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This paper proposes a hierarchical coordinated control technique for a photovoltaic
and energy storage wunits-based autonomous DC microgrid. The primary layer
controls photovoltaic and energy storage units. As a result, the converters in every
unit can change the bus voltage autonomously. Multiple energy storage groups are
coordinated through adaptive droop control, which automatically distributes load
power across various energy storage units based on mazimum power and state of
charge. This scheme stabilizes the bus voltage. When the meeded charging power for
the energy storage system exceeds the maximum permissible power, the photovoltaic
system transitions from mazimum power tracking (MPPT) control to droop mode to
ensure the bus voltage stability. So, multiple photovoltaic units can automatically
distribute load power based on their maximum powers. Simultaneously, to raise the
bus voltage to the rated value, the voltage feedforward compensation control is also
erploited to modify the droop controller s reference wvoltage dynamically. The
secondary layer coordinates the operating modes of various converters in accordance
with the bus voltage to guarantee that all comverters manage the DC wvoltage in
compliance with the voltage droop characteristics to maintain the system s active
power balance. Eventually, a simulation model is developed in Matlab/ Simulink to
evaluate the effectiveness of the proposed hierarchical control strategy in three
different operating conditions. The simulation results demonstrate that hierarchical
coordinated control can ensure the autonomous DC microgrid s stable operation.

Keywords:DC Microgrid (DCMG); Droop Control, Energy Storage System (ESS); Energy Storage
Units (ESUs); Hierarchical Control; MPPT Control; State of Charge (SOC); Voltage Feedforward
Control; Stability.

1. Introduction

Recent years have seen an increase in the penetration rate of distributed new energy
generation, such as wind and solar energy [1-4], and nations worldwide are paying more
attention to new energy development [5]. Microgrids (MGs) are a new type of emerging
power grid that incorporates controllable loads, energy storage systems, distributed power
sources, and other elements [6, 7]. MGs can function in two operational modes, namely
autonomous and grid-tied [5], and could be AC or DC depending upon the generation
sources, flexible power supply modes, loads, and area of service [8]. Most MG research
focuses on the AC MG because the conventional power system is an AC system. However,
many modern energy sources, including energy storage devices and distributed power
sources like fuel cells, photovoltaic, and wind, have DC output forms. These sources'
DCMGs can successfully connect the source to loads. They offer high-quality power for
DC loads and can lower AC-DC conversion losses and costs [9, 10]. In addition, there are
no problems with phase synchronization, harmonics, and reactive power loss in DCMGs.
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Therefore, the DCMG power supply mode has gradually become a vital research
hotspot in recent years [11]. Conversely, the intermittent and erratic behavior of
renewable energy resources (RERs) makes the DCMG system challenging and unique.
Stand-alone/autonomous DCMGs depend on energy storage systems to sustain demand
levels and enhance power quality because RERs are sporadic [12, 13].

The bus voltage is an essential indicator of the power system's stability and balance [14-
17]. To maintain voltage stability, the authors of Ref. [18] developed a hierarchical
coordinated control technique for wind power DCMG. The control strategy for each
power electronic converter is provided at various control levels. This method effectively
controls the bus voltage's stability by automatically adjusting the voltage in small steps
based on the voltage variation range. The authors developed a coordinated secondary
control strategy for an autonomous hybrid three-port AC/DC/DS microgrid with distributed
power management in Ref. [19]. The proposed control technique can regulate AC and DC
voltages at nominal values while maintaining local power-sharing, global power-sharing,
storage power-sharing, and distributed power management using a low bandwidth
communication system with limited and speed-insensitive information flow. To swiftly
track the expected voltage and ensure the system's robustness and stability, Ref. [20]
adopted a sliding mode control method based on linearized feedback to control the DC bus
voltage. The simulation verified the validity and accuracy of the suggested control
mechanism in the DC/DC conversion of the bidirectional DCMG system. For controlling
the operating point stability of large-scale power converters, the control approach has a
straightforward algorithm and a reliable reference value. DCMGs typically use energy
storage units (ESU) to stabilize the power fluctuations of distributed power sources and
preserve source-load power balance. The authors of Ref. [21] proposed a novel energy
management control strategy for a smart DCMG employing a combination of high-order
sliding mode (HSMC) and fuzzy logic controller (FLC) techniques. The proposed
intelligent control optimizes energy capture from hybrid renewable energy sources (wind,
tidal, and PV) while boosting DCMG power quality by regulating source-side converters
(SSCs).

Huo et al. presented a communication-less power management strategy for multiple-DAB-
based ESS to realize maintenance and extend the capacity of the ESS [22]. The control
strategy ensured the high robustness of the dc-link voltage when the input voltages and load
conditions vary, or an energy storage unit (ESU) is plugged-in or -out. Chowdhury et al.
discussed a Battery Management system for a series string of Li-ion battery cells by
developing a dynamic droop control theory consisting of one closed-loop structure [23].
The proposed architecture is adaptable to any power level by including the cell-converter
structure. However, on the other hand, the power processing dc/dc converter for the
traditional system still requires a new design.

Azizi et al. proposed autonomous energy management and power-sharing technique for
DCMGs. The proposed method does not necessitate supervisory control or communication
infrastructure [24]. The suggested approach can successfully manage the PV unit and
interlinking converter operations. However, this control strategy is limited to non-MPPT-
based units. Shi et al. presented a novel DG control strategy for MG islanding using phasor
measurements at the point of common coupling [25]. The proposed controller adapts DG
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outputs to compensate for a system power imbalance during the transition. However, The
approach is only applicable to the three-phase balanced MG. Kulkarni & Gaonkar proposed
a robust control strategy with a virtual impedance control-based droop control for power-
sharing with f/V restoration [26]. However, the droop controller state-space small-signal
model was investigated for large-scale MG.

Based on the above literature review, this article presents a hierarchical coordinated control
strategy for an autonomous photovoltaic-storage-DC microgrid. The maximum power
tracking control (MPPT) and droop control are designed for the PV system, respectively, to
maintain the bus voltage stability under the control of the first layer. The photovoltaic
system switches from the maximum power control mode to the droop control mode when
the charging power of the energy storage system (ESS) surpasses its maximum permitted
power. This automatically distributes the load power of various PV- units and maintains
voltage stability. In addition, the voltage feedforward compensation control is used to
adjust the droop control mode dynamically. The voltage reference of the controller
increases the bus voltage to the rated value. In order to keep the bus voltage stable for ESS,
adaptive droop control coordinates various energy storage units (ESUs). It also
automatically distributes the load power among various ESUs based on the maximum
power and SOC. The secondary control layer coordinates the operational modes of different
converters according to the bus voltage to ensure that in different working modes, all
converters control the DC voltage according to the voltage droop characteristics to maintain
the balance of active power in the system.

This article has been structured as follows: Section 2 represents the model of DCMG.
Section 3 describes the three different operational modes of the autonomous DCMG.
Section 4 elaborates on the control strategy with sub-section 4.1 describing the Primary
Control and sub-section 4.2 the Secondary Control. Section 5 discusses the simulation
results for all three working modes, and finally, Section 6 concludes this work.

2. Model of DCMG
Figure 1 shows the model of the DCMG, consisting of photovoltaic systems, ESS, and AC

and DC loads [27].
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InFig. 1, n and m are the numbers of photovoltaic and ESUs, respectively. And,
is the power generated by the n'" photovoltaic unit and = Poc

are the DC and AC load power respectively,

where, = +
is the DC bus- voltage. is the power of the m™" ESU, = Psto -

The output current of the photovoltaic system is: [27- 30].
(+ )
N

and  are equivalent parallel-series impedances respectively,  and are the photocurrent

Here,

and the diode’s reverse leakage current, respectively. and are the terminal voltage and output
current of the photovoltaic system, respectively.  is the photovoltaic temperature, is the
electronic charge, and is the Boltz-Mann constant. The output voltage of the ESU is: [30- 32].

= + . - + . f @)

+
=100(1+1—) 3)
In these formulas: is the internal resistance of the battery, is the terminal voltage of the

battery, is the battery open-circuit voltage, is the battery charging current, is the battery
polarization voltage, is the battery capacity, and are fitting coefficients.

3. DCMG Operational Modes

Three different operating modes are taken into consideration in order to validate the impact of
the control approach. The DCMG functions in the following three modes:

1) Mode I: The ESS stabilizes the bus voltage

In this mode, the PV- system utilizes MPPT control, and the ESS employs adaptive droop
control to stabilize the voltage through the bidirectional converter and smoothen the fluctuations
in PV-generated power. The ESS's current output is:

= - (4)
2) Mode II: Some of the ESUs or PV- units are out of operation

This operating mode focuses on the scenario when particular PV- units and ESUs are down for
maintenance or out of connection for some reason, and the remaining ESUs regulate the bus
voltage. The PV system still operates under MPPT control. The regular operation of the ESU
automatically adjusts the output power to compensate for the malfunctioning ESU's power to
maintain the stability of the bus voltage. The ESS can automatically adjust the output power
according to the bus voltage to ensure the normal power supply to the load when the PV system
is partially or entirely out of operation. During this mode, the ESS's current output is:
= = — (5)
=1
Here, is the number of ESUs during normal working conditions, and =<
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In particular, when ESS’s discharge power required in the DCMG exceeds its maximum
allowable output power, the insufficient active power will cause the bus voltage to drop.
Meanwhile, to ensure the normal power supply to the critical loads, it is necessary to cut off the
secondary loads according to the load priority to ensure the active power balance of the system.

3) Mode III: The PV system stabilizes the bus voltage

When the ESS’s charge power surpasses the maximum allowable power, the excess active
power will cause the bus voltage to rise, and the DCMG goes into operating mode III. At this
point, it is necessary to control the PV system to reduce the power generation to keep the bus-
voltage stable. The output power of the photovoltaic system is :
= (6)

In particular, the ESS could balance the supply and demand of active power in the MG by
discharging when the PV system's power cannot meet the normal supply due to irradiance or
load power variations. The normally running PV units immediately adjust the power generation

and take over the output power of the malfunctioning units. If  ( < ) is the number of
PV units during normal working conditions, the system's power at this moment will be:
= = (7)

4. Control Approach

This paper proposes a hierarchical coordinated control strategy to control the bus voltage
stability in an autonomously functioning DCMG.

4.1. Primary Control

The bus voltage directly affects the stable operation of the DCMG system, so it is necessary to
control the bus voltage to the allowable range and balance the supply and demand of the source
load power in the MG. The photovoltaic and energy storage systems operate independently
under the primary control layer.

4.1.1.  Control of PV System

The ESS sustains the bus voltage when the DCMG is in modes I and II, and the PV system
operates under MPPT control. The PV system switches to droop control in mode III. The control
scheme for the PV system operating in mode III is shown in Figure 2. It adjusts the generated
power by the load power to maintain the bus voltage. Consequently, it applies voltage
feedforward control and automatically adjusts the load power distribution among the PV units
based on their maximum power. The second layer control provides the switching signal M after
the compensating control has raised the bus voltage to its rated value.
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Here, and are the output current and terminal voltage of the y" PV unit, respectively.
and are the reference values of current and voltage, respectively.
The droop characteristics of photovoltaic cells are [15]:
- - = - = ®)
= 9)
In the above formulas, is the output impedance of the y™ photovoltaiccell,
are the maximum and minimum values of the output voltages of the PV system, and is the
maximum power of the y" PV unit. The power of each PV unit is:
1 = 2 = =-_ " (10)

Equation (10) shows that each PV unit can autonomously change the power generated following
its maximum power, which is advantageous to the voltage stability of the critical load in mode
II1. In order to reduce voltage fluctuations, feed forward compensation control is also used with
the PV droop control (as illustrated in Figure 3). The disparity between the reference and bus
voltages is detected. To achieve the dynamic compensation of the reference voltage to lessen bus
voltage fluctuation, the compensation output from the PI controller is superimposed on the
voltage reference value of the photovoltaic droop controller.
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Fig. 3 Voltage Feedforward Control
4.1.2.  Control of ESS

The ESS plays a paramount role to stabilize the bus voltage and minimizing the fluctuations by
the intermittent energy resources. Following their maximum power and SOC, the adaptive droop
control modifies the load power distribution among the ESS. Let us define:

= (Vo) (1)
Here: { being constant, Vp is the bus voltage. It can be formalized by Eq. (12) [15]:

Voo) =4 _ (12)

Giving,—1 < (Vpo) <1
The ESS discharges when 0 < (Vpc) < 1, and charges when —1 < (Vp¢) < 0. The output
power of each ESS is:

{=b, (13)
Here, is the output power of the z" ESU, positive means discharge, negative means
charging, b, is the droop coefficient of the z" ESU droop controller.

(;)A <0
= "

Where, is the maximum power of the z" ESU, is the instantaneous value and

is the reference value of the state of charge of the z" ESU, A =1 and = 0.5. Therefore,

each ESU can adjust the load power distribution through adaptive droop control according to its
SOC.

A
AU e UL SN

! 2 8 (—)A { ;Discharge
The automatic load power distribution among the ESUs facilitates promptly balancing the SOC
of various ESUs. It prevents the ESS from being overcharged or over-discharged, increasing the
ESS's protection. The battery energy management system is responsible for keeping the battery's
charging and discharging power and capacity within a specific range to prolong battery life [25].
The SOC rating for this work is between 10% and 90%. The charging current is nil when the
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SOC hits 90%. When the SOC drops to 10%, the ESS keeps discharging to guarantee the critical
load's voltage stability. Nevertheless, in order to protect the battery, load shedding should be
done in a priority-based manner. The ESS's control approach is depicted in Fig. 4.
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Fig. 4 Control of ESS

Where, is the current of the z" ESU, and is its reference value. The mode switching
signal , is given by the second layer control.

4.1.3. Load Control

The converter connects the AC and DC loads to the DC bus. Fig. 5 shows the load power
control. Loads can be prioritized according to their importance to ensure a stable power supply
for critical loads.
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Fig. 5 Control of Load Converter
4.2. Secondary Control

Figures 6 and 7 depict the DCMG's secondary control and working logic diagram, respectively.
It exploits the bus voltage signal to regulate the power flow in the DCMG and the PV system's
switching between operating modes to reduce power loss significantly. The vital purpose of the
secondary control is to use the bus voltage to regulate the output power of the ESS in modes I
and II, as well as the mode switching of the PV system. Moreover, the ESS stabilizes the bus
voltage by adopting adaptive droop control and automatically adjusts the load power distribution
among the ESUs according to their respective maximum power and SOC, which improves the
safety of the ESS. When operating in mode III, the PV system switches from MPPT to droop
control to control the bus voltage stability, and each PV unit automatically adjusts the load
power distribution according to the maximum output capacity. Furthermore, the voltage
feedforward compensation control adjusts the voltage reference value of the PV droop controller
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to increase the bus voltage to the rated value. Consequently, the bus voltage fluctuation reduces.
Let us define:

IC = )|=lc ] (16)

Here, |( )'| =0.2and is the voltage fluctuation value. The ESS does not execute power

exchange to reduce power loss when the bus voltage fluctuates within this range. The ESS
charges or discharges to stabilize the bus voltage when the bus voltage fluctuations go beyond
this range. Additionally, the layer control sends the mode switching signal 1= 3
according to equation (16) and the control logic.
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Fig. 6 Secondary Control of Autonomous DCMG
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Fig. 7 Working Logic of Autonomous DCMG
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5. Simulation Results and Discussion

A simulation model was built in Matlab/Simulink for a DC Bus of 380 volts to demonstrate the
efficiency of the suggested hierarchical control strategy. Three ESUs with 4.5 kWh each and
two sets of PV generation units with a maximum output of 2 kW and 4 kW compose the model.
The highest output power is + 3 kW, £ 2 kW, and + 2 kW, respectively, with SOCs of 80%,
60%, and 40%. The safe charging capacity is not higher than 90%, and the safe discharge
capacity is no less than 10%. Three different working modes are taken into account in the
simulation, and variable loads are connected to evaluate the system's response to disturbances
such as load fluctuations.

1) Model

The PV system uses MPPT control in this mode, and the ESS is responsible for maintaining bus
voltage stability. The configuration of multiple groups of small-capacity ESUs to lower the
converter's current increases the ESS's protection. The simulation examines how disturbances in
load power and fluctuation generated by PV systems affect bus voltage. Figure 8 shows the
simulated waveforms when the ESS stabilizes the bus voltage. It can be seen from Figure 8 that
at 0~1.0 s, the PV system adopts MPPT control. The load power at this moment is 3.6 kW, the
PV system's power is 4.5 kW, and the ESS needs to provide 1.8 kW of load power to ensure the
regular operation of the MG and voltage stability. The load power provided by the ESS
stabilizes bus voltage.
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Fig. 8 Operation Performance of DCMG working in Mode I (a) PV System Output Power
(b) Power by ESS (c) Load Power
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The charging power of the ESS at this time is around 0.9 kW, and the bus voltage is controlled
at 379 V in this mode, as can be shown by comparing Figs. 8(b) and 9. Due to irradiance
fluctuations, the PV power reduces by about 2.0 kW in 1.0 s. The ESS instantly adjusts the
output power to approximately 1.6 kW to ensure voltage stability and the regular operation of
the system. At 2.0 s, the load power drops to about 1.0 kW while the PV power remains at 2.0
kW. The ESS quickly transitions from the discharge state to the charging state. For the system's
active power balance and bus voltage stability, it supplies about 1.0 kW of power. Figure 8
shows that the ESS can seamlessly switch between the charging and discharging modes when
the source load power varies. As a result, the system's supply and demand for active power are
efficiently balanced. Figure 9 shows that the bus voltage fluctuation is minimal under various
disturbances and that the response time is short.
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Fig. 9 Bus voltage of DCMG

The load power distribution among the ESUs is shown in Figure 10. It gives a comparison of the
proposed adaptive droop control and the conventional droop control. It is obvious that the
adaptive droop control can automatically adjust the load power distribution according to the
SOC and maximum power of various ESUs when compared to the conventional droop control.
As a result, it can quickly balance the SOC between several ESUs and prevent overcharging of
the ESS. Additionally, the fluctuation is minimal, and the switching between the charging and
discharging modes happens quickly.
1500t ' Power of £S5 C
1000 S ez T
500 ETE

0

Adaptive Droop Control
Power (W)

—sgop S e =

tseop L. Power of ESSA |
1000 ——— Powerof ESSB
Power of ESS €

500
ot
=500

Droop Control

0 0.5 1.0 1 2.0 2.5 3.0

Time (s)

Fig. 10 Comparison ofPower Sharing among Energy Storage Units (With Proposed Adaptive
Droop Control and with Traditional Droop Control)

2) Mode Il

In this mode, the ESS stabilizes the bus voltage while the PV system continues to perform
MPPT control. The simulation of Fig. 11 examines the bus voltage's stability in the presence of
disturbances and Fig. 12 shows the Bus voltage during these conditions. The ESS stabilizes the
bus voltage at 0~1.0 s, at which point the PV system adopts MPPT control. The load power is
2.6 kW, but the PV system's power is about 5.1 kW. The bus voltage is controlled at 382 V, and

11
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the ESS's charging power at this point is 2.5 kW, as illustrated in Figure 12. A group of ESUs in
the ESS is out of operation due to faults and at 1.0 s. The ESUs in normal operation swiftly
adjust the output power to provide a normal power supply to the load to ensure voltage stability
and normal system operation. The ESS's overall charging capacity is still 2.5 kW at this
moment. The PV system's power output falls to zero at 2.0 seconds. The normal operation of the
ESUs is then immediately transitioned from the charging to the discharging state to guarantee
the load receives normal power. With quick switching and smaller bus voltage variations, they
begin to supply the load with about 2.6 kW of power. It is evident from the above analysis that
the bus voltage fluctuation is negligible, the response time is quick, and the load voltage
fluctuation successfully reduces when the PV system and (or) ESUs are not functioning.

8000 T T T T -
£ 6000 1
§ 4000 R
g 2000 1
0- L L L L L
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)
(@
4000
£ 2000f E
: o '
2 2000} ]
-4000 - . . . .
0 0.5 1.0 1.5 2.0 25 3.0
Time (s)
(b)
£ 40001 1
£ 2000f ! 1
g
0 i i \ \ .
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)
©

Fig. 11 Operation Performance of DCMG working in Mode II (a) PV System Output Power
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Fig. 13 Power sharing among storage units (With Proposed Droop Control and with Traditional
Droop Control)

Figure 13 shows the load power distribution among the ESUs in mode II. The ESS can
automatically adjust the load power distribution among the ESUs according to the maximum
power and SOC by operating under the proposed adaptive droop control. When some ESUs or
PV units fail, the ESUs in normal operation can promptly compensate for the output power to
meet the normal power supply to the load, reducing the bus voltage fluctuation and sustaining
the voltage stability. In addition, the use of multiple groups of small-capacity energy storage can
reduce the current of the converter and improve the protection of the ESS.

3) Mode IIl

This mode deals with the scenario when the battery reaches the capacity limit due to the PV
system producing more energy than the DCMG's load requirement. The PV system switches
from MPPT to droop control to ensure the voltage stability of the critical loads. As a result, the
output power changes automatically to meet the load demands. The simulations in Fig. 14
analyze the influence of disturbances such as the ESS and PV system failures and load
fluctuations on the voltage stability. When the PV system switches to MPPT control at time
0~1.0 s, the energy storage stabilizes the bus voltage. The PV system power is approximately
4.7 kW, the ESS charging power is 0.6kW, and the load power is 4.1 kW. The switching process
has a quick response time and negligible variation, as demonstrated in Fig. 14. When PV unit 1
stops working at 2.0 s, PV unit 2 swiftly adjusts the generated power to guarantee uninterrupted
power to critical loads. Following that, the PV unit 2 automatically adjusts the power output
based on the load's power requirements and performs necessary load shedding to maintain the
regular power supply to critical loads.
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Figure 15 depicts the load power distribution in the PV units. After the ESS is disconnected, the
PV unit adopts droop control at time 1.0-2.0s. The load power distribution among the PV units
differs due to the difference in maximum output power. Each PV unit automatically adjusts the
load power distribution based on its maximum power to ensure the system's smooth operation.
In particular, if the PV unit 2 cannot meet the load power supply, the load shedding operation
needs to be performed according to the load priority to sustain a stable voltage to the critical
loads.
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Fig. 15 Power Sharing among PV units

Fig. 16 elaborates on the bus voltage without and with proposed feedforward compensation
control. The comparison of Figures 16(a) and (b) shows that the proposed voltage feedforward
compensation control effectively reduces the fluctuations in the bus voltage in the PV droop
control mode. The above analysis shows that the switching between MPPT and droop control of
the PV system is beneficial to ensure the voltage stability of critical loads.
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Fig. 16 Bus voltage of DCMG (a) Without Voltage Feedforward Control (b) With
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6. Conclusion

This study provides a hierarchical coordinated control strategy for an autonomous DC microgrid
based on an ESS and a PV system. The primary layer controls the PV units and ESS to operate
autonomously. Each unit's converters can independently adjust the bus voltage. When the
required charging power of the ESS in the DCMG exceeds its maximum allowable power, the
PV system switches to droop control to stabilize the bus voltage. Concurrently, the voltage
feedforward control is adopted to reduce the bus voltage fluctuation. By considering the
maximum power and SOC of each ESU, adaptive droop control is executed to coordinate the
automatic distribution of load power among the units. The secondary control layer coordinates
the working modes of various converters according to the bus voltage to increase system
effectiveness and voltage stability. This ensures that the converters droop according to the
voltage in different working modes. The Matlab/Simulink platform is used to build a simulation
model. According to the simulation results, the proposed control method successfully reduces
bus voltage fluctuations while preserving the autonomous DMG's reliable operation.
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