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ABSTRACT

The increasing penetration of renewable energy sources such as solar and wind energy has
created major challenges in maintaining voltage stability and reliable power delivery in DC
microgrids due to their intermittent nature. Battery Energy Storage Systems (BESS) provide
fast dynamic response but suffer from limited energy capacity and reduced lifespan under
continuous stress. Hydrogen Energy Storage Systems (HESS), on the other hand, provide
long-duration energy storage but exhibit slower response characteristics. This research
proposes an intelligent hybrid hydrogen-battery energy storage system controlled using an
Artificial Neural Network (ANN)-based energy management strategy for DC microgrid
applications. The proposed system is modeled and analyzed using MATLAB scripting under
varying renewable generation and dynamic load conditions. A comparative study between
conventional rule-based control and ANN-based intelligent control is performed. The
obtained results demonstrate that the ANN controller significantly improves DC bus voltage
stability, enhances energy management efficiency, and ensures smoother power sharing
between battery and hydrogen storage systems. The ANN-based controller reduced voltage
deviation from 23.89 V to 7.61 V while improving overall system efficiency from 86.64% to
93.77%. The proposed intelligent hybrid storage system demonstrates improved reliability

and suitability for future renewable energy-based smart microgrid applications.

KEYWORDS: DC Microgrid, Artificial Neural Network, Hydrogen Energy Storage System,
Battery Energy Storage System, Renewable Energy, Energy Management System.
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1 INTRODUCTION

The rapid growth of renewable energy sources such as solar photovoltaic and wind energy
systems has significantly transformed modern power systems. Renewable energy provides
clean and sustainable electricity generation; however, the intermittent and unpredictable
nature of these sources introduces several operational challenges in microgrid systems.
Variations in solar irradiance and wind speed cause fluctuations in generated power, leading
to instability in DC bus voltage and degradation in power quality.

Energy storage systems play a crucial role in overcoming these challenges by balancing the
mismatch between power generation and load demand. Among different storage
technologies, Battery Energy Storage Systems (BESS) are widely used because of their fast
response capability and high efficiency. However, batteries have limited energy density and
experience performance degradation under frequent charging and discharging cycles.
Hydrogen Energy Storage Systems (HESS) have recently gained attention because of their
capability to store large amounts of energy for long durations. In hydrogen storage systems,
excess renewable power is converted into hydrogen using an electrolyzer and stored in
hydrogen tanks. During power shortages, the stored hydrogen is converted back into
electricity using fuel cells. Although hydrogen systems offer large energy storage capacity,
their response time is relatively slow.

To utilize the advantages of both technologies, this research proposes a hybrid hydrogen-
battery energy storage system for DC microgrids. In the proposed approach, the battery
handles fast transient fluctuations while the hydrogen system provides long-term energy
balancing. Furthermore, an Artificial Neural Network (ANN)-based intelligent energy
management controller is implemented to improve system performance and adaptive power

sharing.

2 Proposed System Architecture

The proposed DC microgrid consists of:

e Solar and wind renewable energy sources

o Battery Energy Storage System (BESS)

e Hydrogen Energy Storage System (HESS)

e Dynamic DC load

e ANN-based intelligent energy management controller
The ANN controller continuously monitors:

e Renewable power generation
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e Load demand
o Battery State of Charge (SOC)
e Hydrogen storage level

e DC bus voltage

Based on these parameters, the controller intelligently determines the power contribution
from the battery and hydrogen systems.
The battery system provides rapid compensation during sudden load variations, whereas the

hydrogen system supplies long-duration backup power support.

3 METHODOLOGY

The complete hybrid energy storage system was developed using MATLAB scripting. Two
different control strategies were implemented:

1. Conventional Rule-Based Energy Management System

2. ANN-Based Intelligent Energy Management System

The renewable generation profile was modeled using varying solar and wind generation
patterns combined with random disturbances to emulate real-world operating conditions.
Dynamic load variations and sudden load peaks were introduced to evaluate the robustness of
the proposed controller under nonlinear operating conditions.

The ANN controller was trained using system operating data obtained from the rule-based

energy management system as shown below

Renewable power

Load power ANN Battery power contribution
Battery SOC —)» Hydrogen power contribution
Hydrogen storage level controller

DC bus voltage

Figure 1 ANN controller inputs and outputs.
The ANN utilized:

e Renewable power

e Load power
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e Battery SOC

e Hydrogen storage level

e DC bus voltage

as input parameters.

The ANN output determined:

e Battery power contribution

e Hydrogen power contribution
The system performance was analyzed based on:
e DC bus voltage deviation

e Average DC voltage

e Battery SOC variation

e System efficiency

4 Mathematical Modeling
A. DC Bus Voltage Dynamics
he DC bus voltage changes according to the power imbalance between generated power and

load demand. The DC bus voltage equation is expressed as

AP
er!s [:k + 1:] = Vdc(k) + C_dt

de

Where:
e V,.=DC bus voltage
e AP =power imbalance

e C,.=DC link capacitance

B. Battery State of Charge (SOC)
The battery State of Charge (SOC) represents the available energy stored in the battery. The
SOC update equation is given by:

FI
soc(k+ 1) = soc(k) —Vb—“* £ 100

bat

Where:

e  50C: battery state of charge (%)
e P, _.=battery power

e V,,..: Battery voltage

e  (@: Battery capacity in AH
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C. Hydrogen Storage Dynamics

The hydrogen storage level changes according to electrolyzer and fuel cell operation:
Hy(k+ 1) = Hy(k) + 0| Py, |dt

Where:

e H,:Hydrogen storage fuel

e 1, electrolyser efficiency

e P, hydrogen charging power

5 Simulation Parameters

The simulation parameters used in this research were selected to represent a practical DC
microgrid operating environment. A nominal DC bus voltage of 400 V was maintained to
ensure stable power delivery within the microgrid. The battery storage system was modeled
using a 48 V battery with a capacity of 20 Ah to provide fast transient power support during
sudden load variations and renewable power fluctuations. A DC link capacitance of 2 F was
considered to stabilize the DC bus voltage during dynamic operating conditions. The
complete simulation was carried out for 10000 seconds to evaluate the long-term
performance and stability of the proposed energy management system under varying
renewable generation and load conditions. Furthermore, the battery efficiency and hydrogen
system efficiency were assumed as 92% and 80%, respectively, to represent realistic

operational characteristics of practical energy storage systems.

Table 1 Simulation parameters.

‘Parameter HValue ‘
‘DC Bus Voltage H4OO \Y ‘
‘Battery Voltage H48 \Y ‘
‘Battery Capacity H2O Ah ‘
‘DC Link Capacitance H2 F ‘
Simulation Time 110000 s|
’Battery Efficiency H92% ‘
’Hydrogen System EfﬁciencyHSO% ‘

6 RESULTS AND DISCUSSION
A comparative analysis between the conventional rule-based controller and the proposed

ANN-based intelligent controller was carried out.
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A. Performance Comparison

[Parameter |Without ANN|With ANN|
[Voltage Deviation|23.89 V [761v ]
|Average Voltage 38896V ]1403.08 V |
ISOC Variation  [0.22 % 034% |
|Efficiency 186.64 % 193.77 % |

The results indicate that the ANN-based controller significantly improves the performance of
the DC microgrid.

The ANN controller successfully maintained the DC bus voltage close to the desired 400 V
reference value even under renewable intermittency and load disturbances.

The voltage deviation was reduced from 23.89 V to 7.61 V, demonstrating improved voltage
regulation capability.

The overall system efficiency improved from 86.64% to 93.77%, indicating better energy
utilization and optimized power sharing between battery and hydrogen storage systems.

The ANN controller also provided smoother transient response and adaptive energy

balancing compared to the conventional rule-based controller.

6.1 ANN based power sharing
The ANN-based power sharing results demonstrate the effective coordination between
renewable energy sources, battery storage, and hydrogen energy storage within the proposed

DC microgrid system as shown in the figure below.
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Figure 2 ANN based power sharing.
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The renewable power generation exhibits continuous fluctuations due to varying solar and
wind conditions, while the load demand changes dynamically with sudden peaks and
disturbances. Under these operating conditions, the ANN controller intelligently allocates
power between the battery and hydrogen storage systems to maintain stable microgrid
operation. The battery storage system responds rapidly to transient load variations and
renewable intermittency, whereas the hydrogen storage system provides smoother long-
duration energy support. The obtained results clearly show that the proposed ANN-based
controller successfully minimizes voltage fluctuations and improves overall system efficiency
compared to the conventional rule-based controller. Furthermore, the coordinated hybrid
operation enhances system reliability and ensures balanced power flow under varying
renewable and load conditions, thereby validating the effectiveness of the proposed

intelligent energy management strategy for DC microgrid applications.

6.2 Battery SOC comparison
The Battery State of Charge (SOC) comparison graph illustrates the charging and discharging
behavior of the battery under both conventional rule-based control and ANN-based intelligent

control strategies as shown in the figure below.

Battery SOC Comparison
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Figure 3 Battery SOC Comparison.

It can be observed that the SOC decreases gradually over the simulation period due to
continuous power support provided by the battery to compensate for renewable power

fluctuations and varying load demand. In the conventional control approach, the SOC
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variation exhibits small irregular fluctuations due to less optimized power sharing and slower
response to system disturbances. In contrast, the ANN-based controller demonstrates a
smoother and more controlled SOC profile, indicating intelligent battery utilization and
improved energy management. The ANN controller effectively balances the power
contribution between the battery and hydrogen storage system, thereby preventing
unnecessary battery stress and improving overall operational stability. The smoother SOC
variation confirms that the ANN-based energy management strategy achieves more efficient
battery utilization and coordinated hybrid storage operation within the proposed DC

microgrid system.

6.3 DC Bus voltage comparison
The DC bus voltage comparison graph demonstrates the effectiveness of the proposed ANN-
based energy management system in maintaining voltage stability within the DC microgrid as

shown in the figure below.

DC Bus Voltage Comparison
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Figure 4 DC bus voltage comparison.

Under the conventional rule-based controller, the DC bus voltage gradually decreases over
time due to inadequate compensation of renewable power fluctuations and dynamic load
variations. Significant voltage drops can be observed during high load demand and low
renewable generation conditions, indicating reduced system stability. In contrast, the ANN-
based controller maintains the DC bus voltage close to the nominal 400 V reference value
throughout the simulation period. The ANN controller intelligently coordinates the battery

and hydrogen storage systems to provide adaptive power support during transient
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disturbances and renewable intermittency. As a result, the voltage profile under ANN control
remains significantly smoother with reduced fluctuations and improved regulation
performance. The obtained results confirm that the proposed ANN-based hybrid energy
management strategy effectively enhances DC microgrid stability, improves power balancing

capability, and ensures reliable operation under varying operating conditions.

6.4 Error histogram
The ANN training error histogram illustrates the distribution of prediction errors obtained
during the training, validation, and testing phases of the neural network model as shown in

the figure below.
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Figure S Error histogram.

The horizontal axis represents the error values calculated as the difference between the target
outputs and the ANN predicted outputs, while the vertical axis represents the number of
instances corresponding to each error range. It can be observed that the majority of the errors
are concentrated very close to the zero-error line, indicating that the ANN model achieved
accurate prediction and effective learning performance. The narrow distribution of errors
around zero demonstrates good generalization capability and reduced prediction deviation

during different operating conditions. Additionally, the training, validation, and testing
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datasets exhibit similar error distributions, confirming that the ANN model is well-trained
without significant overfitting or underfitting issues. The small prediction errors validate the
effectiveness of the proposed ANN-based intelligent energy management system for optimal

power sharing and stable DC microgrid operation.

7 CONCLUSION

This research presented an intelligent hybrid hydrogen-battery energy storage system for DC
microgrids using an ANN-based energy management controller. The proposed system
effectively combines the fast response capability of batteries with the large energy storage
capacity of hydrogen systems.

MATLAB-based simulation results demonstrated that the ANN controller significantly
improved DC bus voltage stability, enhanced overall system efficiency, and achieved better
power management under varying renewable generation and dynamic load conditions.

The obtained results confirm that intelligent hybrid energy storage systems can play a vital

role in future renewable energy-based smart microgrids.

Future work may include:

o Fuzzy logic control implementation
e Deep learning-based optimization

o Real-time hardware implementation

o Integration with electric vehicle charging systems
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