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ABSTRACT

With the penetration of a large number of photovoltaic power generation units and power electronic converters,
the DC microgrid shows low inertia characteristics, which might affect the stable operation of the microgrid in
extreme cases. In order to enhance the “flexible features” of the interface converter connected to the DC bus, a
control strategy of DC microgrid with photovoltaic and energy storage based on the virtual DC generator (VDCG)
is proposed in this paper. The interface converters of the photovoltaic power generation system and the energy
storage system simulates the inertia and damping characteristics of the DC generator to improve the stability of
the DC bus voltage. The impedance ratio of DC microgrid was obtained by establishing the small-signal model of
photovoltaic power generation system and energy storage system, and the Nyquist curves was applied to analyze
the small-signal stability of the system. Finally, the simulation results were verified with MATLAB/Simulink. The
results show that the proposed control strategy can slow down the fluctuation of bus voltage under the conditions
of photovoltaic power fluctuation and load mutation, thus enhancing the system stability.

KEYWORDS
DC microgrid with photovoltaic and energy storage; virtual DC generator; the low inertia characteristics; small-
signal model; impedance ratio

1 Introduction

In order to achieve the goal of carbon peak and carbon neutrality, the increasing penetration of
renewable energy and power converters brings direct impact on the stability of the power system due to
the lack of inertia and damping [1,2]. As an important part of the power system, easy to control and
without having to consider frequency, reactive power and other factors, the DC microgrid receives
extensive attention [3,4]. However, a large number of stationary power generation units, especially
photovoltaic (PV) and power converters, are connected to the DC bus in microgrid, exhibiting
characteristics of low inertia and weak damping, which may challenge the operation and control of
DC microgrids, leading to the voltage instability [5].

In DC microgrids, droop control and other improved strategies based on it are usually used to
maintain the power balance, thus stabilizing the DC bus voltage. However, these control methods failed
to enhance the inertia of the microgrid. Inspired by the virtual synchronous generator (VSG) based
control for AC microgrid, the concept of virtual DC generator (VDCG) control is proposed to improve
the inertia and damping of DC microgrids [6-9]. References [10-12] have shown that VSG control is
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adopted in the interface converter of AC side, while the virtual DC generator (VDCG) control is used
in the interface converter of the DC side to enhance the stability of the system. VDCG is applied
to the converter of the load side to reduce bus voltage fluctuation caused by random disturbance
of the load [13,14]. Furthermore, references [15-19] proposed a control strategy applying VDCG
to the source-side converter of DC microgrid to effectively subdue the influence caused by power
fluctuation. In references [15-17], the VDCG control method was implemented in the energy storage
interface converter, changing the control structure to possess superior voltage dynamic performance
and inertial support ability. However, the VDCG approach used in the PV interface converter [18,19]
has inertia and damping characteristics due to adding the mechanical and electromagnetic equation
of DC generator. The existing research results have made forcefully positive contributions to improve
inertia, but the two following problems still exist:

1) At present, the VDCG control strategy applied to PV interface converter does not consider the
maximum power point tracking (MPPT) control.

2) Existing references mainly focus on single PV interface converter or single energy storage
interface converter in the DC microgrid, and the VDCG control strategy is not applied in both the PV
Boost converter and the bidirectional DC/DC converter for energy storage at the same time, which
may enhance the flexibility of the DC bus.

In order to solve these problems, this paper adopted a two-level control strategy for the PV
power generation system in the DC microgrid. The MPPT control was adopted for the former Boost1
converter, and the VDCG control was used for the latter Boost2 converter. On the other hand, the
VDCG control strategy was also applied to the energy storage system in the DC microgrid, which can
not only maximize the output power of the PV power generation unit but also improve the inertia of
the system. The bode diagram was used to analyze the influence of VDCG control on system stability.
Besides, the small-signal model of the DC microgrid with PV and energy storage was established. The
influence of main parameters on the stability of the system was determined using the impedance ratio
criterion. Finally, the accuracy and effectiveness of the proposed method were verified by simulation
and analysis.

2 Structure of DC Microgrid with PV and Energy Storage

A DC microgrid is usually composed of distributed power supplies, an energy storage system,
load units and corresponding interface converters. The DC microgrid researched in this paper is
composed of a PV micro-source and an energy storage, and the system structure is shown in Fig. 1. The
PV power generation system adopts a two-level topology structure. By controlling the front Boostl
converter, the PV array operates in MPPT mode based on perturbation and observation method
(P&O). However, in order to enhance the inertia of PV power generation system connected to DC
bus, the Boost2 converter utilizes the VDCG control strategy. The bidirectional DC/DC converter
controlled by VDCG is regarded as the intermediate link between the energy storage system and the
DC bus to improve the flexibility characteristics, while the load is directly connected to the DC bus
through the DC/DC converter. When the system is in grid-connected state, the DC microgrid can
connect to the AC grid through the DC/AC interface converter to provide the grid-connected power
Pgia.
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Figure 1: Topology of DC microgrid with photovoltaic and energy storage

This paper mainly studied the control strategy of DC microgrid in the isolated island mode. The
PV power generation system and energy storage system jointly suppress the random power fluctuation
to improve the stability of the DC bus voltage when the system is disturbed by PV power fluctuations
and sudden load changes.

3 Control Strategy of DC Microgrid Based on VDCG

3.1 VDCG Control Strategy

Similar to VSG control strategy, the VDCG control strategy integrates mechanical and electro-
magnetic equations into the control of DC converter. Consequently, the external characteristics similar
to that of a DC generator is supplied to the output port of converter. The DC converter is equivalent
to a two-port network, and the VDCG equivalent model obtained is shown in Fig. 2. U;, and I,, are
the input voltage and input current of the DC converter, respectively, 1, is the output current and U,
is the output voltage of the DC converter.
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Figure 2: Equivalent model of VDCG
The mathematical model of VDCG is as follows:
1) Mechanical equation:
d
J2 =Ty =T. = D(w— ) (1)

dt
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P,
T.=— (2)
w
where J is the moment of inertia and D is the damping coefficient, w and w, are the actual angular
velocity and rated angular velocity, respectively. 7,,, T. is mechanical torque and electromagnetic

torque respectively and P, is electromagnetic power.
2) Electromagnetic equation:
E,= U+ LR, 3)

Ea = CT(/)(U (4)

where E, is the armature induced electromotive force, U is the terminal voltage, I, is armature current,
R, is armature resistance, Cr and ¢ are torque coefficient and flux at each pole, respectively.

According to Egs. (1)~(4), the control structure of the DC generator link was established. By
adding the DC generator link to the converter control, the VDCG control strategy can be obtained,
as is shown in Figs. 3a and 3b, respectively.

Electromagnetic equétion

,un:f
@[T

DC generator part

(a)
t "rn:’f
] Bus voltage P DC Lot current PWM
Us regulation generator tracking
(b)

Figure 3: (a) The DC generator link, (b) The VDCG control strategy

The VDCG control strategy is mainly composed of a control link including bus voltage regulation,
DC generator and current tracking. The bus voltage regulation mainly suppresses the voltage fluctua-
tion, maintaining the mechanical power P, as the input of the DC generator link. In the DC generator
control, when P, changes suddenly, the angular velocity w and the armature induced electromotive
force E, will change slowly due to the role of inertia J and damping coefficient D. Therefore, the change
of the output power P, is also subdued. In the current tracking control, the output current reference
value I, is converted to the input current reference value according to the power balance principle of
the converter, which is used as the current loop reference value to achieve current tracking. U, is the
reference voltage of the DC bus.

The introduction of DC generator in the control link changes the control structure of DC
converter, affecting the open-loop characteristics of the control system. As a result, the impact of
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key parameters on system performance is analyzed as follows and the small-signal model parameters
of VDCG control strategy are shown in Table 1.

Table 1: Small-signal model parameters of VDCG control strategy

Parameter name Symbol  Value and unit
Equivalent resistance of the armature R, 1Q

Rated angular velocity N 314 rad/s
Inertia coefficient J 8 kg-m?
Damping coefficient D 15 N-m-s/rad
Reference voltage of DC bus U 750 V

Bring Aw = w — w, in Eq. (1) into Egs. (2)~(4), then the Eq. (5) can be deduced as follows:
dw Crlo’w, Cro*Aw
dr — R, R,

Add small-signal disturbance into Eq. (5), then Eq. (6) can be obtained

— DAw ®))

d(w+ o A Cilo? Co* (Aw + Ad R
ng(Tm T.) - AT Al )—D(Aw+Aw) (6)
dr R, R,
When the perturbation is separated, Eq. (7) can be obtained according to the Eq. (6).
do 4 Cro*Aé
ey N e VN (7)
dr R,

After the substitution of variables, then the Eq.(7) can be rearranged as shown in the
Eq. (8).

dw Crl o’ Aw
J—=T,— —— DA 8
ds R, © ®
After Laplace transform, the transfer function of the DC generator can be obtained
Aw 1
Gvpee = (9)

AT, Js+ <2 4 p

As is seen from Eq. (9), the DC generator part can be approximately regarded as the first-order
inertia link, which is equivalent to a “virtual capacitor” with variable capacitance connected parallelly
at the output port of the DC converter. If the values of J and D are changed reasonably, the inertia of
the system will be changed in accordance. The step response curves of Gypcg for the DC generator when
changing the inertia coefficient J and damping coefficient D are shown in Figs. 4a and 4b, respectively.
In Fig. 4a, as coefficient J fluctuates within a certain range, the response time of the system becomes
longer, and the inertial response ability of the output voltage is enhanced. As shown in Fig. 4b, under
different D values, the response of the system can become faster, improving the stability.

Rearrange Eqs. (3) and (4), the expression of the Eq. (10) can be deduced as follows:
U = Crpow — IR, (10)
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Figure 4: (a) Step response curve when J changes, (b) Step response curve when D changes

By taking the partial derivative of Eq. (10), the relationship between the output voltage deviation
of the DC converter and the angular velocity deviation is shown in Eq. (11).

oU
— =Cp (11)
w

The small-signal model of VDCG control strategy can be obtained by analyzing the principle in
Fig. 3, as shown in Fig. 5.
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Figure 5: Small-signal model of VDCG control strategy

According to Fig. 5, the relation between the output voltage deviation of the DC converter and
the voltage deviation of the bus is shown in the Eq. (12).

A U _ UrefCT(pRa (SkPu + klu)
AU,  s(JRs+ Ci'¢>+ DR,) w,

G= (12)

Therefore, the Bode diagram of VDCG control strategy with the change of J and D can be
obtained, as shown in Figs. 6a and 6b. It can be seen from Fig. 6a that the cutoff frequency and phase
angle margin of the system basically remain unchanged when the inertia coefficient J increases, so the
change of J has no obvious influence on the stability of the system. In Fig. 6b, the cutoff frequency and
phase angle margin of the system decreases accordingly due to the increase of the damping coefficient
D. Therefore, if the D is too large, the stability and response time of the system will be affected.
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Figure 6: (2) Bode diagram of G when J changes, (b) Bode diagram of G when D changes

3.2 Control Strategy of Photovoltaic Power Generation System

The two-level control strategy of PV power generation system in this paper is shown in Fig. 7. The
purpose of level 1 is to determine the maximum power output for PV. The former Boostl converter
collects the output voltage and current of the PV array. The reference value Uy, in outer voltage
loop can be obtained through the MPPT algorithm, and then the Uy, is compared with the actual
PV output voltage to obtain the reference value Ipy, in the inner current loop. On the other hand,
the purpose of level 2 is to stabilize the DC bus voltage, while the Boost2 converter adopting VDCG
control strategy enhances the flexibility of DC bus.

Based on the above analysis, the inertial energy provided by the PV power generation system to
the DC bus mainly includes two parts: one is the equivalent “virtual capacitance” of the PV back-level
converter using the VDCG control strategy, the other is provided by the actual output capacitor C..

3.3 Control Strategy of Energy Storage System

Fig. 8 shows the VDCG control strategy of the bidirectional DC/DC converter, where U, is
the terminal voltage of the battery, I}, and [, are the inductance current and output current of the
converter, respectively. R,, L, and C, are parasitic resistance, inductance and output capacitance of
bidirectional DC/DC converter, respectively, and Iy, is the reference value of current loop.

As can be seen from Fig. &, the inertia sources provided by the energy storage system for the
DC bus mainly include three parts: the equivalent “virtual capacitance” of the bidirectional DC/DC
converter using the VDCG control strategy, the inertia support provided by the actual output capacitor
C, and the equivalent inertia provided by the battery.
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Figure 8: VDCG control strategy of energy storage system

4 Small-Signal Stability Analysis of DC Microgrid Based on VDCG

4.1 Small-Signal Model of Back-Level Converter in Photovoltaic Power Generation System

Since the post-level converter of PV power generation system operates under the VDCG control

strategy, suppose the duty cycle of the Boost2 converter is dpy,. The state space equation can be
established, as is shown in Eq. (13).

[ di
Ld_lL =u — (1 —dpy2) u, — iL Ry
du
ld_tl = il - iL (13)
du, . .
| COE = (1 — dpy) i — 1,
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Based on Eq. (13), the small-signal model of PV Boost2 converter is shown in Eq. (14).

Gy = l:L (5) _ SCy (1 = dpy)
i (5)  SLC,C, + $CCR, +5[Co + Cy (1 — dpyo)’]
G = i (5) _ C,Cou,s*>+ Ciip (1 — dpyy) s
Y da(8)  $LCC,+ CCR. + s[Co+ Ci (1 = dpyo)’]
Gu u, (s) _ (1 = dpvs) Cittes — (LCis* + CiRus — 1) iy (14
T ey () SLCCy 4 82 CCR A+ 5[Cy 4 Cr (1 — dpy)’]
7 () __ C\Ls*+ C\Rys — 1
) $LC,C, + $C,CR, + 5[Cy + Cy (1 — dpyy)’]

where U, and I, are the output voltage and output current of PV Boostl converter respectively, while
U,, I, and I, are the output voltage, output current and inductance current of PV Boost2 converter
after adding a small disturbance near the corresponding steady-state operating point, respectively. G,
is the transfer function from the output current to the inductance current, Gy, is the transfer function
from the duty cycle to the inductive current, G, is the transfer function from the duty cycle to output
voltage and Z, is the open-loop output impedance of PV Boost2 converter.

The small-signal model block diagram of the PV post-level converter using VDCG control strategy
can be obtained from Eq. (14) and Fig. 7, as is shown in Fig. 9.

Figure 9: Small-signal model block diagram of the latter-level converter for PV under VDCG control
strategy

It can be seen that the closed-loop output impedance Z,. of the PV back-level converter under the
VDCG control strategy is deduced in Eq. (15).

Z _ Zo - GiL0G3Gud
“ 14 GGGy + G,G,G,G,
G — Urcf CT(pRa (SkPuZ + kIuZ)
' s(JRs+ C'¢* + DR,) o, (15)
Ure
Gz = :
UR,
G. — kpios + ki
L T S (1 + GidkPi2) + Gidkliz

where G, is the transfer function from the bus voltage deviation to armature induced electromotive
force, G, is the transfer function from armature induced electromotive force deviation to inductance
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current and G, is the current closed-loop transfer function. kp,, and k,,, are respectively the propor-
tional and integral coefficient of the voltage controller under the VDCG control strategy, and &y, and
ki, are respectively the proportional and integral coefficient of the current controller under the VDCG
control strategy.

4.2 Small-Signal Model of Bidirectional DCIDC Converter in Energy Storage System

Since the bidirectional DC/DC converter of the energy storage system also operates in the VDCG
control mode, suppose the duty cycle of the bidirectional DC/DC converter is dy. The state space
equation is shown in Eq. (16).

b% =u, — (I — dy) u, — Ryiy,

(16)
du, L dyie —

LEp = —dy)iw —io
where u, and i, are respectively the input voltage and input current of the bidirectional DC/DC
converter after adding small disturbance near the steady-state operating point, and u, and i,, are
respectively the output voltage and output current of the bidirectional DC/DC converter after adding
small disturbance near the steady-state operating point.

According to the Eq. (16), The small-signal model of bidirectional DC/DC converter can be
obtained, as is shown in Eq. (17).

i Gy = i, () _ 1 —d,

P () $CLy+ sCoRy + (1 —d,)’
Gy = I, (5) _ sCotty + (1 — db) Iy

d,(s)  s*CLy,+sCR, + (1 —d,)’ a7

G = U, () _ (L, + Ry) iy, — (1 — dy) u,

’ dy (s) $2C,L, + sC,R, + (1 — d,)’
7 :”o(s):_ sL, + R,

P T i () $CoLy+ SCoRy + (1 —dy)

where Gy, is the transfer function from the output current to the input current, G, is the transfer
function from the duty cycle to the input current, G, is the transfer function from the duty cycle to
the output voltage and Z,,, is the open-loop output impedance of bidirectional DC/DC converter.

The small-signal model block diagram of bidirectional DC/DC converter under VDCG control
strategy can be obtained from Eq. (17) and Fig. 8, as is shown in Fig. 10.

| iap

I (r: L
| Tiib

Figure 10: Small-signal block diagram of bidirectional DC/DC converter under VDCG control
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The closed-loop output impedance Z,,. of the bidirectional DC/DC converter under the VDCG
control strategy can be deduced, as is shown in Eq. (18).

Zob - GﬁGiibGudb
1 + GS G6 Gudb + G4 GS G6 Gudb
_ Uref CTwRa (SkPu3 + kIu3)
s (JRas + CTz(p2 + DR.A) Wy
(Jref
U,R,
. skpi + ks
5 (1 + kpiz Gigs) + ki3 Gigs
where G, is the transfer function from the bus voltage deviation to armature induced electromotive
force, G is the transfer function from armature induced electromotive force deviation to input
current, and G is the closed-loop transfer function of current loop. kp,; and k,,; are respectively the
proportional and integral coefficient of the voltage controller under the VDCG control strategy, kp;;

and ky; are respectively the proportional and integral coefficient of the current controller under the
VDCG control strategy.

Zobc =

(18)

G5:

Ge

4.3 Small-Signal Model of DC Microgrid With Photovoltaic and Energy Storage

The corresponding energy flow diagram is shown in Fig. 11a. Ry, is the load resistance and iy is
the load current. From Eqs. (15), (18) and Fig. 10, the small-signal model of DC microgrid with PV
and energy storage can be established, as is shown in Fig. 11b.

, 7 i
PV H :
i power 8 C> Energy | i
| generation o | _,  Storage i [] Riowa load |
et H H]Z‘h- system i i
750 Z]_i
(©

Figure 11: (a) Energy flow diagram of DC microgrid, (b) Small-signal model of DC microgrid,
(c) Equivalent impedance model of DC microgrid
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As the front-level boostl converter in the PV power generation system operates in MPPT mode,
the PV power generation system can be seen as an equivalent to the parallel connection of current
source and impedance. On the other hand, the bidirectional DC/DC converter in the energy storage
system operates in the VDCG control mode, indicating that the energy storage system can be seen as
an equivalent to the series connection of voltage source and impedance, as shown in Fig. 1lc. Z is
the output impedance of the source side and Z; is the input impedance of the load side.

Therefore, in the DC microgrid with PV energy source and energy storage, the ratio of the output
impedance Z,, of the source side to the input impedance Z; of the load side is shown in Eq. (19).
ZSO ZOCZO C

= > (19)
ZLi (Zoc + Zobc) RLoad

According to the impedance ratio criterion of the cascaded system [20], if the Nyquist curve of
the impedance ratio does not enter the forbidden region, the cascaded system is stable. Consequently,
the Nyquist curves can be obtained when inertia coefficient J and damping coefficient D change, as
shown in Figs. 12a and 12b, and the small-signal model parameters of DC microgrid are shown in

Table 2.
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Figure 12: (a) Nyquist curve when J changes, (b) Nyquist curve when D changes

Table 2: Small-signal model parameters of DC microgrid

Parameter name Symbol Value and unit
Inductance of PV post-level converter L 0.5mH
Input capacitance of PV post-level converter o 0.003 F
Output capacitance of PV post-level converter  C, 0.002 F

(Continued)
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Table 2 (continued)

Parameter name Symbol Value and unit
Inductance parasitic resistance of PV post-level R 0.01 Q
converter

Inductance of energy storage converter L, 0.3 mH
Output capacitance of energy storage converter C, 0.002 F
Inductance parasitic resistance of energy storage R, 0.01
converter

It can be seen from Fig. 12a that the Nyquist curve moves to the right and gradually away from
the forbidden zone when J increases, which improves the stability of the DC microgrid. As a result, the
increase of J can attenuate the influence of disturbance on the system. In Fig. 12b, due to the increase
of D, the Nyquist curve on the right part of the real axis gradually converges to the right, while the
Nyquist curve on the left part of the real axis does not change significantly. Therefore, the increase of
D has little influence on the stability of DC microgrid.

To sum up, the adjustment of the value of inertia coefficient J or damping coefficient D will not
cause the Nyquist curve to enter the forbidden region indicating that the system is small-signal stable.

5 Simulation Analysis of DC Microgrid Based on VDCG

In order to verify the rationality and effectiveness of VDCG control strategy in the DC microgrid
with PV and energy storage, the simulation model of the DC microgrid under the isolated island
operation is built using MATLAB/Simulink simulation software. The simulation is carried out under
the three conditions with different key parameters, PV power and load power. The simulation
parameters are shown in Table 3.

Table 3: Simulation parameters of DC microgrid

Parameter name Symbol Value and unit
Input voltage of PV post-level converter U, 400V
Terminal voltage of battery U, 320V
Switching frequency of converter f 20 kHz
Proportion coefficient of voltage-loop of PV Kpua 0.05
post-level converter

Integral coefficient of voltage-loop of PV ko 100
post-level converter

Proportion coefficient of current-loop of PV ko 1
post-level converter

Integral coefficient of current-loop of PV ki 0.01

post-level converter

(Continued)



1366 EE, 2023, vol.120, no.6

Table 3 (continued)

Parameter name Symbol Value and unit
Proportion coefficient of voltage-loop of energy kp,; 0.05

storage converter

Integral coefficient of voltage-loop of energy Ky 180

storage converter

Proportion coefficient of current-loop of energy kp;; 0.2

storage converter

Integral coefficient of current-loop of energy ks 2

storage converter

5.1 Simulation Result of Key Parameters Change

When the structural parameters, control parameters and VDCG parameters in the microgrid
change, the impact on the DC bus voltage is shown in Fig. 13.

790 790
770 770}
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Figure 13: (a) Curve of bus voltage under the change of C,, (b) Curve of bus voltage under the change
of kpy,, (¢) Curve of bus voltage under the change of k,,,, (d) Curve of bus voltage under the change of
J, (e) Curve of bus voltage under the change of D

It can be seen from Fig. 13a that the response of bus voltage u, is delayed, the rise time is increased
and the system inertia is enhanced due to the increase of C,. In Fig. 13b, the output waveform of
DC bus voltage does not change significantly when kp,, increases, indicating that the proportional
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coefficient of the voltage controller has no significant effect on the system inertia. According to
Fig. 13c, the increase of ky, causes faster response of DC bus voltage, weakened resistance to
disturbance and decreased system inertia. It can be seen from Fig. 13d that the system inertia is further
improved when the inertia coefficient J increases, which can effectively suppress the impact of power
mutation on bus voltage. The Fig. 13¢ shows that the system inertia does not change significantly when
the damping coefficient D increases, but the fluctuation of DC bus voltage can be slowed down and
the stability of the system is improved.

5.2 Simulation Result of PV Power Change

Figs. 14a and 14b show the change curves of light intensity and output power of PV power
generation system in the microgrid. When the initial light intensity of PV array is 1000 W/m?, the
output power of PV power generation system is 6 kW. As the light intensity suddenly reduced to
400 W/m* at 0.45 s, the output power of the PV power generation system became 3 kW. On the other
hand, the corresponding output power of the PV power generation system was 5 kW when the light
intensity is suddenly increased to 800 W/m? at 0.75 s. It can be seen from Fig. 14c that the initial
output power of the battery was 2 kW when the load consumption power remained at 8 kW during
the steady-state period. Due to the sudden reduction of PV output power at 0.45 s, the output power of
the battery increased to 5 kW. At 0.75 s, the output power of the battery was decreased to 3 kW because
of the sudden increase of PV output power. Moreover, the change of the output power of the battery
was relatively attenuated under the VDCG control strategy. In Fig. 14d, the SOC of battery was slowed
down when under the VDCG control, which can effectively prevent the battery from withdrawing from
power supply in advance. According to Fig. 14e, because of the change of light intensity, the output
power of PV power generation system also changed accordingly. By adopting VDCG control method,
the fluctuation of bus voltage can be effectively suppressed, and the system inertia can be improved.
Taking the sudden change at 0.45 s as an example, the bus voltage was disturbed due to the sudden
weakening of the light. The amplitude of voltage was reduced by 14.2 V and the time for voltage to
recover to steady state was 0.101 s without VDCG control. Under the VDCG control, the amplitude
of voltage was only reduced by 4.7 V and the time for voltage to recover to steady state was reduced
to 0.028 s.

5.3 Simulation Result of Load Power Change

It can be seen from Figs. 15a and 15b that the load consumption power was 8 kW and output
power of battery was 2 kW before 0.45 s. At 0.45 s, the load consumption power was increased to 10
kW and output power of battery was increased to 4 kW. At 0.75 s, the load consumption power was
decreased to 8 kW and the output of battery was also decreased to 2 kW. Meanwhile, the output power
of the battery changed smoothly under the VDCG control strategy. As can be seen from Fig. 15¢, the
SOC of battery slowed down significantly under the VDCG control. According to Fig. 15d, when the
load consumption power suddenly increased at 0.45 s, the amplitude of bus voltage decreased by 19.5
V and the recovery time for voltage was 0.076 s. However, the amplitude of bus voltage only reduced by
8.2V, and the time of voltage recovery to steady state was shortened to 0.054 s under the VDCG control
strategy. The load power suddenly decreased at 0.75 s, the increase of DC bus voltage was 22.4 V, and
the recovery time was 0.115 s. But under the VDCG control strategy, the amplitude of voltage only
reduced by 8.5 V and the recovery time was 0.082 s. These results show that VDCG control strategy
can weaken the voltage fluctuation and enhance the inertia of the system.



1368

EE, 2023, vol.120, no.6

1100 6.5
1000 6.0
900 -
“e 800 E 5.0
= 700 ‘?{ :g
= 600 ]
“ 500 &35
400 3.0
300 2.5
03 04 05 06 07 08 09 1.0 03 04 05 06 07 08 09 10
s t's
(a) (b)
9.0 1.0 =
800 — VDCG control gg VDCG control
701 == No VDCG control 0.7 — == No VDCG control
£ 60 206 B
% 501 0. 3 \\
4.0 & 0. S
. 3.0 203 ‘353&_
2.0 | 0.2 ~ s
1.0 . . O.é ) ) ) ) =
03 04 05 06 07 08 09 1.0 0 0.2 04 0.6 0.8 1.0
t's t's
(c) (d)
830
810 — VDCG control
790 —
o 270 No VDCG control
=750 f A
=730
710
690
670 . . . 3 >
03 04 05 06 07 08 09 1.0
s
(e)

Figure 14: (a) Change curve of light intensity, (b) Output power of PV power generation system, (c)
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6 Conclusions

In view of the low inertia and weak damping characteristics of the DC microgrid caused by the
micro-source interface converters connected to the DC bus, the VDCG control is applied to the DC
microgrid with PV and energy storage in this paper. The influence of key parameters on stability of
DC microgrid is determined with the Nyquist curves according to the impedance ratio criterion. By
analyzing the simulation results, the following conclusions can be obtained.

(1) The VDCG control strategy can significantly enhance the system stability due to the increase
of inertia coefficient J and damping coefficient D.

(2) Since PV power generation system is an inertia free system, the application of VDCG control
to the post-level converter of PV effectively weakens the influence of power fluctuation in the source
side on the bus voltage, which in turns enhances the system inertia.

(3) As the inertia support provided by the energy storage system is limited, the fluctuation of the
bus voltage caused by disturbance is suppressed by adopting VDCG control to the interface converter
of energy storage.

(4) By applying the VDCG control in the PV power generation system and the energy storage
system, the DC microgrid exhibits the “flexible” characteristics when connected to DC bus.
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