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ABSTRACT:

A smart grid load balancing system is developed using MATLAB Simulink to simulate the real-time conversion of DC power into a balanced three-phase AC
output. The system is designed to address load imbalances and phase disturbances common in modern grids, especially those integrating renewable energy
sources. The project uses voltage feedback from each phase, calculates error values, and generates PWM signals accordingly. These PWM signals control the
switches of a three-phase inverter, ensuring voltage symmetry and rapid error correction without the use of artificial intelligence or complex optimization models.
The simulation outputs confirm that the system maintains stable, balanced, and high-quality AC output under various load conditions, making it suitable for smart
grid and micro-grid applications.
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Introduction:

The evolution of power systems from conventional centralized networks to modern smart grids has been primarily driven by the increasing global
demand for energy efficiency, sustainability, and the integration of renewable energy sources. With rising environmental concerns and the depletion of
fossil fuels, renewable energy technologies such as solar photovoltaic (PV) and wind energy have gained significant attention. However, these sources
introduce new technical challenges to power systems due to their intermittent and unpredictable nature, which often results in voltage imbalance, power
fluctuations, and frequency instability — particularly in three-phase distribution network. One of the key aspects of maintaining stability in such
systems is load balancing — the process of evenly distributing electrical power across the three phases of the system to ensure reliability, reduce losses,
and improve overall performance. In traditional systems, load balancing is often managed using complex infrastructure or manual intervention, which is
not feasible for dynamically changing smart grid environments. Thus, there arises a need for an automated, real-time solution that can intelligently
regulate power flow and maintain phase symmetry with minimal complexity.

This project focuses on the development of a simulation-based smart grid load balancing system usingMATLAB Simulink, where the primary goal
is to ensure stable, balanced three-phase power output from a DC source, simulating energy supplied by renewable systems. The simulation is built
around a centralized control architecture that continuously monitors output voltages, calculates the deviation from a reference level, and adjusts
inverter switching through logic-controlled PWM signals. Unlike AI-based or predictive control models, this system uses a simple, effective error-
based feedback loop to make real-time switching decisions without requiring external optimization algorithms.

The model incorporates critical elements of smart grid infrastructure such as real-time voltage sensing, error comparison, PWM pulse generation,
and inverter-based DC to AC conversion. The system is tested under different loading conditions to observe its ability to maintain balanced voltages,
symmetrical waveforms, and fast error correction response. The modular structure of the system ensures that it is adaptable for real-world applications,
scalable for larger systems, and practical for future hardware deployment in microgrids and renewable-powered standalone systems.This paper
presents the complete simulation framework, methodology, component structure, and performance analysis of the proposed system and demonstrates its
effectiveness in addressing modern-day challenges in smart grid load balancing.

The introduction serves multiple purposes. It presents the background to your study, introduces your topic and gives an overview of the paper Example
This paper gives a brief summary of weather forecast trends, challenges, and the nature of their occurrence, as well as existing and promising
solutions. The neural network architecture is offered as a possible method for improving the accuracy of weather forecasts produced by various
regional models. This design enables for the prediction of atmospheric model forecast errors as well as their subsequent corrections. Experiments with
various histories of regional model errors are performed. It is demonstrated that the proposed architecture allows for the improvement of a weather
forecast.
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How can we ensure that power delivered across a three-phase system remains balanced and stable in the face of such variability?

Ensuring balanced and stable power delivery in a three-phase system, especially in the presence of fluctuating energy sources, is a critical aspect of
modern power engineering. When any one phase becomes over- or under-loaded compared to the others, it causes voltage imbalance, uneven current
flow, increased losses, and potential damage to sensitive equipment. These issues not only compromise system efficiency but can also lead to grid
instability, tripping of protective devices, and overheating of conductors and transformers.

To mitigate these risks, a real-time monitoring and control mechanism is required—one that can constantly observe the output voltages of all three
phases and instantly detect any deviation from the expected values. This is typically done by comparing each phase voltage with a fixed reference
voltage that represents the ideal or target output level (e.g., 230V RMS or 325V peak per phase). The difference between the actual and reference
voltages is treated as an error signal. This error signal acts as a feedback control variable, which is used to initiate corrective actions through a pulse
width modulation (PWM) logic system. The PWM controller adjusts the switching states of power electronic devices within an inverter, selectively
increasing or decreasing the power supplied to each phase. By fine-tuning the inverter output in this way—based on continuously updated error
values—the system maintains voltage symmetry and phase balance, even if the input power (from the renewable source) or the connected load
changes dynamically. This method of error-driven, phase-specific correction provides a fast, reliable, and cost-effective approach to maintaining
stability without the need for complex computations or predictive algorithms. The continuous loop of sensing, comparing, and correcting ensures that
the output remains within acceptable limits, thereby improving the reliability and quality of power delivered to the load.

And is it possible to achieve intelligent load control without relying on complex, AI-based algorithms?

Yes, intelligent load balancing does not necessarily require artificial intelligence or predictive models. In fact, a logic-driven control strategy can be just
as effective in certain applications, particularly when real-time responsiveness, simplicity, and hardware implementation are priorities. This project
demonstrates how deterministic logic—built using comparators, logic gates, and switch blocks—can be used to generate PWM signals that control an
inverter in real time, based purely on measured voltage errors.

To address these questions, this project presents a simulation model in MATLAB Simulink for a smart grid-compatible load balancing system. The
system begins with a DC power source, simulating renewable energy input. The three-phase AC output is generated by an inverter bridge, which is
controlled using eight PWM signals derived from phase voltage error calculations. A centralized control unit evaluates real-time phase voltages,
computes deviation from reference levels, and activates PWM signals accordingly. The result is a stable, balanced, and responsive three-phase output
that adapts quickly to load variations without relying on AI or machine learning.This approach offers a simple yet powerful solution for modern energy
systems, particularly in microgrids, standalone setups, and renewable-integrated smart grid environments where cost-effective and hardware-friendly
solutions are preferred.

Methodology:

The simulation of the smart grid load balancing system was entirely developed and implemented in MATLAB Simulink. The system is designed to
convert an unregulated DC input, typically derived from a renewable energy source like solar PV or wind, into a balanced three-phase AC output
through real-time control and logic-based pulse width modulation (PWM). The central idea behind the methodology is to ensure that voltage delivered
across all three phases remains symmetrical, regardless of any fluctuations in the input power or load variations on the output side. The simulation
begins with the creation of a DC voltage source that acts as the main power supply. This source mimics the output of renewable systems and provides a
continuous voltage of around 300 to 400 volts, which feeds into a power inverter block. The core of the system lies in the inverter's ability to respond
dynamically to changes in output phase conditions. To enable this, the voltages across each of the three phases—R, Y, and B—are continuously
monitored using voltage measurement blocks. These measured voltages are then routed to a centralized control unit for comparison. Inside this control
subsystem, each measured phase voltage is compared against a fixed reference voltage using subtractor blocks.

The reference voltage, which typically represents the ideal output value (for instance, 230V RMS or 325V peak), serves as the benchmark. The result of
each comparison generates an error signal, which reflects the amount and direction of deviation from the desired voltage level for each individual phase.
These error signals are labeled Ero, Eyo, and Ebo for the R, Y, and B phases respectively. An additional output signal, Efo, may be used to represent a
consolidated system-level error if needed.

Once these error signals are calculated, they are processed through a series of logic blocks that form the PWM control system. Instead of using artificial
intelligence or predictive optimization, the model relies on simple yet effective relational operators and logical gates to determine whether each inverter
switch should be turned ON or OFF. The logic evaluates whether the error for each phase is above or below a specified threshold, and accordingly
controls the generation of eight PWM signals labeled PWM1 through PWM8. These PWM signals are generated in real time and sent directly to the
gate terminals of the inverter's switching devices.

The inverter bridge itself consists of either IGBT or MOSFET switches, arranged in a standard three-leg configuration. Each leg corresponds to one
output phase and is driven by a pair of PWM signals that control its switching behavior. When operated correctly, the inverter converts the incoming
DC power into a three-phase AC waveform with 120° phase separation, producing a clean and stable output. The key feature of the methodology lies in
the system’s ability to modulate the width of each PWM signal in response to the specific error signal for that phase, ensuring that even if one phase
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begins to drop or rise in voltage, the controller compensates instantly by adjusting the switch timing.To simulate the real-world behavior of the load, a
balanced three-phase RLC load is connected to the output terminals of the inverter. This load absorbs the power delivered by the inverter and allows for
performance analysis under steady-state as well as dynamic conditions. All major system parameters, including phase voltages, load currents, PWM
waveforms, and error signals, are routed to Scope blocks for real-time observation and validation. The waveforms are visually analyzed to confirm that
the output remains balanced, clean, and symmetrical throughout the simulation period.

Finally, a Powergui block is included to define the simulation settings. The system operates in discrete simulation mode, which is essential for
accurately modeling switching behavior in power electronic circuits. The sample time is set to 1e-6 seconds, providing high-resolution control over
PWM switching and ensuring smooth waveform generation without numerical instability.
Overall, the methodology adopted in this project is based on structured modular development, real-time error monitoring, and deterministic logic
control. It effectively demonstrates how traditional feedback and PWM techniques can be used to address complex load balancing challenges in smart
grid systems, without the overhead of predictive computing or advanced AI modelsAs additional weather satellites are deployed into orbit and
technology advances, the science of weather forecasting improves. Satellites, ships, aeroplanes, weather stations, buoys, and gadgets dropped from
planes or weather balloons are all used by meteorologists. There are two primary methods of forecasting used by climatologists and meteorologists:
deterministic and probabilistic, both of which have various subsets. A deterministic prediction forecasts a specific event that will occur at a certain time
and location, such as a hurricane's arrival or a tornado's touchdown.

Probabilistic weather predictions indicate the likelihood of weather occurrences occurring in a specific place over a specific time period, such as a
storm lasting a few days. Climate change caused by excess greenhouse gases in the atmosphere, on the other hand, frustrates forecasters since it
becomes more difficult to predict whether that varies due to any outside influence that does not follow seasonal trends or averages.
The smart grid load balancing system is based on the real-time conversion of a direct current (DC) supply—representing renewable energy sources such
as solar or wind—into a balanced three-phase alternating current (AC) output. This is accomplished through a closed-loop feedback system that
continuously monitors phase voltages and dynamically adjusts inverter switching using logic-controlled Pulse Width Modulation (PWM). The system
is designed to operate without the use of artificial intelligence or predictive algorithms, instead relying on deterministic logic built through comparators,
relational operators, and gate-level control.

The operation begins with the DC source, which supplies a constant or slightly variable voltage (typically between 300V to 400V) to a three-phase
inverter bridge. The inverter is constructed using semiconductor switches such as IGBTs or MOSFETs, arranged in a three-leg topology to synthesize a
three-phase AC waveform from the DC input. However, to ensure that each phase—R, Y, and B—delivers power symmetrically and without imbalance,
the system incorporates a feedback-driven control strategy.
Each output phase of the inverter is monitored in real-time using voltage measurement blocks. The measured voltages from each phase are compared
with a fixed reference voltage that represents the ideal or desired output level (e.g., 230V RMS or 325V peak). The differences between the measured
and reference voltages are calculated using subtractor blocks, generating three phase-specific error signals—Ero, Eyo, and Ebo. These error signals
represent how much each phase is deviating from the target voltage, either in excess or deficiency.These voltage errors are then processed inside a
centralized logic-based control subsystem. This control unit contains a combination of relational operators and logic gates (e.g., greater-than, less-than,
AND, OR) that evaluate whether the voltage in each phase requires adjustment. Based on the magnitude and polarity of the error signals, the logic
subsystem generates eight PWM signals (PWM1 to PWM8) that act as gate control signals for the inverter switches. These PWM pulses are
dynamically adjusted in duty cycle and frequency according to the severity and direction of the phase imbalance.

As these PWM signals control the timing and duration of the inverter switches’ operation, the inverter modifies the AC output waveforms in real time.
This modulation ensures that voltage delivered to each phase is regulated and corrected, resulting in a well-balanced three-phase AC output. The system
adapts to load changes or disturbances almost instantaneously, allowing for continuous voltage symmetry and clean sinusoidal waveforms across all
three phases. To monitor and validate the system performance, scope blocks are integrated into the simulation model. These scopes visualize the phase
voltages, phase currents, PWM signals, and error signals, allowing the user to observe how the system responds under both steady-state and transient
conditions. The system is simulated using a discrete-time solver with a time step of 1e-6 seconds, ensuring precise timing for PWM switching events
and accurate waveform modeling.This control method enables the system to achieve smart load balancing without relying on external forecasting,
predictive modeling, or AI-based learning. Its simplicity and modularity make it ideal for implementation in microgrids and renewable-powered
systems where quick response, low complexity, and cost-effectiveness are crucial. By continuously correcting phase imbalances in real-time, the
system ensures stable, reliable, and high-quality power delivery suitable for smart grid environments.

Clarification on Logic-Based PWM Signal Generation:

Unlike AI or machine learning systems that require training datasets and predictive algorithms, the PWM control logic in this model operates entirely
on real-time data using pre-defined logical conditions. The control logic is constructed using simple, deterministic tools such as comparators and logic
gates, making it easy to follow, modify, and implement in embedded systems. Each error signal is processed through logical decision blocks that decide
whether a phase's voltage needs to be increased or decreased. Based on this, the corresponding PWM signal is either enabled or disabled. This approach
allows for fast switching and real-time correction, and it makes the control structure suitable for microcontroller or FPGA implementation, where
simplicity and reliability are essential.
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Importance of Discrete Simulation and Time Step Selection:

In the simulation of power electronic systems—particularly those involving high-speed switching devices like IGBTs or MOSFETs—choosing the
appropriate simulation mode and time step is critical for accuracy and stability. The system developed in this project utilizes discrete simulation with a
time step of 1 microsecond (1e-6 seconds) to replicate the behavior of PWM-controlled inverter switching with high fidelity. Discrete mode is
preferred in such applications because it allows the simulation to resolve sharp transitions in logic signals and switching states, which would otherwise
be smoothed or misrepresented in continuous-time simulation environments.The Pulse Width Modulation (PWM) technique used in the system
requires extremely fast switching, often in the range of several kilohertz. Accurately capturing the rising and falling edges of PWM signals, as well as
the instantaneous response of inverter switches, depends heavily on the resolution of the simulation clock. A coarse or improperly chosen time step
could lead to missed switching events, inaccurate waveform shapes, harmonic distortion, and ultimately, a misleading interpretation of the system’s
performance.

Moreover, discrete simulation allows for precise modeling of digital control logic, which is particularly relevant in this system where the PWM
signals are generated through logic gates, comparators, and switch blocks. In real hardware, such logic is implemented using microcontrollers or digital
signal processors (DSPs), which also operate in discrete time. Therefore, simulating the system in discrete mode not only provides accurate results but
also mirrors the behavior of the real-world implementation, making it easier to transition from simulation to hardware prototyping.

Another important aspect is computational efficiency and simulation stability. When simulating power electronic systems with fast transitions,
continuous solvers may struggle with stiff equations or convergence issues. Discrete mode avoids these problems by simplifying the mathematical
modeling of switch dynamics, allowing the system to run smoothly and reliably even under high-frequency switching or transient load conditions.
By using discrete simulation with a finely tuned time step, the model ensures that every switching event, waveform anomaly, or transient correction is
captured with high precision. This is especially critical when validating system behavior during startup, load disturbances, or rapid error correction
scenarios—all of which are central to load balancing in smart grids.When predicting the weather, the analog approach is difficult to utilize because it
needs to identify a day in the past with weather that is comparable to the current forecast, which is tough to do. Consider the following scenario: the
current forecast predicts a warm day with a cold front approaching the forecast area.A similar day occurred in the previous month when a warm day
was followed by the arrival of a cold front, which resulted in the formation of thunderstorms later in the day. The forecaster could use the analog
approach to anticipate the same type of weather, but even minor variances between the past and the present can influence the outcome, thus the analog
method may not be the best option.

Objective:

The primary objective of this project is to design, develop, and simulate a smart grid load balancing system using MATLAB Simulink that can
dynamically maintain voltage symmetry across a three-phase power network derived from a DC source, typically representing renewable energy
systems such as solar or wind. With the growing dependence on clean energy and decentralized power generation, traditional power systems face new
challenges—particularly in maintaining balanced voltage and load conditions due to the intermittent and unpredictable nature of renewable sources.
Unbalanced phases can lead to inefficient operation, increased line losses, equipment damage, and poor power quality, all of which are detrimental to
the performance and reliability of smart grids.

This project aims to address these challenges by developing a control system that relies on real-time voltage feedback and logic-based PWM control to
regulate inverter switching operations. The core intent is to eliminate phase imbalances by continuously monitoring the output voltages of the three
phases (R, Y, and B), calculating deviation from a predefined reference, and using these errors to generate PWM signals. These signals control the
gates of power electronic switches in a three-phase inverter, thereby correcting the imbalance and producing a stable, synchronized, and balanced AC
output.

Another important objective is to implement this control mechanism without the use of artificial intelligence or machine learning algorithms.
Instead, the system utilizes a centralized logic controller built from comparators, logic gates, and switch blocks to make deterministic decisions based
on voltage error values. This ensures that the system remains transparent, easy to understand, cost-effective, and practical for hardware
implementation—especially in low-resource environments such as rural microgrids or standalone solar installations.

Additionally, the project seeks to test the system under varying load conditions and observe how effectively the control logic responds to disturbances.
Through comprehensive simulation using MATLAB Simulink’s discrete environment, the model should demonstrate fast error correction, waveform
stability, and real-time adaptability, while maintaining simplicity in control architecture.

In summary, the objective of the project is to create a fully functional simulation model of a smart grid load balancing system that combines real-time
voltage monitoring, feedback-based control, and logic-driven PWM signal generation, resulting in a reliable, scalable, and hardware-compatible
solution for next-generation smart energy systems.

Key Supporting Points
 To generate PWM signals dynamically based on real-time voltage error feedback.
 To model and simulate a three-phase inverter capable of correcting phase imbalance.
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 To eliminate the use of AI while still achieving intelligent phase correction.
 To simulate the system using discrete time with precise switching resolution.
 To observe waveform quality and balance under various load conditions.
 To maintain cost-effectiveness and reduce system complexity for real-world feasibility.
 To ensure compatibility with renewable DC sources like solar panels or batteries.
 To make the control logic suitable for microcontroller or FPGA implementation.
 To ensure fast system response during load changes or disturbances.
 To demonstrate the potential of logic-based control in smart grid infrastructure.

Results

The simulation of the smart grid load balancing system was carried out in MATLAB Simulink with the aim of evaluating how effectively the proposed
model maintains phase symmetry and waveform quality under different operating conditions. The system's performance was examined by observing
real-time output voltages, currents, error signals, and PWM pulses through multiple scope blocks embedded throughout the model. The results clearly
demonstrate that the system operates as intended, dynamically correcting phase imbalances and delivering a stable, balanced three-phase AC output
from a single DC source.Initially, during the startup phase of the simulation, the system exhibited a brief transient period where the inverter output
voltages were slightly misaligned with the reference values. This is expected in any real-world system due to initial switching delay and component
charging times. However, within a few milliseconds, the error feedback loop actively detected the deviation in each phase and immediately triggered
corrective actions through the logic-controlled PWM signals. The centralized control unit generated specific PWM signals—PWM1 through PWM8—
which adjusted the duty cycles of the inverter switches in real time. This allowed the inverter bridge to modify its output, resulting in the phase voltages
quickly aligning with the reference level.

The voltage waveforms of the three phases—VR, VY, and VB—were observed to be sinusoidal, symmetrical, and spaced 120 degrees apart, indicating
a properly functioning three-phase system. The amplitude of each waveform remained close to the reference value of 230V RMS (approximately 325V
peak), which confirmed that the inverter was producing the correct voltage level under the control of the PWM logic. Even under conditions where the
load values were altered during the simulation, the system responded almost instantaneously, recalculating error values and updating PWM pulses to
correct any emerging imbalance. This rapid convergence of voltage errors highlights the efficiency and responsiveness of the logic-based control
mechanism.

In addition to voltage performance, the system’s load current behavior was also analyzed. The phase currents were found to be equal in magnitude and
shape, confirming that the load received a balanced supply. There were no signs of current distortion, waveform clipping, or harmonic irregularities.
This validated that the inverter output was not only voltage-balanced but also capable of delivering clean and consistent power to the load.
The error signals—Ero, Eyo, and Ebo—were plotted to observe how effectively the system detects and corrects voltage deviations. These signals
spiked initially during startup and momentarily during sudden load changes. However, in each case, the feedback loop rapidly brought the error values
down to near-zero levels within a short time window. This proves that the system is highly sensitive to voltage deviation and capable of executing real-
time corrections, without the need for complex predictive algorithms.

The behavior of the PWM pulses was also closely monitored. Each of the eight PWM signals changed dynamically based on the logic derived from the
error signals. The duty cycles adjusted in response to increasing or decreasing voltage errors, leading to precise control of inverter switching. This
dynamic response of PWM logic was essential in ensuring phase synchronization and voltage regulation. No false triggering or redundant switching
was observed, which reflects the stability and clarity of the logic design.

Finally, overall system stability was validated through observation of waveform consistency over time. The system maintained continuous sinusoidal
output, with no overshoot, waveform distortion, or oscillations during extended simulation periods. This confirms that the system design is not only
functional but also stable under a wide range of operating scenarios.In summary, the results of the simulation strongly support the effectiveness of the
logic-based, feedback-driven control strategy implemented in the smart grid load balancing model. The inverter successfully produced a clean, balanced
three-phase AC output, with rapid error correction and precise PWM control. The model proved to be reliable, stable, and highly responsive, offering a
practical and efficient solution for real-time load balancing in smart grid environments without the use of artificial intelligence or complex optimization.
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F Block Diagram

Fig 2 : Smart Grid System
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Fig 3 : Scope Output (Balanced view of 3 phase system)

Conclusion

The successful simulation of the smart grid load balancing system using MATLAB Simulink demonstrates that real-time voltage correction and phase
balancing can be achieved through a logic-based, feedback-driven approach without relying on artificial intelligence or complex predictive algorithms.
The model integrates a DC source, representing a renewable energy supply, with a three-phase inverter controlled by dynamically generated PWM
signals. These signals are produced in response to voltage error values computed from real-time phase measurements and compared against a
predefined reference voltage.

The control strategy, centered around a centralized logic controller, effectively manages the gate pulses of inverter switches to correct phase imbalances
in real time. Through continuous monitoring of output voltages and dynamic adjustment of PWM duty cycles, the system maintains stable, clean, and
symmetrical three-phase AC output across a variety of load conditions. The voltage and current waveforms observed during simulation were sinusoidal
and well-aligned, confirming the inverter's effectiveness in delivering balanced power.

Moreover, the project successfully proves that even without AI-based forecasting or adaptive machine learning, a smart grid load balancing system can
be designed with high performance, modularity, and practical feasibility. The use of simple logic blocks, comparators, and relational operators allows
the control algorithm to be transparent, easily tunable, and ready for future implementation on embedded hardware platforms such as microcontrollers
or FPGAs.

This model not only addresses the challenges posed by the integration of renewable energy sources but also lays the foundation for scalable smart grid
solutions where cost, simplicity, and real-time performance are critical. It bridges the gap between theoretical inverter control and practical power
management by delivering a system that is technically sound, educationally insightful, and industrially applicable.
In essence, the project highlights that intelligent and adaptive energy control can be achieved through traditional logic systems—making it a promising
solution for next-generation power grids, decentralized energy systems, and sustainable rural electrification.
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