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Abstract: To enhance the power supply reliability of the microgrid cluster consisting of AC/DC
hybrid microgrids, this paper proposes an innovative structure that enables backup power to be
accessed quickly in the event of power source failure. The structure leverages the quick response
characteristics of thyristor switches, effectively reducing the power outage time. The corresponding
control strategy is introduced in detail in this paper. Furthermore, taking practical considerations
into account, two types of AC/DC hybrid microgrid structures are designed for grid-connected
and islanded states. These microgrids exhibit strong distributed energy consumption capabilities,
simple control strategies, and high power quality. Additionally, the aforementioned structures are
constructed within the MATLAB/Simulink R2023a simulation software. Their feasibility is verified,
and comparisons with the existing studies are conducted using specific examples. Finally, the cost
and efficiency of the application of this study are discussed. Both the above results and analysis
indicate that the structures proposed in this paper can reduce costs, improve efficiency, and enhance
power supply stability.

Keywords: AC/DC hybrid microgrid; distributed energy; thyristor switch; droop control; power quality

1. Introduction

Constructing a power system focused on renewable energy is crucial for energy
conservation and emission reduction [1]. In recent years, the share of renewable energy
in overall energy consumption has increased [2], with distributed energy increasingly
becoming the primary form of renewable energy. Microgrids are key to utilizing distributed
energy and can effectively integrate them [3,4]. They can operate independently or interact
with external grids, offering broad application prospects [5,6]. In islanded mode, microgrids
mainly rely on internally distributed energy for power supply [7]. In grid-connected mode,
the external grid can support the microgrid, and excess energy generated by distributed
sources can be transferred to the external grid [8], thus balancing energy flows and avoiding
energy waste, such as the curtailment of wind and photovoltaic power [9,10].

Microgrids can be classified into DC, AC, and AC/DC hybrid types based on their
configuration [11]. Compared with AC microgrids, DC microgrids reduce the need for
inverter processes due to the numerous distributed power sources (e.g., photovoltaics
and batteries) that generate DC power [12,13]. Additionally, DC microgrids avoid issues
including synchronization [14], power quality [15] and reactive power compensation [16].
However, due to the widespread presence of AC loads and sources in current grids,
recurrent AC/DC conversions can lead to considerable energy losses, and a full transition
towards DC grid structures from AC poses significant financial burdens. Consequently,
AC/DC hybrid microgrids have emerged as a viable solution, integrating the advantages
of both AC and DC microgrids.

AC/DC hybrid microgrids have many advantages: they promote energy management
and improve the power quality of the system [17,18], integrate new power generation

Sensors 2024, 24, 4778. https:/ /doi.org/10.3390/s24154778 https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s24154778
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-6239-2845
https://orcid.org/0009-0001-3272-6995
https://doi.org/10.3390/s24154778
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24154778?type=check_update&version=1

Sensors 2024, 24, 4778

2 of 25

points or consumer points [19], do not need to synchronize additional ESS and PV by
directly connecting to the DC bus [19], significantly reduce voltage transformation [20],
and a reduction in converters reduces power loss, ensuring the high economy of the struc-
ture [21]. By integrating AC and DC microgrids, this structure can achieve higher reliability
and stability [22]. The AC/DC hybrid microgrid, with its aforementioned advantages,
represents the mainstream direction of microgrid development today. However, compared
to traditional microgrids, it still exhibits weaknesses in terms of control complexity and
relay protection complexity. Furthermore, the analysis of power flow is more intricate than
in traditional power systems [23]. The transitions between multiple operational modes
need to be smooth, and stability during operation also requires assurance. Additionally,
adaptive protection against various faults must be implemented [24]. These challenges
necessitate further research to develop more adaptable AC/DC hybrid microgrid systems.

Currently, various typical network topologies for both AC and DC microgrids, includ-
ing radial, ring-shaped, and mesh structures, have been developed, with their respective
advantages and disadvantages well known [25,26]. However, AC/DC hybrid microgrids
are still in the developmental stage, and the construction of an economical and reasonable
topology remains to be explored. The authors previously [27,28] designed and validated
two types of AC/DC hybrid microgrid topologies suitable for residential and commercial
applications, respectively. Moreover, AC/DC hybrid microgrids face several challenges,
such as stability, relay protection, and coordinated control [29]. To address them, [30]
proposed utilizing a multi-intelligent body system approach to improve the response speed
and decision-making accuracy of the system, thereby enhancing voltage stability within
the microgrid. The authors in [31] proposed a simplified model of the AC/DC hybrid
microgrid for fault analysis through the equivalent simplification method of a mathemati-
cal model. In previous studies [32,33], the authors conducted analysis and studies on the
coordinated control of energy storage modules, converters, and other components within
AC/DC hybrid microgrids.

In recent years, significant progress has been made in the study of AC/DC hybrid
microgrids and their cluster structures, particularly in the areas of coordinated control and
optimized operation [34,35]. However, the issue of power supply reliability, especially
during power source failures, remains a critical challenge that has not been explored in
depth. To address it, the main research objectives of this paper are as follows: Firstly, to
propose a novel AC/DC hybrid microgrid cluster structure capable of swiftly restoring
power supply with minimal transition time in the event of a power source failure; secondly,
to design islanded and grid-connected microgrids, respectively, according to different
external power supply environments; and thirdly, to validate the proposed structure
through time-domain simulation and compare the performance with existing studies.
The rest of this paper is organized as follows: In Section 2, the novel AC/DC hybrid
microgrid cluster structure is designed. In Section 3, the grid-connected and islanded
AC/DC hybrid microgrid structures are designed. In Section 4, the control strategy for fast
access to the backup power is introduced in detail. In Section 5, two evaluation indicators
for assessing microgrid performance are introduced. In Section 6, the feasibility of the
proposed microgrid structures is verified by simulation in MATLAB/Simulink, and the
performance is compared with existing studies. In Section 7, the conclusions and limitations
of this work are given.

The main innovations and contributions of the study in this paper are listed as follows:

1.  The novel AC/DC hybrid microgrid cluster structure proposed in this paper leverages
the rapid response characteristics of thyristor switches. This enables the structure
to effectively reduce the power outage time and swiftly restore power supply in the
event of a power failure, thereby enhancing the reliability of power supply as well as
the security and stability of the power system.

2. The islanded and grid-connected microgrid structures designed in this paper effi-
ciently harness distributed energy. The control strategies of the structures are simple,
and the power quality is high. Furthermore, the structures are capable of adapting to
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changes in load operation modes, exhibiting high stability, economy, and practical
application value.

2. A Novel AC/DC Hybrid Microgrid Cluster Structure

In this paper, a novel topology structure for the AC/DC hybrid microgrid cluster is
proposed, as shown in Figure 1. The structure adopts a sectionalized single-bus configura-
tion and is powered by two power sources. One of these power sources serves as the supply
source, while the other acts as the backup source. The voltage from the 110 kV/35 kV
power sources is stepped down, respectively, by transformer T1 and transformer T2 and
then connected to the 10 kV bus. In the event of a failure of the supply source connected to
the 10 kV bus, the thyristor switch will be triggered to switch to the other section of the bus.
The switching process is brief, and the reliability of the power supply is high. The control
strategy followed by this process will be described in detail in Section 4. Conventional
loads are connected to both sections of the 10 kV bus and can be energized or de-energized
according to the actual situation. During normal operation, the thyristor switch is off,
while the disconnecting switch K1 or K2 and the circuit breaker B1 are closed to supply
power to the critical loads. Furthermore, several microgrids and energy storage batteries
are connected to the 10 kV line to enhance the reliability of the power supply. Here, two
microgrids and one battery are presented as an example. Microgrid 1 is grid-connected
during normal operation, whereas Microgrid 2 operates in an islanded mode during normal
operation. Their specific structures are, respectively, shown in Figures 2 and 3.

110KV (35kV) 110KV (35kV)

T1 T2

D
D

10KV Section I Bus P 3 / 10KV Section II Bus

l I L]
ISR R

Thyristor
switch
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|—/»—/‘/@7
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B2
Microgrid 1 /—@—

T4

B3
Microgrid 2
Critical
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Figure 1. Topology of the novel AC/DC hybrid microgrid cluster.
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Figure 2. Topology of the grid-connected microgrid.
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Figure 3. Topology of the islanded microgrid.

Microgrid 1 is suitable for systems where the voltage of the external grid is relatively
stable. During normal operation, circuit breaker B2 is closed, and the microgrid is connected
to the 10 kV line. Microgrid 2 is suitable for remote mountainous areas, villages, islands,
and other areas where power supply conditions are very severe and the external grid
is unstable. During normal operation, circuit breaker B3 is disconnected, allowing this
microgrid to operate independently. When it needs to be connected to the main grid, B3
can be closed for grid-connected operation.

3. Design of Grid-Connected/Islanded AC/DC Hybrid Microgrid Structures
3.1. Topology and Control Strategy of the Grid-Connected Microgrid (Microgrid 1)

The topology of the grid-connected microgrid designed in this paper is depicted in
Figure 2. The microgrid incorporates AC and DC buses at three distinct voltage levels: a
380 V AC bus, a 300 V low-voltage DC bus, and an 800 V high-voltage DC bus. The reasons
for choosing 300 V as the operating voltage of the low-voltage DC bus are as follows: Taking
into comprehensive consideration the factors of insulation withstand voltage, cost, and
power supply reliability, the operating voltage Upc of the low-voltage DC bus has been set
at 300 V, which is lower than the peak value of the 220 V single-phase AC source voltage.
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The 380 V AC bus derives its voltage from the 10 kV distribution line via the trans-
former T3. The PV module consists of multiple PV units interconnected in series and
parallel, and the function of grid connection is realized through a two-stage circuit. The first
stage is a Boost converter, and it is mainly used for the Maximum Power Point Tracking
(MPPT) of the PV module. The control algorithm adopted is the incremental conductance
method [36]. The second stage is a two-level inverter, and it implements constant DC volt-
age control. Its topology and control structure are shown in Figure 4, with its mathematical
model presented in Equation (1).

ldref = (udrff - udc) ' (Krm + KT)
igref = 0
e = (id”f - id) ' (KPZ' + KT) +eq—wL-ig

Ug = (iqref - if/) ' (Kpi+ %) +eqtwl-ig

22

Dl
ST

Hap N svPwmr N

—»
ap Generator

TaT
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7 iy
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Figure 4. Block diagram of the two-level converter controller.

The grid-connected system of the BT module is similar to that of the PV module, also
interfacing with the grid through a two-stage circuit. However, there are two differences.
Firstly, the bidirectional Boost converter adopts constant voltage control. Its topology
and control structure are shown in Figure 5, with its mathematical model presented in
Equation (2). Secondly, the two-level inverter adopts constant power control, and the
reference and sampling values of the d-axis represent active power values. The AC loads
can be energized or de-energized according to the actual situation.

ey = (U ) - (K 5)
Uy = (irefl - idc) i (Kpi - %)

PWM2 4

J(_ ~ PWM
Generator

Cu, Ly

_m
Ly

Figure 5. Block diagram of the DC/DC bidirectional converter controller.

The 300 V low-voltage DC bus is connected to the AC bus via a transformer and a
two-level converter. The two-level converter adopts constant current control and enables
power transfer in both directions. Both the PV and BT modules are connected to the DC
bus through a DC/DC converter. The converter of the BT module adopts constant voltage
control as shown in Figure 5 to maintain the stability of the DC bus voltage, while the
converter of the PV module realizes the MPPT function the same as the AC side. The WT
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module is connected to the DC bus through a two-level rectifier, and it adopts constant
power control. The loads on the low-voltage DC bus are categorized into conventional loads
and critical loads. The conventional loads can be energized or de-energized depending
on the actual situation, while the critical loads in hospitals and government departments
require a stable power supply. The topology of the critical load system is illustrated in
Figure 6a. The terminals a, b, ¢, and n constitute a three-phase, four-wire 380 V/220 V AC
load system with a rated frequency of 50 Hz. The block diagram for the SPWM signal of
the critical load system is shown in Figure 6b. The mathematical model corresponding to
Figure 6b is presented in Equation (3).

iref = (uref - urms) SN (Kpu + K’”) (3)

U,e f S
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Figure 6. (a) Topology of the critical load system; (b) Block diagram for the SPWM signal of the
critical load system.

With the advancement of electric vehicle charging technology, 800 V high-voltage fast
charging technology has emerged [37], and it helps to improve the charging efficiency of
electric vehicles. To facilitate fast charging, an 800 V high-voltage DC bus is incorporated
into this microgrid. The high-voltage and low-voltage DC buses are interconnected through
a Boost converter, which adopts constant voltage control.

3.2. Topology and Control Strategy of the Islanded Microgrid (Microgrid 2)

The topology of the islanded microgrid designed in this paper is shown in Figure 3,
and the voltage levels of the AC and DC buses are consistent with those in the grid-
connected microgrid.

The BT, PV, and WT modules connected to the 300 V low-voltage DC bus are controlled
in the same way as those in the grid-connected microgrid. The 800 V high-voltage DC
bus is connected to the low-voltage DC bus through a Boost converter, and electric vehicle
charging piles can be installed on the bus to realize fast charging. The converter between
the AC bus and the DC bus adopts droop control. The topology and control structure of
droop control are illustrated in Figure 7. The expressions of active power and reactive
power are presented in Equation (4), and the expressions of active and reactive power
droop coefficients are presented in Equation (5). The subscript n in Equation (5) indicates
the rated value. When the AC loads are energized or de-energized, the converter will
quickly adjust the output power to meet the requirements of the loads.

{p—;(vd.lﬁvq.lq) @
Q=3 (Vo la—Va-1y)

mzp—nxl% 5
I’ZZ%X\'SO/O ()
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Figure 7. Block diagram of droop control.

4. Control Strategy for Fast Access to the Backup Power

The novel microgrid cluster structure shown in Figure 1 is capable of rapidly restoring
power supply in the event of a power source failure. The sequence of actions taken by
the components within this structure following a failure is described in detail in this
section. The main power source failure scenarios discussed in this paper include single
line-to-ground short-circuit faults, line-to-line short-circuit faults, double line-to-ground
short-circuit faults, three-phase short-circuit faults, and other short-circuit faults, as well as
single line disconnection faults, double line disconnection faults, and other disconnection
faults. The occurrence of these faults will trigger the relay protection switches, rendering
the affected power source unable to continue supplying power, thereby causing great harm
to the safety and stability of the power system.

When the main lines are connected to the 10 kV section I (or II) bus and the power
source on the grid side fails, the circuit breaker B1 will be disconnected. At this point, the
thyristor switch composed of two anti-parallel thyristors (which were in the hot standby
state) will be quickly triggered, and the main lines will be supplied by the 10 kV section II
(or I) bus to ensure the power supply to the critical loads. Subsequently, the disconnecting
switch K1 (or K2) is disconnected, K2 (or K1) is closed, and then the circuit breaker Bl
is reclosed. The thyristor switch will stop being triggered, and the disconnecting switch
connected to it will switch to the 10 kV section I (or II) bus. It will be in a hot standby state
when the power source of the 10 kV section I (or II) bus is restored. The specific control
strategy is illustrated in Figure 8.

The main lines operate on the 10kV
section I (IT) bus

The grid side power source of 10kV
section I (I) bus fails

v

The thyristor switch is triggered, and the
main lines are supplied by the 10kV
section II (I) bus

Disconnecting switch K1 is disconnected
and K2 is closed, followed by closing
circuit breaker B1

v

The thyristor switch stops being triggered
and the disconnecting switches on both sides
are switched to the 10kV section I (II) bus

The thyristor switch will be in hot standby
state after the grid side power source of 10kV
section I (II) bus is restored

Figure 8. Control strategy for the novel microgrid cluster structure after faults.
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The trigger signal for the thyristor switch is shown in Figure 9. Signal 1 represents the
trigger signal of the circuit breaker B1, the value of which is 1 when Bl is triggered on and
0 when it is triggered off. Signal 2 denotes the outlet current signal of circuit breaker B1.
When the current value falls below the set threshold, the signal value is 0, and vice versa, it
is 1.

Signall )
Signal
Signal2
Figure 9. Trigger signal of the thyristor switch.

5. Evaluation Indicators

Stability: In order to ensure that the system can provide highly reliable power to
loads, the switching process after a fault occurs must be rapid. Additionally, the voltage
fluctuation within each microgrid and the microgrid cluster must adhere to National
Standards of the People’s Republic of China GB/T 12325—2008 Power Quality—Deviation
of Supply Voltage Standard. Specifically [38], the maximum permissible deviation for the
three-phase power source voltage of 10 kV and below should not exceed 7% of the nominal
system voltage. Furthermore, the voltage fluctuation range of the DC bus is typically
required to be within 5% of the nominal voltage.

Power quality: The existence of harmonics can cause great harm to the power system,
so it is also imperative to comply with National Standards of the People’s Republic of China
GB/T 14549—1993 Quality of electric energy supply Harmonics in public supply network
standard [39]. This standard stipulates that the total harmonic distortion (THD) should be
less than 5% for 380 V systems and less than 4% for 10 kV systems. Moreover, the THD of
current is generally required to be below 5%.

6. Case Study

In this section, we present a series of case simulation results to validate the feasibility
of the proposed new microgrid cluster, grid-connected microgrid, and islanded microgrid
structures and to compare them with existing studies.

6.1. Case Study of the Grid-Connected Microgrid Structure

The parameters of the grid-connected microgrid structure are shown in Table 1.

Table 1. Parameters of the grid-connected microgrid structure.

Unit Name Main Circuit Parameters
Bus-AC Uac 380V
Upc n 800V
Bus-DC Upc | 300 V
Sun Irradiance 1050/800 W /m?
PV-AC Module Cell Temperature 25°C
Upt ac 400V
Rated it 200 Ah
BT-AC Module Ra © Capa.c "y 00
esponse Time 1s
Initial SOC 70%
Pioad 13.5 kW
AC Load Qloud 0 Var
L Nominal Power 100 kVA
Transformer between AC and DC circuit Ratio 480/220 V
Sun Irradiance 800 W/m?

PV-DC Module Cell Temperature 25°C
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Table 1. Cont.

Unit Name Main Circuit Parameters
Uyt gc 180V
Rated C it 200 Ah
BT-DC Module Roemor Y
esponse Time 1s
Initial SOC 70%
WT Module v 12m/s
" Transformer Ratio 300/305V
Critical Load Riond 30 Q)

In the grid-connected microgrid, the sun irradiance of the PV module on the AC side
changes from 1050 W/ m? to 800 W/m? from 1 s to 1.5 s, while that of the PV module on the
DC side is set at 800 W/m?. The simulation step is chosen to be 1 x 107°, and the specific
simulation results are shown below.

6.1.1. Simulation Results on the AC Side

The waveforms of the output voltage and current of the PV module on the AC side
are shown in Figure 10. In this figure, the voltage waveform remains stable, and the current
decreases with the decrease in sun irradiance, with the amplitude changing from 32.12 A to
24.86 A.

3 WWWMWMWWWWWWWW
g

0.9 d 11 1 14 1.8 b

ﬁWWWWWWWWWWWMww
e AAAAAAA Mo

1
2 1 14 15 1.6

t/s

Ly/A

Figure 10. Voltage and current waveforms of the PV module on the AC side.

The waveforms of SOC, current, and terminal voltage of the AC-side BT module are
shown in Figure 11. Before 1.234 s, the battery is in the charging state, the SOC increases,
and the output current is negative; after 1.234 s, the battery is in the discharging state, the
SOC decreases, the output current is positive, and the terminal voltage also decreases.

70.0005 F
N 1
o 1
=2
P 70 I
1
0 0.

20 T
< 10 !
X 1
_:: 0 {\/_“_/\—__

Y
<
-
5 8
oo%
T (=1
-
o | ]
I R T |
& &

Figure 11. SOC, current, and terminal voltage waveforms of the BT module on the AC side.
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The power, grid-connected voltage, and current waveforms generated by the joint op-
eration of PV and BT modules are shown in Figure 12a,b. The active power value is 13.5 kW,
and the reactive power value is 0 Var, which is consistent with the set value. Additionally,
the waveforms of the voltage and current are stable without any obvious distortion.

20.00(

B 15,000
~

5
10, 000§
2

>
&r\— 5000F

0 0.5 1 1.5 2 25
5000

0f

5000f

—10.000f

&BT/A

Loy
|

Qpyepr/ Var

15.00C
0

(a) (b)

Figure 12. (a) Power waveforms generated by the joint operation of PV and BT modules; (b) voltage
and current waveforms generated by the joint operation of PV and BT modules (In this paper,
for phase voltages, the blue, green and red waveforms represent phase A, phase B and phase C
respectively; for line voltages, the blue, green and red waveforms represent the line voltage between
phase A and phase B, phase B and phase C, and phase C and phase A respectively).

The voltage deviation and THD of both voltage and current for the joint operation of
PV and BT modules on the AC side are, respectively, shown in Tables 2 and 3. Comparison
with the indicators in Section 5 reveals that the voltage and current comply with the
requirements of the relevant standards.

Table 2. Voltage deviation of UpyspT.

Voltage Deviation of UPV&“BT (%)

Time(s) Phase A Phase B Phase C
0-1.0 0.27 0.27 0.27

1.0-15 0.27 0.27 0.27

1.5-2.5 0.27 0.27 0.27

Table 3. THD of UPV&‘BT and IPV&‘BT-

THD Of UPV&BT (0/0) THD Of IPV&BT (0/0)
Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1.0 0.05 0.05 0.05 191 1.92 1.92
1.0-1.5 0.06 0.06 0.06 2.07 2.08 2.09
1.5-2.5 0.06 0.06 0.06 2.21 2.21 2.22

6.1.2. Simulation Results of the AC-DC Interface Line

The power, voltage, and current waveforms of the AC-DC interface line are shown in
Figure 13. The power flow direction is from the AC side to the DC side. The active power
value is about 2.3 kW, and the reactive power value is 0 Var. The waveforms of the voltage
and current are stable without any obvious distortion.

The voltage deviation and THD of both voltage and current of the AC-DC inter-
face line are shown in Tables 4 and 5. The values comply with the requirements of the
relevant standards.
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Figure 13. (a) Power waveforms of the AC-DC interface line; (b) voltage and current waveforms of

the AC-DC interface line.

Table 4. Voltage deviation of Uscpc of the grid-connected microgrid.

Voltage Deviation of Uy cpc (%)

Time(s) Phase A Phase B Phase C
0-1.0 0.27 0.27 0.27

1.0-1.5 0.27 0.27 0.27
1.5-2.5 0.27 0.27 0.27

Table 5. THD of Uscpc and Iacpc of the grid-connected microgrid.

THD of Ucpc (%) THD of Ixcpc (%)
Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1.0 0.05 0.05 0.05 1.35 1.30 1.48
1.0-1.5 0.06 0.06 0.06 1.29 1.26 1.40
1.5-2.5 0.06 0.06 0.06 1.40 1.32 1.42

6.1.3. Simulation Results on the DC Side
The output active power waveform of the PV module on the DC side is shown in
Figure 14, and the stable output active power value is 12 kW.

15,000

10,000}

P, /W

5000)

t/s
Figure 14. Active power waveform generated by the PV module on the DC side of the grid-

connected microgrid.

The waveforms of SOC, current, and terminal voltage of the BT module on the DC
side are shown in Figure 15, and it can be seen that the battery is in the charging state.

The active power waveform of the WT module connected to the DC side is shown in
Figure 16, and the stable output active power value is 25 kW.

The voltage waveform of the low-voltage DC bus is shown in Figure 17, indicating
that the stabilized voltage value is equal to the set value of 300 V.
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0 0.5 1 1.5 2 2.5
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Figure 15. SOC, current, and terminal voltage waveforms of the BT module on the DC side of the
grid-connected microgrid.

x10*

0 0.5 1 1.5 2 2.5
t/s

Figure 16. Active power waveform generated by the WT module on the DC side of the grid-
connected microgrid.

340

> 320
~

O
a
- n

= 300

280
t/s
Figure 17. Voltage waveform of the low-voltage DC bus of the grid-connected microgrid.
The phase and line voltage waveforms of the critical loads connected to the low-

voltage DC bus are shown in Figure 18. The voltage waveforms are stable, all three-phase
symmetrical, with no obvious fluctuations or distortions.

L 1 1 L 1 1 L L 1
0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4

5004

—500)

1 1 1 1 1
0.3 0.32 0.34 0.36 0.38 0.4

t/s

1 1 1 1
0.2 0.22 0.24 0.26 0.28

Figure 18. Phase and line voltage waveforms of the critical loads.
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The voltage deviation and THD of the phase voltages of the critical loads are presented
in Table 6, and the values comply with the requirements of the relevant standards.

Table 6. Voltage deviation and THD of Uphase of the grid-connected microgrid.

Voltage Deviation (%) THD of Upypase (%)
Phase A Phase B Phase C Phase A Phase B Phase C
0.06 0.10 0.10 0.07 0.07 0.07

The voltage waveform of the high-voltage DC bus is shown in Figure 19, and the
stable voltage value is 800 V.

820

800
\»
L 780

U

760

740 .
0 1 2 3 4 5 6 7 8 9 10
t/s

Figure 19. Voltage waveform of the high-voltage DC bus of the grid-connected microgrid.

6.2. Case Study of the Islanded Microgrid Structure

Compared with the grid-connected microgrid, the AC loads and the control strategy
of the VSC converter between the AC and DC sides are different, and the parameters of the
AC load are presented in Table 7.

Table 7. Parameters of the islanded microgrid structure.

Unit Name Main Circuit Parameters
o v
ACtend o 5 kv
After 1.5 gl;:;i 101w

As shown in Table 7, in the islanded microgrid, the active power value of the AC loads
is 10 kW from 0 s to 1 s, increases to 14 kW at 1 s, and then changes back to 10 kW at 1.5 s,
and the reactive power value is 1 kVar from 0 s to 1 s, increases to 1.5 kVar at 1 s, and then
changes back to 1 kVar at 1.5 s. The simulation step is set at 1 x 10~% s, and the specific
simulation results are shown below.

6.2.1. Simulation Results on the DC Side

The active power waveform of the PV module on the DC side is shown in Figure 20,
and the stable power value is 12 kW.

The active power waveform of the WT module on the DC side is shown in Figure 21,
and the stable power value is 25 kW.

The waveforms of SOC, current, and terminal voltage of the BT module on the DC
side are shown in Figure 22, which shows that the battery is in the charging state.

The voltage waveform of the low-voltage DC bus on the DC side is shown in Figure 23,
and the voltage value, when stabilized, is equal to the set value of 300 V.
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Figure 22. SOC, current, and terminal voltage waveforms of the BT module on the DC side of the
islanded microgrid.

340

> 320F ]
<

O
a
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t/s

Figure 23. Voltage waveform of the low-voltage DC bus of the islanded microgrid.

The phase and line voltage waveforms of the critical loads connected to the low-
voltage DC bus are shown in Figure 24. The voltage waveforms are stable, all three-phase
symmetrical, with no obvious fluctuations or distortions.

The voltage deviation and THD of the phase voltages of the critical loads are given in
Table 8, and the values comply with the requirements of the relevant standards.

The voltage waveform of the high-voltage DC bus is shown in Figure 25, with a stable
voltage value of 800 V.
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Figure 24. Waveforms of the phase and line voltages of critical loads.

Table 8. Voltage deviation and THD of U6, of the islanded microgrid.

Voltage Deviation (%) THD of Uypgs. (%)
Phase A Phase B Phase C Phase A Phase B Phase C
0.02 0.02 0.02 0.07 0.06 0.06
820
Z 800
O
.—VD
780
0 1 2 3 4 5 6 7 8 9 10
t/s

Figure 25. Voltage waveform of the high-voltage DC bus of the islanded microgrid.

6.2.2. Simulation Results on the AC Side

The power waveform output from the converter on the AC side is shown in Figure 26.
The active power value is 10 kW from 0 s to 1 s, then increases to 13.5 kW at 1 s, and
subsequently returns to 10 kW after 1.5 s. Similarly, the reactive power value is 1 kVar from
0sto1ls,increases to 1.44 kVar at 1 s, and then returns to 1 kVar after 1.5 s. It is evident that
with droop control, the power output from the converter changes after a sudden change in
the loads, but there is still some error.

15,000 T T
210,000
\--
&
2~ 5000F
, i
0 0.5 1 1.5 2 25
2000
= 1500 F
> l
\»-1
g 1000
2
< soof
0 L
0 0.5 1 1.5 2 2.5
t/s

Figure 26. Power waveforms output from the converter.
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The frequency waveform on the AC side is shown in Figure 27. The frequency
decreases to 49.83 Hz from 1 s to 1.5 s as the active power of the load increases, and it is
consistent with the droop characteristic of active power frequency.

1.5
t/s

Figure 27. Frequency waveform on the AC side.

The voltage and current waveforms on the AC side are shown in Figure 28. After a
sudden change in the AC loads, the voltage magnitude decreases from 311 V to 304.3 V at
1's, which is in accordance with the droop characteristic of reactive power voltage, whereas
the current magnitude increases from 21.65 A to 29.67 A.

Figure 28. Voltage and current waveforms on the AC side.

The voltage deviation and THD of voltage and current on the AC side are shown
in Tables 9 and 10, respectively. The values comply with the requirements of the rele-
vant standards.

Table 9. Voltage deviation of Uscpc of the islanded microgrid.

Voltage Deviation of Uy cpc (%)

Time(s) Phase A Phase B Phase C
0-1.0 0.01 0.01 0.01

1.0-1.5 2.19 2.19 2.19

1.5-2.5 0.04 0.04 0.04

Table 10. THD of Uscpc and Ixcpc of the islanded microgrid.

THD Of UACDC (0/0) THD Of IACDC (o/o)
Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1.0 0.21 0.22 0.22 0.12 0.10 0.10
1.0-1.5 0.25 0.23 0.24 0.14 0.13 0.12

1.5-2.5 0.22 0.22 0.22 0.10 0.11 0.10
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6.3. Case Study for the Structure for Fast Access to the Backup Power

For the novel microgrid cluster structure shown in Figure 1, the models and parameters
of grid-connected and islanded microgrids have been introduced in the previous section,
and the rest of the parameters are shown in Table 11.

Table 11. Parameters of the novel microgrid cluster structure.

Unit Name Main Circuit Parameters
Bus-Source Usource 35kV
Nominal Power 1 MVA
Transformer T1/T2 Ratio 35/10 kV
U e 800V
Rated it 200 Ah
BT Module Ra ¢ Capa.c Y %
esponse Time 1s
Initial SOC 70%
P 10 kW
Conventional Load QIIZZ 1 kVar
B Pioad 500 kW
Critical Load Qloud 50 kVar

In the novel microgrid cluster structure, following the control strategy in Figure 7,
the following case is presented: The voltage of the power source is 35 kV. From 0sto1s,
the system is supplied by the 10 kV section I bus. At 1 s, the power source connected to
the section I bus fails, causing the circuit breaker Bl to disconnect and the thyristor switch
to trigger. From 1 s to 2 s, the system is supplied by the power source connected to the
10 kV section II bus via the thyristor switch. At 2 s, the disconnecting switch K2 is closed,
K1 is disconnected, the circuit breaker Bl is closed, and the thyristor switch stops being
triggered. The disconnected switches on both sides of the thyristor switch are switched to
the 10 kV section I bus. The simulation step is set at 1 x 107° s, and the simulation results
are as follows:

The trigger signal waveforms of the thyristor switch are shown in Figure 29. It can be
seen that there is a difference in the trigger time of the three-phase thyristors, but they all
turn off at the same time when switching off.

0 0.5 1 1.5 2 2.5 3
t/s
1 1
m— Phase A
e Phase A X Phase B
0.5 sl osF Phase
Phase B Phase C
Phase C
0 4 0] 3
1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.99 1.995 2 2.005
t/s t/s

Figure 29. Trigger signal waveforms of the thyristor switch.

The voltage and current waveforms at the outlet of circuit breaker Bl are shown in
Figure 30. The voltage experiences a short transition process from 1 s to 1.02 s, after which
it returns to normal levels. The current is interrupted from 1 s to 2 s and subsequently
returns to normal levels after 2 s.
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Figure 30. Voltage and current waveforms at the outlet of circuit breaker B1 when using the thyris-
tor switch.

The voltage deviation and THD of voltage and current at the outlet of circuit breaker
B1 are shown in Tables 12 and 13, respectively. The values comply with the requirements of
the relevant standards.

Table 12. Voltage deviation of Up;.

Voltage Deviation of Ugy (%)

Time(s) Phase A Phase B Phase C
0-1.0 1.32 1.32 1.32

1.0-2.0 0.98 0.99 0.98

2.0-3.0 0.77 0.77 0.77

Table 13. THD of Up; and Ip;.

THD of Ugq (%) THD of Igq (%)
Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1.0 0.38 0.38 0.38 0.36 0.36 0.36
1.0-2.0 0.43 0.44 0.43 -- -- --
2.0-3.0 0.44 0.46 0.45 0.43 0.44 0.45

The voltage and current waveforms at the outlet of the thyristor switch are shown in
Figure 31. The voltage experiences a short interruption from 1 s to 1.02 s, subsequently

returning to normal levels. The current begins to increase at 1.02 s and decreases to 0 after
2s.

l><l(li

~1
1.02 1.04 1.98 1.99 2 2.01 2.02

5 N 1 N 1 " 5
0 05 1 1.5 2 25 3 0.98

g
T
I
1
I
1
1
1

5 1
1.02 1.04 1.98 1.99 2 2.01 2.02

Figure 31. Voltage and current waveforms at the outlet of the thyristor switch.

The voltage deviation and THD of voltage and current at the outlet of the thyristor
switch are shown in Tables 14 and 15, respectively. The values comply with the requirements
of the relevant standards.



Sensors 2024, 24, 4778 19 of 25

Table 14. Voltage deviation of Ugcr.

Voltage Deviation of Ugcr (%)

Time(s) Phase A Phase B Phase C
0-1 1.32 1.32 1.32
1-2 0.98 0.99 0.98
2-3 0.77 0.77 0.77

Table 15. THD of Ugcg and Iscg.

THD of Ugcg (%) THD of Iscg (%)

Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1 0.38 0.38 0.38 - - -
1-2 0.43 0.44 0.43 0.40 0.41 0.39
2-3 0.44 0.46 0.45 - -- -

The voltage and current waveforms at the outlet of the 10 kV bus are shown in
Figure 32. These waveforms are only briefly interrupted from 1 s to 1.02 s.

lxm‘

x10* x10*

u /\C/V

1 1 1
1 1.02 1.04 1% 1.99 2 201 202

<

~x
<

=

—5( 1 1 _50 1 . |
0 0.5 1 15 2 25 3 0.98 1 102 104 198 199 2 200 202

Figure 32. Voltage and current waveforms at the outlet of the 10 kV bus when using the thyris-
tor switch.

The voltage deviation and THD of voltage and current at the outlet of the 10 kV bus
are shown in Tables 16 and 17, respectively. The values comply with the requirements of
the relevant standards.

Table 16. Voltage deviation of Uac.

Voltage Deviation of Uy (%)

Time(s) Phase A Phase B Phase C
0-1 1.32 1.32 1.32
1-2 0.98 0.98 0.98
2-3 0.77 0.77 0.77

Table 17. THD of U and I4c.

THD of Uy (%) THD of I (%)
Time(s) Phase A Phase B Phase C Phase A Phase B Phase C
0-1 0.38 0.38 0.38 0.27 0.27 0.27
1-2 0.43 0.44 0.43 0.40 0.41 0.39

2-3 0.44 0.46 0.45 0.43 0.44 0.45
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6.4. Case Study for Comparisons with the Existing Research
6.4.1. Innovative Structure for Fast Access to the Backup Power

In this paper, taking advantage of the characteristics of thyristor switches that can
respond quickly, an innovative structure that allows backup power to be accessed quickly
during faults is designed. The structure is shown in Figure 1. And in Section 6.3, a specific
simulation case is carried out for the study.

Among the existing studies, if the thyristor switch is not used, a circuit breaker is
required to be used directly to access the backup power after a fault occurs. According to
the International Electrotechnical Commission (IEC) and national standards, the closing
time of high-voltage circuit breakers is no more than 0.2-0.3 s. Therefore, the simulation
case is designed as follows: The complete closing time of circuit breaker B, which replaces
the thyristor switch, is set at 1.2 s, and other parameters are the same as those in Section 6.3.
The main simulation results are shown in Figures 33-35.

1 x10*

1 x10*

1
1.98 1.99 2 2.01 2.02

]
5 1
0 0.5 1 L5 2 25 30095 1 L5 L1 LI5S 12 1% N e
t/s t/s t/s

2.01 2.02

Figure 33. Voltage and current waveforms at the outlet of circuit breaker Bl when using circuit
breaker B.

1><104
T T T i
1 lxlﬂ

1.98 1.99 2 2.01 2.02

0 0.5 1 L5 2 2.5 3 0.95 15 L1 115 12 12 1.98 1.9 2 201 2.02
t/s t/s t/s

Figure 34. Voltage and current waveforms at the outlet of circuit breaker B.

x10*

x10*

98 1.99 2 2.01 2.02

0 0.5 1 15 2 2.5 3 0.95 1 105 11 115 12 125 1.98 1.99 2 2.01 2.02
t/s t/s t/s

Figure 35. Voltage and current waveforms at the outlet of the 10 kV bus when using circuit breaker B.
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Comparing Figures 30-32 with Figures 33-35, it can be seen that, according to the
existing studies, when using circuit breakers instead of thyristor switches to access the
backup power, the duration of the power outage is too long. This prolonged power outage
will cause harm to the equipment and seriously affect the stability of the power system. It
is undesirable for critical loads that have high requirements for power supply reliability.
Therefore, the innovative structure proposed in this paper is better than the existing studies
and has high practical value.

6.4.2. Innovative Structure of Three-Phase Four-Wire Critical Load System

The three-phase, four-wire structure, as shown in Figure 6a, is used for the critical
loads in this paper. It is able to adapt to the changes in the operating conditions of the loads.
In this subsection, taking the grid-connected microgrid as an example, the following case
simulation is designed: Loads of the three phases are set as follows: R, =30 ), R, =40 Q),
and R, = 35 (). Additionally, the load of phase B is cut off at 1.5 s. Other parameters are the
same as those in Section 6.1. The main simulation results are as follows:

As we can see from Figure 36, the phase voltages and line voltages of the loads can
remain stable despite the three-phase load imbalance before 1.5s. After 1.5s, the load of
phase B is cut off, and its voltage becomes 0, while the voltages of phase A and phase C
remain stable, and the line voltage U4 is still stable. Compared with the existing studies,
when only three single-phase inverters are used, the line voltages cannot be provided;
when three-phase inverters are used, the cost increases, and they are only applicable to the
condition of symmetrical three-phase loads. In addition, as shown in Figure 37, the DC
bus voltage remains stable without fluctuation during the process, which demonstrates the
stability of the structure.

Figure 36. Phase and line voltage waveforms of critical loads.
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Figure 37. Voltage waveform of the low-voltage DC bus after cutting off the load of phase B.

6.4.3. Innovative Structure of the 800 V High-Voltage DC Bus

In this paper, in order to meet the need for the rapidly developing electric vehicle
charging technology, an 800 V high-voltage DC line is included in both grid-connected and
islanded microgrid structures. This structure can effectively reduce the harmonic content
of the grid and improve system reliability.
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For the existing structure, as shown in Figure 38, the electric vehicle charging piles are
usually connected to the AC grid through converters, and the existence of the converters
will make the harmonic content of the grid increase. In this paper, a simulation case of
different numbers of converters connected to a 380 V AC microgrid is carried out, and the
harmonic content detection of the grid current is performed. The THD of the AC microgrid
current is shown in Table 18. From the data in Table 18, it can be seen that with the increase
in the number of converters, the harmonic content in the grid is increasing rapidly, which
shows that the 800 V DC bus designed in this paper is of great significance.

BT Module

1 Charging
— Pile
Grid Management
System %
=
ACBus
External Public Grid %
A
V Module WT Module

Figure 38. Structure of the existing AC microgrid.

Table 18. THD of Iy,g4.

THD of I,iq (%)

Number of Converters Phase A Phase B Phase C
4 2.28 2.26 2.29
6 3.64 3.58 3.60
10 5.46 5.12 5.05

7. Cost and Efficiency Analysis of the Proposed Innovative Structures

The innovative structure proposed in this paper allows backup power to be accessed
quickly during faults. This can greatly reduce the outage time, avoid serious harm to the
equipment in the system, and guarantee normal industrial production. Therefore, it can
help reduce losses and costs. Additionally, the control strategy is simple and can improve
the efficiency of the operation.

For the grid-connected AC/DC hybrid microgrid structure, the PV and BT modules
are retained on the AC side of the structure considering the presence of existing rooftop PV
and distributed BT modules, and they have already been integrated into AC microgrids.
Our structure is designed to be cost-effective, so the new structure can be constructed
based on the existing AC microgrids, hence retaining this configuration. At the same time,
the newly built distributed energy, such as PV, BT, and WT modules, should ideally be
located on the low-voltage DC bus. This design results in fewer converters being used in
the system. On the one hand, energy losses can be reduced, and efficiency can be improved;
on the other hand, construction costs can be reduced. In addition, the presence of the
800 V high-voltage DC bus can also reduce the number of inverters, which is effective in
improving efficiency and reducing costs.

For the islanded AC/DC hybrid microgrid structure, since it is mainly used in remote
areas with few existing distributed PV and BT modules, all kinds of distributed energy are
connected to the low-voltage DC bus in order to reduce costs and improve efficiency.

8. Conclusions

In summary, the novel microgrid cluster structure proposed in this paper can realize
fast switching to backup power after the loss of a power source. The structure takes
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advantage of the characteristics of the thyristor switch, which can respond quickly with
a short transition process and fast switching speed after a fault occurs. Moreover, it is
equipped with microgrids and batteries, which can effectively improve the reliability of
the power supply for critical loads. In addition, two types of AC/DC hybrid microgrid
structures in grid-connected and islanded states are designed in this paper according
to the actual conditions, both of which contain three AC/DC voltage levels. The DC
voltage is divided into two levels according to the needs of the fast charging of electric
vehicles and the power supply for critical loads. The above two AC/DC hybrid microgrid
structures can not only achieve a high proportion of distributed energy consumption but
also have simple control, high stability, and high power quality, which can reduce costs
and improve efficiency.

There are still some limitations in the application of the study performed in this paper
that need to be further explored in depth: 1. The thyristor switch used in this paper needs
to withstand a voltage value of more than 10 kV, which needs to be realized by using high-
voltage thyristor series technology, and the thyristor voltage equalization issue, as well as
the synchronicity issue of the thyristor conduction and shutdown, should be considered.
2. In this paper, typical values of distributed power generation are used for simulation
verification, while the effect of its volatility on the system should be considered in practical
application. 3. When the load changes, there is an error between the power generated by
the inverter and the actual load power in the islanded microgrid, so the control can be
optimized to achieve better power tracking.
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