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Abstract: The global community is actively seeking ways to harness renewable energy sources to combat global warming and reduce
reliance on fossil fuels. Solar and wind energy have gained popularity worldwide. However, the availability of solar irradiance and wind
speed is unpredictable and beyond human control. Therefore, integrating an energy storage system is essential to maximize the utilization
of these energy sources by converting them into electricity. Batteries are a prominent choice for medium power applications, but they
require regular maintenance and are prone to self-discharge, leading to a gradual decline in storage capacity over time. For high power
applications, hydrogen storage emerges as a cost-effective alternative to batteries. Stored hydrogen can be utilized for various purposes,
such as transportation and electricity generation. An electrolyzer can efficiently split water into oxygen and hydrogen using electricity.
Nonetheless, the slow heat transfer dynamics impede rapid hydrogen production, necessitating a new control technique to enhance
production quality during fluctuations in solar irradiance and wind speed. Boost, buck, and DC to DC bidirectional converters are utilized
to maintain a constant voltage at the DC-link under diverse operating conditions. A novel control algorithm has been devised to ensure
power quality at the 3-phase AC load bus and effectively manage energy in the hybrid standalone system. The outcomes of this research,

conducted using MATLAB/Simulink, are presented to assess performance under various scenarios.
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1. Introduction

Providing electricity to consumers in regions without utility grids
remains a challenging task. One effective solution to this issue is
the establishment of small-scale independent microgrids at a local
level [1]. These microgrids utilize renewable energy sources,
making them environmentally friendly. By integrating various
renewable energy sources such as solar power with Photovoltaic
(PV) technology and wind power with Permanent Magnet
Synchronous Generator (PMSG) technology, these systems can
ensure reliable and high-quality electricity supply to consumers in
remote areas [2].

Solar irradiance and wind velocity undergo continuous
fluctuations, leading to variations in power generation [3]. To
maintain a stable power balance in a standalone microgrid, it is
essential to utilize an energy storage device [4]. Although batteries
are commonly used for energy storage, they may not be suitable
for high power applications over extended periods. Moreover,
batteries have a limited lifespan and require frequent maintenance
and replacements, resulting in increased expenses [18]. To address
these challenges, the system combines a Fuel Cell (FC)-
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Electrolyzer with a small battery bank. The battery bank can
quickly respond to sudden fluctuations, while the FC-Electrolyzer
operates at a slower pace to maintain power equilibrium in a stable
condition [5]. During times of surplus generation compared to the
load, the FC-Electrolyzer produces hydrogen through electrolysis,
which is then stored in tanks for future use to generate electricity
through the FC and meet the load requirements. By utilizing the
battery bank for short-term power provision and hydrogen for
long-term storage, the system becomes more financially viable [6].
However, efficient energy management is crucial to ensure power
quality in standalone systems. Additionally, this paper introduces
the development of an inverter control mechanism to maintain a
consistent voltage at the load bus even during unbalanced voltage
conditions, thereby enhancing power quality.

2. Standalone Microgrid

The diagram in Figure 1 depicts the standalone microgrid that
relies on renewable energy sources as discussed in this paper.

Previous research studies have examined the hybrid microgrid with
similar standalone characteristics [7-13]. The authors proposed a
power management strategy to regulate the various components
within the microgrid [7]. In [8], the authors demonstrated the
production of hydrogen using renewable energy-based power
conversion units. However, [9] established a greenhouse powered
by renewable energy sources, but the system was specifically
designed for single-phase applications. [10] showcased the
generation of hydrogen using renewable energy sources [24], but
did not address power quality concerns. [11] introduced a DC
microgrid that utilizes renewable energy sources for hydrogen
production. Furthermore, [12] developed an energy management
algorithm for a microgrid, but did not consider power quality
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concerns or unbalanced scenarios. Lastly, [13] conducted a
comparative evaluation of different energy management systems
for standalone wind, PV, wind, and hydrogen units [22]. This
research article considers the objectives in its development.

a) An efficient control coordination has been established
for wind, PV, Electrolyzer, FC, and battery systems.

b) A new control method has been developed for a
bidirectional DC to DC circuit used between the battery
and DC-link to efficiently manage power distribution
among various devices.

c) Different version: Efficient regulators have been
implemented to oversee the voltage control at the load
terminal amidst fluctuations in wind or PV power
production and alterations in the electrical demand.

d) To ensure stable voltage levels at the load bus in a three-
phase system, it is crucial to maintain balanced voltages
even when unbalanced currents are present.

The DC-ink battery bank is equipped with a built-in DC to DC
bidirectional circuit. The circuit utilizes a control method to
monitor the discharging/charging process of the battery in order to
maintain a stable voltage at the DC link [25], as shown in Figure
2. The controller's output acts as the reference battery line current,
and a hysteresis loop is established to generate the necessary
switching pulses for switches Q1 & Q2 of the converter (Figure 1).
To prevent overcharging or discharging of the battery bank, the
State of Charge (SoC) is integrated into the controller of the DC to
DC bidirectional circuit, as illustrated in Figure 2.

Once the state of charge (SoC) of the battery bank reaches its
maximum level, any surplus power will be utilized by the
electrolyzer to produce hydrogen. Similarly, during steady state
operation, when the SoC reaches its minimum level, the fuel cell
(FC) will generate the necessary power to meet the load demand.
However, due to the slow dynamics of the FC, it is unable to
provide power instantaneously, resulting in a voltage drop at the
DC-link during transient situations [26]. To ensure a stable voltage
at the DC-link, regardless of any system changes, it is essential to
implement proper control coordination among all components in a
standalone system [23]. Figure 3 and Figure 4 illustrate the
appropriate control mechanisms for the buck circuit (used for the
Electrolyzer) and the boost circuit (used for the FC), respectively.
The designed controllers for the buck, boost, and DC to DC

converters are configured in a way that enables the battery bank to
promptly respond to sudden load changes, while maintaining
steady operation for the Electrolyzer-FC set [18]. When the SoC
reaches 20.0% and switch Q2 of the DC to DC circuit is turned on
(while Q1 is turned off), the FC begin generating the required load
power [18], with the battery maintaining its state across the dc-
link. Figure 5 provides an illustration of the system's energy
management. To optimize the extraction of power from a wind
turbine, the control strategy is derived from [1]. In order to
eliminate the need for an additional converter that functions as a
maximum power point tracking (MPPT) circuit, the PV system is
directly connected to the DC-bus.

The PV system incorporates an MPPT mechanism that is
integrated with a DC to DC circuit and a buck circuit for the
electrolyzer. This integration allows the MPPT circuit to function
effectively within the PV system. In a distribution power system,
there are various single-phase loads that operate simultaneously,
resulting in uneven currents flowing through the three phases.
When these imbalanced loads are present, the DC-link voltage will
contain a second harmonic oscillating component. This second
harmonic component has the potential to induce oscillations on the
turbine shaft, which could impact the fatigue life of the shaft [18].
To address this issue, the dc-side active filter [14] is integrated with
the controllers of the DC to DC converter for the battery, the buck
converter for the electrolyzer, and the boost converter for the fuel
cell (FC). The dc component is extracted through a low pass filter
from, while the oscillating component is obtained. The first Pl
controller considers as an error and generates a reference signal
to regulate the voltage. On the other hand, the second PI controller
uses as its error and utilizes a reference signal of '0' to effectively
eliminate the oscillating component in the DC voltage. By
combining the outputs of both PI controllers, the ultimate reference
current is achieved.

Unbalanced voltages across the three phases occur when there is
an uneven load at the point of common coupling (PCC). This
imbalance is caused by unequal voltage drops across the filter
circuit in each phase. To tackle this issue, a specialized inverter
controller has been created. This controller produces distinct
modulation indexes for each phase, guaranteeing balanced
voltages at PCC. The utilization of the control technique, which
relies on dqO of the inverter, is illustrated in Figure 6.
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Fig. 1. Hybrid standalone microgrid [18].
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Fig. 2. The management of the bidirectional DC to DC circuit linked to the battery is under control [18].
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Fig. 6. Control of the inverter.

3. Unit management

Determining the appropriate unit sizing is a critical aspect in a
microgrid, especially one that relies on renewable energy sources.
This is essential as it helps minimize the overall cost of the system
while ensuring a consistent and reliable power supply to consumers
[15-16]. To achieve this, the HOMER software is employed to
determine the optimal size of the components based on the load

profile [7,18], as shown in Figure 7. The technical and economic
data of the system is obtained from [7, 15, 17,18]. By utilizing the
HOMER software, the optimal sizes for the wind and PV
components are determined to be 15.0kW and 20.4kW
respectively. As a result, this study considers the use of two PV
arrays, each with a capacity of 7.50kW, and three wind turbines,
each with a capacity of 6.80kW.

This study anticipates that the fuel cell (FC) will efficiently
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manage the highest demand without relying on wind and PV
power. As a result, the required capacity of the FC is determined
to be 18kW, with an additional 20% capacity for optimal
performance. Similarly, the rating of the electrolyzer is determined
by taking into account the surplus power available. By considering
60.0% of the maximum surplus power from different sources, the
rating of the electrolyzer is calculated as follows:

Electrolyzer Rating = (Total generation — Minimum load demand)
60.0/100.
= (15.0+20.40-5.85) 0.60 = 17.73kW.
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Fig. 7. Load demand [7].

4. Results

To optimize visualization, the MATLAB/Simulink platform
displays outcomes utilizing a single PV array and one wind turbine.
The assessment of controller effectiveness includes examining
various microgrid scenarios as depicted in Figure 1 [1, 6, 18-21].

Case-A: Unbalanced operation

The system has been tested considering the unbalanced scenario
illustrated in Figure 8.

Current (RMS) of:

Phase-A (ila)= 3.52A; Phase-B (ilb) = 9.45A; Phase-C (ilc) =
8.32A.

The torque response of the PMSG in an imbalanced state is shown
in Figure 9 both with and without the suggested regulation of the
DC-to-DC converter. Torque fluctuations can be lessened with the
recommended controller and voltage regulation at the DC-link.
However, the voltages at the PCC may fall out of balance because
of uneven dips at the LC filter in each phase. Nevertheless, by
producing the necessary modulation indexes for every phase, the
suggested inverter controller can keep balanced voltages. The
matching balanced line voltages at the PCC are shown in Figure
10. For a better understanding, Figure 11 displays the RMS values
of the phase voltages and their corresponding Modulation Indexes.
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Fig. 8. Currents of three-phase system {Case-A}.
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Fig. 11. (a) Voltage; (b) MI{Case-A}.

Case- B: Operation under battery and electrolyzer

The system's effectiveness relies on the proper functioning of the
electrolyzer. This is accomplished by maintaining the State of
Charge (SoC) of the batteries at approximately 80% and utilizing
any excess power available from alternative sources. According to
the energy management method described in this study, Figure 12
illustrates how the electrolyzer would start using the excess power
once the battery bank's SoC surpasses 80.0%. Figure 13 shows that
at about t=1.94sec, the SoC reaches 80.0%. The voltage behavior
at the DC bus, now managed by the electrolyzer's buck converter,
is displayed in Figure 13.
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Case- C: Operation with battery and FC

In order to evaluate the microgrid's effectiveness during FC
operation, the effects of an abrupt load rise from 7.5 to 15.0 kW at
t=10.0sec were examined. As per the suggested energy
management system, the battery acted quickly to fulfil the
increased demand, however the FC took longer to start producing
power because of its slower dynamics. As a result, at roughly
t=10.94sec, the battery bank's State of Charge (SoC) dropped to
20.0% (Figure 14). The FC commenced power provision at
t=11.16sec and successfully met the load demand by around
t=12.80sec. This effective coordination between the FC and battery
led to the battery power diminishing to zero as the FC consistently
supplied the required power. The microgrid's control scheme
demonstrated its efficiency in achieving this coordination, as
depicted in Figure 15.
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Fig. 14. Powers {Case-C}.
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Fig. 15. Voltages {Case-C}.

Case- D: Operation with meteorological changes

The efficacy of the microgrid is evaluated while accounting for
meteorological variations in weather. Analysing variations in load,
temperature, wind speed, and irradiance is part of the assessment,
as shown in Figure 16. Figure 17 presents the various power
components examined in this study, namely the battery bank, fuel
cell (FC), and electrolyzers, which collaborate to maintain a
balance between generation and load. The detailed response of the
root mean square (RMS) line voltage at the point of common
coupling (PCC) is outlined in Figure 18. While the RMS voltage
at the PCC may not provide a clear indication, the instantaneous
line-to-line voltages and currents are elucidated in Figure 19 and
Figure 20, respectively.
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Fig. 16. Powers involved in microgrid {Case-D}.
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Fig. 17. Changes of (a) load current, (b) wind speed, (c) irradiance and (d) temperature {Case-D}.
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5. Conclusion

A highly effective energy management system has been deployed
for microgrids that depend on renewable energy sources. This
system employs synchronized control to enhance power quality
and optimize hydrogen generation efficiency, while
simultaneously minimizing operational costs. The control
techniques proposed in this system aim to mitigate second
harmonic distortions caused by imbalanced loads and ensure stable
voltages at the point of common coupling (PCC). Extensive
simulations conducted on Simulink have conclusively
demonstrated that the suggested controllers can proficiently
regulate load voltages even in the presence of fluctuating loads,
wind speeds, and solar radiation levels. The results have been
thoroughly analyzed and presented across various scenarios for
comprehensive evaluation.
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