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Effective dynamic energy
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for grid-interactive microgrid

with hybrid energy storage system
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Microgrids offer an optimistic solution for delivering electricity to remote regions and incorporating
renewable energy into existing power systems. However, the energy balance between generation and
consumption remains a significant challenge in microgrid setups. This research presents an adaptive
energy management approach for grid-interactive microgrids. The DC microgrid is established by
combining solar PV with a battery-supercapacitor (SC) hybrid energy storage system (HESS). The
proposed approach integrates the frequency separation strategy with a rule-based algorithm to
ensure optimal power sharing among sources while maintaining the safe operation of storage units.
Specifically, the battery meets steady-state energy demands, the SC addresses transient power
requirements, and the grid support is tailored to system needs. The method employs the dq reference
frame technique to control the grid inverter (VSC). The key merits include efficient power allocation,
fast regulation of the DC link voltage irrespective of load or generation variations, seamless transition
between scenarios, and introduction of a straightforward battery state of charge (SOC)-based
coefficient for allocating power between the battery and the grid while enhancing the power quality
within the grid. Moreover, safety measures prevent the SC from overcharging, the battery from high
current, overcharging, and deep discharging, potentially extending their lifespan. Validation and
implementation of the method are conducted using MATLAB/Simulink.

Keywords Energy management, Grid-interactive microgrid, Power allocation, SOC, Storage units

The future of the electrical power system is heavily reliant on renewable energy resources and distributed
generation, driven by global energy demand, environmental concerns, and constrained availability of traditional
energy sources. However, the intermittency and unpredictability of commonly used renewable energy sources
such as solar PV and wind pose a challenge. Therefore, incorporating energy storage elements is crucial for a
reliable and continuous electricity supply"> Battery energy storage, the leading technology for solar PV-based
microgrids, effectively addresses the challenge of renewable energy intermittency®—°. However, batteries degrade
faster when handling transient power demand®.

Combining a battery with another energy storage device that can handle the transient power demand can
solve the above-stated problem”®. That is known as a hybridization of storage units. Ideally, the concept consists
of using one high-power device to handle transient power demand and one high-energy device for the average
energy requirement. Several storage combinations have been used in the literature for various applications’ 2.
Among these combinations, the couple battery-SC has gained notable attention'*'*. In the couple battery-SC,
the battery handles the slow energy requirement while the SC manages the fluctuating power demand. When
merging multiple storage units, power management, and control strategy are critical for using complementing
qualities and efficiently distributing and controlling the power flow between microgenerators while ensuring the
safe operation of storage units'’. For storage units, this involves prolonging their lifespan by avoiding premature
degradation. Hence, the battery must avoid high currents, overcharging, and deep discharging, whereas the
SC should be prevented from overcharging'®. Various methods have been suggested in the literature, from
conventional or classical methods such as filtration-based control (FBC) and rule-based control (RBC) to
intelligent methods.
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In Ref.V, a strategy for managing energy in a mobile hospital is proposed. An efficient energy management
algorithm is developed to control the power converters and manage the continuous energy flow between the
hybrid power system’s components and the mobile hospital load. The loads are classified by priority, the DC bus
voltage is successfully kept constant, and the storage devices’ SOCs are made to work within safe limits. However,
loads must be disconnected based on the battery’s SOC, which can lead to critical situations and create hazardous
environments for patients and staff. This may result in interrupted medical treatments, compromised life-support
systems, and an unsafe working environment for healthcare professionals.

In Ref.'$, an active distribution system’s energy management and voltage control is suggested, with a
PV-battery-SC-diesel generator (DG) microgrid configuration that operates in islanded and grid-connected
modes. The method employs a HESS to extract maximum power from PV while preventing the DG from sudden
loading. This reduces maintenance concerns and running costs and ensures fuel-efficient operation of the DG.
The proposed power management system is tested under various situations, including DG failure and extreme
conditions without a DG. However, using a diesel generator to support the DC microgrid can contribute to
carbon emissions.

Reference!? introduces a military microgrid’s power flow control technique. The technique increases the
battery’s lifetime, controls the SC’s current, and overcomes SC overcharge to keep the system running when it
is drained to its lower operational limit. The study provides a sensitivity analysis by linking the HESS control
technique and configuration to the system’s economics by examining the annualized cash flow. However, the
current gain parameter is crucial for the SC’s ability to switch between discharging and charging modes.

The approach in Ref.?’ proposed a HESS-based control and energy management method for multiple
operational scenarios. Using a 4th-order polynomial equation, the proposed control effectively distributes power
among various sources, regulates the DC link voltage irrespective of generation or load changes, and reduces the
battery discharging/charging rate during transient power variation.

Reference?! presents a joint and conceptual strategy for designing and controlling a hybrid renewable energy
system with a HESS. The control approach achieves appropriate power balancing and improves dynamic response,
DC bus voltage stability, and load voltage/frequency under different weather and load interruption scenarios.
However, the battery’s and SC’s SOC levels are not considered, which may result in premature degradation of
storage units.

Reference®” suggests an optimal energy management strategy for offshore wind/marine current/battery/SC
hybrid renewable system. The suggested control algorithm demonstrates the systen’s ability to minimize power
loss and voltage fluctuations while managing the charge and discharge states of the battery and ultracapacitor
(UC). The proposed algorithm continuously transfers the required power across the hybrid energy storage system
to meet load demands consistently. However, the method overlooks the UC’s SOC level, which may result in
insufficient UC power for future needs.

In Ref.?, a PV/HESS-based distributed rule-based power management technique with an active compensation
technique is proposed. The active compensation technique enhances power smoothing efficiency, reduces SC size,
and reduces computational complexity, making it suitable for real-time applications. Additionally, a distributed
supervisory control strategy and hybrid dynamic adaptive filter ensure the HESS’s reliable operation and
scalability, with agents modeled in a hybrid dynamical framework for efficient control. However, computational
complexity still appears, and deactivating the power smoothing filter to regulate SC SOC may result in high-
frequency current being allocated to the battery, which may increase battery stress and reduce its lifetime.

A summary of classical energy management methods is given in Table 1.

The literature also reports the utilization of intelligent methods like artificial neural networks (ANN)?*-%,
model predictive control (MPC)?~%, fuzzy logic control (FLC)***2, etc., to address the limits of classical methods.
However, ANN results depend on training data, MPC requires complex mathematical formulations and high
computational burdens, and fuzzy logic’s real-time implementation is challenging.

To address the abovementioned issues, this paper presents a new and straightforward energy management
approach. The method introduces a simple linear battery SOC-based power allocation coefficient for effectively
distributing power between the battery and the grid. The proposed scheme is designed to mitigate the
intermittence under different operating scenarios, ensure appropriate power flow between sources, regulate
the DC bus voltage regardless of the load or generation changes, safely operate the battery and SC, and ensure a
seamless transition between operating conditions and scenarios. Moreover, the simplicity of the method enhances
its suitability for real-world setups.

The remainder of the paper is structured as follows: Sect. "System configuration" outlines the system
configuration. Section "Energy management and control strategies” elucidates the energy management and
control strategies. Section "Results and discussion" displays and analyzes the simulation results. The final section
offers concluding remarks.

System configuration

The microgrid configuration under study, shown in Fig. 1, includes a PV source, battery storage, SC storage, and
the grid. The PV source is interfaced by a DC-DC boost converter, controlled by the incremental conductance
(InCond) maximum power point tracking (MPPT) algorithm, and linked to the DC bus. The battery and SC are
connected to the DC link through a bidirectional DC-DC buck-boost converter, enabling bidirectional power
flow between the DC bus and the storage units. A three-phase VSC links the DC link to the utility grid. The
VSC can act as an inverter or rectifier based on system requirements. The loads are a single-phase DC load and
a three-phase AC load.
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control strategy and hybrid dynamic
adaptive filter ensure the HESS’s reliable
operation and scalability, with agents
modeled in a hybrid dynamical framework
for efficient control.

may increase battery stress and reduce its
lifetime.

Table 1. Comparison of classical energy management techniques.

Energy management and control strategies

PV source control

The widely adopted InCond MPPT algorithm is employed to maximize power extraction from the PV source®.
This method involves comparing actual and previous PV voltage and current values and adjusting (increasing
or decreasing) the reference duty cycle accordingly. It is straightforward, and the PV source voltage and current
are the only inputs required for maximum power extraction.

DC link voltage control and reference currents generation for storage units and the grid

The overall proposed control strategy is depicted in Fig. 2. The microgrid is designed to uphold a power
equilibrium between generation and consumption at any instant, regardless of the operating conditions and
scenarios, consequently keeping the DC link voltage constant. The following equation expresses this principle:

va(t) + Ppat(t) + Psc(D) + Pg(t) = Pu(v),

(1)

where, Pp,,(t), Py (1), Py (1), Py(t), and Py(t) are instantaneous PV power, battery power, supercapacitor power,
grid power, and total load power, respectively.

Taking into account that the total load (DC load and AC load) comprises the average and the transient
demand to be absorbed or released by the battery, the SC, and the grid, (1) can be reformulated to obtain (2).

Py = va(t) = (Paa(t) + Pga(®) = Pbat(t) + Psc(D) + Pg(t) = Pay(t) + Pee(D),

)
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Fig. 1. Proposed microgrid configuration.

Fig. 2. Overall control strategy.
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where, Py(t), P,o(t), Pag(t), P, (1), and P, (t) denote, respectively, total power demand, AC load power, DC

load power, average power demand, and transient power demand.

The strategy for managing the DC link voltage and generating reference currents for storage units and the grid

Li(s) = (va +

Kiy
S

)(Vrdc — Vo)

employs the filtration-based approach'®. The total reference current (I,,) is obtained from the voltage regulation
loop as given by Eq. (3):

3)

where Kp, and Ky, represent the PI controller (PIy) parameters for the voltage control loop, whereas V4. and

V,. are reference and actual DC bus voltages.

By utilizing a first-order low pass filter (LPF), I, is segregated into two parts: a low-frequency component

Ly(s) =

1+

Irt (S)

T

where I, and T are the average current and the LPF time constant, respectively.

(average) and a high-frequency component (transient). The following equation expresses this segregation:

(4)
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Employing the suggested linear power allocation coefficient (C,) shown in Fig. 3, the battery and the grid
share the average current while the SC handles the transient current. The battery (I,,), the SC (I.,.), and the grid
(L) reference currents are as follows:

Libat(8) = Co.lav(s), (5)
Lig(s) = (1 = Co).Lav(s), (6)
Viat *
Irsc(s) = (1 - 1+ ST>' Li(s) + vV Ibat_er (7)

where Vi, V,, and I, , stand for the battery voltage, the SC voltage, and the battery current error. The
supplementary term appearing in SC current is used to overcome the slow response of the battery.
The proposed power allocation coefficient is obtained using the following equation in MATLAB software:

Co = subplus(0.01109375*(SOCpy) — 0.1109375) (8)

PI,, and PI_ generate the pulse signals for the battery and the SC after comparing their actual currents (i,
and i) to their generated reference currents (i, and i,).

VSC control

Figure 4 depicts the VSC control method. The method uses a vector control strategy in which the VSC current
(Ipe) controls the exchange of active and reactive power between the DC microgrid and the grid. The Park
transformation decomposes the three-phase abc coordinates (I,,) into dq coordinates (i and i,). The reference
phase angle (®) for the I, transformation is derived using the phase-locked loop (PLL) technique. The resultant
currents are compared with their reference values (iy, and i), and the error signals are fed into the proportional-
integral controllers to generate dq reference voltages (V4 and V,,). Subsequently, the inverse Park transformation
is employed to derive reference 3-phase voltages (V,,, Vy,, and V,,) for generating switching pulses for the VSC.
In the dq reference frame, the power exchange between the AC and DC subsystems is controlled by i4 (for the
active power) and i, (for the reactive power). The proposed strategy aims to send only active power to the grid.
Therefore, the reference current for the q-axis is set to zero (iqr = 0). Conversely, the reference current for the
d-axis equals the current received from the DC subsystem, thus controlling the DC bus voltage.

Master energy management system (MEMS)

The MEMS is vital for adequate power flow between the sources and the loads. It collects information from the
sources and loads and makes appropriate decisions to ensure adequate power management. The MEMS flowchart
is shown in Fig. 5. Two (2) scenarios are envisaged, depending on total power demand (Py). Each scenario has
four (4) cases depending on the SOCs of the storage units.

Surplus power scenario (SPS)
Here, the PV power surpasses the total load power (i.e. P4 is positive). The surplus power is utilized to charge
the storage units. Depending on SOC levels and total power demand, this surplus power can also be sent to the
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Fig. 3. Proposed power allocation coefficient.
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Fig. 4. VSC control block diagram.

grid. Table 2, details the different cases and the corresponding actions and currents. I, (battery) and I, (SC)
represent the rated charging current of the storage units.

Deficit power scenario (DPS)

In this scenario, the PV power falls short of the total load power (i.e. P is negative). The deficit power to be
supplied to the loads is divided between the storage units and the grid. C, is introduced, and SOC levels of
storage devices are used to allocate power. The cases and corresponding actions and currents are given in Table 3.

Results and discussion

All system components were methodically prepared for the simulation, utilizing MATLAB/Simulink. The
scenario chosen involves fluctuating solar irradiance conditions while maintaining a constant temperature of
25 °C. Figure 6 provides a visual representation of the solar irradiance profiles. The design parameters for the
system are found in Table 4. The proposed system is evaluated for three scenarios: (1) surplus power scenario
(SPS), (2) deficit power scenario (DPS), and (3) transition scenario (TS).

Surplus power scenario (SPS)

Figure 7 highlights the results for SPS. The total load remains constant. At the same time, the solar irradiance
varies according to the pattern indicated in Fig. 6 (SPS). The PV power is maintained significantly higher than
the total load power, and the SOC values are set.

During the initial phase (0 to 2 s), the extra PV power is utilized to charge the storage units at their rated
charging current, and the remaining power is transferred to the grid (P, < 0).

The solar irradiance drops at t=2s and t=4s, decreasing the PV power and causing a DC bus voltage deviation.
Consequently, the SC reacts by supplying the transient demand, and the grid supplies the average power, keeping
the DC bus voltage constant. At the same time, the battery and the SC continue charging.

In the interval (5 to 6 s), SOC,,, reaches its maximum safety limit (90%), as shown in Fig. 7c. To prevent it
from overcharging, the battery current becomes zero. The SC reacts to this transient phenomenon by absorbing
the transient power while the grid handles the average part.

At t=6s, an increase in solar irradiance boosts the PV power, resulting in another DC bus voltage deviation.
SOC,y, has already reached its maximum safety limit, so the battery has not taken action. The SC absorbs the
transient power, and the grid absorbs the average power, maintaining the DC bus voltage constant. The SC
charges, and the grid receives power (P, < 0).

In the interval time (7 to 8 s), SOC,_ reaches its maximum level (95%), as depicted in Fig. 7d. SC charging
current is nullified to avoid SC overcharging. The storage units have now hit their maximum safety limits.

Another increase in solar irradiance is observed at t=_8s. As the storage units have reached their maximum
safety limits, the grid fulfills the system transient requirement to maintain the DC bus voltage constant while
PV extra power is transferred to the grid.

Regardless of the case, the DC bus voltage is kept at 700 V, the frequency is maintained at 50 Hz, and the grid’s
unity power factor is maintained, as seen in (e), (f), (h), Fig. 7.
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Fig. 5. Flowchart of the proposed MEMS.

Deficit power scenario (DPS)

Figure 8 displays the system’s performance under DPS. The total load is kept constant while the irradiance varies
following the pattern in Fig. 6 (DPS). SOC,,, is set close to its minimum limit (10%) to observe the battery’s deep
discharge phenomenon. SOC, remains above its minimum safety limit (85%) because the SC is not likely to have

a deep discharge phenomenon. The PV power is kept lower than the total load power.

During the initial phase (0 to 2 s), the battery and the grid compensate for the deficit average PV power

following the power allocation coefficient (C,) scheme.

The irradiance falls at t=2s and t =4s, reducing the PV output and causing a DC bus voltage deviation. As a
result, the SC responds by meeting transient demand, and the battery and the grid utilize C, to compensate for

the average power needed to sustain the DC bus voltage.

SOC,,, achieves its minimum level during the time interval (4 to 5 s), as shown in Fig. 8c. Its current is reduced
to zero to prevent the battery from deep discharge (Fig. 8b). The SC responds to this transient occurrence by
absorbing the fluctuating power while the grid handles the average power.

At t=6s, an increase in irradiance amplifies the PV power, resulting in another DC bus voltage deviation.

The battery SOC has achieved its minimum level; thus, no action is required. The SC and the grid absorb the

fluctuating and steady-state powers to keep the DC bus voltage constant.
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Case

SOCs

Actions

Currents

SOCy, < 90% and SOC,, < 95%

- PV supplies the total average power demand;

- Surplus PV power is utilized to charge the storage units up to their maximum safety limits, and
any remaining surplus power is sent to the grid;

- Grid supplies additional power to meet the average demand if necessary;

- SC meets the demand for transient power.

Ipat= = Thats Ise = = Lier + Lnsg g = L

SOC,, > 90% and SOC,, < 95%

- PV supplies the total average power demand;

- Surplus PV power is utilized to charge the SC up to its maximum safety limit, and any remaining
surplus power is sent to the grid;

- Grid meets the demand for average power if necessary;

- SC meets the demand for transient power;

- No action from the battery.

ipat = 03 frge = = Ly + Liss L= Ly

SOCy, < 90% and SOC,, > 95%

- PV supplies the total average power demand;

- Surplus PV power is utilized to charge the battery up to its maximum safety limit, and any
remaining surplus power is sent to the grid;

- Grid meets the transient power demand and, if necessary, provides additional power for average
demand;

- No action from the SC.

Ipat= = Thatrs drse = 05 I = L + Lier

SOCy, > 90% and SOC,, > 95%

- PV supplies the total average power demand;
- Surplus PV power is sent to the grid;

- Grid meets the demand for transient power;
- No action from the battery and SC.

Irpar = 05 frge = 05 1rg = L + e

Table 2. Surplus power scenario.

Case

SOCs Actions

Currents

- PV supplies its output available average power;
- Battery and grid supply the average deficit power demand;
- SC handles the transient power demand.

SOC,, > 10% and SOC,, > 85%

irpat = Lipats drse = Iscs Irg = L

- PV supplies its output available average power;

- Grid provides the average deficit power demand;
- SC meets the transient power demand;

- No action from the battery.

SOCy, < 10% and SOC,, > 85%

irpat = 05 drge = Lo Irg = s

- PV supplies its output available average power;

- Battery and grid supply the average deficit power demand;
- Grid manages the transient power demand;

- No action from the SC.

SOC,, > 10% and SOC,, < 85%

irpat = Lipats Irse = 05 By = Lig + Liies

- PV supplies its output available average power;

- Grid supplies the average deficit power demand and meets
the transient power demand;

- No action from the battery and SC.

SOCy, < 10% and SOC,, < 85%

irpar = 05 drse = 05 g = Loy + s

Table 3. Deficit power scenario.
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Fig. 6. Irradiance profiles.

Another increase in solar irradiance is seen at t=8s. Because the battery has hit its minimum safety limit,
the SC meets the transient demand, and the grid fulfills the system average requirement to regulate the DC bus
voltage.
The SC responds to a sudden rise in DC bus voltage by absorbing the transient power and releasing it in case
of a sudden drop. The battery and the grid handle the slow responses. (e), (f), (g), and (h) of Fig. 8 show the
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Components | Parameters Values
Maximum power 300 Wp
PV array Open-circuit voltage 444V
Short-circuit current 8.69 A
Type Li-ion
Capacit 7 Ah
Battery Ay
Nominal voltage 12V
No. of batteries in series | 20
Capacitance 58 F
sC Rated voltage 16V
No. of SC in series 20
L, =21 mH
PV
Cp, =292 pF
Ly, =23 mH
Converters Battery
Cpa = 2.44 yF
L, =13mH
SC
C,. = 4.02 yuF
Voltage 400 V
Grid
Frequency 50 Hz
=0.005
Voltage loop 5
K =5
=0.1
Controllers Battery i
K, =50
=0.1
SC 5
K =10
Inductor L¢=230 mH
LC filter
Capacitor C;=0.193 uF
DC bus Voltage 700 V

Table 4. Proposed microgrid configuration parameters.

grid voltages, currents, inverter currents, and the system frequency, respectively. The grid’s unity power factor
is maintained, and the frequency is regulated.

Transition scenario (TS)

Figure 9 depicts the transition scenario, illustrating two critical transitions: SPS-DPS occurring at t=2s and
DPS-SPS occurring at t=8s. This scenario showcases the proposed energy management system’s performance
during shifts from one operational state to another. Throughout these transitions, the total load power remains
constant, and solar irradiance fluctuates according to the pattern shown in Fig. 6 (TS).

At t=2s, the system smoothly transitions from SPS to DPS, with the battery transitioning from charging to
discharging mode and the SC ceasing its charging operation.

Similarly, at t=8s, the system transitions from DPS to SPS, with the battery transitioning from discharging
to charging mode and the SC seamlessly shifting from constant SOC to charging mode.

Notably, these transitions occur without supply interruption, ensuring efficient power allocation and
maintaining the DC bus voltage at 700 V and the frequency at 50 Hz while sustaining the unity power factor
on the grid side.

Moreover, if the grid is unavailable and there is extra power in the system, the PV should operate in power
curtailment mode to maintain power balance. On the other hand, if the system power is deficient, load-shedding
techniques should be considered to maintain the system’s power balance.

Performance analysis
This section analyzes the performance of the proposed method, highlighting the key findings.

Fast DC bus voltage regulation

Fast DC bus voltage regulation refers to the rapid adjustment and stabilization of the voltage level on the DC
bus to its desired setpoint (700 V). This is typically achieved within milliseconds, ensuring minimal voltage
deviation during transient conditions and maintaining the power system’ reliable and efficient operation. The
DPS scenario is implemented to analyze the system performance. SOCs are within safe operating limits. Figure 10
shows a zoomed view of the results of a step decrease in solar irradiance at t=4s. Due to that step decrease in solar
irradiance, the PV current decreases. The DC bus voltage deviation caused by this disturbance is compensated
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Fig. 7. Results under SPS: (a) DC bus voltage; (b) PV, battery, and SC currents; (c) battery SOC; (d) SC SOC;
(e) grid voltages; (f) grid currents; (g) inverter currents; (h) system frequency; (i) powers.

quickly by the SC (transient demand) and slowly by the battery and the grid (average demand). The results show
that the grid currents and voltages are in phase, ensuring the unity power factor. In Fig. 10c, the total harmonic
distortion measured in the grid current is less than 2%. The system performance indexes are shown in Table 5.

Overall performance analysis

The performance analysis can include many key factors depending on the study’s objectives. Based on our
research goals, four (4) specific factors are analyzed and compared to previous works: (i) effective power sharing,
(ii) stability (voltage, frequency, and transient), (iii) safe operation of storage units, (iv) total harmonics distortion
(THD).

Effective power-sharing refers to the optimal distribution of generated power among various energy sources
and loads, maintaining the balance between generation and consumption and ensuring stable and reliable
operation across all operating scenarios. It is essential for the seamless functioning of DC microgrids, especially
when integrating multiple distributed energy resources.

Stability refers to the system’s ability to maintain a steady state and operate reliably under normal and
abnormal conditions. Stability ensures that the microgrid can sustain its voltage, frequency, and overall power
quality within acceptable limits when subjected to various disturbances, such as changes in load, generation
fluctuations, and other transient events. It shows the robustness of the control method. In our context, voltage,
frequency, and transient stability are considered for the analysis.

Safely operating storage units involves preventing their premature degradation. The battery and SC should
operate within safe limits, and high currents should not be allocated to the battery. These measures can potentially
extend the lifetime of the storage units.
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Fig. 7. (continued)

Total harmonic distortion (THD) is a crucial power quality metric that quantifies the level of distortion in a
signal caused by harmonics. High THD can result in inefficiencies, overheating, and potential damage to electrical
systems. Hence, maintaining low THD is vital for system power quality, reliability, and equipment longevity.

Table 6 provides a performance comparison between the proposed method and previous studies based on
the four (4) analyzed factors.

Based on the results in Figs. 7, 8, 9 and 10, the proposed energy management scheme successfully shares
power between sources and loads while maintaining energy balance. Additionally, it ensures that voltage and
frequency are kept within acceptable ranges, storage units are safely operated, and THD is maintained very
low. Moreover, the method’s simplicity enhances its suitability for real-world applications, making it a practical
solution for DC microgrid systems. It can be concluded that the proposed energy management scheme is
highly effective in several key areas. These outcomes indicate that the method is reliable, efficient, and capable
of optimizing the overall performance and stability of DC microgrids. Our proposed method overtakes the
drawbacks of existing methods. Future works will include real-world implementation and control involving
multiple renewable energy sources.

Conclusion

This research presents an effective energy management technique for a grid-interactive microgrid and battery-SC
HESS. The proposed technique is analyzed under different scenarios with changes in loads and generation. The
findings reveal that the proposed energy management approach facilitates adequate power management, reduces
battery stress, regulates the DC bus voltage, safely operates energy storage elements, and ensures a smooth
transition between different scenarios, regardless of operating conditions. In addition to its simplicity, the method
has also shown an improvement in power quality features by maintaining a unity power factor for the AC grid.
Future research will focus on practical implementation and control involving multiple renewable energy sources.
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Scientific Reports |  (2024) 14:20294 | https://doi.org/10.1038/s41598-024-70599-w nature portfolio



www.nature.com/scientificreports/

—~ 5
< 55 /'\/\A/\/'\/'\A/\/'\/'\A/\/\/'\A/\/\/\AP
g
2 LY Y Y Y, \/
S '5J\/\/\/\/\/\/\/\/\/\/\/\/\/\/
48 481 482 483 484 485 486 487 488 489 49
O
— 3
< s "\A/\/'\/'\A/\/'\/'\A/\/'\/'\A/\/\/'\A/\/\/
A
P2 Y, \V/ V4 \V/ \V/
) N YA YA YA CAVAUA VA VAUAUAUAWEVAVAY
48 481 482 483 484 485 486 487 488 489 49
(2
'50.00006
Z
250.00002
g 50
5.49.99998
& 49.99994
0 1 2 3 4 5 6 7 8 9 10
(h)
2250 -
Pdcl &
1500 -
=
£ 750
5} P N
E beat » l)acl
0
P
70 1 2 3 4 5 6 7 8 9 10
(® Time (s)

Fig. 8. (continued)

Scientific Reports |

(2024) 14:20294 |

https://doi.org/10.1038/s41598-024-70599-w

nature portfolio



www.nature.com/scientificreports/

= 50
Z 600 T
(0] V‘
2 400 de
§ 200
0
0 1 2 3 4 5 6 7 8 9 10
(@)
. 4
5 0 7
z% -2 | sc lbat I
-4
0 1 2 3 4 5 6 7 8 9 10
(b)
400
2 20
& o
= IYYYYVYYYY
3 200
-400
09 092 094 096 098 1 102 104 106 1.08 1.1
(c)
= 3
g ¢ “mhm
RIESSESS ABAA
g VOOOOUUCX
(3 1.5 \NAANAANANSNS
3
09 092 094 096 098 1 .02 1.04 106 108 1.1
(d)
R 50.04
T
= 50.02
= 50
o
% 49.98
= 49.96
0 1 2 3 4 5 © 6 7 8 9 10
(]
3750
sps [ DPS SPS
2 00 [~ Transitipn SPS-DPS Transition DPS-SPS:
5
g Pia L
2] P
5 1250P T
N Wil :
[e]
= 0
7
P Pbat__)
— s ——
-1250
0 1 2 3 4 5 6 7 8 9 10
® Time (s)

Fig. 9. Results under TS: (a) DC bus voltage; (b) PV, battery, and SC currents; (c) grid voltages; (d) grid
currents; (e) system frequency; (f) powers.
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Fig. 10. Zoomed view of transient performance: (a) DC bus voltage; (b) PV, battery, and SC currents; (c) grid
currents; (d) grid voltages.

Performance index Value
Average voltage (V,.) 699.3V
Solar irradiance variation 270 W/m?
PV current variation (AL,) 1.175 A
Peak voltage overshoot, PO = (AV,/Vy. )*100 4.2%
Settling time (T) 139.283 ms
Overall efficiency, G=V,/Vy., 0.999

Table 5. System transient performance.
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Metric 20 2 | Proposed
Effective power-sharing v vV
Voltage v vV
Stability Frequency v
Transient v vV
Battery working within safety limits v vV
Storage units’ safe operation | Avoidance of high currents in the battery | v/ x |V
SC working within safety limits v vV
THD <7% |- <2%

Table 6. Performance comparison.
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