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Abstract

Three-phase induction motors are the workhorse of modern industry, yet they remain vulnerable to a variety of electrical and
mechanical faults that can cause costly unplanned downtime. This paper presents a comprehensive microcontroller-based
protection system for three-phase induction motors capable of detecting and responding to single phasing, over-voltage, under-
voltage, and over-current conditions in real time. The PIC 16F877A microcontroller serves as the central processing unit,
monitoring six analog inputs representing three-phase voltages and currents sampled via step-down transformers (220 V/6 V) and
current transformers acting as current-to-voltage converters. Digital thresholding logic compares instantaneous measurements
against pre-programmed nominal limits and issues trip signals to protective relays when violations are detected. An LCD interface
provides continuous real-time display of fault parameters, and the system incorporates an auto-restart feature upon parameter
recovery. Simulation and hardware test results confirm reliable fault detection, rapid trip response, and cost-effective
implementation compared with conventional relay-only schemes.
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I. INTRODUCTION

Three-phase induction motors account for the vast majority of electrical energy consumption in industrial facilities
worldwide. Their popularity stems from a combination of simple and robust construction, low manufacturing cost, good self-
starting capability, and minimal maintenance requirements [7]. However, the same operating environments that make induction
motors indispensable—chemical plants, steel mills, water treatment facilities, food processing units—also expose them to a wide
range of electrical stresses that can precipitate premature failure.

Industry statistics indicate that a significant fraction of induction motor failures originate from electrical faults: single
phasing accounts for approximately 30-40% of field failures, while voltage unbalance, over-voltage, under-voltage, and overload
conditions collectively contribute another 30%. When a single phase of the supply is lost—due to a blown fuse, an open circuit
breaker, or a feeder fault—the motor continues to run but draws severely unbalanced currents in the remaining two phases, causing
rapid overheating of stator windings and dramatically shortening insulation life [1]. Distribution feeder statistics reinforce this
concern: roughly 70% of all faults on overhead lines are single-phase-to-ground faults [2].

Voltage-level deviations present an equally serious threat. Under-voltage conditions force the motor to draw higher
currents to maintain torque, increasing copper losses and thermal stress on the windings. Conversely, sustained over-voltage
accelerates insulation degradation and increases iron losses [3]. Voltage unbalance—even at magnitudes as low as 3.5%—can
reduce motor efficiency by several percent and necessitates de-rating according to NEMA MG1 standards [4].

Conventional motor protection relies on bi-metallic overload relays and fuses, which respond only to thermal effects with
inherent time delays. These devices cannot distinguish between different fault types, cannot communicate fault information to
operators, and lack the intelligence to differentiate a momentary transient from a sustained abnormality warranting a trip.
Microcontroller-based protection overcomes these limitations by enabling fast, programmable, multi-parameter monitoring with
the ability to log fault events and support auto-restart sequences [6], [7].

This paper presents the design and implementation of a PIC 16F877A microcontroller-based protection system that
simultaneously monitors three-phase voltages and currents, compares them against configurable limits, and activates protective
relays within milliseconds of fault inception. The contribution of this work lies in integrating multi-fault detection—single phasing,
over/under-voltage, over-current—into a single low-cost embedded platform with real-time LCD feedback and automatic recovery
capability.
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The paper is organized as follows. Section Il reviews relevant prior work. Section 111 characterizes fault types and their
effects. Section IV describes the proposed protection system architecture. Section V details the hardware implementation. Section
VI presents results and discussion. Section V11 concludes the paper.

Il. REVIEW OF LITERATURE

The protection of three-phase induction motors has attracted sustained research interest, with contributors addressing fault
characterization, detection algorithms, and hardware platforms.

Kersting [1] provided a detailed analysis of single-phasing phenomena in three-phase induction motors. He showed that
when a phase opens at the distribution transformer or feeder end, stator and rotor losses increase by up to ten times while shaft
output power falls to near zero. When the open occurs at the motor terminals, losses increase by a factor of two and output power
drops by approximately 30%, making rapid detection and disconnection critical to prevent winding damage.

Sutherland and Short [2] examined the consequences of single-phase reclosing events on industrial loads connected to
distribution feeders. Their data confirmed that single-phase faults constitute approximately 70% of all distribution-level faults,
emphasizing the importance of single-phasing protection in industrial motor installations.

Pillay [3] and Faiz et al. [4] independently analyzed the impact of voltage unbalance on motor performance. Pillay
compared voltage-unbalance definitions from IEEE, NEMA, and IEC, demonstrating that NEMA-based calculations may under-
predict unbalance severity compared with rigorous symmetrical-component analysis. Faiz et al. showed that even modest unbalance
levels generate significant negative-sequence currents, substantially elevating rotor losses and reducing efficiency.

Javed and Izhar [5] identified a critical limitation of voltage-measurement-only protection schemes: when the fault occurs
at the distribution transformer or substation rather than at the motor terminals, the terminal voltage may remain nearly normal while
the motor draws abnormal currents. They proposed augmenting voltage monitoring with phasor-angle measurement to detect faults
that cause a phase angle shift in the supply voltage.

Cunkas, Akkaya, and Ozturk [7] demonstrated the viability of microcontroller-based AC motor protection, showing that
a single embedded processor could replace multiple discrete relay elements while reducing hardware cost and improving diagnostic
granularity. Their work on Mediterranean distribution systems established benchmark response times that subsequent
implementations have targeted.

Ransom and Hamilton [6] investigated thermal modeling for motor overload protection, deriving settings for thermal relay
parameters based on different starting regimes. Their findings underline the inadequacy of fixed bimetallic relays for motors subject
to frequent or heavy starting cycles.

Malekpour, Phung, and Ambikairajah [8] presented an online technique for insulation condition assessment of stator
windings under varying load, establishing that partial discharge activity correlates with thermal aging and that early detection
significantly extends winding life. Bonnet and Soukup [9] synthesized NEMA MG1 standards for motor protection, providing the
regulatory framework within which the present work is designed.

The collective gap in the reviewed literature is the absence of an integrated, low-cost, single-chip solution that addresses
all primary fault types—single phasing, voltage deviation, and overload—uwithin a unified protection platform incorporating auto-
restart and real-time operator feedback. The present paper addresses this gap.

I11. FAULT TYPES AND THEIR EFFECTS ON INDUCTION MOTORS

A. Single Phasing

Single phasing occurs when one supply phase is interrupted. The motor continues to run on the remaining two phases,
drawing unbalanced currents that may exceed rated values by 150-200%. Stator winding temperatures rise rapidly and, if
uncorrected within seconds to minutes depending on motor size, permanent insulation damage results. The distribution feeder fault
statistics (single-phase: 70%, double-phase: 20%, three-phase: 10%) highlight the high probability of this event [2].

B. Over-Voltage and Under-Voltage

Sustained over-voltage (typically >110% of rated) accelerates insulation degradation through increased dielectric stress
and elevated iron-core temperatures. Under-voltage (typically <90% of rated) forces the motor to draw proportionally higher
current to maintain load torque, increasing I2R losses and thermal stress. NEMA MG1 recommends motor operation only within
+10% of rated voltage; outside this band, de-rating or immediate protection is warranted [3], [9].
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C. Over-Current and Overload

Overcurrent conditions arise from mechanical overloads, stalled rotors, or short-circuit events. Prolonged overcurrent
causes exponential temperature rise in windings. Standards-based thermal models integrate the square of the current over time (12t
criterion) to determine trip delay, with faster responses at higher overcurrent multiples [6].

D. Voltage Unbalance

Voltage unbalance generates negative-sequence currents that circulate in the rotor cage, producing heat without
contributing useful torque. A 3.5% voltage unbalance can reduce motor efficiency by approximately 5% and requires de-rating of
the motor by 15-20% according to NEMA MG1 [4].

IV. PROPOSED PROTECTION SYSTEM ARCHITECTURE

The proposed system integrates current and voltage sensing, analog-to-digital conversion, threshold comparison, relay
actuation, operator display, and auto-restart logic within a single embedded platform. Figure 1 illustrates the overall block diagram
of the protection scheme.

Fig. 1. Block Diagram: Microcontroller-Based Fault Protection System for Three-Phase Induction Motor
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Fig. 1. Block diagram of the microcontroller-based fault protection system for three-phase induction motor.

A. Voltage Sensing

Three step-down transformers (220 V / 6 V) scale the three line voltages to levels within the 0-5 V ADC input range of
the PIC 16F877A. The output of each transformer is rectified and filtered to produce a DC signal proportional to the RMS supply
voltage. This signal is fed to one of the three dedicated voltage analog input channels of the microcontroller.

B. Current Sensing

Three current transformers (CTs) are installed in series with each phase supply line. Each CT operates as a current-to-
voltage (I-V) converter, producing an output voltage proportional to the line current magnitude. The CT output is conditioned to
remain within the 0-5 VV ADC range and connected to the three current analog input channels. This arrangement allows the
microcontroller to monitor all three phase currents individually.

C. PIC 16F877A Microcontroller

The PIC 16F877A provides eight 10-bit ADC channels, of which six are used—three for phase voltages and three for
phase currents. The microcontroller executes a cyclic monitoring algorithm at a sampling rate sufficient to detect fault conditions
within one complete supply cycle (20 ms at 50 Hz). On-chip program memory stores the reference voltage and current thresholds
corresponding to +10% of the rated values, along with the overload threshold set at 150% of rated current.

D. Relay Interface and Trip Logic

A relay driver circuit interfaces the 5 V logic outputs of the PIC to the three-phase contactor coil. When any monitored
parameter exceeds its threshold, the microcontroller drives the relay de-energization line high, opening the contactor and
disconnecting the motor from supply within one ADC conversion cycle. A separate relay input accepts a single-phase AC supply
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through a rectifier to power the microcontroller independently of the three-phase supply, ensuring the protection system remains
operational during phase-loss conditions.

E. LCD Display and Auto-Restart

A 16x2 alphanumeric LCD continuously displays the real-time values of all monitored parameters and, upon fault
detection, shows the fault type. The auto-restart feature periodically re-enables the contactor after a configurable hold-off time and
checks whether supply parameters have returned to within acceptable limits; if so, the motor is reconnected automatically. This
feature is particularly valuable in applications where momentary voltage disturbances are common and manual restart intervention
is impractical.

V. HARDWARE IMPLEMENTATION AND SOFTWARE ALGORITHM

A. Hardware Components

TABLE |
Key Hardware Components and Specifications
Component Specification / Value
Microcontroller PIC 16F877A, 8-ch 10-bit ADC, 20 MHz
Step-Down Transformer 220V / 6V, 500 mA
Current Transformer Split-core, ratio 100:5, I-V converter output
Protective Relay Electromagnetic relay, 5 V coil, 10 A contacts
3-Phase Contactor AC-3 duty, 7.5 kW, 400 V
LCD Display 16x2 alphanumeric, HD44780 controller
Power Supply 1-phase 220 V — 5 V DC regulated via rectifier
Induction Motor 3-phase, squirrel cage, 5 HP, 415 V, 50 Hz

B. Software Algorithm
The microcontroller firmware is structured as a finite state machine with the following operational states:

1. Initialization: Configure ADC, 1/O ports, LCD, and load threshold constants from EEPROM.

2. Sampling: Sequentially acquire all six ADC channels and convert to engineering units (volts and amperes) using calibration
factors stored in program memory.

3. Threshold Comparison: Compare each voltage against over-voltage limit (V_rated x 1.10) and under-voltage limit (V_rated x
0.90). Compare each current against the overload threshold (I_rated x 1.50). Check for single phasing by testing whether any
phase voltage falls below a minimum detectable threshold (V_rated x 0.10).

4. Fault Action: If any violation is detected, assert the relay trip output, record the fault type and duration, and update the LCD
display with fault information.

5. Auto-Restart: After the configurable hold-off period, re-sample all parameters. If all values are within limits, de-assert the trip
signal to reconnect the motor; otherwise, extend the hold-off period and log the event.

The sampling loop executes at approximately 500 Hz, providing a fault detection latency of less than 2 ms—well within
the 20 ms half-cycle response target required to prevent severe thermal damage during single-phasing events.

VI. RESULTS AND DISCUSSION

The protection system was tested on a laboratory three-phase induction motor (5 HP, 415 V, 50 Hz) under controlled fault
injection conditions. Each fault type was introduced independently and the system response was recorded.

A. Single-Phasing Detection

Single phasing was simulated by opening one phase of the supply contactor. The microcontroller detected the phase loss
within one ADC sampling cycle (2 ms) and issued the trip command to the relay. The motor was disconnected from supply within
8 ms of fault inception, which is significantly faster than the thermal time constant of the motor (approximately 15-20 minutes for
a 5 HP frame). No perceptible temperature rise was recorded in the disconnected windings during repeated test sequences.
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B. Over-Voltage and Under-Voltage Tests

A variable autotransformer was used to progressively raise and lower the supply voltage. Trip events were observed at
111% of rated voltage (over-voltage) and 89% of rated voltage (under-voltage), consistent with the £10% threshold settings. The
LCD displayed the measured voltage values and the fault type in real time. Following voltage restoration to within the normal
band, the auto-restart function reconnected the motor after the 5-second hold-off delay.

C. Over-Current Protection

Mechanical loading was increased progressively using a coupled DC generator acting as a brake. The over-current trip
activated when line current exceeded 1.5x rated value, with trip response within 2 ms. Table 1l summarizes the performance metrics
recorded across all test scenarios.

TABLE Il
Protection System Performance Metrics
Fault Type Detection Time (ms) Trip Response (ms) Auto-Restart
Single Phasing 2 8 Yes (5 s hold-off)
Over-Voltage (>110%) 2 7 Yes (5 s hold-off)
Under-Voltage (<90%) 2 7 Yes (5 s hold-off)
Over-Current (>150%) 2 8 Yes (10 s hold-off)
Phase-Open at Feeder 4 10 Yes (5 s hold-off)

D. Cost and Reliability Assessment

The total bill-of-materials cost for the protection unit is estimated at approximately INR 800-1,200 (USD 10-15),
representing a significant saving compared with dedicated digital multifunction relays (USD 200-500). The system was subjected
to 50 repeated fault-injection cycles for each fault type over a three-day test period with no false trips or missed detections,
demonstrating reliable and repeatable operation.

VII. ADVANTAGES AND SCOPE
A. Advantages of the Proposed System
[J Cost-Effective: Single microcontroller replaces multiple discrete relays, reducing hardware and installation costs significantly.
[J Multi-Fault Detection: Simultaneous monitoring of six parameters enables comprehensive protection within a single platform.
[1 Fast Response: Sub-10 ms trip time prevents thermal damage during rapidly developing faults such as phase loss.
[0 Auto-Restart: Reduces operator intervention for transient disturbances common in industrial distribution networks.

[0 Real-Time Visibility: LCD display provides immediate fault information, accelerating diagnostics and reducing mean time to
repair.

[J Scalability: Firmware thresholds are stored in EEPROM and can be reprogrammed to accommodate different motor ratings
without hardware modification.

B. Scope of Future Work

[0 Condition Monitoring Integration: Extend the platform to include vibration and temperature sensors for predictive
maintenance capabilities.

[J 1oT Connectivity: Add a wireless communication module (GSM/Wi-Fi) to transmit fault logs and alarms to a centralized
SCADA system.

[0 Machine Learning Classification: Implement a lightweight neural network on an ARM Cortex-M processor to classify fault
types from current spectral features, reducing false-positive rates.

[0 Smart Grid Integration: Interface with smart meters to provide demand-side flexibility during grid disturbances.

[J Higher Voltage Ratings: Adapt the sensing circuitry for medium-voltage (3.3 kV, 6.6 kV) motor applications prevalent in
process industries.
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VIIl. CONCLUSION

This paper has presented the design, implementation, and experimental validation of a comprehensive microcontroller-
based protection system for three-phase induction motors. The PIC 16F877A-based platform monitors all three phase voltages and
currents in real time, detecting single phasing, over-voltage, under-voltage, and overload conditions with a fault detection latency
below 2 ms and a total trip response below 10 ms.

Experimental results on a 5 HP laboratory motor confirm reliable detection across 50 repeated fault cycles with zero false
trips and zero missed detections. The auto-restart feature successfully reconnected the motor following transient disturbances in all
test cases, and the LCD interface provided accurate real-time fault information throughout. The total hardware cost of
approximately USD 10-15 compares favorably with commercial multifunction relays, making the system highly attractive for
small and medium-sized industrial installations in developing economies.

The proposed system bridges the gap between conventional electromechanical relay protection and advanced digital relay
technology, offering a practical, low-cost, and reliable solution suitable for widespread industrial deployment. Future extensions
incorporating 10T connectivity and machine-learning-based fault classification will further enhance predictive maintenance
capabilities and support the transition toward intelligent, self-healing industrial power systems.
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