycle to the output voltage and G, (s) is the the output voltage to the input current.

Neglecting energy losses, the power balance on both sides of the energy storage interface DC-DC
converter is depicted in Eq. (12).

Upaly = Ugelge (12)
Linearize the small-signal equation of Eq. (12) and neglect the quadratic disturbance, as shown

in Eq. (13).

I Ay + Uy AL = ug. = LAty + Ug Al (13)
According to the superposition theorem, the small signal disturbance Au,, and Aug in Eq. (13)

can be neglected. The resulting simplified transfer function between Ai, and Aj is presented in
Eq. (14).

A (s) U
C Aige () U

iiL (14)
Laplace transform and small-signal linearization are applied to Eq. (6), yielding the small-signal
model controlled by the AVSG as shown in Eq. (15).

— KaroopAttge (8) — Al (5) — D, [Au, (5) — Auge (8)] = CosAu, () (15)

The AVSG small-signal model of the established energy storage DC/DC converter is shown in
Fig. 4. The voltage outer loop and current inner loop adopt the PI control, as shown in Eq. (16).
Gu - k v + kiv N
’ / (16)
Gi = kpi + kii/S
where k,, and k;, are the PI parameters of the converter voltage outer loop, and k,; and k; are the PI
parameters of the converter current inner loop.

The AVSG small signal model of the energy storage DC/DC converter is shown in Fig. 4, and the
AVSG output current disturbance is shown in Eq. (17).
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Ady (8) = (ko + Ki/5) [ A, (5) — Attge (9)] (17)

Combined with the operating characteristics of the PI controller, Ai,. (s) is approximate to AZ;_(s),
and Eq. (17) is substituted into Eq. (15). And the equivalent droop coefficient of AVSG control is
shown in Eq. (18).

m = lim AL.ldc © == 1 4
s—0 Aldc (S) kdroop

According to Eq. (18), the droop coefficient k., determines its equivalent droop coefficient
m. Since droop control involves differentiating the voltage, k4., Will impact the bus voltage offset
when the power of the microgrid changes. Based on Eqs. (15) and (18), and taking into account the
composition of the AVSG control structure along with the derivation of its small signal model, the
approximate relationship between the ratio of Auy, (s) and Ai, (s) is depicted in Eq. (19).

Audc (S) ~ m
Aig(s)  (C./Dy)s+1

(19)

This article only requires a brief analysis of the relationship between the inertial parameters of the
AVSG and the inertia of the DC microgrid, along with the design of the parameter adaptive equation.
Fig. 4 reveals that, beyond the main pathway, the AVSG closed-loop system is also influenced by two
additional secondary paths L, and L,, leading to a relatively intricate analysis. Moreover, the dynamic
behavior of the higher-order AVSG system can be directly inferred from the dynamic performance
index of the first-order inertial system [20]. As a result, the equivalent first-order transfer function
TF (s) of the AVSG closed-loop system is represented in Eq. (20).

Audc (S) ~ l/kdroop
—Aig (5)  (C/Dy)s+1°

where t is the inertial time constant. According to Eq. (20), the unit step response curve of the AVSG
control parameter variations can be plotted. It can be seen from Fig. 5a that the larger the C,, the
smaller the change of the DC bus voltage perunit time, the longer the time for the DC bus voltage to
stabilize, the stronger the inertia of the DC microgrid system. The smaller the C,, the shorter the time
for the DC bus voltage to stabilize, the smaller the inertia of the DC microgrid. In addition, in the
equation, t = C,/D,, which reflects the size of the inertia of the system, and C, is proportional to the
inertial time constant t.

TF (S) = T = Cv/Dpa |m| = 1/kdrocop (20)

Figure 4: AVSG small signal modeling of energy storage DC/DC converter
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Figure 5: Unit step response curve of AVSG control parameter changes

It can be seen from Fig. 5b that a suitable decrease in D, can extend the time required for voltage
stabilization, thereby enhancing the inertia of the DC microgrid system. Conversely, an increase in
D, weakens the inertia. Both Figs. 5a and 5b illustrate that C, and D, can impact the inertia, being
components of the t function. Eq. (20) indicates that k.., is not governed by the  function and is not
correlated with the inertia trend. Nonetheless, as shown in Fig. 5c, it is evident that k.., influences
the voltage offset, showcasing a gradual decrease. Hence, an adaptive adjustments in C, and D, values
can modify the inertia of the microgrid system.

3.4 AVSG Adaptive Control and System Stability Analysis

To enable the AVSG control to dynamically adjust C, and D, in response to changes in the DC
bus voltage, C, and D, should be formulated as functions of the rate of voltage change. Therefore, the
voltage change rate tracking coefficients 4 and B are introduced, and |du, /dt| > k, is used as a limiting
condition to determine whether the DC bus voltage fluctuates. The flexible adjustment of C, and D,
can improve the inertia of the DC microgrid system and effectively address the voltage fluctuations
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generated by the distributed power sources and load power changes. Based on the aforementioned
impact of C, and D, trends on the inertia of the DC microgrid, the adaptive parameter conditions are
designed, as depicted in Eqs. (21) and (22).

Cv = CVO (|udc - uNl 5 ku) N (|dudt/d[| S kv) (21)
C, = Cy+ A|dug/dt]  |duy./dt| >k,
Dp = DPO (ludc - Z’lN| S ku) N (ldudc/d” =< kv) (22)
Dp - Dp() - B |dudc/dl| |dudc/dt| > kv

where C,, and D, are the initial virtual capacitance and damping coefficient, respectively, and 4 and
B are the voltage conversion rate tracking coefficients, which can be selected according to the actual
situation, and k, and k, are the minimum voltage change and voltage change rate that are allowed to
fluctuate. This article sets the value of k, and k, to 0 for simplifying.

When performing parameter adaptive optimization, a high-pass filter (HPF) is used to mitigate
the disturbance caused by introducing the differential link to obtain the voltage change rate within the
system. This approach facilitates the acquisition of the voltage change rate. Simultaneously, to prevent
output voltage oscillations resulting from sudden changes in C, and D,, a low-pass filter (LPF) has
been added to the output terminals of C, and D,, respectively. The block diagram illustrating the
adaptive control of the AVSG is shown in Fig. 6.

% D,=D, (g~ ) (1 de| <K,)
D, =D, - Bldu, /di| |du, /di>k, *@-‘

L

¢, =C, (‘udc —u\“ <k)n (‘dudc /dt‘ <k,) @E
LPY C,=C,+ lduy /di|  |du, /di]>k,
Figure 6: The block diagram of AVSG adaptive control

To simplify the analysis, ignoring the influence caused by two secondary paths L, and L, in Fig. 4,
the closed-loop transfer function TFj; (s) between Auy, (s) and —Ai (s) is shown in Eq. (23).

TFy = Aug (5)/(—Aig (5)) = (GuGiGLGy)/ [(CVS + Dp) (1 + GGy
+ (kdroop + Cvs) Gud Gi GuGii] (23)

By analyzing the closed loop pole distribution trends of C,, D, and k..., changes, a rough range
of the AVSG control parameters that ensure system stability can be determined.

As shown in Fig. 7a, in addition to the fixed poles that have satisfied stability, it is also necessary
to analyze the influence of changing poles on the system stability. With the increase of C,, the poles
labeled as P,;, P, and P,; are from left to right. P,, gradually moves toward the imaginary axis,
weakening the system stability. P, gradually moves away from the imaginary axis, enhancing the
system stability. As the dominant pole closest to the imaginary axis, P;; moves toward the imaginary
axis, and the system stability tends to weaken, but it does not enter the right half-plane, and the entire
system remains stable. Similarly, in Figs. 7b and 7c, the dominant poles P.;, Ps,, and P;; closest to
the imaginary axis determine the trend of system stability. The larger the values of D, and k., the
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closer their poles are to the intersection of the left half-plane and the right half-plane, and the worse
the overall system stability will be.
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Figure 7: Closed loop pole distribution diagram of AVSG parameters

4 Simulation Analysis

4.1 Simulation Model Construction

To validate the efficacy of the proposed control strategy, a simulation platform is constructed
using MATLAB/Simulink, as depicted in Fig. 1. The PV unit operates at a rated temperature of 25°C,
with an initial solar irradiance of 600 W/m?. The parameters of the DC microgrid system are provided
in Table 2.

Table 2: The parameters of the DC microgrid system

Paramater Value Unit
Energy storage converter input voltage (U,,) 244.15 A"
Energy storage converter output voltage (U,,) 399.75 A%

(Continued)
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Table 2 (continued)

Paramater Value Unit
Battery capacity (SOC) 80.15 %
DC bus rated volatge (Uy) 400 v
Equivalent inductance of energy storage side (L) 0.0013 H
Energy storage side equivalent resistance (R,) 0.15 122
Energy storage side equivalent capacitance (C,) 0.005 /F
Load switching initial resistance (R) 45 122
Switching frequency (f;) 50 /HZ
Coefticient of current-loop of energystorage converter (k,;/k;) 0.1/10

Coefticient of voltage-loop of energystorage converter (k,,/k;,) 20/200

4.2 Simulation Waveform under AVSG Control Strategy
4.2.1 The Effect of AVSG Control Parameters on DC Bus Voltage

Scenario 1: in this scenario, the solar irradiance is changed, transitioning from the initial value
of 600 to 1000 W/m? at 1.5 s. Fig. § illustrates the simulated waveforms of the DC bus voltage under

varying conditions of C,, D, and kep.

406
405 (AC01 D=2
404 A
20 403 V=001 D=
240
401
400
399
0 05 I 7 25 3 0 05 1 2 25 3

L5
t/s
(b) DC bus voltage when Dj, changes

15
t/s
(a) DC bus voltage when Cvchanges

406}
405} Karoop=1.0
404}

> kdrovpzl-5

<, 403

S 402} Kitoop=2.0
O 020,02 D=1

400

399t ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3

t/s

(c) DC bus voltage when kuroop changes

Figure 8: Effect of AVSG control parameters on DC bus voltage
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In this study, the degree of the fluctuation and dynamic change in the DC bus voltage are used as
indicators to reflect the inertia strength of the DC microgrid, as demonstrated in Fig. 9c. When power
step disturbances manifest within the microgrid, the inertia of the microgrid is predominantly revealed
through the dynamic changes of the DC bus voltage. Moreover, the inertia can also be indirectly
reflected by the dynamic response time of the DC bus voltage. The slower the dynamic change of the
DC bus voltage, the longer the dynamic response time, and the stronger the inertia of the microgrid.
As depicted in Fig. 8a, the dynamic change of the DC bus voltage differs based on different values of
C,. A larger value of C, improves the dynamic change of the voltage and extends dynamic response
time, leading to increased stability of the DC bus voltage and the inertia of the system. In Fig. 8b, the
impact of D, on inertia is contrary to that of C, and decreasing D, enhances the inertia. In Fig. 8c,
kaop does not affect the system inertia, but an increase in k..., leads to a reduction in the offset of the
DC bus voltage. The value of k..., 1s not the focus of this paper. In the control of the energy storage
equipment, k., 18 typically set as a constant value.
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Figure 9: Effect of different control strategies on DC bus voltage

4.2.2 The Effects of Different Control Strategies on DC Bus Voltage

Scenario 2: The initial solar irradiance is 600 W/m?, which increases to 1000 W/m? at 1 s and further
rises to 1100 W/m? at 2 s. The corresponding changes in photovoltaic output power are depicted in
Fig. 9a. In Fig. 9b, the initial load power consumption is 3.5 kW. At 1 s, the load power consumption
slightly increases to 3.6 kW. At 2 s, a 35 Q load is introduced, causing the power to rise to 8 kW. To
facilitate clear observation of the control effects, the following initial parameters are chosen for the
AVSG: C,=0.02F, D, =1, and k..., = 1. It is important to note that the values of the voltage tracking
coefficients 4 and B should be selected to keep C, and D, within a parameter range that maintains
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system stability. For this purpose, the voltage change rate tracking coefficients are set as 4 = 0.1 and
B =4. The impact of the different control strategies on the DC bus voltage is demonstrated in Fig. 9c.

As depicted in Fig. 9c, it is clear that the AVSG control can effectively mitigate the initial voltage
fluctuations of the DC bus under droop control. When photovoltaic and load power shift at 1 and 2 s,
the AVSG control augments droop control with fixed C, and D,. This improvement strengthens the
resistance of the DC bus to sudden voltage changes, prolongs dynamic response time, and enhances
the system inertia. In comparison to the AVSG control, the AVSG adaptive control readjusts the
values of C, and D,, enabling C, and D, to adapt to changes in the DC bus voltage. Therefore, the
dynamic change degree of the DC bus voltage has been significantly improved, which shows the inertial
capability of the system has been further improved.

Fig. 10 illustrates that when the rapid changes manifest in the photovoltaic power and load power,
corresponding fluctuations arise in the DC bus voltage and its rate of change, and the parameter
adjustments of C, and D, in the AVSG adaptive control.
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Figure 10: Parameter changes of AVSG adaptive control

4.2.3 The Effects of Different Control Strategies on the Main Variables of Battery

Analyzing the effects of different control strategies on the key parameters of the battery in
Scenario 2.

Observing Figs. 11a and 11b, it becomes evident that changes in microgrid power demand
lead to battery overshooting under traditional droop control, which is harmful to the battery’s
lifespan. In contrast, both the AVSG control and the AVSG adaptive control eliminate this overshoot
phenomenon. The AVSG adaptive control makes the transient change of battery power more apparent,
and the battery power responds faster, thereby enhancing the battery’s power support capability.
Fig. 11c shows the battery SOC difference, which is defined as the gap between the changing value
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and the initial value. Taking t = 2 s as an example, the rate change of SOC difference under the AVSG
adaptive control is the fastest, indicating that the AVSG adaptive control maximizes the utilization of
battery performance.
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Figure 11: Changes in key battery parameters under different control strategies

4.2.4 Simulation Waveforms of Different Control Strategies in a Simulated Natural Environment

Scenario 3: Simulating the fluctuation of short-term solar irradiance under natural conditions,
with the ambient temperature held at 25°C, the values associated with the AVSG control parameters
remain consistent with those in Scenario 2, and the effect of different control strategies on the DC bus
voltage is depicted in Fig. 12a.

The random load fluctuations exhibit a similar behavior to the photovoltaic fluctuations, so this
scenario will not be elaborated upon. In the case of power random fluctuations in the DC microgrid,
besides using the dynamic variation of the DC bus voltage as an indicator, the inertia strength of the
DC microgrid can be more clearly reflected through the degree of fluctuation in the DC bus voltage.
Therefore, the fluctuation of the DC bus voltage is considered the primary indicator. The smaller the
voltage fluctuation, the stronger the anti-interference ability of the bus voltage, the larger the inertia
of the DC microgrid, the more stable the system. Fig. 12b reveals distinctions in the DC bus voltage
waveform under the three control strategies. The degree of fluctuation is attenuated to some extent
through the application of the AVSG control. However, there is still room for improvement in the
fluctuation suppression effect of the AVSG control on the DC bus voltage. By applying the adaptive
control to C, and D,, it is possible to more flexibly reduce the fluctuation of the DC bus voltage,
thereby achieving an even better and flexible system inertia.

In Fig. 13, the significant parameter changes in the AVSG adaptive control occur during periods
of random short-term solar irradiance fluctuations, with the voltage change rate tracking coefficients
A and B playing a crucial role in the adaptive control of C, and D,.
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Figure 12: Simulation waveforms in a simulated natural environment
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4.3 The Effects of the Values of A and B on the AVSG

The effects of the voltage change rate tracking coefficients 4 and B on the AVSG are still examined
in Scenario 2. The roles of 4 and B in Scenario 3 are similar to those in Scenario 2, eliminating the
need for further explanation. Whenever there is a change in the power of the DC microgrid, the AVSG
adaptive control can recalibrate the values of C, and D, by adjusting 4 and B. Asillustrated in Figs. 14a
and 14b, the waveform variations of C, and D, can be observed with different values of 4 and B.
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In Fig. 14c, with the increase of 4 and B, C, becomes larger and D, becomes smaller. By adjusting
the values of 4 and B, the values of C, and D, can be modified, enabling the implementation of the
AVSG adaptive control. This improvement enables the AVSG controller to detect changes in the DC
bus voltage with greater sensitivity.

5 Conclusions

In view of the low inertia and poor anti-interference capability of the DC microgrid equipped with
power electronic converters, the AVSG control with virtual capacitance C, and damping coefficient
D, is applied to the battery interface converter. Furthermore, the adaptive control of C, and D, is
introduced based on the AVSG control to adapt to changes in the DC bus voltage. Analyzing the
simulation results leads to the following conclusions:

(1) By incorporating C, and D, with inertial characteristics, the AVSG control mitigates the
battery’s constrained voltage regulation capacity to some extent and addresses the issue of battery
overshooting.

(2) The implementation of the AVSG adaptive control with voltage change rate tracking coeffi-
cients 4 and B enables the attainment of flexible adjustments for C, and D,. Properly increasing C, and
decreasing D, can further enhance the stability of the DC bus voltage, optimize battery performance,
and bolster the overall system inertia.
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(3) When power step disturbances occur in the microgrid, the AVSG adaptive control can further
slow down the dynamic changes in the DC bus voltage and restrain sudden changes in the DC
bus voltage. During random power fluctuations, the fluctuation of the DC bus voltage decreases
noticeably. In both scenarios, the stability of the DC bus voltage is optimal under adaptive control,
and the DC microgrid connected to the DC bus exhibits the characteristics of “flexible inertia”.

(4) This study exclusively concentrates on the adaptive control of C, and D, for the DC/DC
converter within a single energy storage unit in a DC microgrid. The coordinated control of multiple
energy storage converters is not taken into account, representing a limitation of this study and a
potential avenue for future research.
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