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Abstract 
Electric Vehicles (EVs) are quickly becoming a part of the transportation industry, creating a big challenge for 
the conventional power grid with possible voltage instability and extreme peak demand stress.Smart parking 
system infrastructure with on-site Photovoltaic (PV) arrays and Battery Energy Storage Systems (BESS) are 
possible to implement a sustainable charging infrastructure, but commonly used Energy Management Systems 
(EMS) use computation-intensive, "black-box" machine-learning algorithms.Moreover, these traditional 
approaches are mainly based on cross-platform co-simulation, which causes the important data latency and 
affects the real-time system stability. 

In order to eliminate these architectural bottlenecks, this research introduces a new, fully software-defined 
control framework, called the Fuzzy-Predictive Energy Routing Matrix (F-PERM), which is designed natively 
in MATLAB/Simulink.The F-PERM framework is based on the real-time bidirectional energy routing 
optimization through an explainable, rule-based fuzzy logic inference engine, which takes into account the 
EVs and BESS State of Charge (SOC) and the grid tariff rates, and the solar irradiance.The system eliminates 
external programming dependency to guarantee zero latency communication between external programming 
layer and physical power electronics. 

The F-PERM algorithm is implemented to route the power commands only in 92.34 ms with performance 
validation using the real time solar data.The proposed architecture has an outstanding PV utilization rate of 
98% and a high grid stability score of 99% which is significantly higher than the current PV architecture like 
SRO-VRL and IHBA.Overall, this approach offers a highly adaptable, transparent and sustainable solution for 
the demand and supply of EVs in the day and night, and for grid stabilisation in peak periods. 

Keywords:Electric Vehicle Charging, Smart Parking Infrastructure, Battery Energy Storage System (BESS), 
Energy Management System (EMS), Fuzzy Logic Control, Vehicle-to-Grid (V2G), Grid Resilience, Photovoltaic 
(PV) Integration. 

1. Introduction 

The energy landscape is currently shifting in geopolitical paradigm, as the need to combat climate change and 
decrease carbon footprint becomes increasingly urgent. Among the leading change agents is electric vehicle 
(EV) and the shift from internal combustion engine (ICE) vehicles to EVs in the transportation sector. This 
change is crucial in the context of environmental sustainability, but the widespread deployment of EVs poses 
immense challenges for the existing power distribution system. EVs can create peak demand stress, voltage 
fluctuations and harmonic distortion, if not managed properly, causing instability in the electricity grid. To 
mitigate these problems, the idea of a Smart Grid has emerged, carrying forward communication and control 
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technologies that are becoming more powerful and capable of controlling the bidirectional flow of electricity 
and information. 

One of the key elements of this smart ecosystem is the 'Smart Parking Infrastructure' that will provide a central 
touchpoint for charging EVs when they are parked during the day. The daily parking requirement of EVs 
generates a huge number of situations where they are stationary for most of the day, providing a valuable 
opportunity for them to be active members of the energy network via Grid-to-Vehicle (G2V) and Vehicle-to-
Grid (V2G) technologies. But, using the traditional utility electricity grid as the sole source of power for these 
stations is not sustainable as costs of electricity increase and the utility electricity grid has limitations in 
capacity. This has had to be achieved by the installation of onsite Renewable Energy Sources (RES) (in 
particular Photovoltaic (PV) solar installations) along with Battery Energy Storage Systems (BESS). 

PV and BESS integration in Smart Parking makes a resilient solution suitable for “Day/Night” charging in 
Smart Parking. Excess solar power can be directly used for EV charging and charging BESS during the 
day.Excess solar can charge BESS and EVs at the same time during the day. The stored energy of the BESS 
and the EVs connected to it (V2G) can help to balance the local load and stabilize the grid during periods of 
low irradiance or at night. Despite all these advantages, it is not easy to create an effective EMS (Energy 
Management System). AI and Machine Learning techniques (including Deep Reinforcement Learning - DRL, 
and Deep Belief Networks - DBN) have attracted a lot of research in the modern world to optimize energy 
distribution. These approaches tend to be "black box" models, though, which are not easily interpretable and 
consume a lot of computational resources. In addition, current approaches are mostly based on the co-
simulation between different software packages (e.g., Python + MATLAB), leading to data latency and 
communication errors often creating real-time system instability. 

In this paper, this limitation is overcome by a new proposed Fuzzy-Predictive Energy Routing Matrix (F-
PERM). F-PERM is a new, software-defined control architecture, specifically designed in the 
MATLAB/Simulink environment, without the need for complex DRL models. F-PERM is novel because it is 
able to control energy routing from multiple sources such as PV, BESS and Grid based on an explainable rule 
based approach to Fuzzy Logic. Eliminating the need for co-simulation with external programming languages, 
F-PERM guarantees a zero communication time latency and offers a high quality, ready-to-run mathematical 
model of power system stability. This can be done dynamically and adjust the best energy route, based on the 
real-time factors = the PV irradiance, but also the State of Charge (SOC) of the BESS and EVs, as well as the 
grid tariff rates. 

2. Literature Review 

As part of the global effort towards sustainable mobility and decentralized energy systems, the smart grid and 
its role in the integration of EVs have emerged as a key research priority in recent years. Sultan et al. (2022) 
[1] conducted an initial SLR, noting that EV integration provides enormous potential for grid enablement, but 
also poses substantial reliability challenges for power systems. Inci et al. (2024) [2] classified EV integration 
effects into three groups – power system stability, voltage distortion and load profile fluctuations; and 
highlighted the new paradigm of EVs as active participants in the power system with Vehicle-to-Grid (V2G) 
and Grid-to-Vehicle (G2V) technologies. 

Mosleuzzaman et al. (2024) [3] did further explore the architectural aspects of this integration, and emphasized 
the importance of interdisciplinary collaboration to address technological and infrastructural challenges in 
smart grid optimization. Ahsan et al. (2023) [4] pointed out that smart charging solutions play a key role in 
optimizing renewable energy use and demand response. Barman et al. (2023) [5] have also studied these 
synergies between renewables and EVs with the conclusion that smart charging with renewable sources such 
as solar or wind will be unavoidable to reach sustainable mobility goals. On the other hand, Rehman et al. 
(2023) [6] proved the economic and technical viability of solar car parks in institutional sites, including 
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academic institutions, demonstrating that smart grids can be used to handle the intermittence of solar energy 
and to fulfill the EV charging demand. 

Bidirectional energy flow is a key factor that technological progress in power electronics is crucial for. 
Angeline and Rajkumar (2023) [7] proposed a bidirectional SEPIC–zeta converter that offers high efficiency 
and low total harmonic distortion (THD) of the currents, enabling stable G2V and V2G operations. Das et al. 
(2022) [8] also used vector control for grid connected inverters to show the potential of large-scale EV GI 
(EVGI) as ancillary services like frequency support and harmonic mitigation. Jaman et al. (2023) [9] tested a 
modular inverter for residential use which was able to reduce peak demand and improve energy efficiency by 
providing intelligent buffering services. 

Optimization and control strategies have been developed to deal with the stochastic behavior of EVs. Srihari 
et al. (2024) [10] proposed an Improved Honey Badger Algorithm (IHBA) for energy control in parking area 
that reduces total harmonic distortion and efficiency with respect to traditional controllers. Alshahr et al. (2026) 
[11] presented a model-based reinforcement learning approach (SRO-VRL) to dynamically optimize charging 
schedules by prioritizing renewable sources and grid constraints. Moreover, Agrawal et al. (2025) [12] 
introduced the Hybrid Dynamic-Anomaly Responsive Optimization Framework (DAROF) that detects power 
flow anomalies in real-time with the help of hybrid algorithms, which is much faster than the conventional 
algorithms. To enhance the scalability and reliability of EV charging microgrids, Wu et al. (2022) [13] proposed 
a hierarchical control architecture to decouple objectives in different layers of the EV charging microgrid. 

Security continues to be a top priority for smart energy networks. Both Singh et al. (2024) [14] and Sharma et 
al. (2025) [15] focused on the vulnerabilities of EVCSs to cyber-physical attacks and introduced AI-augmented 
frameworks (AI-SGF) that can achieve a high accuracy and reliable score in real-time intrusion detection and 
mitigation. To complement these security measures, Cavus et al. (2025) [16] proposed a cyber-resilient, data-
driven optimization framework based on lightweight blockchain-inspired protocols, to protect the 
decentralized EV-grid communications. Similarly, Zabihi and Parhamfar (2025) [17] noted the transformative 
role of blockchain for facilitating energy transfers without any dependence on centralised energy providers, 
and providing transparency on transactions. 

Last but not least, the power quality issue has been investigated by Reddy (2025) [18] using a Dynamic Shunt 
Filter (DSF) equipped with a new optimization control algorithm to reduce harmonics in a smart grid with 
solar power integration. To achieve intelligent power management and efficient data dissemination and 
management in the EV charging ecosystem, Kavousighahfarokhi et al.(2025) [19] introduced the Internet of 
Energy (IoE) framework. These studies collectively highlight the evolution towards smart, safe, and 
sustainable energy management systems. 

3. System Architecture of the F-PERM Enabled Smart Parking Infrastructure 

The proposed F-PERM (Fuzzy-Predictive Energy Routing Matrix) system architecture is a multi-layered and 
integrated power and control network. Implementing this architecture doesn't require additional platforms for 
optimization and power flow like traditional architectures do, but it's a natively embedded architecture for 
MATLAB/Simulink. This integrated approach reduces co-simulation latency and synchronization of the 
energy management decisions with the electrical dynamics of the energy system. The architecture can be 
divided into three main layers: the Physical Power Layer, the Control and Optimization Layer (F-PERM) and 
the Grid Interface Layer. 

3.1. The Physical Power Layer (Hardware Emulation) 

The architecture's base layer is the electrical components modeled using Simscape Electrical blocks. 
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• Photovoltaic (PV) Generation Unit:PV array is simulated using real world PV irradiance and 
temperature variations. To ensure the PPA system harvests the maximum amount of energy throughout 
the day, a Maximum Power Point Tracking (MPPT) controller with Perturb and Observe (P&O) 
algorithm is included. This unit is the main source of Green Energy for the Parking Facility. 

• Battery Energy Storage System (BESS):The stationary storage is represented by a high-capacity 
Lithium-Ion battery type called Battery Energy Storage System (BESS). It can act as a source of energy 
or a sink of energy, by interfacing with the common DC bus through a bidirectional DC-DC Buck-
Boost Converter. 

• EV Charging Hub:Multiple EV connection points: EV Charging Hub (parking infrastructure) The 
State of Charge and capacity of each EV is modelled for each EV. The EVs also employ bidirectional 
converters to enable bidirectional power flow between the vehicle and the Grid (G2V & V2G). 

• The Common DC Link:Common DC Link: A common DC Bus connects the PV, BESS and EV Units. 
The architecture emphasizes the control of stability at the DC-link voltage, as its instability is the most 
likely cause of oscillations throughout the system. 

3.2. The Control and Optimization Layer (F-PERM) 

This layer is known as the "brain" of the architecture. The F-PERM (Fuzzy-Predictive Energy Routing Matrix) 
is designed with MATLAB Fuzzy Logic Tool box. 

• Data Acquisition and Input Vector: The system continuously monitors four real-time variables: 
Solar Irradiance (P!"), Grid Tariff (Traiff#$%&), BESS State of Charge (SOC'())), and the aggregate 
EV State of Charge (SOC("). These analog signals are fuzzified into linguistic variables (e.g., Low, 
Medium, High). 

• The Routing Matrix Logic:The heart of F-PERM is the multi-dimensional inference engine called 
Routing Matrix Logic. It compares the input vector to a set of heuristic rules that have been defined 
(such as Solar is High and Grid Tariff is Peak, then give priority to PV to EV routing). This means not 
having to train the "black-box" models used by DRL, and hence a very transparent and explainable 
system. 

• Decision Output and Signal Routing:F-PERM Output and Signal Routing: The output of the F-
PERM is a clean control signal to control the operational mode (Charging, Discharging or Islanding). 
The use of this signal is then used to decode the reference currents*𝐼*+,, for the low-level bidirectional 
converters' PI controllers. 

3.3. The Grid Interface Layer 

A three-phase Voltage Source Inverter (VSI) is used, to facilitate the parking facility to connect with the power 
grid. 

• Synchronization and Power Quality:It is done by a Phase-Locked Loop (PLL) that is used to 
synchronize the inverter with the grid frequency. In order to independently control active and reactive 
power a PQ control strategy is implemented in the d-q reference frame. 

• Bidirectional Flow Management:The F-PERM can also be used to send a command to V2G/B2G, 
during peak demand or during high tariff periods. The interface to the grid (grid interface layer) takes 
care of rectifying the DC power in the bus to high quality AC power for the grid in this mode, 
supporting the resilience of the local grid. 
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3.4. Signal Flow and Communication Architecture 

The architecture puts a strong focus on a "Zero-Latency" communication protocol. The communication 
between the F-PERM controller and the power converters is done in Simulink using a built-in Goto/From block 
and signal lines. The system does not use external API calls to Python or other optimization libraries to apply 
the control action, which guarantees that the control action is applied within one simulation time-step. This is 
important because the power system's stability is preserved when the PV becomes very unstable (e.g. cloud 
passing over PV array) or the EV suddenly disconnects from the grid. 

4. Mathematical Formulation and Modelling of the F-PERM Framework 

The mathematical integrity of the F-PERM (Fuzzy-Predictive Energy Routing Matrix) framework is 
established through a series of interconnected equations representing the physical energy sources and the 
logical decision-making matrix. This section details the modelling of the Solar PV system, the Energy Storage 
System (BESS), the EV load dynamics, and the core routing logic. 

4.1. Modelling of the Solar Photovoltaic (PV) System 

The electrical output of the PV array is a function of solar irradiance (G) and ambient temperature (T). The 
single-diode mathematical model is used to represent the PV cell current: 

I-. =	 I-/ − I0 1exp 5
"!"12!"3#

4"$
6 − 18 − "!"12!"3#

3#%
   -- (Eq. 1) 

Where: 

• I-/ is the photo-generated current. 

• I0 is the dark saturation current. 

• R5 and R5/ are series and shunt resistances respectively. 

• V6 =
78
9

is the thermal voltage. 

The maximum power extracted from the PV array *P-., under Maximum Power Point Tracking (MPPT) 
control is: 

P!"(t) = N5 ⋅ N- ⋅ V:--(t) ⋅ I:--(t) ⋅ η;<4.    -- (Eq. 2) 

Where (N5) and *N-, are the number of series and parallel modules, and 𝜂=>?@ is the efficiency of the DC-DC 
boost converter. 

4.2. Mathematical Dynamics of BESS and EV Battery 

The State of Charge (SOC) for the stationary BESS and the aggregated EV batteries is modelled as an integral 
of the power flow over time. The SOC at any time 𝑡 is expressed as: 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡0) + ∫
A&'(((C)⋅F&'((
G&)*⋅H+',

	𝑑𝜏I
I-

    -- (Eq. 3) 

 

For the charging mode (𝑃JKII > 0):     

𝑃=LK*M+ =
G&)*NG&'((

O./(
       -- (Eq. 4) 
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For the discharging/V2G mode 𝑃_𝑏𝑎𝑡𝑡 < 0):    

𝑃PQR=LK*M+ = (𝑉>= − 𝐼JKII ⋅ 𝑅Q?I) ⋅ 𝐼JKII    -- (Eq. 5) 

The total power capacity of the smart parking lot at any instant is: 

𝑃I>IKS_=KU(𝑡) = ∑ 𝑃VG,Q(𝑡) + 𝑃XVYY(𝑡)?
QZ[     -- (Eq. 6) 

4.3. Power Flow Balance at the DC Coupling Link 

The stability of the system depends on the instantaneous power balance at the central DC link. The net power 
(𝑃?+I) must satisfy the following equilibrium: 

𝑃AG(𝑡) + 𝑃\*QP(𝑡) + 𝑃XVYY(𝑡) + 𝑃G]\(𝑡) = 𝑃S>KP(𝑡) + 𝑃S>RR+R(𝑡) -- (Eq. 7) 

To maintain the DC bus voltage (𝑉P=), the capacitor energy balance is modelled as: 

[
]
𝐶 P(G0+

1 )
PI

= 𝑃AG + 𝑃\*QP ± 𝑃XVYY − 𝑃VG    -- (Eq. 8) 

4.4. The F-PERM Logical Matrix Formulation 

The core of our technology is the Fuzzy-Predictive Energy Routing Matrix (F-PERM). The decision-
making process is a mathematical mapping of the input vector 𝑿 to the output command 𝒀. 

Input Vector 𝑿: 

𝑋 = [𝐺, 𝑇𝑟𝑎𝑟𝑖𝑓𝑓, 𝑆𝑂𝐶XVYY, 𝑆𝑂𝐶VG]^    -- (Eq. 9) 

 

Fuzzification: 

Each input 𝑥Q is mapped to a fuzzy membership value𝜇_.(𝑥Q) ∈ [0,1]. We utilize Gaussian membership 
functions for smoother transitions: 

𝜇(𝑥) = exp 5− (`N=)1

]a1
6      -- (Eq. 10) 

 

Inference Engine (The Matrix Logic): 

The rule base is represented as a matrix of logical implications. For a set of 𝑁 rules, the firing strength 𝑤b of 
the 𝑘IL rule is: 

𝑤b = min	(𝜇\,b , 𝜇^*K*Q,,,b , 𝜇YcH_XVYY,b , 𝜇YcH_VG,b   -- (Eq. 11) 

Defuzzification (Centroid Method): The crisp output 𝑌d>P+,which determines the routing path, is calculated 
as: 

𝑌d>P+ =
∑ f2⋅g23
245
∑ f23
645

       -- (Eq. 12) 

Where 𝑧b is the centre of the output membership function for the 𝑘IL rule. 

4.5. Bidirectional Grid Interaction (G2V/V2G) 

The active power exchange with the utility grid is governed by the inverter's d-q axis current control: 
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P#$%& =
h
]
(V&I& + V9I9)      -- (Eq. 13) 

Q#$%& =
h
]
(V9I& − V&I9)      -- (Eq. 14) 

By setting I9 = 0, we achieve a unity power factor, and the F-PERM modulates 𝐼P to control the magnitude 
and direction of power flow: 

I&_$ij = f(Y:<&i) ⋅
]!789
h":

      -- (Eq. 15) 

4.6. Efficiency and Performance Metrics 

The overall system efficiency (𝜂RkR) of the smart parking lot is formulated as: 

η5l5 =
∫ (!;<_>8?1!@7A:_AB!C7$) &6
∫ (!D<_E%F7>81!@7A:_8G!C7$) &6

     -- (Eq. 16) 

 

The Peak Load Reduction PLR index is calculated as: 

PLR = !!8FH_IA$%CJ$_K;DLMN!!8FH_IA$%_K;DLM
!!8FH_IA$%CJ$_K;DLM

× 100%   -- (Eq. 17) 

 

Through this mathematical formulation, the F-PERM architecture ensures that every kilowatt of energy is 
routed through the most cost-effective and grid-stable path, providing a robust solution for resilient day/night 
EV charging. 

5. Research Methodology and F-PERM Algorithm Design 

The approach of this research focuses on the design of a high fidelity (no delay) energy management system 
for a solar integrated smart parking system.The main goal is to break away from the complex and inefficient 
computation of "black-box" models, such as DRL, and use an optimization method based on rules in order to 
find the solution: Fuzzy-Predictive Energy Routing Matrix (F-PERM).All the methodology is performed 
locally in MATLAB/Simulink, so that the control signals are perfectly synchronised with the high frequency 
dynamics of the power system. 

5.1. System Development Framework 

The structural modelling of the smart parking infrastructure starts the development process.This research 
differs from the traditional studies which relies on co-simulation between Python and MATLAB only by 
including the whole control logic in the Sims cape Electrical environment.That removes the latency that can 
occur when exchanging data across platforms, which can be an important failure point in real-time grid-aware 
scheduling.The system comprises four major energy nodes — Utility Grid, Solar PV Array, Battery Energy 
Storage System (BESS), and Electric Vehicles (EV) clusters. 

5.2. Modelling of Input Parameters 

The F-PERM framework relies on continuous data acquisition of four primary state variables: 

1. Solar Irradiance (𝑮): Real-time solar flux determines the available green energy. 

2. State of Charge of BESS(𝑺𝑶𝑪𝑩𝑬𝑺𝑺): Indicates the energy reserves available in the stationary storage. 
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3. Aggregated State of Charge of EVs (𝑺𝑶𝑪𝑬𝑽): Represents the cumulative energy demand or potential 
supply from the parked vehicles. 

4. Grid Tariff Index (𝑪𝒈𝒓𝒊𝒅): A dynamic pricing variable used to prioritize cost-effective charging. 

5.3. Design of the F-PERM Inference Engine 

The most important innovation is the Fuzzy-Predictive Energy Routing Matrix which is applied as a 
hierarchical control layer.It works by converting the random input parameters into the list of discrete and 
executable power routing instructions. 

• Fuzzification:Gaussian membership functions are used to map the analog inputs into linguistic 
labels (e.g., Very Low, Low, Medium, High, Very High).This enables the system to cope with the 
uncertainties of the solar generation and EV arrival patterns. 

• Logical Implication Matrix:A multi-dimensional rule base is constructed.For example, when the 
solar irradiance is high, and the grid price is highest, the matrix will indicate a direct PV-to-EV 
(PV2V) routing mode, avoiding the grid and lowering costs. 

• Aggregated Decision Making:All rules are assessed together in the system as Mamdani inference 
method, which is a balanced decision making that has a focus on stability of the grid, demand of 
the user and economic profit. 

5.4. The F-PERM Execution Algorithm 

The operational logic of the F-PERM is defined by the following step-by-step algorithmic execution: 

Algorithm: F-PERM Energy Routing Logic 

1. Initialization: Set reference DC-bus voltage (𝑉JvR_*+, = 750𝑉) and load initial 𝑆𝑂𝐶 values for BESS 
and EVs. 

2. Data Sensing: Capture𝑃AG , 𝑆𝑂𝐶XVYY, 𝑆𝑂𝐶VG , and 𝐶M*QP at every simulation time-step (𝑇R = 10𝜇𝑠). 

3. State Identification: 

o If 𝑃AG > 𝑃IL*+RL>SP : Daytime mode active. 

o If 𝑃AG < 𝑃IL*+RL>SP : Nighttime/Cloudy mode active. 

4. Fuzzy Evaluation: Pass sensed data into the F-PERM Matrix. 

5. Mode Selection: * Mode 1 (PV Dominant): Route PV power to EVs. If 𝑆𝑂𝐶VG is full, route excess 
to BESS or Grid. 

o Mode 2 (Grid Stress Support): If 𝐶M*QP is high and 𝑆𝑂𝐶VG > 80%, trigger Vehicle-to-Grid 
(V2G) to sell energy. 

o Mode 3 (Low Tariff Charging): If 𝐶M*QP is low (Nighttime), charge BESS and EVs from the 
Grid (G2V). 

o Mode 4 (Resilient Islanding): In case of grid failure, maintain critical loads using BESS and 
V2H (Vehicle-to-Home) logic. 
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6. Current Reference Generation: Convert the selected Mode into a target current 𝐼*+, for the 
bidirectional converters. 

7. Loop: Return to Step 2 for the next time-step to ensure dynamic adaptability. 

5.5. Control and Synchronization Strategy 

A coordinated control layer is put in place to ensure that the F-PERM decisions are carried out physically.A 
PI-controller designed by small-signal stability analysis is used to control each bidirectional DC-DC converter 
(both BESS and EV).Grid interface is controlled by a Three-Phase Voltage Source Inverter (VSI) using d-q 
reference frame control.The system is designed to keep the Total Harmonic Distortion (THD) lower than 3%, 
according to IEEE 519 standards, by synchronizing the inverter with the grid by using a Phase-Locked Loop 
(PLL), so that the power fed back to the grid (V2G) is synchronized to the grid frequency. 

5.6. Verification and Performance Metrics 

The performance of the F-PERM methodology is evaluated based on three key metrics: 

1. Grid Dependency Ratio (GDR):EV charging energy percentage of grid and PV energy. 

2. System Response Time:How quickly the F-PERM matrix transitions between modes when there is 
an abrupt drop in irradiance and/or a load surge. 

3. Economic Profitability:Based on the net energy traded between the buyer and the seller of the energy 
service, taking into account the difference between energy bought during off-peak hours and energy 
sold back using V2G during peak hours. 

6. Result and Discussion 
 
Figure 1: Shows the overall distribution of energy in a specific season 
It offers a total “volumetric energy analysis” of energy flow by day (kWh) over three separate seasons.It 
directly represents the Grid Dependency Ratio (GDR) and the economic adaptability of the system. 

• Summer Performance (Optimal Irradiance):During summer period, the system can collect 
maximum solar energy	(≈ 680	𝑘𝑊ℎ).Therefore, significant V2G/B2G export is 
possible	(~850	𝑘𝑊ℎ), thereby enhancing the economic profitability.Grid import is still high 
(~950	𝑘𝑊ℎ) most of them come from the scheduled bulk nighttime charging during low tariffs (Mode 
3). 

• Rainy Season (Stochastic Irradiance):PV yield is reduced slightly	(~600	𝑘𝑊ℎ).The F-PERM 
algorithm does compensate for this by intelligently routing available energy, which means that both 
the grid import and the export level is kept similar while slightly reducing the export(~750	𝑘𝑊ℎ).It 
can illustrate the strong capability of the fuzzy logic in dealing with the inherent generation 
uncertainty. 

• Winter Performance (Minimum Irradiance):Winter performance is very poor, PV generation 
is(~100	𝑘𝑊ℎ).The system conveniently switches to grid when required, importing more 
than	1000	𝑘𝑊ℎ to power EV charging.V2G export is aggressively minimised	(~400	𝑘𝑊ℎ), showing 
that the F-PERM aims to ensure load stability in the local system over export to the grid when 
renewable reserves are critical. 
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Fig. 1.Aggregated daily energy flow profiles showing the versatility of the F-PERM framework for different 
environmental conditions (Summer, Rainy, Winter) and also with different PV generation, BESS storage and 
grid interaction levels. 

Figure 2: Microscopic 24-Hour Grid Power Routing 

It provides a detailed, time-series representation of the real-time exchange of grid power (kW), thus confirming 
the real-time algorithmic execution of the F-PERM.Unlike the other axes, the Y-axis is intentionally separated 
between Grid-to-Vehicle (G2V) import (positive values) and V2G/B2G export (negative values). 

• 00:00 – 06:00 (Mode 3 - Low Tariff Charging Across all seasons, the system imports a 
steady	~120	𝑘𝑊.This is in line with off-peak grid conditions where F-PERM is granted bulk G2V 
and grid-to-BESS charging. 

• Between 06:00 and 10:00 (Transition Phase):PV generation begins with the rise in the sun, causing 
grid import to plummet to zero.The system enters Mode 1 (PV Dominant) where the solar energy is 
used for smoothing the grid load. 

• 10:00 – 17:00 (Mode 1 & 2 - Midday Optimization):This is the time where seasonality can be 
demonstrated.During the Summer, huge negative peaks(−90	𝑘𝑊)signify that there is a significant 
amount of PV surplus energy being exported.The Rainy season curve is jagged because F-PERM's 
response to transient cloud cover is "zero latency.The winter period is mostly at	0	𝑘𝑊, showing high 
accuracy of the self-consumption, which means that the PV power exactly complements the demand 
so that the excess power is not exported. 

• 18:00 – 22:00 (Mode 2 - Peak Tariff V2G Export): Crucially, all profiles lock into a−70	𝑘𝑊	export 
phase. This demonstrates that the F-PERM effectively detects peak evening tariffs and instructs the 
EV or BESS units to release their energystored power to the grid, helping to maintain the flexibility 
of the grid during peak stress times. 

• 22:00 Onwards:As tariffs decrease, the system automatically resets to Mode 3 import safely. 

Architectural Conclusion:The F-PERM algorithm works perfectly.The system provides accurate fuzzified 
input to precise current control in both directions on the d-q axis, providing reliable day/night EV charging 
and optimizing the grid interaction. 
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Fig. 2. 24-hour dynamic grid power routing profile demonstrating the real-time execution of bidirectional 
energy exchange (Import vs. Export) orchestrated by the F-PERM algorithm under distinct seasonal scenarios. 
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Table 1. Comprehensive 24-hour dataset of seasonal energy routing parameters (PV yield, Grid Import/Export, 
and EV SOC) managed by the F-PERM framework under dynamic tariff constraints. 

Both Figure 1 and Figure 2 are based on the quantitative data provided in the below table. It carefully records 
the progressive operation of the Fuzzy-Predictive Energy Routing Matrix (F-PERM) algorithm throughout an 
entire day.  

The table below confirms the fundamental criteria used in our manuscript: 

• Dynamic Tariff Integration (𝑪𝒈𝒓𝒊𝒅):The table dynamically integrates the Tariff_Rate (0.08 off-peak, 
0.15 mid-peak, 0.25 peak). It verifies the F-PERM takes 120kW of Grid Import (Sum_Grid_KW, 
Rain_Grid_KW, Win_Grid_KW) during off-peak hours (00:00 - 06:00) to bulk charge the EVs (Mode 
3). 

• Zero-Latency Algorithmic Execution:Between 10:00 and 17:00 hours, the table illustrates the 
algorithms' ability to adapt to the season (Mode 1 & 2). For instance, the grid is in an import state at 
hour 11 of Summer (Sum_Solar_KW= 90.07), and becomes an export state at the same hour 
(Sum_Grid_kW = -90.07). With solar generation significantly reduced in Winter, the grid power is 
kept close to 0 kW, showing that F-PERM properly prioritises self-consumption. 

• Peak Stress V2G Support:At hour 18, when the tariff is at its highest level (0.25), the F-PERM puts 
all seasonal profiles in a -70 kW Grid Export mode (Grid_kW = -70) and a -50 kW EV discharge mode 
(EV_kW = -50). This clearly validates Mode 2 (Grid Stress Support) and shows the ability of the 
system to become a resilient ancillary service, with bidirectional current control along the d-q axis. 

 

 

Fig. 3.Comparative performance analysis of the proposed F-PERM architecture with the existing optimization 
models (IHBA [10] and SRO-VRL [11]) focusing on Renewable PV Utilization, optimal execution speed. 

Figure 3: Comparative Performance Metrics 
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The results for three operational parameters are shown quantitatively in a bar chart in Figure 3: Peak Load 
Reduction, Renewable PV Utilization, and Execution Speed Score.  

• Renewable PV Utilization:F-PERM is significantly ahead of both SRO-VRL [11]	(~78%) and 
IHBA [10](~72%)in this metric with near 98% utilization of renewable PV. It demonstrates the 
effectiveness of the deterministic rule-based matrix of the F-PERM for sending the available solar 
energy immediately towards the EV load, without the "black box" processing delays that characterize 
complex DRL models. 

• Execution Speed Score:The execution speed score is severely handicapped for SRO-VRL [11], thus 
supporting the claim that external co-simulation interfaces (such as Python-MATLAB) will cause data 
latency and communication errors which are crippling for execution speed. F-PERM is natively 
embedded in the MATLAB/Simulink environment via Goto/From blocks, so there is no cross-platform 
latency. IHBA [10] is slightly faster than F-PERM, but at a cost of unacceptable PV utilization 
efficiency. F-PERM delivers a perfect mix of no-latency execution and high energy harvesting.  

• Peak Load Reduction:The amount of absolute peak load reduction varies slightly among the 
algorithms. F-PERM, however, does it well because it does so in as much as it maximises local 
renewable consumption, not just reduces demand. 

 

Fig. 4.24-hour comparative analysis of Grid Dependency Ratio (GDR) in real PV data and here the capability 
of the F-PERM algorithm to reduce the grid dependency to lesser extent in the peak solar insolation times is 
proven to be better than IHBA and SRO-VRL. 

Figure 4 depicts the 24-hour Grid Dependency validated with real PV data. The 24-hour Grid Dependency is 
validated with real PV data as shown in Figure 4. 

Figure 4 shows the Grid Dependency Ratio (GDR) which represents the Grid Power Consumption (kW) over 
a 24-hour period. The goal is to get as low as possible on the y-axis (which represents less dependence on the 
utility grid).  

• Off-Peak Consistency (00:00 – 06:00 & 18:00 – 24:00):The consistency during zero-irradiance hours 
(00:00 – 06:00 & 18:00 – 24:00) is excellent for all models as well as the Base Load, with them closely 
clustering around an average of	~140 − 150𝑘𝑊, which rises to a peak of~210	𝑘𝑊 in the evening 
peak hours. This establishes that it is still	100%	dependent on the grid without solar generation. 
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• Midday Optimization Window (08:00 – 16:00):Solar generation rises and the behavioral curves 
significantly spread out in the Midday Optimization Window (08:00 – 16:00). F-PERM shows a better, 
faster, plunging grid consumption of almost 10 kW from 12:00 till 14:00. This confirms the operation 
of the logic for F-PERM "Mode 1 (PV Dominant)" with a successful utilization of the sun for load 
buffering of the grid. 

• Algorithmic Lag in Competitors:The depth and speed of responding to the grid is not equal to that of 
IHBA [10] or SRO-VRL [11] and is shallow compared to that of F-PERM for competitors. During 
hour 10, F-PERM has reduced demand on the grid to	~75	𝑘𝑊, while IHBA [10] and SRO-VRL [11] 
are still at	~90	𝑘𝑊	and	~80	𝑘𝑊, respectively. This latency is an example of the time needed for 
computation. When the irradiance changes within the same simulation time-step, the fuzzy evaluation 
will compensate for this, allowing for maximum, instantaneous PV-to-EV (PV2V) energy routing, in 
accordance with F-PERM. 

 

Table 2.Execution latency, renewable utilization and grid stability scores comparison datasheet for quantitative 
algorithms within real life residential base load conditions. 

The empirical execution logs are given in Table 2 to validate the proposed F-PERM architecture with the IHBA 
[10] and SRO-VRL [11] models. The framework is operationally superior, as confirmed by the dataset, which 
has been integrated natively into MATLAB/Simulink.  

Real-World Data Initialization:The system logs show that the system avoids synthetic inputs and is able to 
retrieve real-world solar irradiance datasets (pvwatts_hourly (2).csv). This data is applied to a residential 
double-peak base load, with all of the optimization algorithms being tested under true and stochastic grid 
conditions.  

Computational Latency & Architectural Efficiency:One of the major challenges of the current state of the 
art in deep reinforcement learning is the use of cross-platform co-simulation, e.g., Python-to-MATLAB, 
resulting in data latency. The logs are empirical to empirically confirm F-PERM's "zero-latency" architecture, 
dynamically obtained by native MATLAB tic/toc functions. The SRO-VRL [11] model exhibits a high 
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computational latency of 287,22ms in execution, facing the "black box" bottleneck. F-PERM runs in an 
impressive 92.34ms. This latency is under 100 milliseconds, which means F-PERM can process power routing 
requests within a single simulation time-step, resulting in high frequency grid stability during transient events, 
such as cloud cover. IHBA [10] is slightly faster (77.62 ms) but with poor utilization efficiency.  

Performance Matrix & Grid Stability:The datasheet provides quantitative evidence of the visual claims of 
the comparative analysis in the form of a performance matrix and a stability grid. An unprecedented Renewable 
Utilization of	98% is achieved by F-PERM, compared to only	78%	for SRO-VRL [11] and	72% for IHBA 
[10]. This establishes F-PERM’s deterministic, rule-based logic to instantly route available𝑃AGto the	𝐸𝑉 load 
without the delays of iterative optimization. Moreover, F-PERM has a near-invulnerable Grid Stability Score 
of	99%, compared with	88% for SRO-VRL [11] and	82% for IHBA [10]. This is evidence of the bidirectional 
current control along d-q axis of F-PERM, which is very precise and ensures to perfectly perform resilient 
Vehicle-to-Grid (V2G) stress support operations, without causing oscillations in the system. 
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