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Abstract: With the rapid development of new energy power generation and the widespread application of DC microgrids, this paper
tackles power coordination and smooth grid-connected/off-grid switching issues in multi-distributed power source parallel operation.
A wind-photovoltaic-storage integrated DC microgrid simulation model is constructed, adopting droop control as the core coordination
strategy and a dual closed-loop control (voltage outer loop + current inner loop) for the battery energy storage module. The model
includes a permanent magnet direct-drive (PMDD) wind power system, a photovoltaic system with incremental conductance MPPT,
and an energy storage system for power balance. Simulations on MATLAB/Simulink (initial irradiance 12000W/m?, wind speed 4.8m/s;
1s disturbance: 800W/m2, 5.2m/s) show: DC bus voltage stabilizes near 900V with +2% fluctuation (within 5% allowable range);
wind/photovoltaic units achieve stable output in 0.1s; energy storage fluctuates +1%, enhancing anti-disturbance. This research
resolves parallel power conflicts, supports grid switching, and lays a foundation for practical engineering.
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1. Introduction

Against the backdrop of the vigorous development of
global new energy power generation technologies and the
increasingly widespread application of DC microgrids, this
paper specifically designs a grid-connected/off-grid switching
simulation model based on wind-photovoltaic-storage droop
control to address the issues of power coordination and
smooth grid-connected/off-grid switching during the parallel
operation of multiple distributed power sources[1]. The model
takes wind power generation module, photovoltaic power
generation module and battery energy storage module as the
core components. Among them, the wind power generation
module is responsible for capturing wind energy and
converting it into electrical energy.[2] The photovoltaic power
generation module converts solar energy into usable
electricity through the photovoltaic effect, and the battery
energy storage module undertakes key functions such as
energy storage, fluctuation suppression and emergency power
supply. The three work synergistically to form a stable
distributed energy supply system. To achieve efficient
operation in the scenario of multiple parallel power sources,
the droop control strategy is intentionally introduced into the
model. By simulating the droop characteristics of power
output, it dynamically adjusts the output power distribution
ratio of each distributed power source, ensuring that the DC
bus voltage is always maintained within a stable range. This
effectively avoids power conflicts and mutual interference
that may occur when multiple power sources are connected in
parallel and provides reliable technical support for the smooth
switching of the system between grid-connected and off-grid
operation modes.

First, this paper systematically establishes a comprehensive
structural framework for the DC microgrid, which is centered
on the core objectives of efficient utilization of distributed
energy and stable operation of the system, encompassing four
key components. Among them, the power generation module
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takes renewable energy sources such as wind energy and solar
energy as the core, responsible for converting natural energy
into DC electrical energy to provide basic power supply for
the system; the energy storage module adopts battery energy
storage units, mainly undertaking the tasks of electrical
energy storage, power fluctuation suppression, and addressing
energy supply gaps to ensure the system's energy balance; the
grid-connection module serves as a key interface connecting
the system to the external main grid, realizing bidirectional
power transmission and switching control between grid-
connected and off-grid modes to ensure the coordinated
operation of the system and the grid; the droop control design
is embedded in the framework as a core control strategy,
providing technical support for the coordinated power
distribution under the scenario of multiple parallel power
sources by dynamically adjusting the output characteristics of
each power source.

To verify the feasibility and stability of the designed
structural framework, this paper finally selects the
MATLAB/Simulink simulation platform to establish a
complete simulation experimental model. During the
simulation process, by reasonably configuring the core
parameters of each module, the energy supply fluctuation
scenarios under different illumination and wind speed
conditions, as well as the typical operating conditions of grid-
connected/off-grid mode switching, are simulated, and the
variation law of the DC bus voltage is analyzed. The
simulation results show that the established simulation model
can effectively resist the impacts caused by the output
fluctuations of distributed energy sources and always maintain
the DC bus voltage within the preset reasonable range. This
fully verifies the effectiveness of the structural framework
design and the droop control strategy, providing a reliable
simulation basis for the development and optimization of
subsequent practical systems.
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2. DC Microgrid System Structure

To achieve efficient adaptation and coordinated operation
between each distributed unit and the DC bus, all power
generation units and energy storage units in the system must
be connected to the DC bus through dedicated power
electronic converters [3]. Specifically, DC/DC converters are
mainly responsible for regulating the output voltage levels of
different units to align with the preset voltage standard of the
DC bus, thereby eliminating transmission barriers caused by
voltage differences and ensuring stable power transmission. In
contrast, DC/AC converters realize bidirectional conversion
between DC power and AC power to meet the requirements of
certain AC-output power consumption scenarios or energy
interaction between the system and the external AC grid,
which effectively expands the system’s application scope and
interactive compatibility [4]. For the DC microgrid system
studied in this paper, its detailed topological structure and the
connection relationships among various components are
shown in Figure 1 below.

Distributed power generation unit

DC bus

Figure 1: Topological Structure Diagram of the DC Microgrid

3. Design of the Power Generation Module

3.1 Wind Power Generation Module

The wind power generation part adopts a permanent magnet
direct-drive (PMDD) wind power generation system, and its
equivalent circuit diagram is shown in Figure 2. First, the
wind turbine captures wind energy from nature and efficiently
converts wind energy into mechanical energy through blade
rotation and mechanical transmission  mechanisms.
Subsequently, the permanent magnet synchronous generator
(PMSG) receives this mechanical energy and initiates the
electromagnetic induction process, completing the stable
conversion from mechanical energy to electrical energy and
producing initial electrical energy suitable for subsequent
transmission [5]. Finally, the transformer adjusts the voltage
of the electrical energy in accordance with the voltage level
standards of the power grid. After the electrical energy
parameters meet the grid-connection requirements, the
electrical energy is smoothly fed into the public power grid to
achieve power absorption.

WWW.ijsea.com

AC/DC converter

Figure 2: Equivalent Circuit of the Permanent Magnet Direct-
Drive (PMDD) Wind Power Generation System

The formulas for the wind turbine are as follows:

-
P~ denotes the wind turbine output power, 4 represents the
swept area of the wind turbine blades, p is the air density,
v stands for the wind speed andC,, refers to the wind
energy utilization coefficient. The calculation formula

for Cp is as follows:

—cg

c =Cs
C, = 61(1—2—638—64)9(h)+65£{
1

& is the pitch angle, ¢, to ¢, take the values of 0.5158.
118. 0.5. 5. 24. 0.0068.

3.2 Photovoltaic Power Generation Module

The photovoltaic power generation control employs the
incremental conductance method, and its derivation process is
as follows:

dP_d(V-f)_HV dI
av- dv dv

At the maximum power point (MPP), the derivative of power
dP
with respect to voltage, v’ should be equal to zero:
I+V a 0
e
dl L. .
Here, o denotes the derivative of current | with respect to

voltage V, which is usually approximated using conductance
G and incremental conductance AG.
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dI

G=—
T av

I
When G>—;, the voltage is adjusted upward; when G <
I
o the voltage is adjusted downward; and when

!
G = 7 the system has reached the maximum power

point (MPP). The working principle of the circuit is as
follows: a reference voltage Vref is generated by the MPPT

algorithm, and this Vref is compared with the real-time

voltage collected by the controller. The resulting error signal
is transmitted to the proportional-integral (PI) controller,
which outputs the duty cycle d. Finally, a PWM (Pulse-Width
Modulation) signal is generated to control the DC/DC
converter. The block diagram of the circuit is shown in Figure
3.

MPPT
I ) v

[ ] _

DC/DC converter
PV

Figure 3: Block Diagram of the Photovoltaic (PV) Module

4.Energy Storage and Grid-Connected
Module

4.1Design of the Energy Storage Module

The energy storage system not only stabilizes the DC bus
but also functions to balance power. To achieve power
balance, a dual closed-loop control strategy is adopted,
consisting of an outer voltage loop and an inner current loop.
The outer voltage loop stabilizes the DC bus voltage, while
the inner current loop controls the charging/discharging
current to track the reference value

4.2 Droop Control Design

The core idea of droop control is to establish a linear droop
relationship between the output voltage and output power of
power sources, thereby achieving autonomous power
distribution when multiple power sources operate in parallel
[6]. When changes in system load cause fluctuations in the
DC bus voltage, each power source automatically adjusts its
output power according to its own droop characteristics [7].
This not only ensures that the bus voltage is maintained within
the allowable range but also distributes the load power in a
preset proportion, avoiding mutual interference between
power sources. For distributed power sources in DC
microgrids, the basic mathematical model of droop control is
as follows:

Ur"e_f.i = Uy —kp;" P,

A dual closed-loop control strategy with a voltage outer loop
and a current inner loop is adopted. The voltage outer loop
stabilizes the DC bus voltage, while the current inner loop
controls the charging/discharging current to follow the
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reference value. The difference between the voltage reference

value U y.c and the actual value Uy, is processed by the

dcre

Pl regulator to generate the current reference value |gd .
Subsequently, the difference between the current reference

*
value |

od and the actual charging/discharging current

value | od is processed by the Pl regulator to generate the
target duty cycle. The duty cycle voItageUgd is compared

with the triangular carrier voltage value AUgd to generate

two complementary PWM signals, which are then sent to the
gate of the switching device in the bidirectional DC/DC
converter. The block diagram of this control structure is
shown in Figure 4.

Figure 4: Control Diagram of the Energy Storage Module

In the formula U, 7.1 1s the output voltage reference value of

the i-th power source, Uy is the rated no-load output voltage
of all power sources, Kp; is the active power droop

coefficient of the i-th power source, P; is the actual output

active power of the i-th power source. It can be seen from the
mathematical model that the output voltage of the power
source decreases linearly with the increase of output
power. By adjusting the droop coefficient K ;, the regulation
of the power distribution ratio among different power sources
can be achieved.

In the formula Ur'ef.i is the output voltage reference value of

the i-th power source, U is the rated no-load output voltage

of all power sources, Kp; is the active power droop

coefficient of the i-th power source, P; is the actual output

active power of the i-th power source. It can be seen from the
mathematical model that the output voltage of the power
source decreases linearly with the increase of output

power. By adjusting the droop coefficient K ;, the regulation

of the power distribution ratio among different power sources
can be achieved.

5. Simulation and Results

Based on the above design methods, a simulation model was
built using MATLAB/Simulink. The DC bus voltage
reference value is set to 900V, the initial irradiance is
1000W/m2, and the initial wind speed is 4.8m/s. At 1s, the
irradiance suddenly changes to 800W/m2, and the wind speed
suddenly changes to 5.2m/s. The simulation results of each
unit are shown in Figure 5.
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Figure 5. Voltage and power of each module

As can be clearly observed from the DC bus voltage
simulation waveform shown in Figure 5(a), during the initial
stage of system start-up (0~0.5s), there is a small dynamic
fluctuation in the bus voltage due to the coordinated start-up
transition process of distributed power sources (photovoltaic
and wind turbine) and energy storage units. After 0.5s,
however, the voltage quickly converges and stabilizes near the
rated reference value of 900V, with only slight oscillations
within £2%. This fluctuation range is fully within the system's
preset allowable range of +5%, which fully verifies the
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accurate voltage regulation effect of the voltage outer loop
control on the DC bus voltage, as well as the effectiveness of
the dual closed-loop control strategy in suppressing voltage
oscillations and improving the steady-state performance of the
system.

Analysis of the wind turbine output power waveform in
Figure 5(b) and the photovoltaic output power waveform in
Figure 5(c) shows that under the operating condition
disturbance set in the simulation—where irradiance suddenly
changes from 1000W/m? to 800W/m2 and wind speed
suddenly changes from 4.8m/s to 5.2m/s at 1s—the wind
turbine and photovoltaic units quickly respond to changes in
external environmental parameters through the synergistic
effect of their own MPPT control strategies and the system's
droop control. After a short dynamic adjustment period
(approximately 0.1s transition time), stable power output is
achieved after 1s. From the waveform characteristics, there is
no obvious overshoot or oscillation in power output: the wind
turbine output power stabilizes near the maximum wind
energy capture value corresponding to the wind speed, and the
photovoltaic output power is consistent with the irradiance
change trend and remains smooth. This indicates that both the
power tracking capability of the distributed power generation
units and the dynamic response characteristics of the system
meet the design expectations.

Looking further at the output power waveform of the battery
energy storage unit shown in Figure 5(d), it can be found that
the battery starts to enter the power output stage at 0.4s and
maintains a stable power output state until 1.2s, with the
power fluctuation range controlled within +1%. This result
shows that the current inner loop control of the bidirectional
DC/DC converter effectively achieves accurate tracking of the
charging/discharging current to the reference value. As a
result, the battery can provide temporary support for the
stability of the bus voltage during the initial stage of system
start-up (0.4~1s), and at the same time play an energy storage
buffering role during the transition period of the operating
condition mutation at 1s. Through smooth power output, it
suppresses the impact of sudden power changes of distributed
power sources on the system, further verifying the rationality
of the cooperation between the dual closed-loop control and
droop control, as well as the core role of the energy storage
unit in improving the system's anti-disturbance capability and
ensuring power balance.

6. Conclusion

This paper addresses the power coordination and smooth grid-
connected/off-grid switching issues in wind-solar-energy
storage DC microgrids by designing an integrated system with
wind, photovoltaic, and battery energy storage modules,
adopting droop control as the core coordination strategy and
dual closed-loop control for the energy storage module.
MATLAB/Simulink simulation results confirm the design’s
effectiveness: the DC bus voltage stabilizes near 900V with
+2% fluctuations (within the +5% allowable range) after start-
up; wind and photovoltaic units achieve stable power output
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within 0.1s under environmental disturbances via MPPT and
droop control synergy; the battery energy storage unit
maintains power balance with +1% fluctuation, enhancing
system anti-disturbance capability. This research resolves
parallel power conflicts and voltage instability, providing

technical support for

grid-connected/off-grid  switching.

Future work may involve optimizing droop coefficients with
intelligent algorithms, expanding extreme working condition

simulations, and

experiments.
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