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Abstract: The global community is currently engaged in the exploration of various techniques to utilize renewable energy
sources with the objective of mitigating the effects of global warming and decreasing dependence on fossil fuels. The
deployment of solar and wind energy has experienced substantial adoption in various geographical areas worldwide.
However, the predictability and controllability of solar irradiance and wind speed are constrained. Therefore, it is crucial to
incorporate an energy storage system to optimize the utilization of these energy sources by converting them into electrical
energy. Within the domain of medium power applications, batteries are recognized as a prominent selection. However,
batteries require significant maintenance and are susceptible to self-discharge, resulting in a gradual decrease in storage
capacity over time. Hydrogen storage is a feasible alternative for high-power applications, offering a cost-efficient solution
in comparison to batteries. The stored hydrogen can be utilized for various applications, including transportation and
electricity generation. An electrolyzer is an electrochemical device that employs electrical energy to efficiently perform the
process of water electrolysis, which involves the decomposition of water into its elemental components, namely oxygen and
hydrogen. Nevertheless, the slow heat transfer dynamics hinder the rapid generation of hydrogen, necessitating the
implementation of a novel control technique to improve production efficiency in response to changes in solar irradiance and
wind speed. The deployment of boost, buck, and DC to DC bidirectional converters is utilized to maintain a consistent
voltage at the DC-link across different operational scenarios. A novel control algorithm has been developed to ensure power
quality at the 3-phase AC load bus and efficiently manage energy in the hybrid standalone system. The outcomes of this
inquiry, conducted utilizing MATLAB/Simulink, are exhibited to evaluate the efficiency in various scenarios.

Keywords: Renewable Energy, Solar and Wind Energy, Energy Storage System, Batteries, Hydrogen Storage, Control
Algorithm.

I. Introduction

Delivering electrical power to consumers in areas lacking utility grids continues to present a complex undertaking. To
mitigate this problem, the adoption of small-scale autonomous microgrids at a local level can be regarded as a more feasible
alternative. The microgrids employ renewable energy sources, making them ecologically sustainable [1-4]. Through the
integration of diverse renewable energy sources, such as solar power utilizing Photovoltaic (PV) technology and wind power
utilizing Permanent Magnet Synchronous Generator (PMSG) technology [1], these systems have the capability to deliver
dependable and high-standard electricity to consumers situated in remote areas.

The solar irradiance and wind velocity experience continuous variations, resulting in fluctuations in power generation.
To maintain a stable power balance within a self-contained microgrid, it is crucial to utilize an energy storage device. While
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batteries are commonly used for energy storage, they may not be optimal for extended high-power applications. In addition,
batteries have a limited lifespan and necessitate regular maintenance and replacements, resulting in increased expenses. In
order to tackle these challenges, the system incorporates a Fuel Cell (FC)-Electrolyzer alongside a compact battery storage
system. The battery bank demonstrates high responsiveness to sudden changes, while the FC-Electrolyzer operates at a
slower pace to maintain power equilibrium in a stable condition. During periods of surplus power generation compared to the
demand, the FC-Electrolyzer employs the process of electrolysis to generate hydrogen. This hydrogen is then stored in tanks
for future use in generating electricity through a fuel cell (FC) system, in order to meet the load requirements. By employing
a battery bank as a means of providing power for a limited duration and utilizing hydrogen as a method of storing energy for
extended periods, the system achieves enhanced economic feasibility. However, the deployment of efficient energy
management is crucial to ensure optimal power quality in standalone systems. Moreover, this document showcases the
deployment of an inverter control mechanism designed to maintain a consistent voltage at the load bus, even when faced
with unbalanced voltage conditions. This mechanism is designed to enhance power quality.

II. Standalone Microgrid
The schematic in Figure 1 illustrates the autonomous microgrid that is dependent on renewable energy sources, as
described in this document.
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Figure 1: Hybrid standalone microgrid.

A multitude of researchers have conducted empirical investigations on the hybrid microgrid with comparable standalone
characteristics in prior scholarly articles [7-13]. An author proposed a power management strategy to regulate the various
components within the microgrid [7]. The authors in [8] presented a study showcasing the production of hydrogen using
power conversion units that are dependent on renewable energy sources. However, as mentioned in reference [9], a
greenhouse was established that is powered by renewable energy sources. However, it is important to acknowledge that the
system was specifically designed and optimized for single-phase applications. The researchers outlined the methodology for
hydrogen production using renewable energy sources, as documented in reference [10]. Nevertheless, the analysis conducted
did not include any discussion or examination of power quality. The authors in [11] proposed the implementation of a direct
current (DC) microgrid that utilizes renewable energy sources for the production of hydrogen. Moreover, research conducted
in [12] introduced an energy management algorithm specifically tailored for a microgrid. Nevertheless, it did not consider
power quality concerns and situations with imbalanced conditions. Finally, a study was conducted to perform a comparative
evaluation of different energy management systems for standalone wind, photovoltaic (PV), wind, and hydrogen units [13].
This research article addresses the aforementioned objectives in its development.

a) A highly effective control coordination mechanism has been successfully implemented to oversee the operations of
wind, photovoltaic (PV), electrolyzer, fuel cell (FC), and battery systems.

b) A novel control technique has been developed for a bidirectional direct current (DC) to direct current (DC) circuit
that is utilized between the battery and DC-link to effectively regulate the power distribution among all devices.

c) A robust control system has been deployed to effectively manage the voltage at the load bus in response to
fluctuations in wind or photovoltaic (PV) power generation and variations in the load.

d) Ensuring balanced voltages is essential for maintaining stable voltage levels at the load bus in the presence of
unbalanced currents in a three-phase system.



The DC-ink battery bank features an integrated DC to DC bidirectional circuit. The control methodology of the circuit is
utilized to monitor the discharging/charging process of the battery in order to maintain a constant voltage at the DC link, as
illustrated in Figure 2. The output of the controller serves as the reference signal for the battery line current. An hysteresis
loop is established in order to generate the necessary switching pulses for the switches Q1 and Q2 of the converter (refer to
Figure 1). In order to regulate the charging and discharging of the battery bank, the controller of the DC-to-DC bidirectional
circuit includes the State of Charge (SoC) feature, as depicted in Figure 2.

Once the battery bank reaches its maximum level, the state of charge (SoC) will enable the surplus power to be directed
towards the electrolyzer in order to produce hydrogen. During a state of steady equilibrium, when the State of Charge (SoC)
reaches its minimum threshold, the fuel cell (FC) will generate the requisite power to meet the load demand. However, due
to slow response times, the frequency converter (FC) is incapable of instantaneously supplying power, resulting in a decrease
in voltage at the direct current (DC) link during transient situations. To ensure a constant voltage at the DC-link, regardless
of system variations, it is crucial to establish efficient control coordination among all components in a standalone system.
Figure 3 and Figure 4 depict the appropriate control mechanisms for the buck circuit (employed for the electrolyzer) and the
boost circuit (employed for the fuel cell), respectively. The controllers designed for the buck, boost, and DC to DC
converters are configured in a manner that allows the battery bank to demonstrate instantaneous response to sudden changes
in load, while maintaining consistent operation for the electrolyzer-fuel cell (FC) system. When the State of Charge (SoC)
reaches 20.0% and switch Q of the DC-DC circuit is activated (while Q; is deactivated), the Fuel Cell (FC) stacks initiate

the generation of the necessary load power, while the battery maintains its state V;C across the dc-link. Figure 5 illustrates

the graphical representation of the energy management system. To optimize the power extraction from a wind turbine, the
control strategy is derived from the reference [1]. In order to eliminate the need for an additional converter that functions as a
maximum power point tracking (MPPT) circuit, the photovoltaic (PV) system is directly connected to the DC-bus. The
Photovoltaic (PV) system utilizes a Maximum Power Point Tracking (MPPT) mechanism that is combined with a DC-to-DC
circuit and a buck circuit for the electrolyzer. This integrated setup functions as the MPPT circuit for the PV system. Within
a distribution power system, there are multiple single-phase loads that are operating simultaneously, leading to uneven
currents flowing through the three phases. When encountering imbalanced loads, the DC-link voltage will display a second
harmonic oscillating component. The existence of the second harmonic component has the ability to induce oscillations on
the turbine shaft, which can potentially impact the fatigue strength of the shaft. To mitigate the impact of the second
harmonic, the controllers of the battery's DC-to-DC converter, the electrolyzer's buck converter, and the fuel cell's boost
converter are equipped with a dc-side active filter [14]. The direct current (DC) component (V) is extracted through a low

pass filter from V. and the oscillating component (V) is obtained from ¥, and ¥, . The first PI controller takes the error

co
(V;c —V,) into account to generate a reference signal for voltage regulation, while the second PI controller utilizes the error
(0-V,.,)as its input. The second proportional-integral (PI) controller employs a reference signal of '0' to efficiently

eliminate the oscillating component in the direct current (DC) voltage. Through the summation of the outputs of two
proportional-integral (PI) controllers, the desired reference current is achieved.
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Figure 2: The management of the bidirectional DC to DC circuit linked to the battery is under control.



Limiter
Comparator-1

Ve PI S _|_| _

X >
Controller H > _ _ Gate Pulse

Low Ramp AND ——» g,

Pass Generator .

Filter

A

Vdc

SOC —w

PI >_
% Controll
ontroller -

Comparator-2

Y

AND [ g

* PI
14
¢ Controller

Figure 3: Control of buck converter for electrolyzer.
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Figure 4: Control of boost converter for FC.

An unbalanced voltage condition arises when there is an uneven distribution of load among the three phases at the point
of common coupling (PCC). The observed asymmetry is a result of the non-uniform distribution of voltage drops across the
filter circuit in each phase. To address this problem, a dedicated inverter controller has been developed. The controller
employs a proprietary algorithm to compute modulation indexes for every phase, leading to the production of well-balanced
voltages at the Point of Common Coupling (PCC). The implementation of the control algorithm, which is based on the dq0
transformation of the inverter, is depicted in Figure 6.
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Figure 5: Energy management algorithm.
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Figure 6: Proposed control of the inverter.

II1. Unit management

Evaluating the optimal unit size is a crucial factor in a microgrid, particularly in scenarios where it relies on renewable
energy sources. This is of utmost importance as it contributes to the reduction of the system's overall cost while guaranteeing
a dependable and consistent power supply to consumers [15-16]. To accomplish this, the HOMER software is utilized for the
computation of the optimal dimensions of the components, taking into consideration the load profile [7], as depicted in
Figure 7. The technical and economic data of the system is obtained from the references [7, 15, 17]. By employing the
HOMER software, a comprehensive analysis has been performed to ascertain the most suitable dimensions of the wind and
PV components. The findings suggest that the wind component should be sized at 15.0kW, while the PV component should
be sized at 20.4kW. Consequently, this study investigates the installation of two photovoltaic (PV) arrays, each with a
capacity of 7.50 kilowatts (kW), and three wind turbines, each with a capacity of 6.80 kW.
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Figure 7: Load demand [7].

In this research, it is anticipated that the fuel cell (FC) will effectively handle the peak load without being dependent on
wind and photovoltaic (PV) power. Therefore, the necessary capacity of the fuel cell (FC) is determined to be 18 kilowatts
(kW), with an extra 20% capacity allocated for optimal performance. Similarly, the rating of the electrolyzer is determined
by evaluating the amount of excess power that is currently available. By considering 60.0% of the maximum surplus power
derived from various sources, the rating of the electrolyzer is determined using the following calculation:

Electrolyzer Rating = (Total generation — Minimum load demand) x 60.0/100.
= (15.0+20.40-5.85) x 0.60=17.73kW.

IV. Results
To enhance visualization efficiency, the MATLAB/Simulink platform displays the outcomes by utilizing a solitary

photovoltaic (PV) array and a solitary wind turbine. The evaluation of controller performance involves analyzing different
scenarios of the microgrid illustrated in Figure 1.

Case-A: Unbalanced operation
The system has been tested taking into account the unbalanced scenario illustrated in Figure 8.
Current (RMS) of: Phase-A (i1.)= 3.52A; Phase-B (i) = 9.45A; Phase-C (i) = 8.32A.

Figure 9 depicts the torque response of the Permanent Magnet Synchronous Generator (PMSG) when it is in an
imbalanced state. The figure shows the torque response both with and without the recommended control of the DC-to-DC
converter. The aforementioned controller, when utilized in tandem with voltage regulation at the DC-link, possesses the
capacity to mitigate torque fluctuations. Nevertheless, due to the uneven drops occurring at the LC filter in each phase, there
will be an imbalance in the voltages at the Point of Common Coupling (PCC). The proposed inverter controller ensures
balanced voltages by generating the necessary modulation indexes for each phase. Figure 10 illustrates the balanced line



voltages measured at the Point of Common Coupling (PCC). In order to improve comprehension, Figure 11 presents the root
mean square (RMS) values of the phase voltages and their corresponding modulation indexes (MI).
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Figure 8: currents of three-phase system {Case-4}.
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Figure 10: Voltages {Case-A}.
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Figure 11: (a) Voltage; (b) MI{Case-A4}.
Case-B: Operation under battery and electrolyzer

The system's performance is dependent on the operational characteristics of the electrolyzer. This is achieved by
regulating the State of Charge (SoC) of the batteries to approximately 80% and assuming the availability of excess power



from alternative sources. According to the energy management system described in this document, the electrolyzer starts
using surplus power when the State of Charge (SoC) of the battery bank goes above 80.0%, as shown in Figure 12.
According to the data depicted in Figure 13, it is evident that the State of Charge (SoC) attains a value of 80.0% at
approximately t=1.95 seconds. The voltage characteristics of the direct current (DC) bus, which is currently being regulated
by the buck converter of the electrolyzer, are illustrated in Figure 13.
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Figure 12: Powers involved in microgrid during operation of electrolyzer {Case-B}.
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Figure 13: Voltage {Case-B}.

Case-C: Operation with battery and FC

The microgrid's performance during fuel cell (FC) operation was evaluated by analyzing the impact of a sudden load
increase from 7.5 to 15.0 kW at t=10.0 sec. As per the proposed energy management system, the battery exhibited a rapid
response to fulfill the increased load requirement, whereas the fuel cell gradually initiated power supply owing to its slower
dynamics. Consequently, the State of Charge (SoC) of the battery bank decreased to 20.0% at around t=10.94 seconds
(Figure 14). The frequency converter (FC) initiated power delivery at time t=11.16 seconds and successfully fulfilled the
load demand by approximately t=12.80 seconds. The successful coordination between the fuel cell (FC) and battery resulted
in the progressive reduction of battery capacity, as the FC consistently supplied the required electrical energy. The control
scheme of the microgrid effectively achieved coordination, as illustrated in Figure 15.
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Figure 14: Powers {Case-C}.
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Case-D: Operation with meteorological changes
The assessment of the microgrid's effectiveness incorporates considerations of meteorological variations in atmospheric
conditions. The evaluation encompasses the quantification of irradiance, velocity, load, and temperature parameters, as
illustrated in Figure 16. Figure 17 depicts the different power components examined in this study, including the battery bank,
FC (Fuel Cell), and electrolyzers. The aforementioned components work together to establish a balanced state of power
generation and load. The precise details pertaining to the root mean square (RMS) line voltage at the point of common
coupling (PCC) can be located in Figure 18. Although the RMS voltage at the point of common coupling (PCC) may not

offer a conclusive indication, the instantaneous line-to-line voltages and currents are depicted in Figure 19 and Figure 20,
respectively.
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Figure 16: Changes of (a) load current, (b) wind speed, (c) irradiance and (d) temperature {Case-D}.
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V. Conclusion

An energy management system with high optimization capabilities has been effectively implemented for microgrids that
rely on renewable energy sources. The system utilizes synchronized control techniques to improve power quality and
optimize hydrogen generation efficiency, leading to decreased operational costs. The suggested control techniques are
specifically developed to address second harmonic distortions caused by imbalanced loads and guarantee voltage stability at
the point of common coupling (PCC). Through the utilization of Simulink simulations, empirical evidence has demonstrated
that the proposed controllers possess the capability to effectively regulate load voltages, even in the presence of varying
loads, wind speeds, and solar radiation levels. The results have been subjected to analysis and have been presented in various
scenarios for the purpose of evaluation.
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