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Abstract
Smart grids and microgrids are modern solutions to overcome the limitations of
conventional power systems. These systems depend heavily on embedded control systems
for monitoring, protection, automation and real-time decision making. Embedded
controllers are used for load balancing, voltage regulation, renewable energy
integration and fault detection in distributed power networks. With increasing
penetration of solar, wind and storage units, the need for intelligent embedded platforms
has grown very much. This paper presents a detailed review of embedded control systems
used in smart grids and microgrids. It discusses architecture, communication methods,
control strategies, hardware platforms, and challenges. The role of real-time operating
systems, loT connectivity and distributed intelligence is also explored. Tables and

diagrams are included to show system structure and component roles.

Keywords: Embedded systems, Smart grid, Microgrid, Real-time control, Distributed
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1. Introduction

Traditional power grids were designed for one-way power flow from centralized plants to
consumers. But today energy systems are becoming distributed and bidirectional. Renewable
energy sources like solar panels and wind turbines are connected at local levels. This created
the concept of smart grids and microgrids.

A smart grid uses communication, automation and embedded control to make power network

intelligent. A microgrid is a small scale localized grid that can work connected to main grid or
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in island mode. Both systems need fast control, sensing and decision making which is done by
embedded control systems.

Embedded controllers are installed in smart meters, protection relays, inverters, energy
management units and sensors. These devices continuously monitor parameters like voltage,
current, frequency and power quality. Based on this data, control decisions are taken in real

time.

2. Overview of Smart Grids and Microgrids

The transformation of traditional electrical grids into smart grids and microgrids is driven by
the need for more efficient, reliable, and sustainable energy systems. Embedded control
systems play a crucial role in enabling these modern power networks by facilitating real-time
monitoring, automation, and adaptive control.

2.1 Smart Grids

A smart grid is an advanced electricity network that integrates digital communication,
automation, and embedded intelligence to improve the efficiency, reliability, and sustainability
of power delivery. Unlike conventional grids, smart grids are bidirectional, meaning
electricity and data can flow in both directions between the utility and consumers. This is
essential to accommodate distributed energy resources (DERs), such as solar photovoltaic
systems, wind turbines, and energy storage units.

Key Features of Smart Grids:

1. Two-Way Communication: Smart grids use embedded devices like smart meters and
sensors to enable real-time data exchange between consumers and utilities. This helps
in load forecasting, demand response, and fault detection.

2. Advanced Metering Infrastructure (AMI): AMI consists of smart meters,
communication networks, and data management systems that provide detailed energy
usage information and allow remote control of devices.

3. Integration of Renewable Energy: Smart grids can efficiently integrate intermittent
renewable sources by dynamically adjusting generation and storage using embedded
controllers.

4. Self-Healing Capabilities: Embedded sensors and automated switching allow the grid
to detect faults and isolate affected sections, improving reliability.

5. Energy Efficiency: By providing real-time energy consumption data and controlling

demand peaks, smart grids reduce energy wastage and operational costs.
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Smart grids often operate at large scales, covering cities, regions, or even entire countries. They

require hierarchical control, where local embedded controllers manage immediate tasks,

while central energy management systems oversee grid-wide operation.

2.2 Microgrids

A microgrid is a smaller, localized power network that can operate either connected to the

main grid or in islanded mode (independently). Microgrids are designed to improve energy

reliability, enable renewable integration, and support critical loads during grid disturbances.

Key Features of Microgrids:

1.

Localized Generation: Microgrids incorporate DERs like solar panels, wind turbines,
and small-scale generators close to the point of consumption.

Islanded Operation: When the main grid fails, a microgrid can continue supplying
power to its local loads using embedded controllers for automatic switching and
voltage/frequency regulation.

Distributed Control: Microgrids rely on local embedded intelligence to manage
energy production, storage, and distribution without always depending on a central
controller.

Demand-Side Management: Embedded systems monitor load patterns and optimize
energy consumption through automated load shedding or shifting.

Energy Storage Integration: Batteries or other storage systems are managed by
embedded controllers to balance supply and demand, maintain voltage stability, and

store excess renewable energy.

Applications of Microgrids:

Remote Communities: Provide reliable electricity in areas with limited grid access.
Industrial Facilities: Ensure uninterrupted power supply for critical operations.
Campus or Commercial Areas: Reduce energy costs and carbon footprint.
Hospitals and Data Centers: Guarantee power during grid outages using islanded

mode capability.

Feature Smart Grid Microgrid
Size Large, city or country scale Small, campus or community
Operation Connected to main grid Can operate islanded
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Feature Smart Grid Microgrid

Power Flow |Bidirectional Local generation and load

Control Centralized + distributed Mostly distributed

Components |Smart meters, substations, sensors DERs, storage, local controllers

Smart grids depend on wide area communication and control, while microgrids rely more on

local embedded intelligence.

3. Role of Embedded Control Systems

Embedded control systems are the intelligent backbone of modern smart grids and microgrids.
They enable real-time decision-making, automation, and efficient operation of distributed
energy resources (DERs). Unlike traditional grid controllers, embedded systems are designed
for low latency, high reliability, and fault-tolerant operation, which are critical for
maintaining power stability and quality in increasingly complex energy networks.

Embedded controllers typically consist of microcontrollers (MCUs), digital signal
processors (DSPs), field-programmable gate arrays (FPGAs), and system-on-chip (SoC)
platforms. These hardware units are equipped with analog-to-digital converters (ADCs),
communication interfaces, and real-time operating systems (RTOS) to execute fast control
algorithms and handle multiple inputs from sensors and actuators simultaneously.

The main roles of embedded control systems in smart grids and microgrids are outlined below:

3.1 Real-Time Monitoring of Grid Parameters
Embedded controllers continuously collect and process data from sensors, smart meters, and
measurement units. Parameters such as voltage, current, frequency, phase angle, and power
factor are monitored in real time.
e Purpose: Detect abnormalities, track energy consumption, and inform control
decisions.
e Technology: Analog signals from sensors are converted to digital data using ADCs,
processed by the controller, and transmitted via communication protocols like Modbus,
IEC 61850, or MQTT.
o Example: Phasor Measurement Units (PMUs) use embedded systems to provide high-

resolution data for wide-area monitoring in smart grids.
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3.2 Load and Generation Balancing
Embedded control systems ensure that energy supply matches demand at all times. Load
variations in microgrids or smart grids can occur due to dynamic consumer usage or fluctuating
renewable generation.
o Task: Adjust output from distributed generators and storage units, implement load
shedding, or shift non-critical loads.
e Methodology: Controllers run predictive algorithms or real-time feedback loops to
maintain stability.
o Example: In a microgrid, an embedded controller can regulate multiple solar inverters

to maintain constant voltage during sudden load spikes.

3.3 Renewable Source Control
Renewable energy sources like solar and wind are intermittent and require intelligent control
to integrate smoothly with the grid.
o Embedded tasks include:
o Maximum Power Point Tracking (MPPT) in solar inverters.
o Wind turbine pitch control and generator torque regulation.
o Synchronization with grid voltage and frequency.

o Impact: Optimizes energy extraction while minimizing stress on the grid.

3.4 Battery Storage Management
Energy storage systems are critical for balancing supply and demand, especially in islanded
microgrids or grids with high renewable penetration.
o Embedded control tasks:
o Monitoring cell voltage, current, and temperature.
o Controlling charge/discharge cycles.
o Calculating State of Charge (SoC) and State of Health (SoH).
o Preventing overcharging or deep discharge.
e Outcome: Extends battery life, improves reliability, and ensures stored energy is used

optimally.
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3.5 Fault Detection and Isolation
Power system faults, such as short circuits or line failures, can cause outages or damage
equipment. Embedded controllers perform real-time fault detection, isolation, and
reconfiguration.
e Techniques:
o Overcurrent and overvoltage monitoring.
o Differential protection using FPGA-based high-speed processing.
o Automated switching to isolate faulty sections.

o Benefit: Minimizes downtime and protects both consumers and equipment.

3.6 Demand Response Implementation
Embedded controllers enable demand-side management, where load is adjusted dynamically
to match available generation.
e Functions include:
o Sending signals to smart appliances to reduce consumption during peak periods.
o Prioritizing critical loads while shedding non-essential ones.

» Significance: Reduces peak load, improves grid efficiency, and lowers energy costs.

3.7 Power Quality Improvement
Power quality issues such as voltage sags, harmonic distortion, flickers, and frequency
deviations affect sensitive equipment and reduce grid efficiency.
o« Embedded control tasks:
o Active filtering using inverters and power electronic devices.
o Dynamic voltage regulation.
o Harmonic suppression through real-time signal processing.

e Outcome: Ensures stable, high-quality power for all consumers.

4. Architecture of Embedded Control in Smart Grids
Each field device contains microcontroller or microprocessor, ADC modules, communication

interface and firmware.
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5. Hardware Platforms Used

Hardware Application Advantages

ARM Cortex-M MCUs Smart meters, sensors Low power, real-time
DSP Processors Inverter control Fast math operations
FPGA Protection relays Parallel processing
Raspberry Pi/ SBC Gateway nodes High connectivity
SoC platforms Energy management units Integrated solution

6. Communication Technologies

Embedded devices use various communication protocols:

ZigBee / IEEE 802.15.4 — Low power sensor network
Power Line Communication (PLC) — Uses existing lines
Wi-Fi / Ethernet — High data rate communication
LoRaWAN - Long distance communication

Modbus, CAN, MQTT — Protocols for device messaging

Reliable communication is important for coordinated control.

7. Control Strategies in Microgrids

7.1 Voltage and Frequency Control

Embedded controllers regulate inverter outputs to maintain stable voltage and frequency.

7.2 Droop Control

Used for load sharing among multiple distributed generators without communication.

7.3 Energy Management Algorithms

Algorithms decide when to charge battery or use renewable power.

7.4 Fault Detection

Fast detection using current and voltage sensors, processed by microcontrollers.

8. Role of RTOS in Embedded Grid Controllers

RTOS ensures deterministic task scheduling:

Sensor sampling tasks

Communication handling
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e Protection interrupts
e Control loop execution

RTOS like FreeRTOS, VxWorks and Zephyr are commonly used.

9. Smart Metering Using Embedded Systems
Smart meters contain embedded modules for:

o Energy measurement

o Data logging

e Remote communication

o Tamper detection

e Demand response signals

These meters are installed at consumer side.

10. Integration of Renewable Energy
Embedded control is needed for:

e Solar MPPT algorithms

e Wind turbine pitch control

e Synchronization with grid

e Inverter switching control

11. Battery and Energy Storage Control

Battery management systems (BMS) use embedded processors to:
e Monitor cell voltage and temperature
o Prevent overcharging and deep discharge

o Estimate state of charge (SoC)

12. IoT and Cloud Connectivity
IoT gateways collect data from embedded nodes and send to cloud for analytics. MQTT

protocol is widely used.

13. Challenges in Embedded Smart Grid Systems
e Cybersecurity threats

o Real-time performance requirement
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e Power consumption constraints
o Interoperability between devices

e Harsh environmental conditions

14. Advantages of Embedded Control
o Fast response time
e Low cost deployment
e Scalability
e Reduced human intervention

o Improved reliability

15. Future Trends
e Al-based predictive control
e Edge computing in substations
e Blockchain for energy transactions

o Hardware-software co design

16. Sample Functional Table of Embedded Devices

Device Embedded Function Location

Smart meter Energy measurement, comm. Consumer end
Relay Fault protection Substation
Inverter controller DC-AC conversion Solar plant

BMS Battery health Storage unit
Gateway Data aggregation Microgrid center
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Figure: Embedded Control in Microgrid
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17. Figure: Embedded Control in Microgrid
18. Applications

e Rural electrification
e Industrial microgrids
e Smart homes and buildings

o Electric vehicle charging stations

Conclusion

Embedded control systems are the backbone of smart grids and microgrids. Without embedded
intelligence, monitoring and automation is not possible. These systems help in efficient energy
use, integration of renewable sources and reliable power delivery. With advancement in RTOS,
IoT and edge computing, embedded controllers are becoming more powerful and smart.
However issues like cybersecurity and standardization still need attention. Future research will

focus on Al based control and highly distributed architectures.
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