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Abstract: In the modern electrical power system, substations are one of the integral parts in the
transmission and distribution of electrical power. However, it is very difficult to understand the working
of substations and their protection systems due to inaccessibility, safety, and a lack of real-time experience.
Even in simulating substations in a lab, a traditional substation model is used, which is mostly static in
nature
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I. INTRODUCTION

In modern electrical engineering, the power system plays a vital role in the generation, transmission, and distribution of
electrical energy. Among the various components of the power system, the substation plays a vital role in the
transformation of voltage levels in the safe and efficient transmission of electrical energy from the power generation sites
to the consumers. The substation consists of various essential components like transformers, circuit breakers, isolators,
current transformers, potential transformers, etc.
The main aim of a substation is not only to increase or decrease the voltage levels but also to control, protect, and monitor
the flow of electrical power. Substations are used to supply electrical power to different types of loads like residential,
commercial, and industrial sectors. Faults in the substation can lead to power failures, equipment damage, and even life
risk. Hence, the working of the substation and its protection are very important for electrical engineering students and
professionals. Nevertheless, it is difficult to acquire practical experience in substations. This is because real substations
operate at high voltage levels and are associated with safety hazards. Thus, it is difficult to frequently visit substations.
Moreover, when conducting industrial site visits, it is difficult to witness internal activities such as fault occurrences.
This means that students do not comprehend the real-time behavior of substations.
Therefore, various educational institutions have been using models of substations. Nevertheless, such models are mainly
static in nature. This implies that they only illustrate the physical layout of substations. Thus, they do not illustrate real-
time activities. This is because they do not have the capacity to emulate fault occurrences and protection schemes. These
activities are crucial in understanding real-time power systems.
Currently, various technologies such as embedded systems, sensors, and automation are rapidly improving. This means
that it is possible to create intelligent models that can emulate real-time power systems. This is because various
microcontrollers such as ESP32 have sufficient processing abilities. These microcontrollers can effectively handle real-
time activities. This implies that it is possible to create automated substations that can monitor activities, detect faults,
and activate protection schemes. In the above context, the proposed project aims at the design and development of a
prototype of a substation that could be automated to the extent that it could simulate fault conditions in real time and also
display the concept of coordination in the protection schemes used in the substations. This project would involve the
integration of the ESP32 microcontroller with the voltage and current sensors, simulating the faults, and also controlling
the circuit breakers and the isolators in the substations.
The primary purpose of the project:
The primary purpose of the project is to bridge the gap that exists between the theoretical knowledge and the practical
understanding of the substations and the working of the substations in the presence of faults or otherwise.
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II. SYSTEM ARCHITECTURE

The system architecture is centered around the ESP32, which acts as the main control unit for monitoring and automation.
Voltage sensors (ZMPT101B) and current sensors (ACS712) are used to continuously measure electrical parameters from
different phases and feed real-time data to the ESP32. Based on these inputs, the controller detects fault conditions and
executes protection actions. A relay driver circuit using ULN2803 controls the circuit breakers for fault isolation, while
a PCA9685 servo driver module operates multiple servo motors to simulate isolator switching mechanisms. The system
is powered through regulated supplies using LM2596 and AMS1117 voltage regulators to provide stable 5V and 3.3V
outputs. Overall, the architecture integrates sensing, processing, and actuation modules to create an automated and
interactive substation prototype capable of real-time fault simulation and protection coordination.

[ veLay oRwveR 1 PCASGES SERVO DRIVER ,iv
? 1
I i sv 1 v
: ULN2803A T 1 w? =
, o Feaomanes
I c LAk 5y M7
1 )
iy S PR s - .. & # | S 2 g Leoo}=2 = 1 z 1 apw=2
1 ﬁ 2 . o215 1 24 lopa LED1l& H 21, L2 O
1 5 s o03fig | 1 282 FxTIx LED2 -
| o ! o |5 o3[ oo S i
I 5 05 | LE
i 216 06 43 = | u s H? e
i W orlk Fulftau FTR-1YCADOSx | P85 i 1l 3 2
! e 2 osfid 1 o7l = A &
eps{32s 2 i
| 7 i *Z w0 e T O N e
i ! - h e oot} 43 ’ -
1 A2 LED1] 2
! 1 O et LenazfdEac 1 i L
e et e S S S e e e SR e e | e an Lep13tils Fe— =
w2Lis Lenaaf28a fx—4 e—g
i Lepas s I -
= MHotor_Se $ Moter_Serve
[VOLTAGE REGULATOR iz 1 |a
| AMSLIAT-33 433V | -
| o E !
i & i
i = 1
i |
1 1
i ~ i
1 1
| uz | €552 33w i CURRENT SENSCR i
| 259855 ! i +5v v v i
i = PO 1 |
1 ur ] uz w) ur
| oR/oFF 2 ouT | Hew N = 1 = i o i
| 3 1 J 0o/101 B2 e+ ¢ —Yws & e+ S i
| HHSENSOR VP 102 ke I
f 1 wEleensorvn  pxno03 B viout| (@] wout|Z <] vourlZ—¢@] |
i ~7 H 104 K8 L FILTER[ S LFILTER S o FILTER i i
. i e g - 2 e~ 2 !
W ACS7126LCTR-058 A ACSTLZMLCTR=058 :ansn;ucm.ni,a :
[voLTace seusoR : ~ |
B
| ®- = ] i
1 - 1|w. 3 1 £4s00,/500 1016 BX 3
I T ScL 501,504 10152
i o i A <iip 502 1021 2 Ciwg]
1 > l SWP /503 1022 B4
; i SCK /TLK 1023 %
i ——tme———p 1 A scsomp
i 1
R
i !
i ‘l 3 1
! (=> THPTIGK 2
i 1
T Ao -

Fig. 1 System Architecture of ESP32-Based Automated Substation Prototype
The Arduino Mega 2560 is the central controller of the system. It processes the information and sends it to the ESP32
module for wireless communication. It then sends the information to the Firebase platform for storage in the cloud.
A web-based dashboard is then used to retrieve the information and display it in real-time. This way, the system can be
easily monitored in real-time. It is possible to monitor the battery voltage, current, and temperature. In addition, the
battery's SOC and health can be monitored in real-time.

1. METHODOLOGY
A. System Overview
The proposed system is an automated version of a substation designed to provide real-time simulation of the operations,
fault detection, and protection coordination in a safe environment. The system uses a reduced three-phase power supply
to provide real-time simulation of the actual operations of the substation.

Copyright to IJARSCT
www.ijarsct.co.in

DOI: 10.48175/IJARSCT-32509 63

/7 1ssN )
¢ 2581-9429 |2
G\ IJARSCT /3




( IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology |
L A\
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 6, Issue 3, April 2026 Impact Factor: 8.2

The proposed system consists of the following:

e  Power supply/transformer unit

e Busbar feeder arrangement

e Voltage sensing unit

e  Current sensing unit

e Protection system/relay, circuit breaker, isolators

e  ESP32 control unit
The proposed system uses the ESP32 microcontroller as the control unit, which continuously monitors the electrical
parameters and provides protection by executing the program based on the predefined conditions.

B. Power Distribution/Transformer

The proposed system uses a reduced three-phase 110 V AC supply to the input of the system, which represents the
incomer in the actual substation. The three-phase 110 V AC supply is distributed through the busbar feeder arrangement
in the proposed system.  The reduced 110 V three-phase AC supply is applied to the input of the system, simulating
the incomer in the substation.

There are three single-phase transformers in the system, and they are connected to the feeder. Each of the primary winds
of the transformer receives a 110 V AC supply, while the secondary wind of the transformer is in a star connection to
obtain a reduced voltage of 24 V AC.

The reduced voltage ensures the safe working of the system while maintaining the actual behavior of the system.

The transformer unit plays a vital role in the demonstration of the actual working of the system.

C. Sensing and Monitoring Mechanism
The system uses the following to perform the monitoring function in real time:

e  Voltage sensor (ZMPT) for voltage measurement

e  Current sensor (ACS) for current measurement
These sensors constantly collect the electrical values from the feeder side and send the analog signal to the ESP32
microcontroller for processing and comparing the values with the threshold limits.
During normal conditions, the current value will be in the safe range of 0.3-0.4 A. But in case of a fault, the current value
will increase significantly to ~1 A.

D. Fault Creation Mechanism
To create a fault condition in the system in a controlled environment and mimic the conditions of the real world, a
controlled line-to-ground fault is created in the system using a relay-based switching mechanism.
A 25 Q, 50 W ceramic resistor is employed in the system to limit the fault current and ensure the safe operation of the
prototype. When the relay is activated in the system, the fault is created in the system and the current flows through the
resistor.
The fault current is calculated using the following equation:
V. 24

I(fault) = E = E = 0.964
This mechanism is employed in the system for the safe simulation of the fault condition without damaging the system
components.

E. Fault Detection and Decision Logic

In the proposed system, the ESP32 microcontroller is employed for continuously monitoring the sensor data and detecting
any abnormal conditions in the system. A predefined threshold current of approximately 0.6 A is set in the system.

If current < threshold
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Normal operation

If current >= threshold

Fault detected

Once the fault is detected, the controller initiates the protection sequence. The logic ensures quick and accurate detection
while minimizing false triggering.

F. Protection and Control Mechanism
The protection mechanism is implemented in such a way that it mimics the real-world protection coordination in the
substation. It consists of:
e  Circuit Breaker (Controlled through Relay)
e Isolators (Controlled through Servo Mechanism)
The following operations are performed in the event of a fault:
e  Circuit Breaker: Immediately Trips (~50 ms)
e Isolators: After a delay of ~300 ms
This ensures the de-energizing of the circuit before isolation.
The system remains in the isolated state until a reset is manually initiated.

G. Automation and Control using ESP32
ESP32 is a microcontroller that is the brain of the system and performs the following operations:
e  Continuous monitoring of voltage and current
e Processing of sensor data
e  Fault detection using threshold value
e Control of relay and servo mechanism
e Execution of protection sequence
Using the ESP32 microcontroller provides the following advantages:
e Real-time operation
e Fast response
e  Flexibility for future enhancements using IoT

H. Working Procedure
The overall operation of the system is summarized as follows:
e The system is powered ON with a reduced three-phase supply
e ESP32 initializes sensors and control modules
e Voltage and current are continuously monitored
e  System operates normally under safe conditions
e  Fault is introduced using relay mechanism
e  Sensors detect abnormal current values
o ESP32 identifies fault based on threshold
e  Circuit breaker trips immediately
e Isolators open after a predefined delay
e Faulty section is isolated
e  System remains off until manual reset
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IV.IMPLEMENTATION

4.1 Circuit Design
The system includes connections between ESP32, sensors, relay modules, and protection devices. Proper circuit design
ensures accurate signal processing and reliable operation.

4.2 Prototype Development
The prototype is developed by integrating all components into a compact model. The design ensures safety, usability,
and proper demonstration of substation operations.

4.3 HARDWARE COMPONENTS

A. ESP32 Microcontroller

ESP32 acts as the central control unit of the system. It processes sensor data, detects faults, and controls protection
devices. It offers high processing capability and supports wireless communication for future enhancements.

Fig. 2 ESP32 Microcontroller

B. Voltage and Current Sensors
Voltage (ZMPT) and current (ACS) sensors are used to measure electrical parameters and provide real-time feedback to
the controller.

Fig. 4 ZMPT

C. Circuit Breaker
The circuit breaker is used to interrupt the current during fault conditions and protect the system from damage.
Here we are using SSTs to simulate the circuit breakers

Fig. 5 Circuit Breaker
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D. Isolator

The isolator is used to disconnect the faulty section for maintenance and safety. It operates only
After the circuit breaker opens.

Fig. 6 Micro Servo Motor
And here we are using servo motors to replicate the isolators

E. Transformer
The transformer is used to step down voltage to a safe level for operation and testing.

Fig. 7 Transformer

G. Power Supply
A stable power supply is used to ensure proper functioning of all components.

V. RESULTS AND DISCUSSION
The system was tested in different conditions. When the fault was inserted, the sensors were able to detect abnormal
current values, and the ESP32 started the protection sequence.
The circuit breaker tripped immediately, followed by the isolators after a short delay. The system was able to isolate the
faulty section.
When the system was tested in normal conditions, it was seen that the system was not triggering falsely, showing that the
system was working correctly.
The response time of the system was fast, and the protection mechanism was working correctly.

VI. CONCLUSION
The automated substation prototype developed in this project has provided an effective solution for demonstrating
substation operations, fault detection, and protection schemes.
The system has successfully integrated various substation operations, fault detection, and protection schemes in one
platform, making it very useful for learning and training. The system has greatly improved learning by providing an
understanding of substation operations.
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