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Abstract: Induction motors (IMs) are widely recognized for their durability, simplicity, and 

cost-effectiveness, making them indispensable in both industrial and domestic sectors. In low-

power applications—typically under 1 kW—such as household appliances, light automation 

systems, small-scale HVAC units, and battery-powered machinery, the need for compact, 

efficient, and responsive motor drive systems is increasingly critical. However, achieving 

optimal dynamic performance, energy efficiency, and power quality in such constrained 

environments presents unique engineering challenges. This research presents a comprehensive 

investigation into the design and control of induction motor drive systems optimized for low-

power applications. A detailed comparative analysis of three major control strategies—scalar 

control (V/f), Field-Oriented Control (FOC), and Direct Torque Control (DTC)—is conducted 

through both MATLAB/Simulink simulations and experimental validation using a DSP-based 

inverter setup. Performance metrics, including efficiency, torque response, response time, 

harmonic distortion (THD), and power factor, are examined under varying load conditions. The 

findings demonstrate that vector control techniques, particularly FOC, offer significant 

advantages in terms of control precision and energy optimization, albeit at the cost of increased 

system complexity and computational demand. Scalar control remains a viable option in cost-

constrained scenarios where performance trade-offs are acceptable. The study also identifies 

critical research gaps, including the need for intelligent self-tuning control algorithms, 

lightweight embedded platforms, and integration with IoT-based diagnostic systems. These 

insights provide a foundation for the development of next-generation low-power induction 

motor drives that are both efficient and adaptable to real-world operating conditions. 

 

Keywords: Low-power induction motor, motor drive systems, scalar control (V/f), field-

oriented control (FOC), direct torque control (DTC), dynamic performance, energy efficiency, 

total harmonic distortion (THD), DSP-based control, inverter-fed drive, real-time control, 

torque ripple, smart motor systems, adaptive control, IoT integration. 

 

1. Introduction (Enhanced): 

Induction motors (IMs) are among the most widely utilized electric machines in modern 

engineering systems, accounting for over 60% of industrial motor installations worldwide. 
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Their inherent advantages—such as robust mechanical construction, low cost, minimal 

maintenance, and capability to operate in harsh environments—make them especially attractive 

for both industrial and domestic applications. In the realm of low-power applications (typically 

<1 kW), IMs are the primary choice for devices such as washing machines, fans, small pumps, 

compressors, air conditioners, and automation systems. 

 

However, despite their widespread adoption, the performance of induction motors in low-

power scenarios is often constrained by several challenges. These include poor starting torque 

under direct supply, reduced efficiency at partial loads, and difficulties in maintaining precise 

speed and torque control under dynamically changing operating conditions. Furthermore, 

energy consumption in residential and light industrial sectors continues to rise, creating an 

urgent need for highly efficient and intelligent motor drive systems that can meet modern 

performance and energy standards. 

 

Recent advances in power electronics, digital signal processing (DSP), and control theory have 

made it feasible to implement sophisticated control algorithms in compact and cost-effective 

embedded systems. Techniques such as scalar control (commonly referred to as V/f control), 

field-oriented control (FOC), and direct torque control (DTC) have enabled enhanced dynamic 

response, better torque regulation, and higher efficiency, even in low-power applications. Each 

of these strategies offers unique trade-offs between complexity, performance, and cost, making 

it crucial to evaluate their suitability in different operational contexts. 

 

This paper presents a comprehensive study on the modeling, control, and performance analysis 

of induction motor drive systems for low-power applications. By comparing V/f, FOC, and 

DTC methods through both simulation and experimental validation, the work aims to provide 

a clear understanding of how these strategies affect critical performance metrics such as 

efficiency, torque response, harmonic distortion, and power factor. The results of this study are 

intended to guide researchers and engineers in selecting and designing appropriate drive 

systems for energy-efficient and high-performance applications in the sub-kilowatt power 

range. 

 

2. Objectives: 

The overarching objective of this research is to design, implement, and comprehensively 

evaluate induction motor drive systems tailored for low-power applications, with a focus on 

enhancing energy efficiency, dynamic performance, and control precision while maintaining 

system affordability and scalability. The work addresses critical performance limitations found 

in conventional drive systems deployed in the sub-kilowatt range and seeks to contribute both 

theoretical insight and practical validation toward the development of next-generation low-

power motor drives. 

The specific objectives are outlined as follows: 

a) To model and analyze the dynamic behavior of squirrel cage induction motors 

operating under low-power conditions (≤1 kW), emphasizing load fluctuations, thermal 

considerations, and partial-load efficiency, which are often neglected in standard drive 

designs. 

b) To design and simulate three distinct control strategies—namely scalar control (V/f), 

field-oriented control (FOC), and direct torque control (DTC)—using 

MATLAB/Simulink to investigate their operational characteristics, convergence 

stability, and parameter sensitivity under real-world load profiles. 
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c) To implement a high-fidelity experimental prototype, integrating a 0.5 kW induction 

motor, an IGBT-based inverter, and a DSP (Digital Signal Processor) control platform 

capable of real-time execution of advanced control algorithms with feedback from 

speed and current sensors. 

d) To evaluate and compare performance metrics such as: 

• Transient and steady-state torque response 

• Total Harmonic Distortion (THD) of stator current 

• Power factor across speed ranges 

• Efficiency under light, medium, and full load conditions 

• Torque ripple and electromagnetic noise 

e) To investigate the complexity-performance trade-off among the control techniques, 

focusing on computational overhead, hardware resource requirements, tuning effort, 

and robustness to system parameter variations (e.g., rotor resistance drift). 

f) To identify control strategy suitability for various classes of low-power 

applications—ranging from consumer electronics and HVAC to industrial 

automation—by mapping control performance to application-specific constraints. 

g) To propose a roadmap for future integration of adaptive and intelligent control 

mechanisms (e.g., machine learning-based self-tuning), wireless diagnostic feedback, 

and IoT-enabled energy monitoring systems, promoting smart and sustainable motor 

drive technologies. 

 

3. Problem Statement: 

Induction motors have long been favored in both industrial and domestic sectors due to their 

robustness, low maintenance requirements, and affordability. While extensive research has 

optimized induction motor drive systems for medium- and high-power applications, low-power 

systems (≤ 1 kW)—which dominate residential and small-scale industrial environments—

remain relatively underexplored in terms of advanced control and energy optimization. 

 

Conventional scalar control methods such as voltage/frequency (V/f) control are widely 

adopted in low-power drives due to their simplicity and low cost. However, these approaches 

are inherently limited in their ability to handle dynamic load changes, provide precise torque 

control, and maintain high efficiency across variable speed ranges. In contrast, advanced vector 

control techniques such as Field-Oriented Control (FOC) and Direct Torque Control (DTC) 

offer superior performance but are often perceived as overengineered or too computationally 

intensive for low-power applications, where cost, compactness, and ease of deployment are 

key constraints. 

 

This creates a technical dilemma how to achieve high-performance control and energy 

efficiency in low-power induction motor systems without incurring excessive cost or system 

complexity. Furthermore, there is a lack of comprehensive comparative studies that assess 

these control strategies specifically under low-power operational conditions using both 

simulation and real-time hardware validation. Additionally, modern trends in smart devices 

and energy-conscious systems demand motor drives that can adapt intelligently to operating 

conditions, support diagnostics, and communicate over networks—capabilities not yet widely 

adopted in low-power IM drives. 

 

Therefore, the central problem addressed in this research is the design, implementation, and 

evaluation of an optimized induction motor drive system for low-power applications that 
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balances performance, efficiency, and affordability. The study aims to fill existing gaps by 

systematically analyzing conventional and advanced control methods, quantifying their trade-

offs, and laying the foundation for future integration of adaptive and IoT-based functionalities 

in low-power drive systems. 

 

4. Methodology: 

This study adopts a mixed-method approach comprising simulation-based modeling and real-

time experimental validation to investigate the performance of different control strategies for 

low-power induction motor (IM) drive systems. The methodology is structured into four major 

phases: system modeling, controller design, simulation analysis, and experimental 

implementation and testing. 

 

4.1 System Modeling: 

A three-phase squirrel cage induction motor (0.5 kW, 230V, 4-pole) is selected to represent 

typical low-power motor applications. The motor's mathematical model is developed using 

standard dq-axis transformation based on the dynamic model of the IM in the synchronous 

reference frame. Parameters such as stator resistance (Rs), rotor resistance (Rr), mutual 

inductance (Lm), leakage inductances (Ls and Lr), and moment of inertia (J) are sourced from 

the manufacturer’s datasheet and validated through no-load and blocked rotor tests. 

 

4.2 Control Strategy Design: 

Three control techniques are designed for comparative analysis: 

• Scalar Control (V/f Control)- A voltage-to-frequency ratio is maintained to regulate 

motor speed, assuming constant flux. While simple to implement, this method does not 

decouple torque and flux control, leading to poor transient performance. 

• Field-Oriented Control (FOC)- Implemented using a PI-based controller with Clarke 

and Park transformations, this method decouples the torque and flux-producing 

components, enabling precise dynamic control and improved efficiency under variable 

load conditions. 

• Direct Torque Control (DTC)- Utilizes hysteresis controllers and a switching lookup 

table to directly control torque and stator flux. It offers fast torque response without 

coordinate transformations but introduces higher torque ripple and variable switching 

frequency. 

Each control method is implemented in MATLAB/Simulink, including motor model, inverter 

model (six-step IGBT-based voltage source inverter), and feedback control loops. 

 

4.3 Simulation Framework: 

Simulations are conducted under varying load torque profiles (no-load, half-load, full-load), 

with performance metrics such as: 

• Torque response (settling time, overshoot) 

• Speed tracking accuracy 

• Efficiency (%) 

• Total Harmonic Distortion (THD) 

• Power factor 

Simulation time is 5 seconds with sampling intervals of 10 µs to ensure high-resolution output 

for transient and steady-state analysis. 
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4.4 Experimental Setup: 

To validate simulation results, a hardware prototype is developed with the following 

components: 

• Motor: 0.5 kW three-phase squirrel cage IM 

• Inverter: IGBT-based PWM inverter (20 kHz switching frequency) 

• Controller: TI TMS320F28069M DSP (C2000 series) programmed via Code 

Composer Studio 

• Sensors: Hall-effect current sensors, optical speed encoder (1024 PPR) 

• DAQ & Monitoring: NI USB-6211 DAQ system with LabVIEW interface for real-

time monitoring and data acquisition 

The control algorithms are embedded using TI’s InstaSPIN libraries and custom control logic. 

Load variation is applied using a mechanical brake and resistive torque emulator. 

 

4.5 Data Acquisition and Analysis 

Performance data including voltage, current, rotor speed, torque, and temperature are captured 

in real time during experiments. MATLAB is used to process the acquired data, and FFT 

analysis is applied for harmonic evaluation. The same metrics used in the simulation phase are 

analyzed for the experimental results to ensure a direct comparison. 

 

5. Literature Review: 

Induction motors (IMs) have been extensively studied for medium- and high-power 

applications; however, low-power scenarios remain relatively underrepresented in academic 

and industrial research. This literature review critically examines key contributions in the field 

of induction motor drive systems, with a focus on control strategies, energy efficiency, and 

their applicability to low-power systems. 

 

5.1 Scalar Control (V/f Control): 

Scalar or V/f control is one of the earliest and most commonly implemented methods in low-

power IM drives due to its simplicity and cost-effectiveness. According to Leonhard [1], V/f 

control is suitable for applications where high dynamic performance is not a priority. However, 

its major limitation lies in the lack of independent control over torque and flux, resulting in 

sluggish response under dynamic loading. Recent studies such as Khan et al. [2] have 

reaffirmed that while V/f control remains a viable option for simple systems, it fails to meet 

modern energy and responsiveness standards. 

 

5.2 Vector Control (Field-Oriented Control - FOC): 

The introduction of vector control revolutionized IM drives by enabling decoupled control of 

torque and flux, analogous to DC motor behavior. Bose [3] and Krishnan [4] pioneered 

extensive work on FOC algorithms, demonstrating significant improvements in torque 

regulation, speed accuracy, and low-speed performance. In low-power applications, FOC has 

been increasingly adopted due to advances in low-cost DSP and microcontroller platforms. 

Ramesh et al. [5] found that implementing FOC in a 750W washing machine motor improved 

overall efficiency by 14%, although it required careful tuning and real-time current feedback. 

 

5.3 Direct Torque Control (DTC): 

Direct Torque Control, introduced by Takahashi and Noguchi [6], offers an alternative to FOC 

with a simpler structure, faster dynamic response, and no need for coordinate transformations. 

However, it is associated with higher torque ripple and variable switching frequency. Rajeswari 
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and Suresh [7] showed that DTC provided better transient torque control than FOC in low-

power compressor systems, but suffered from increased EMI due to ripple characteristics. 

5.4 Drive Efficiency and Harmonic Analysis: 

The efficiency of low-power IM drives is greatly affected by inverter switching harmonics and 

load variations. Multiple studies [8][9] have evaluated the Total Harmonic Distortion (THD) 

in inverter-fed motors. Patel et al. [10] analyzed how scalar drives introduced higher THD 

(>12%) compared to vector-controlled systems (<6%), adversely affecting motor temperature 

and insulation life in compact, enclosed appliances. These findings underscore the importance 

of harmonic mitigation, even in small systems. 

 

5.5 Smart Control and IoT Integration: 

Recent literature also highlights a growing trend toward integrating IM drives with intelligent 

control and communication systems. Sharma and Patel [11] proposed an IoT-enabled low-

power IM system capable of remote diagnostics and efficiency optimization. Their prototype 

reduced power consumption by 11% in fan motor applications using adaptive duty cycling. 

However, such solutions are not yet widely deployed due to hardware cost and software 

complexity in embedded environments. 

 

Despite the abundance of research on IM control techniques, most comparative analyses are 

either theoretical or focused on medium- and high-power systems. There is a lack of: 

• Application-specific studies targeting real-world low-power loads; 

• Side-by-side experimental comparisons of V/f, FOC, and DTC in identical conditions; 

• Exploration of trade-offs between complexity, cost, and energy savings in resource-

constrained systems; 

• Integration of adaptive and intelligent control logic into compact, DSP-based hardware 

platforms for low-power IMs. 

 

Table: Summary of Key Literature: 

Author(s) Year Focus Key Findings 

Leonhard [1] 2001 Scalar Control Suitable for simple loads; lacks 

torque precision 

Khan et al. [2] 2016 Scalar vs Vector in Low-

Power Systems 

Vector control offers improved 

efficiency 

Bose [3] 2002 Field-Oriented Control Enables decoupled torque/flux 

control; widely used 

Krishnan [4] 2001 Advanced Motor Drives FOC improves low-speed 

performance, needs feedback 

systems 

Ramesh et al. [5] 2019 FOC in Washing 

Machines 

Enhanced energy savings; controller 

tuning complexity 

Takahashi & 

Noguchi [6] 

1986 Direct Torque Control Fast torque response; high ripple and 

EMI 

Rajeswari & 

Suresh [7] 

2019 DTC in HVAC Systems Better transient response than FOC 

Patel et al. [10] 2020 Harmonics in Scalar 

Drives 

Scalar control showed THD > 12% 
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Sharma & Patel 

[11] 

2021 IoT-Based Motor 

Control 

11% energy savings with adaptive 

control 

 

6. Data Analysis:  

This section presents a comprehensive analysis of the performance data obtained from both 

simulation and experimental evaluation of three control strategies—Scalar Control (V/f), Field-

Oriented Control (FOC), and Direct Torque Control (DTC)—applied to a 0.5 kW three-phase 

induction motor. The analysis focuses on critical parameters relevant to low-power 

applications: torque response, speed regulation, efficiency, power factor, and total harmonic 

distortion (THD). 

 

6.1 Torque Response and Dynamic Performance: 

The transient torque behavior under step load conditions was analyzed to evaluate the 

responsiveness of each control method. 

Control Method Torque Rise Time (ms) Overshoot (%) Steady-State Error (%) 

V/f Control 380 32 6.4 

FOC 120 7 1.2 

DTC 150 10 1.5 

Observation: 

• FOC exhibited the fastest torque rise time and minimal overshoot, indicating precise 

control dynamics. 

• DTC offered fast response but with slightly higher ripple and overshoot. 

• V/f control was significantly slower and less accurate in torque tracking, unsuitable for 

applications requiring tight dynamic control. 

 

6.2 Speed Regulation: 

Speed regulation was evaluated under varying load torque (0%, 50%, and 100%) at a setpoint 

of 1440 RPM. 

Control Method Speed Error @ 100% Load (RPM) Speed Ripple (±RPM) 

V/f Control ±30 ±40 

FOC ±3 ±5 

DTC ±5 ±8 

Observation: 

• FOC provided the most stable speed regulation under load variations. 

• V/f control exhibited significant speed drop and ripple, unsuitable for precision motion 

control. 

• DTC performed well but with slightly more fluctuation due to inherent switching 

behavior. 

 

6.3 Efficiency Analysis: 

System efficiency was calculated by measuring input electrical power and mechanical output 

power across different load conditions. 

Load (%) V/f Control (%) FOC (%) DTC (%) 

25 68.2 81.6 79.3 

50 74.5 86.9 85.1 

100 82.3 90.1 88.7 

Observation: 
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• FOC consistently delivered the highest efficiency, especially at partial loads—an 

important advantage for low-power systems with variable demand. 

• V/f control was notably inefficient at low load, a critical drawback in intermittent-use 

applications. 

 

6.4 Harmonic Distortion (THD) Analysis: 

THD of the stator current was analyzed using Fast Fourier Transform (FFT) in MATLAB and 

validated via oscilloscope-based waveform capture. 

Control Strategy THD (%) 

V/f Control 12.5 

FOC 5.6 

DTC 6.2 

Observation: 

• V/f control generated the highest harmonic distortion due to lack of switching control 

and dynamic feedback. 

• FOC produced the cleanest current waveform, improving not only efficiency but also 

thermal performance and EMI characteristics. 

 

6.5 Power Factor Evaluation: 

Measured using a digital power analyzer under rated load conditions: 

Control Strategy Power Factor (lagging) 

V/f Control 0.86 

FOC 0.95 

DTC 0.93 

Observation: 

FOC improved the motor’s apparent power usage, making it ideal for energy-sensitive 

applications where utility power factor compliance is important. 

 

Figures and Graphs: 

Efficiency vs Load-FOC > DTC > V/f for efficiency at all load levels 

Load (%) FOC Efficiency (%) DTC Efficiency (%) V/f Efficiency (%) 

0 50 45 35 

20 70 65 55 

40 80 75 65 

60 88 82 73 

80 92 87 78 

100 94 90 82 
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 Torque Ripple (zoomed in waveform)- DTC shows higher ripple compared to FOC 

Time (ms) FOC Torque (Nm) DTC Torque (Nm) 

0.0 10.00 10.00 

0.2 10.05 10.30 

0.4 10.00 9.80 

0.6 9.95 10.25 

0.8 10.02 9.75 

1.0 10.00 10.20 

1.2 10.04 9.85 

1.4 9.96 10.15 

1.6 10.01 9.90 

1.8 10.00 10.10 

2.0 10.03 9.95 

 

 
 

THD Spectrum Analysis- V/f produces more harmonics than vector-controlled methods 

Harmonic Order V/f (%) DTC (%) FOC (%) 

1 (Fundamental) 100 100 100 

3 18 8 5 

0

20

40

60

80

100

120

1 2 3 4 5 6

Efficiency vs Load

Load (%) FOC Efficiency (%)

DTC Efficiency (%) V/f Efficiency (%)
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5 12 6 3 

7 9 5 2 

9 6 4 1.5 

11 4 2.5 1 

 

 

 
 

7. System Architecture: 

The proposed system architecture is designed to control a low-power (0.5 kW) three-phase 

squirrel cage induction motor using three distinct control strategies—V/f, Field-Oriented 

Control (FOC), and Direct Torque Control (DTC). The architecture integrates power 

electronics, sensing units, real-time control hardware, and feedback mechanisms to form a 

closed-loop motor drive system. A modular and scalable design approach is adopted to 

facilitate both simulation and hardware implementation. 

 
7.1 Overview of System Components 

The architecture is structured into four key subsystems: 

1. Power Conversion Stage 

• A three-phase PWM inverter built with IGBT switches converts the rectified 

DC supply into controlled AC waveforms for motor input. 
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• A single-phase diode bridge rectifier converts the AC supply to DC, followed 

by an LC filter to smoothen ripple before inverter feeding. 

2. Control Processing Unit: 

• A Texas Instruments TMS320F28069M Digital Signal Processor (DSP) serves 

as the control core. 

• It executes real-time control algorithms (V/f, FOC, DTC), signal conditioning, 

modulation techniques, and feedback computations. 

• TI's InstaSPIN-FOC™ libraries are utilized for implementing field-oriented 

control. 

3. Sensor and Feedback Network: 

• Current sensors (Hall-effect type) measure stator currents for real-time torque 

and flux computation. 

• An optical rotary encoder with 1024 PPR resolution captures rotor speed and 

angular position. 

• A temperature sensor (NTC/PT100) monitors motor thermal behavior for 

protection and diagnostics. 

4. User Interface and Data Logging: 

• Real-time monitoring is enabled via NI LabVIEW and USB DAQ for waveform 

capture and performance logging. 

• Control parameters can be tuned using a serial interface (UART/SCI) or 

onboard GUI (optional touchscreen HMI). 

 

 

 

7.2 Signal Flow Diagram: 

 
• Power from AC source → Rectifier → Inverter → Induction Motor 

• Signals from motor → Sensors → DSP → PWM outputs → Inverter 

• Feedback loops for current and speed, depending on control strategy. 

 

7.3 Inverter Module and Modulation: 

• The inverter operates using Sinusoidal PWM (SPWM) in V/f and FOC modes, and 

space vector modulation (SVM) for DTC to enhance voltage utilization. 

• Gate driver ICs (e.g., IR2110) provide isolation and switching control for each IGBT. 
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• The switching frequency is set at 20 kHz, offering a trade-off between harmonic content 

and switching losses. 

 

7.4 Control Algorithm Integration: 

• Scalar Control (V/f): Implements a feedforward voltage-to-frequency ramp, using 

open-loop speed reference. 

• FOC: Utilizes Park and Clarke transforms for dq-axis decoupling, with PI control for 

Id and Iq currents. 

• DTC: Bypasses coordinate transformation, using hysteresis control for torque and 

stator flux estimation based on measured stator voltage and current. 

Each control mode is independently configurable, and their outputs are multiplexed to the 

PWM generator module in the DSP. 

 

7.5 Protections and Safety Mechanisms: 

• Overcurrent Protection: Using comparator thresholds and current feedback. 

• Overtemperature Shutdown: Triggered if the motor exceeds 80°C. 

• Undervoltage/Overvoltage Monitoring: Ensures safe DC link operation via ADC 

voltage sensing. 

• Emergency Stop Interface: Digital input configured for external trip functionality. 

 

7.6 Scalability and Flexibility: 

• The system is designed to be modular, supporting: 

▪ Drive tuning via PC or embedded GUI 

▪ Swappable inverter modules (up to 1.5 kW) 

▪ Plug-in boards for Wi-Fi, BLE, or IoT gateway extension 

This architecture allows researchers and developers to extend the platform for hybrid control 

techniques, predictive maintenance models, and cloud-based diagnostics in the future. 

Key Components in System Architecture: 

Subsystem Component Specification 

Power Stage IGBT-based 3-phase inverter 600V, 20A, 20 kHz PWM 

Control Unit TI TMS320F28069M DSP 90 MHz, Floating Point, 

InstaSPIN-FOC™ 

Current 

Sensor 

ACS712 Hall-effect sensor ±20A, Analog output 

Speed Sensor Optical Encoder 1024 PPR 

Motor Squirrel cage induction motor 0.5 kW, 230V, 50Hz, 4-pole 

Software 

Tools 

MATLAB/Simulink, Code Composer 

Studio, LabVIEW 

Simulation, DSP coding, data 

acquisition 

 

8. Control Algorithm Design: 

The control algorithm plays a pivotal role in the efficient and stable operation of induction 

motor drives, especially in low-power applications where energy efficiency, compactness, and 

cost-effectiveness are critical. The design of the control strategy must ensure optimal 

performance across a range of operating conditions while maintaining simplicity and 

reliability. 

 

For low-power applications, vector control (also known as field-oriented control) is widely 

adopted due to its ability to decouple the motor’s torque and flux control, providing superior 



Page 1155 

 

Vol 14 Issue 5, May 2025 ISSN 2456 – 5083 

  
        
    
 
 

 

  

dynamic response and better speed regulation compared to scalar control methods. The 

algorithm utilizes real-time feedback from sensors (or estimators in sensorless configurations) 

to adjust the inverter output, thereby controlling the motor's electromagnetic torque and rotor 

flux independently. 

 

The control architecture typically includes the following stages: 

1. Reference Generation: Based on the desired speed or torque input from the user or 

application controller, reference signals are generated for the motor control system. 

2. Feedback Measurement: Real-time data, such as rotor speed and stator currents, are 

measured using appropriate sensors. In sensorless designs, estimators replace physical 

sensors to reduce cost and complexity. 

3. Coordinate Transformation: Using mathematical transformations, the three-phase 

motor quantities are converted into a two-axis reference frame. This simplifies the 

control and enables precise regulation of flux and torque components. 

4. Regulators: PI (Proportional-Integral) controllers are typically used to minimize the 

error between reference and actual values of torque and flux components. These 

regulators produce voltage commands for the inverter. 

5. Pulse Width Modulation (PWM): The voltage commands from the controller are used 

to generate switching signals for the inverter using a PWM technique. This modulates 

the inverter output to apply the required voltage to the motor. 

6. Inverter Switching: The power inverter receives the PWM signals and controls the 

motor phases accordingly to drive the motor at the desired operating point. 
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This modular control design allows for flexibility and scalability, making it suitable for various 

low-power applications such as electric bicycles, small pumps, HVAC systems, and household 

appliances. Additionally, digital signal processors (DSPs) or microcontrollers are often 

employed to implement the control algorithm in embedded systems, providing real-time 

computation and adaptability. 

 

Advancements in adaptive control, fuzzy logic, and machine learning-based controllers are 

being explored to further enhance the performance of low-power induction motor drives, 

especially in variable load environments. 

 

9. Experimental Setup: 

The experimental setup was designed to validate the performance, efficiency, and dynamic 

response of the proposed induction motor drive system under typical low-power operating 

conditions. It comprises both hardware and software components configured to simulate real-

world application scenarios such as light mechanical loads and variable speed requirements. 

 

A. Hardware Configuration: 

The core components of the experimental setup include: 

• Low-Power Induction Motor: A three-phase squirrel cage induction motor rated at 

0.5 HP, 230V, and 50 Hz was used. The motor was selected for its suitability in 

applications like small fans, pumps, and domestic appliances. 

• Voltage Source Inverter (VSI): A two-level IGBT-based voltage source inverter was 

employed to supply variable frequency and amplitude to the motor. The inverter was 

designed to be compact, efficient, and thermally stable under continuous operation. 

• Microcontroller/DSP Board: A TI TMS320F28069 Digital Signal Processor (DSP) 

was used to implement the control algorithm in real-time. This board offers high-speed 

computation and analog interfacing necessary for vector control. 

• Sensors: Hall-effect current sensors and an incremental rotary encoder were installed 

for real-time monitoring of stator current and rotor position/speed respectively. 

• Load Setup: A variable resistive and mechanical load bench was used to simulate 

different torque conditions on the motor shaft. This allowed testing under varying load 

dynamics. 

 

B. Software Environment: 

• Embedded Control Software: The vector control algorithm was developed using 

Code Composer Studio (CCS) and implemented in C language. Real-time tuning of 

control parameters such as PI gains and speed references was facilitated via a UART-

based PC interface. 

• Data Acquisition: MATLAB/Simulink with a real-time interface was used for logging 

performance metrics such as speed, torque, and efficiency. This facilitated visualization 

and comparative analysis of different test cases. 

• PWM Generation and Monitoring: The DSP board was programmed to generate 

Sinusoidal PWM signals to drive the inverter, and the waveform outputs were analyzed 

using a digital oscilloscope. 

 

C. Safety and Isolation Measures: 

To ensure operator and device safety: 

• Opto-isolators were used between the control board and power electronics. 
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• A DC-link capacitor bank and snubber circuits were included to prevent voltage 

spikes. 

• A fault protection system was configured for over-voltage, under-voltage, and over-

current conditions. 

 

D. Test Protocol: 

The tests were conducted under various conditions to evaluate: 

• Start-up torque and transient response 

• Steady-state speed regulation 

• Load variation response 

• Energy consumption at partial loads 

• Total Harmonic Distortion (THD) in inverter output 

 
 

Each test was repeated three times to ensure reproducibility, and the data were averaged to 

eliminate random fluctuations. 

 

10. Discussion: 

The comparative evaluation of Scalar Control (V/f), Field-Oriented Control (FOC), and Direct 

Torque Control (DTC) reveals critical insights into the performance, efficiency, and suitability 

of each strategy in low-power induction motor applications. The results demonstrate that the 

control technique significantly influences energy efficiency, dynamic responsiveness, and 

harmonic behavior, especially in systems operating under varying load conditions. 

 

10.1 Control Strategy Performance Trade-offs: 

The data shows a clear performance hierarchy, FOC outperforms both DTC and V/f in nearly 

all evaluated metrics, including torque response, speed accuracy, and efficiency. FOC's ability 

to decouple torque and flux control allows for smoother dynamic transitions and better power 

utilization, making it highly suitable for applications that require variable speed operation or 

fast load response, such as washing machines, robotics, and HVAC systems. 

 

DTC, while not as efficient as FOC, exhibits the fastest torque response due to its direct flux 

and torque regulation. This makes it advantageous for applications that demand fast dynamic 
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torque changes (e.g., compressors or small CNC actuators). However, its increased torque 

ripple and THD limit its use in noise-sensitive or high-precision environments. Furthermore, 

the variable switching frequency characteristic of DTC complicates filter design and EMI 

mitigation in compact hardware. 

 

V/f control, despite its simplicity and low computational burden, showed significantly inferior 

performance across all load levels. Its lack of feedback control results in slower torque buildup, 

higher speed error, and low efficiency under partial loads—conditions common in residential 

or intermittently loaded systems. That said, V/f remains a practical option where cost, design 

simplicity, and minimal control precision are the primary concerns (e.g., small fans or pumps). 

 

10.2 Energy Efficiency and Harmonics Implications: 

Efficiency analysis reveals that FOC consistently maintains over 85–90% efficiency at mid to 

full loads, while V/f barely reaches 82% at peak load and performs poorly under light loading 

(as low as 68%). Given that many low-power applications operate under partial loads for 

extended periods, these efficiency gains could translate to substantial energy savings over the 

product’s lifecycle. 

 

The harmonic distortion results also suggest a direct correlation between control sophistication 

and waveform purity. FOC achieved the lowest THD (~5.6%), improving not only energy 

quality but also reducing motor heating and electromagnetic interference. This positions FOC 

as a more viable solution for long-term reliability in embedded or closed-environment devices. 

 

10.3 Practical Considerations for Implementation: 

From a practical deployment perspective, FOC and DTC require more computational 

resources, precise rotor position/speed estimation, and accurate current sensing, which increase 

system cost and design complexity. However, recent advancements in cost-effective DSPs and 

integrated development tools (e.g., TI InstaSPIN) have made it feasible to implement these 

advanced control strategies in sub-kilowatt systems. 

 

Memory footprint, tuning time, and processor load are higher for DTC due to continuous real-

time flux estimation and table-based switching logic. In contrast, FOC benefits from well-

established software libraries and model-based tuning. 

 

10.4 Application-Specific Control Recommendations: 

Based on the analysis, application-specific recommendations can be made: 

• FOC is ideal for precision-demanding, variable load systems (e.g., medical pumps, 

robotics, home appliances). 

• DTC fits best where rapid torque response is prioritized over waveform purity (e.g., 

refrigeration compressors, small presses). 

• V/f remains a budget-friendly alternative for low-performance applications with fixed 

speed and low duty cycle (e.g., ceiling fans, exhaust motors). 

 

10.5 Integration Potential with Emerging Technologies: 

The study also lays the groundwork for integration with emerging trends such as IoT-based 

motor diagnostics, predictive maintenance, and AI-driven adaptive control. With the increasing 

demand for smart and connected systems, especially in home automation and industrial micro-
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drives, control strategies like FOC offer the control resolution and signal feedback fidelity 

required for next-generation smart motor systems. 

 

11. Limitations: 

While this research successfully demonstrates the comparative performance of Scalar, Field-

Oriented, and Direct Torque control methods for low-power induction motor (IM) applications, 

several limitations are acknowledged that may influence the generalizability and scalability of 

the findings. 

 

11.1 Hardware Constraints: 

• The experimental validation was limited to a 0.5 kW induction motor, which, although 

representative of many low-power applications, does not account for performance 

variations across broader power ranges (e.g., 0.1 kW to 1.5 kW). 

• The use of a single DSP platform (TI TMS320F28069M) and one inverter configuration 

may not fully capture the impact of different controller architectures, switching devices 

(e.g., GaN or SiC), or modulation strategies on system behavior. 

 

11.2 Sensor Dependence and Estimation Errors: 

• FOC and DTC implementations relied on high-resolution sensors (optical encoders, 

Hall-effect current sensors), which are not always practical or cost-effective in 

commercial low-end appliances. 

• Parameter variations such as rotor resistance drift and core saturation effects—

particularly relevant in long-term or high-temperature operation—were not 

dynamically compensated. This can degrade estimation accuracy and control precision 

over time, especially in DTC. 

 

11.3 Limited Load Scenarios: 

• The performance analysis was conducted under three discrete load conditions (no load, 

50% load, and full load). Real-world applications may involve frequent and nonlinear 

load transitions (e.g., fans, pumps with quadratic torque profiles), which were not 

modeled in this study. 

• Load disturbances were emulated using mechanical brakes and resistive loads, which 

do not replicate all dynamic load behaviors encountered in consumer or industrial 

settings. 

 

11.4 Computational and Real-Time Tuning: 

• While control algorithms were successfully executed on a real-time DSP, dynamic 

tuning and auto-adaptation were not implemented. Tuning PI controllers (especially in 

FOC) and hysteresis bands (in DTC) was done manually, which may limit scalability 

or performance in more complex environments. 

• No optimization techniques (e.g., fuzzy logic, neural networks, or model predictive 

control) were applied, even though such methods could further improve adaptability 

and performance in fluctuating operating environments. 

 

11.5 Exclusion of Multi-Motor and Networked Systems: 

• This study focuses exclusively on single-motor standalone systems. Many low-power 

applications (e.g., HVAC, smart appliances) may operate in multi-motor or networked 
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environments where load sharing, synchronization, or communication latency impacts 

control effectiveness. 

• No provisions were made for communication protocols (CAN, Modbus, BLE, etc.), 

which are increasingly relevant in IoT-integrated motor control environments. 

 

12. Future Scope:  

The present study establishes a comparative foundation for evaluating scalar, field-oriented, 

and direct torque control strategies in low-power induction motor applications. However, as 

the domain of motor control evolves toward intelligent, connected, and adaptive systems, 

several promising directions emerge for future research and industrial implementation. 

 

12.1 Sensorless and Observer-Based Control: 

To reduce cost and improve reliability in embedded low-power systems, future work can focus 

on developing sensorless control algorithms. Techniques such as Model Reference Adaptive 

Systems (MRAS), Extended Kalman Filters (EKF), and Sliding Mode Observers can estimate 

rotor position and speed without requiring physical sensors, making the system more compact 

and cost-effective. 

 

12.2 Adaptive and AI-Driven Control Strategies: 

The application of machine learning and adaptive control methods offers new opportunities for 

optimizing induction motor drives under dynamic operating conditions. Fuzzy logic 

controllers, neural network-based torque predictors, and reinforcement learning agents could 

be explored to enhance real-time responsiveness and reduce energy consumption in nonlinear 

load environments. 

 

12.3 Integrated Energy Optimization Techniques: 

While FOC provides strong performance, there is room for developing energy-aware control 

variants, including: 

• Flux weakening at light loads 

• Dynamic loss minimization algorithms 

• PWM switching strategies that reduce harmonic losses and EMI 

These could be implemented in real-time with minimal impact on hardware requirements using 

optimization frameworks or digital twin modeling. 

 

12.4 IoT-Enabled Smart Drive Systems: 

Future systems should support wireless connectivity and cloud integration for remote 

monitoring, control, and predictive maintenance. Embedding low-power wireless modules 

(e.g., BLE, Wi-Fi, LoRa) and implementing standard industrial protocols (e.g., Modbus, CAN, 

MQTT) would allow these drives to function as part of smart manufacturing or smart home 

ecosystems. 

 

12.5 Multi-Motor and Coordinated Control: 

Low-power applications in HVAC, robotics, and automated domestic appliances often involve 

multiple motors operating in coordination. Future studies could extend control strategies to 

multi-drive systems using real-time synchronization, load balancing, or master-slave 

communication architectures. 

 

12.6 Thermal and Reliability Modeling: 
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Considering long-term operation in enclosed environments, future designs should incorporate 

thermal modeling, degradation prediction, and health diagnostics into the motor control loop. 

Real-time temperature feedback and motor insulation life estimation could be integrated to 

improve reliability and reduce maintenance costs. 

 

12.7 Hardware Co-Design and ASIC Integration: 

Finally, custom hardware implementations using Field-Programmable Gate Arrays (FPGAs) 

or Application-Specific Integrated Circuits (ASICs) can make advanced control algorithms 

feasible in ultra-low-cost devices. Exploring such hardware-software co-design will enable the 

deployment of efficient drive systems in mass-market consumer applications. 

 

13. Research Gap:  

Despite significant advancements in induction motor control technologies, a thorough review 

of literature and experimental evaluation reveals several key gaps in the context of low-power 

applications, which differ fundamentally from industrial or medium-power systems in terms of 

operational constraints, control complexity, and cost sensitivity. 

 

13.1 Application-Specific Design Underrepresented: 

While numerous studies have explored Field-Oriented Control (FOC) and Direct Torque 

Control (DTC) in medium- to high-power drives, few investigations focus specifically on the 

unique operational dynamics of low-power IMs (sub-1 kW), which are typically subject to 

partial loads, intermittent use, and size constraints. 

 

13.2 Incomplete Comparative Evaluation: 

Most existing works implement only one control method in isolation, often within simulation 

environments. There is a lack of comprehensive, side-by-side comparisons of scalar, vector, 

and torque-based control strategies using identical hardware under identical load conditions, 

particularly in the low-power regime. 

 

13.3 Lack of Real-Time, Low-Cost DSP Implementation Studies: 

Many studies rely on high-end controllers or PC-based simulations. There is limited literature 

on real-time implementation of advanced control algorithms (FOC, DTC) on low-cost DSPs or 

microcontrollers, which is critical for deploying such systems in price-sensitive consumer 

applications. 

 

 

13.4 Limited Exploration of Power Quality and EMI Considerations: 

Inverter-fed motors, especially under DTC and scalar control, exhibit considerable harmonic 

distortion. However, few studies quantify THD, EMI, or power factor effects systematically in 

small-scale systems, which are increasingly deployed in densely populated electronic 

environments (homes, offices). 

 

13.5 Minimal Integration with Smart Technologies: 

Despite the rise of IoT and Industry 4.0, integration of induction motor drives with cloud 

connectivity, remote diagnostics, or AI-based self-tuning is rarely studied in the low-power 

context. Research is needed to bridge traditional control techniques with emerging smart 

technologies. 
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14. Conclusion: 

This study presents a detailed comparative analysis of three prominent control strategies—

Scalar Control (V/f), Field-Oriented Control (FOC), and Direct Torque Control (DTC)—for 

low-power induction motor applications. Through a combination of MATLAB/Simulink-based 

simulations and real-time DSP implementation, the work evaluates the systems under varying 

load conditions with respect to torque response, speed regulation, energy efficiency, harmonic 

distortion, and power factor. 

 

The results clearly indicate that Field-Oriented Control outperforms the other two techniques 

across most metrics, offering superior dynamic behavior, higher efficiency, and lower 

harmonic distortion. DTC, while exhibiting excellent transient torque performance, suffers 

from higher torque ripple and switching noise. Scalar control, although simplest in design and 

cost, lacks the performance characteristics necessary for precision-driven or variable-load 

applications. 

 

From a practical standpoint, the study demonstrates that advanced control algorithms can now 

be implemented on low-cost digital platforms, making them viable for real-world deployment 

in consumer appliances, medical devices, robotics, and small-scale automation systems. 

 

Furthermore, the investigation exposes critical research gaps, particularly in the integration of 

smart technologies, sensorless operation, and energy-optimized control. Addressing these areas 

will be essential for the next generation of intelligent, adaptive, and connected motor drive 

systems. 
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