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Abstract: As power systems grow increasingly complex and interconnected, the
reliability of transformers, key components in energy distribution becomes critical.
Conventional protection mechanisms often lack the responsiveness required for real-time
monitoring and adaptive control. This paper proposes an integrated framework that
combines Internet of Things (IoT) technology with Proportional-Integral-Derivative (PID)
controllers to monitor, analyze, and mitigate transformer losses effectively. Beyond the
technical merits, this study reflects on the philosophical and psychological implications of
automated control systems, considering how such systems mirror cognitive processes like
feedback, learning, and anticipation. The proposed model not only enhances operational
efficiency but also invites deeper contemplation on the evolving relationship between
human oversight and machine autonomy in critical infrastructure.
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1. Introduction:

In an era defined by digital interconnectivity and automated intelligence, the field of
electrical power distribution is undergoing a profound transformation. Transformers,
essential yet vulnerable elements of power networks, are increasingly exposed to dynamic
operational stresses and unexpected anomalies. While traditional protection schemes have
offered basic safeguards, they often fall short in providing real-time adaptability and
granular diagnostics.

This paper explores a novel methodology that fuses Internet of Things (IoT) devices with
Proportional-Integral-Derivative (PID) control systems to create an intelligent and
responsive transformer protection framework. IoT devices enable continuous data
acquisition, environmental sensing, and wireless communication, while PID controllers
offer time-tested stability and correction in response to system deviations. Together, they
form a cyber-physical architecture that anticipates and reacts to transformer performance
fluctuations, thereby minimizing energy losses and potential failures.

However, beyond its technical scope, this research situates the control system within a
broader philosophical and psychological context. The PID loop can be viewed as a
simplified analogue to human behavioral feedback: detecting error, correcting course, and
striving for balance. The presence of IoT sensors, akin to sensory extensions of a nervous
system, also raises questions about the delegation of control and the shifting boundary
between human agency and machine autonomy.

Through this interdisciplinary lens, the paper aims to not only present a functional and
innovative engineering solution but also to provoke critical thinking about the
implications of intelligent control systems in our increasingly automated world.

2. Existing Method:

Transformer protection has traditionally relied on electromechanical relays, thermal
sensors, and manual monitoring techniques. These legacy systems primarily focus on
threshold-based triggering, where fixed upper and lower operational limits are defined for
parameters such as temperature, voltage, and current. When these thresholds are exceeded,
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protective mechanisms such as circuit breakers are activated. While these methods offer
basic safety, they often lack the adaptability required for modern, dynamic load
conditions and are prone to delayed response or false triggering.

Over time, digital protection schemes emerged, integrating microprocessor-based relays
and digital fault recorders. These systems improved response speed and offered better
fault diagnosis. However, they still largely operate in a reactive manner and depend on
localized data acquisition without the advantage of distributed sensing or cloud-based
analytics.

Recent developments have seen the introduction of SCADA (Supervisory Control and
Data Acquisition) systems and smart grid technologies, which allow remote control and
monitoring of transformer performance. Although these systems enhance data visibility
and centralize control, they often require significant infrastructure investment and may
still suffer from limitations in real-time responsiveness and fine-tuned control actions.

In parallel, researchers have experimented with Artificial Intelligence (AI) and Machine
Learning (ML) algorithms for transformer fault prediction. While promising in theory,
these models often rely on extensive historical datasets for training, which may not be
available or fully representative of all fault scenarios. Additionally, their “black-box”
nature can pose challenges for critical safety applications where transparency and
interpretability are necessary.

Despite these advancements, there remains a gap in solutions that offer real-time, adaptive,
and explainable control, especially in cost-effective, distributed settings. The absence of
tight feedback loops and granular control mechanisms in existing methods limits their
ability to prevent minor anomalies from escalating into critical failures.

The proposed IoT-PID integrated framework addresses these shortcomings by enabling
continuous, distributed monitoring through IoT sensors and applying closed-loop control
logic using PID algorithms. This system bridges the gap between passive monitoring and
active, intelligent protection by providing a fast, scalable, and cognitively interpretable
solution for transformer loss mitigation.

3. Proposed Method:

(a) Methodology:
The proposed system is designed as a cyber-physical framework that integrates IoT-
based monitoring with PID-controlled response mechanisms for transformer protection.
The methodology is structured in three core phases: data acquisition, real-time analysis,
and adaptive control.
Data Acquisition Layer:
This layer utilizes an array of IoT sensors strategically placed around the transformer to
monitor critical parameters such as:
Load current
Oil temperature
Ambient temperature
Voltage fluctuations
Vibration and noise signatures
Data is collected continuously and transmitted via low-power wireless protocols (e.g.,
Zigbee, MQTT, or LoRa) to a central processing unit. Each sensor node is uniquely
addressed to enable scalable deployment and traceability.
Processing and Decision Layer:
The incoming data is analyzed using a microcontroller or embedded system (ESP32),
programmed to run real-time PID control algorithms. The system computes the error
signal as the difference between the desired transformer performance (setpoint) and the
actual condition.
The PID controller responds with corrective actions based on:
Proportional reaction to the immediate error
Integral reaction to cumulative past errors
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Derivative reaction to the predicted trend of error

This hybrid correction mechanism ensures smooth, stable control without abrupt shifts—
akin to how humans adjust behavior through learning and anticipation.
Actuation and Feedback Layer:
Based on the PID controller's output, actuators are engaged to initiate protective measures
such as:

Load balancing or diversion

Cooling system activation

Automated alerts to human operators

Circuit isolation in extreme cases
A continuous feedback loop updates the system’s behavior, enhancing its ability to adapt
to dynamic conditions and preventing cumulative damage to the transformer.
Philosophical and Human-Centered Reflection:
While the system operates autonomously, human oversight remains essential. Operators
receive real-time visualizations and alerts, maintaining cognitive control over the machine.
This interplay between automated response and human judgment reflects a balance
between autonomy and accountability, a theme with broad relevance in both ethics and
system design.

(b) System Architecture:
The architecture comprises the following layers:
Sensing Layer
IoT-based sensors for temperature, voltage, current, and vibration.
Environmental sensors for ambient conditions.
Communication Layer
Wireless data transmission using lightweight protocols.
Secure cloud or local network interface.
Control Layer
Embedded system running PID algorithm.
Real-time analysis and decision-making module.
Actuation Layer
Relay switches, cooling fans, circuit breakers.
Notification system (SMS, dashboard alerts, etc.)
Human Interface Layer
Graphical dashboard for data visualization.
Manual override and system log access.

4. Working and operation:

The proposed system integrates Internet of Things (IoT) sensors with a Proportional-
Integral-Derivative (PID) control loop to actively monitor and protect power transformers
from losses and faults. The architecture begins with multiple IoT-enabled sensors
deployed at the transformer site. These sensors continuously measure key operational
parameters, including voltage, current, oil temperature, ambient temperature, and load
conditions.

The collected data is transmitted via a microcontroller(ESP32) which acts as a local
processing hub. This data is then relayed wirelessly to a cloud platform or local
monitoring system for visualization and storage. The real-time data flow is essential for
the continuous operation of the PID controller, which compares measured values against
desired reference thresholds.
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Figure 1: System Architecture Diagram for loT and PID-based Transformer Protection

If any deviation beyond permissible limits is detected, the PID controller calculates the
corrective output. This output is used to activate control elements such as cooling fans,
load relays, or alarms. The proportional component reacts to the current error, the integral
accounts for the accumulated error over time, and the derivative predicts future error
based on its rate of change resulting in a smooth and responsive adjustment.

In cases of abnormal rise in temperature or overload conditions, the system initiates pre-
programmed safety actions such as load shedding or transformer isolation. Alerts are
simultaneously sent to operators via connected dashboards or mobile notifications. The
closed-loop system ensures timely corrective actions and minimizes the chance of

transformer failure.

Table 1: Comparative Analysis of Transformer Protection Methods

Criteria Conventional Smart Grid / Al / ML- Proposed IoT-
Methods SCADA Based PID System
Systems Methods
Monitoring Local, Centralized, Predictive, Real-time,
Approach threshold-based supervisory model-driven distributed
Response Slow to Moderate Fast (post- Fast and
Time moderate training) adaptive
System Rigid, Moderate High (needs High, real-time
Adaptability predefined (manual tuning) retraining) tuning via PID
thresholds
Control Fully Semi- Black-box Transparent
Transparency transparent transparent and explainable
Infrastructure Low High Medium to Medium
Cost high (modular,
scalable)
Human Frequent Moderate Minimal Minimal with
Intervention override
capability
Data Low Medium High (training Low to
Dependency needed) moderate (real-
time only)
Preventive Limited Moderate High (if trained High
Capability well) (continuous
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feedback)
Scalability Poor Good Good Excellent (IoT-
based)
Fault Low Moderate Depends on High (adaptive
Tolerance accuracy response)

Moreover, the architecture supports scalability; multiple transformer units can be
integrated into the same dashboard with minimal modification. This modularity makes the
solution applicable across both urban substations and rural grids. In essence, the synergy
between IoT sensing and PID control offers a real-time, cost-effective, and intelligent
platform for loss mitigation and transformer protection.

5. Results and Discussion:

The proposed IoT and PID-based transformer protection system was tested under
simulated abnormal conditions. Parameters such as load spikes, temperature surges, and
voltage anomalies were monitored and acted upon effectively. The PID controller
minimized overshoot and stabilized system behavior quickly, while the IoT interface
enabled real-time alerts and remote accessibility.

Quantitative analysis showed that fault detection time improved significantly compared to
traditional systems. Recovery from fault events was also faster, ensuring minimal

downtime.
Table 2: Transformer Parameters
Parameter Normal Value Fault Condition Threshold Limit
Value
Voltage (V) 230 250 240
Current (A) 8.2 11.6 10
Oil Temperature 45 72 65
(&(9)
Ambient Temp 32 37 40
(&®)
Load (%) 68 92 85
Table 3: PID Controller Response
Event Time of PID Response System Stabilized
Occurrence Time (s) (Y/N)
Load spike 10:14 AM 1.2 Yes
Oil temperature 12:45 PM 1.8 Yes
rise
Voltage surge 2:30 PM 0.9 Yes
Overcurrent event 4:.05 PM 1.5 Yes
Table 4: System Performance Improvements
Metric Traditional System | Proposed IoT-PID | Improvement (%)
System
Fault Detection 54 1.5 72%
Time (s)
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Recovery Time 8.3 4.7 43%
After Fault (s)

Average Operating 58 47 19%
Temp (°C)
Manual 6 1 83%
Intervention
Events/month

6. Conclusion:

The integration of [oT and PID controllers offers an intelligent and efficient solution for
transformer protection. Real-time monitoring and dynamic control significantly reduce
operational risks and system downtime. The proposed system ensures faster fault
detection, proactive maintenance, and enhanced transformer lifespan.
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