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This work introduces a novel energy management system based on radial
basis function neural network (RBFNN) adapted for both grid-connected and
segmented modes. The system components are electrical distribution grid,
wind generator, power electronic converters and batteries. The study uses
intelligent control and prevents the spread of potential problems or
disturbances. This system incorporates various controllers responsible of
specific functions like MPP monitoring, of battery charging and discharging,
and of an inverter for effectively managing the transition between energy
sources based on load requirements and available sources operating at their
MPP. The objectives are to facilitate coordinated operation among distributed
energy resources, ensuring the provision of necessary active power and
additional services as necessary. The simulation uses MATLAB/Simulink
environment. Simulation results demonstrate the effectiveness and feasibility
of the proposed strategy. Overall, the obtained results affirm the practicality
and advantages of employing neural networks in energy management
systems.
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1. INTRODUCTION

Despite challenges such as supply chain disruptions, shipping delays, and price increases for components
used in wind and solar energy production, the capacity for renewable power saw a remarkable 17% growth in
2021, reaching an unprecedented high of over 314 GW of added capacity. The total installed renewable power
capacity also surged by 11%, reaching approximately 3,146 GW [1]-[3]. However, this growth falls short of
the necessary deployment required to align the world with the target of achieving net-zero emissions by 2050.
Renewables continued to dominate the share of newly installed capacity, reaching a record-breaking 84% of
total new installations. Despite this growth, renewables accounted for 28.3% of global electricity generation in
2021, similar to 2020 levels (28.5%), marking an increase from 20.4% in 2011 [4][5].

However, MGs represent small-scale electrical grids comprising DERs like ESSs, distributed generation
systems, and controllable/non-controllable loads [6][7]. To manage these diverse technologies effectively, a
robust management system is necessary, ensuring reliability, effective cost, and efficient operations.
Advancements in digital technologies, including microprocessor systems and power electronics, have enabled
the development of various applications in the smart grid, particularly in controller and energy converter
advancements [8][9].

Recent research contributions have significantly affected areas like data acquisition, automation, and
control within MG systems [10][11]. MGs not only integrate distributed generation into the utility grid in a
reliable and environmentally friendly manner but also exhibit high resilience against natural phenomena and
active distribution grids. Consequently, we have reduced energy losses during transmission and distribution,
as well as decreased construction time and investment requirements [12][13].

The paper presents a novel EMC scheme tailored for a wind energy-battery storage system, based on
RBFNN, designed to operate flexibly in both grid-connected and standalone modes [14][15]. Unlike
conventional methods that use separate controllers for each operational mode, this system employs a unified
controller for streamlined operation. This system integrates a battery source intended as a backup unit, capable
of supplying power during emergencies to critical loads and ensuring voltage and frequency stability in the
local load [16]. Moreover, it enables the system to provide power to a local load and establish a connection to
the grid as needed. Positioning the battery in parallel with the wind system allows it to either absorb or inject
real power via a converter [17][18]. The converter's mode of operation adjusts to various scenarios: functioning
in boost mode when the battery supplies power to a grid or load, and switching to buck mode when the battery
draws power from the wind conversion system. This bidirectional capacity enables the battery to both
contribute to and receive power from the system, as required by the circumstances. Moreover, in scenarios
where issues arise within the grid, such as voltage or frequency fluctuations, the system ensures grid isolation
to maintain overall system integrity [19][20]. In such instances, a control center intervenes to regulate
frequency and voltage levels to align with the load requirements, ensuring the continuous and stable supply of
power to consumers [21]. This adaptive and responsive control mechanism is vital in maintaining system
reliability and meeting consumer demand, especially during grid disturbances or irregularities.

The study highlights the potential of the proposed EMS model for enhancing EM, cost efficiency, and
environmental sustainability in hybrid MGs [22]. The system's control unit manages energy distribution among
the grid, batteries, and load, optimizing performance in all modes. This results in a more efficient and reliable
energy system [23]. The study highlights the feasibility and efficiency of integrating green hydrogen into hybrid
energy systems for both grid-connected and autonomous applications [24]. The study demonstrates that hybrid
PV systems are a viable, sustainable, and economically beneficial option for energy generation, supporting the
transition to a more resilient and sustainable energy matrix [25]. The proposed system demonstrates a robust
and cost-efficient approach to managing DC MGs, integrating diverse energy sources and leveraging predictive
optimization to meet dynamic energy demands [26]. The proposed intelligent EMS significantly improves EM,
cost reduction, and operational efficiency in MGs [27][28].

The contribution of this work is centered on the following terms. Extracting the maximum energy from
the WT using MPPT when operating in two autonomous modes, and is integrated with the grid. This work
proposes a neural network-based EMS to monitor and control energy sources, manage the DC bus, and regulate
battery charging and discharging. It includes calculating the energy supply when there is insufficient
availability to meet demand and directing any excess to either the battery or the power grid. Disconnecting the
grid in the event of a fault to protect each component of the system.

The remainder of this paper is organized as follows. The modeling of the different subsystems in terms
of equations is first presented. Next, the proposed fuzzy algorithms used for MPPT are introduced. Then, the
fuzzy management strategies are described. After that, the simulation results are presented and analyzed.
Finally, the paper concludes with the main findings and future perspectives.
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2. SYSTEM DESCRIPTION, MODELLING

Figure 1 illustrates the WECS, which comprises a PMSG powered by a wind turbine. The system
comprises a generator-side AC/DC converter, a grid-side DC/AC converter, and a battery storage unit
connected to the DC link via a bi-directional buck-boost DC/DC converter. This configuration allows the
system to supply a local load and link to a grid.
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Figure 1. Hybrid power system

2.1. Wind System Model
The wind-derived mechanical energy is detailed as follows [29], [30]

m = 1/ pR?V35Co(2, B) (1)

where P, is the power extracted from the wind; p is the density of the air (Kg/m3); R is the radius of the blade
(m); V,, is the speed of the wind (m/s); and Cp (4, B) represents the power coefficient, where 4 denotes the tip
speed ratio. The definition of the parameter A is as follows
Wm-R
A=—— 2
i @)

The pitch angle B is maintained constant during MPPT control (§ = 0), w,, represents the mechanical speed
of the turbine. The input torque for the turbine is derived from [31]:

T = 3)

The generator is modelled by the following voltage equations in dq-axes [32]:

d
Vet = Re Ly + 2 4 w0, @
Vsq - Rs-Isq + dt + We- ¢sd

where I;4 and Iy, represent the currents in the (dq) reference frame; R, stands for the stator resistance, w,
denotes the electrical rotation speed; and ¢4 along with ¢, indicate the stator flux linkages along the d and
q-axes are acquired through:

sa = —Lg-lsq + Om (6)

Habib Chaib (Adaptive Smart Energy Management for Wind-Battery Systems Considering Grid Fault
Scenarios)



1130 Buletin Ilmiah Sarjana Teknik Elektro ISSN: 2685-9572
Vol. 8, No. 4, August 2026, pp. 1127-1147

$sq = —Lg-isq (7

where L, and L, represent the on-axis inductances in the (dq) reference frame, and ¢, stands for the rotor
magnetic flux generated by the generator.
The electromagnetic torque expression T, is given by [33]:

3 - .
T, = EP(Ld — Lg)isaisq + Pmisq ®)
wherein, P signifies the count of pole pairs.

The mechanical equation connecting the generator and wind turbine is described by [34]:

dw
—tg =Te+ T, — Bpw, 9)

jeq d
where T, denotes the torque exerted by the turbine on the generator, j,q stands for the equivalent moment of
inertia, and B,, represents the viscous damping coefficient.

2.2. Storage Modeling
It is based on the electrical diagram shown in Figure 2, containing three elements: a voltage source, the
internal resistance, and the capacitor [35]-[37].
Ipdt
Upar = Eo —K.IL—Rblb (10)
Qo
where E|, is the open circuit voltage of the battery, V; K is a battery-dependent constant; R;, is the internal
flbdt
0

battery resistance, Q; I, is the discharging current, A; K. indicates the battery discharge status; and Q, is

the battery capacity in (Ah).

Iy

Figure 2. Electrical model of the battery

2.3. Grid Model
The dynamic grid connection model, employing a reference frame that synchronously rotates with the
grid voltage space vector, is depicted as follows [38]-[41]

L,di
Uga = ~Rgiga = 2% + WyrLgigq + €ga (11
L,di
Ugq = ~Rglgq — gdtgq + Wyrlglga (12)

where R, represents the resistance and L, signifies the inductance of the filter, with the latter positioned
between the converter and the grid, uy4 and 1y, denote the inverter voltage components, while w, stands for
the electrical angular velocity of the grid.

Habib Chaib (Adaptive Smart Energy Management for Wind-Battery Systems Considering Grid Fault
Scenarios)



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro 1131
Vol. 8, No. 4, August 2026, pp. 1127-1147

2.4. MSC Regulation and Control

To regulate the PMSG under variable wind velocity conditions, the MPPT algorithm is utilized [42]-[44].
This algorithm ensures that the PMSG operates at the optimal speed corresponding to the MPP when the wind
speed is below the nominal value, as illustrated in Figure 3.

mechanical
drivetrain MSC

A
1sd
Figure 3. Diagram of the proposed control system of the MSC

The mathematical model of the control of the mechanical speed of PMSG performed by the PI controller
is given by the following relationship [45]-[47]:

1) = (K, + 2 x (w5 (5) = wp(5) (13)
i©=(K+5)

where wy, is the reference speed given by MPPT; w,, is the speed of measured PMSG; K, is the proportional
gain; and K; is the integral gain.

3. POWER MANAGEMENT CONTROL

The control strategy for the hybrid energy system should be able to satisfy load requirements under
different weather conditions, while at the same time optimizing energy flow to coordinate numerous energy
sources synchronously, as shown in Figure 1. This subheading is concerned with the derivation of the nonlinear
control law used to regulate energy exchange among the battery, load, and the grid [48][49].

This subject also involves DC-link voltage control, which is critical in the system's overall stability and
performance. The control strategy in question is based on the input/output feedback linearization technique.
Unlike conventional approaches where the GSC controls the DC-link voltage, the current strategy gives that
function to the bi-directional buck-boost converter.

The selection provides greater flexibility in energy routing; particularly beneficial during grid fault
conditions. In order to improve system robustness, the strategy includes a grid fault management function to
enable dynamic reconfiguration of the system operating mode. In case of a grid failure or instability, the system
would automatically transition to islanded mode, with power being supplied only from local sources such as
the battery and renewable generators. When the grid is stable and support is needed from it to supply the load
demand, the controller would automatically transition back to grid-connected mode, resynchronizing with the
utility.

This intelligent mode-switching functionality ensures a fault-tolerant and continuous power supply,
significantly enhancing the hybrid system's robustness. The dynamic behavior of the buck-boost converter is
derived from the power balance equation of the back-to-back converter system, expressed by the following
equation
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Pdc= wl_Pgrid_Pl+Pbat (14)

where P, is the power at the DC-link; P,,; is the generator-side converter's output power; Py, is the power of
charge (positive for discharge, negative for charge); P, represents the power demand of the load; Py.4 is the
power injected into or withdrawn from the grid; and C denotes the DC-link capacitor, and the dynamics of its
voltage can be modeled by

dVy,
dt

1
=V (Pw1 _Pgrl’d = P+ Pyat) (15)
dc

This control structure is graphically represented in the flowchart shown in Figure 4, which outlines the
power management algorithm of the hybrid system for different grid and load conditions.

v v ¥
Read Uy & g, [ Calculate Pdc=Pw1+Pba|—P1] l Read the SOC ]

J Battery discharge

Figure 4. Flowchart of the hybrid system power management algorithm

3.1. FNN Technique

In order to enhance the flexibility and intelligence of the hybrid EMS suggested, an FNN is included as
the decision-making core. The neural network is trained to learn the nonlinear mapping between key electrical
parameters and the optimum control actions required for system coordination. The neural network serves as an
intelligent controller with the ability to dynamically alter switching decisions in accordance with real-time
system conditions.

The system flowchart (Figure 5) shows that the neural network takes in four important input features:
Battery SoC: shows how much energy is in the storage system, Total Power: shows the total power that the
system is using or making, and Grid Voltage.Vy,;q): shows how stable the grid connection is; and Grid
Frequency (fgriq): used to find problems or irregularities in the grid.

These inputs define the present state of the hybrid system and provide a general overview of the external
and internal electric environment. The trained neural network produces the optimum control commands for:
Grid switch (connect/disconnect the grid); Load switch (enable/disable local load supply); Operating mode
selection (islanded or grid-connected); Auxiliary load activation (optional support systems).

The neural network is structured in an input layer (4neurons), one or more hidden layers (nonlinear
transformations), and an output layer (4 neurons), which directly control the grid switch, load switch, auxiliary
load, and the mode of operation. Each layer of the network processes the inputs through the subsequent
operations:

Habib Chaib (Adaptive Smart Energy Management for Wind-Battery Systems Considering Grid Fault
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70 = gD 4 p® (16)

a® = f(z") (17)

Where Z™ is the pre-activation output (weighted input) of layer I; W@ is the weight matrix; b(? is the bias
vector; al!~Y is the activation from the previous layer; f is the activation function, typically ReLU for hidden
layers and sigmoid for the output layer.
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Figure 5. The developed ANN architecture

Each of the neurons in the output layer produces a value between 0 and 1, which is considered to be a
binary decision: values above 0.5 enable a control action (ON), while values below 0.5 turn it off (OFF). This
binary decision-making conforms to the logic described in the system flowchart, where each output
corresponds to a specific energy management function.

This architecture allows the system to adapt to varying electrical conditions autonomously and make
decisions in real time with great efficacy. The neural network picks up these decisions through supervised
learning on labeled operational data, minimizing the discrepancy between predicted and target output via a loss
function such as mean squared error or binary cross-entropy.

The regression coefficient (R) for ANN training is 0.99963, indicating a strong correlation. The ANN
parameters, including the number of inputs, number of outputs, number of hidden layers, number of neurons
in each hidden layer (N, M), learning rate, and number of iterations, are summarized in Table 1.

Table 1. ANN parameters

Parameters Value
Number of inputs 4
Number of outputs 4
Number of hidden layers 2
Number of neurons in the hidden layer N 18
Number of neurons in the hidden layer M 20

Number of iterations 1000

Learning rate 6.9302
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3.2. Modes of Operation

The suggested energy management system can work in two main ways, depending on whether the utility
grid is available and how much renewable energy is generated, stored, and needed. These operational states
make sure that the power supply is always reliable, that renewable resources are used to their fullest, and that
the system stays stable. When the system is connected to the utility grid, the renewable energy it makes is
mostly used to meet the needs of the local load. When the renewable generation is more than the load demand
and the energy storage system is full, the extra energy can be sent to the utility grid. This mode of operation
stops the battery from overcharging and makes better use of the energy overall. In these situations, the grid
power can be written as

Pgrid = Pwl _Pl (18)

This section primarily explores the derivation of the nonlinear control law employed to oversee energy
transmission among the battery, load, and grid. Additionally, it elucidates the regulation of the dc-link voltage.
The design methodology relies on an input-output feedback linearization approach. Unlike conventional
methods, the bi-directional buck-boost converter, rather than the grid-side converter, is employed to regulate
the dc-link voltage. The dynamic equation of this converter is derived from the power balance equation of the

back-to-back converter. Which is given by (18). As long as the renewable generation is more than the load
demand and the battery state of charge is met

S0C = SOC 0y (19)
On the other hand, when the renewable generation and stored energy aren't enough to meet the load
demand, the utility grid provides the extra power to keep things running smoothly. In this case, the grid makes
up for the difference between the power generated by the renewable source and the battery system and the load
demand. This can be shown as
Pgria = Py — (Pw1 + Pyar) (20)
When

Py1 + Py < Py (21)

Without the utility grid, the system runs on its own, with only renewable generation and the energy storage
system meeting the load demand. In this case, the energy balance must meet:

Py1 + Ppar = P (22)
To make the most of clean energy sources and cut down on battery cycling, renewable energy generation is
given priority. When the renewable energy produced is more than the load demand, the extra energy is stored
in the battery system for later use.
Ppar = Pi+Pyy (23)
For
Py, > P (24)
The battery system makes up for the power shortfall when the renewable generation is less than the load
demand in order to keep the supply going. If the renewable energy generation and stored energy aren't enough,

and the battery's state of charge drops below the minimum level:

S0C < SOCmin (25)
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To keep the battery from running out too quickly and to make the storage system last longer, the load can be
temporarily disconnected. The proposed energy management strategy uses artificial intelligence to make the
system more flexible and durable. The neural network-based approach is better at dealing with uncertainties
that come up with renewable energy intermittency, grid disturbances, and dynamic load changes than
traditional rule-based control methods. This makes decision-making easier and keeps the system running
smoothly. Figure 6 shows how the proposed energy management system works, with both On-Grid and Off-
Grid setups. It also shows how power flows between renewable sources, energy storage, local loads, and the
utility grid.

Excess Energy Exported to Grid

Renewable Generation Exceeds Demand

Controller

|
|
|
Voltage / Frequency Control ]
|
|
|

Power Converter

= -.- Utility Grid

P, wt * Pbal E Plnad
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b Storage
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On-Grid Operation Off-Grid Operation
Pgrd"'Pwt = Phoad Pyt + Poat = Piopg
Pyrid = Pwt + Pyar = Pload 50C = S0C,,;,

Figure 6. On-Grid / Off-Grid operation diagram

4. RESULTS AND DISCUSSIONS

Simulation results of intelligent EM in a hybrid wind-battery system, operating in grid-connected or
standalone mode, demonstrate significant improvements in energy efficiency. Using FNN learning, power
distribution among sources and storage adapts dynamically to climatic variations and load demands.
Performance evaluation is based on detailed analyses under different scenarios, considering environmental
profiles such as wind speed (Figure 7), load power at 5000 W, and grid faults in voltage and frequency (Figure
8 and Figure 9). In grid-connected mode, the FNN adjusts energy injection or absorption based on grid stability;
in standalone mode, it optimizes self-consumption and storage to ensure autonomous and reliable operation,
thereby enhancing system resilience. The system parameters are listed in Table 2.

12 T T T T T T T T

10

Wind(m/s)
o

Time (s)
Figure 7. Profile of the wind velocity
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Table 2. System parameters

The Components Values

Wind generator Power rating 2700W
Rated voltage 200V

Battery bank Capacity y 100AH

DC bus Voltage 630V

Load Minimum power 1000W
Maximum power 5000W

Effective voltage value 220V

Grid Maximum voltage value 381V

4.1. Casel

Load flow analysis generates the dataset for neural network training. In the first case, with the wind system
operating at maximum power, surplus energy is injected into the grid if SOC > SOC_max; otherwise, it is
stored in the batteries. In the second case, when wind generation is insufficient, batteries supply the deficit if
SOC > SOC_min, or the grid compensates. In the third case, wind generation only covers load demands without
surplus. In critical standalone conditions, the supervisor prioritizes load shedding to preserve battery life and
system balance.

0 s to 1 s: The wind generator produces maximum power (blue curve), partially consumed by the load
(red curve) while the surplus charges the batteries (green curve), increasing the SOC (Figure 10), battery current
(Figure 11), and voltage (Figure 12). The DC voltage shows excellent reference tracking (Figure 13), and
reactive power accurately follows its reference (Figure 14). FFT analysis (Figure 15 and Figure 16) reveals
zero THD, confirming grid-imposed voltage and frequency. 1 s to 2 s: Wind generation becomes insufficient,
and the batteries discharge to maintain load supply, leading to a decrease in SoC, a reversal in battery current
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(Figure 11), and a voltage drop (Figure 12), confirming the transition from charging to discharging. 4 s to 6 s:
The wind generator again produces enough energy to supply the load, with surplus power stored in the batteries.
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Figure 10. SoC
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Figure 11. Battery current
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Figure 12. The battery voltage
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4.2. Case 2: Mode M2 (Standalone Mode)

The hybrid system, composed of a wind generator, storage system, and AC load, operates autonomously
to meet load demands, managed by the energy management algorithm. 0 to 1 s: Att=2 s, a grid fault causes a
frequency rise beyond limits, prompting the supervisor to disconnect from the grid. The wind generator cannot
fully supply the load, and the storage system compensates, with the SOC dropping to 50% before recovering.
The load current and voltage are depicted in Figure 17 and Figure 18, respectively. The grid voltage and current
are depicted in Figure 19 and Figure 20, respectively. 3 to 4 s: Increased wind speed enables the wind generator
to supply the load and store surplus energy in the batteries. The wind system current is depicted in Figure 21.
6 to 7 s: A second grid fault due to overvoltage cuts the grid supply to zero. The system's reactive power is
around zero in Figure 22. The wind generator continues powering the load, and surplus energy charges the
batteries, increasing SOC. FFT analysis (Figure 23 and Figure 24) shows a 3.92% THD, confirming standalone
operation and indicating that voltage and frequency regulation are not fully optimized.
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4.3. Target-Based Training Process

Simulation results over 10 seconds, starting with a 50% battery SOC, confirm the efficiency of the
proposed management strategy. Figure 25 illustrates that the wind system can serve as the primary energy
source. Mode M1 (Grid-Connected Mode) The hybrid system, composed of a wind generator, battery banks,
and a load, is connected to the electrical grid, with the wind turbine operating in MPPT mode throughout the
simulation.

The target-based training strategy's effectiveness is demonstrated by the regression analysis between the
predicted outputs and the corresponding target values, as shown in Figure 25. The plots show how the training,
validation, testing, and overall datasets are related to each other. In every case, the predicted outputs have a
strong linear relationship with the target values. This shows that the model can accurately learn how to map
the input features to the desired outputs. One important thing to note from the regression plots is how closely
the data points line up with the reference line Y=T. This line shows the best-case scenario for the prediction,
where the model output perfectly matches the target. The fitted regression lines are almost exactly like this
ideal line. This means that the learning algorithm has done a good job of reducing the prediction error during
the training phase. The slopes of the regression lines are about the same as one, and the intercepts are still close
to zero. This further shows that the learned model is strong and accurate.

In addition, the fact that the training, validation, and testing datasets all show the same results suggests
that the proposed model does not overfit and can generalize well. The small spread of the data points around
the regression line shows that the learning process is stable and that the target-based optimization strategy
works well to steer the network parameters toward the best solution. In general, these results show that the
target-based training process is a reliable framework for model learning, ensuring accurate prediction
performance and strong agreement between predicted and desired outputs across all data subsets. This confirms
the suitability of the proposed approach for predictive modeling and system identification tasks.

The power management waveforms of the hybrid system are shown in Figure 26. The plot highlights the
dynamic distribution of power among the wind turbine, battery storage, and various loads. It can be observed
that the control strategy effectively balances the generated power with the demanded load, while maintaining
the battery within safe operational limits. The transitions between different power sources are smooth,
demonstrating the stability and responsiveness of the hybrid management algorithm. Moreover, the waveforms
confirm that the system can efficiently handle fluctuations in wind power while ensuring a continuous power
supply to both auxiliary and primary loads.
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5.  CONCLUSION

The introduced intelligent management system enables various operating modes tailored to different
weather conditions, ensuring smooth and rapid power delivery from each source while considering the state of
charge of the battery bank. This system is based on an advanced strategy that optimizes the use of renewable
energy resources by dynamically adjusting input according to climatic variations and consumption needs.
Among the key achievements is a significant increase in delivered power, thereby reducing losses and
improving the overall efficiency of the system. Additionally, battery bank usage is optimized through smarter
and more balanced charge-discharge management, which helps extend battery lifespan and lower maintenance
costs. Finally, this approach ensures intelligent and adaptive energy system management, promoting better
integration of renewable sources and greater resilience to climate variations. Thus, it offers a high-performance,
sustainable alternative to conventional methods, paving the way for more autonomous and efficient energy
systems.
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