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ABSTRACT 
Industrial facilities account for a substantial proportion of global electrical energy consumption, with three-phase 

induction motors representing the dominant electrical load in manufacturing, oil and gas, mining, water treatment, 

and HVAC systems. Conventional induction motor operation under fixed-frequency supply conditions often results 

in excessive power consumption, high starting current, poor energy utilization, and increased operating costs, 

particularly under variable-load conditions. This study presents a comprehensive performance analysis and energy 

optimization assessment of a Pulse Width Modulation (PWM)-controlled Variable Frequency Drive (VFD) 

developed for three-phase squirrel-cage induction motor applications. The proposed system integrates a three-phase 

diode bridge rectifier, DC-link energy storage circuit, Insulated Gate Bipolar Transistor (IGBT)-based voltage-

source inverter, and sinusoidal PWM controller implemented within the MATLAB/Simulink environment. The 

developed drive was evaluated using rotor speed, electromagnetic torque, stator current, inverter voltage, power 

consumption, dynamic response, and energy efficiency as principal performance indicators. Comparative simulation 

results demonstrate that the PWM-controlled VFD significantly reduces motor starting current, minimizes 

electromagnetic torque oscillations, improves speed regulation, enhances power factor, and lowers overall electrical 

energy consumption compared with conventional fixed-speed operation. The results further indicate that speed 

regulation through voltage-to-frequency (V/f) control provides substantial energy savings under variable-load 

operating conditions by matching motor speed to process demand rather than dissipating excess energy through 

mechanical throttling devices. The proposed system therefore represents an effective solution for improving 

industrial motor efficiency, reducing operational costs, enhancing equipment reliability, and supporting sustainable 

energy management in modern industrial environments. 

Keywords: Variable Frequency Drive, Pulse Width Modulation, Energy Optimization, Three-Phase Induction 

Motor, MATLAB/Simulink, Industrial Energy Efficiency, Power Electronics. 
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1. INTRODUCTION 

Electrical energy conservation has become one of the most significant engineering challenges confronting 

modern industries due to increasing electricity prices, stringent environmental regulations, and the 

growing demand for sustainable manufacturing processes (International Energy Agency [IEA], 2023; 

Saidur, 2010). Industrial sectors consume approximately 40–50% of the world's generated electrical 

energy, with electric motor-driven systems accounting for nearly 70% of industrial electricity usage (IEA, 

2023; U.S. Department of Energy, 2014). Among these systems, three-phase squirrel-cage induction 

motors remain the preferred electromechanical energy conversion devices because of their simple 

construction, high reliability, low maintenance requirements, and excellent operational durability 

(Chapman, 2012; Krause et al., 2013). Despite these advantages, conventional induction motors supplied 

directly from constant-frequency electrical networks operate at nearly fixed speeds irrespective of 

variations in mechanical load demand, leading to substantial energy wastage and reduced operational 

efficiency (Bose, 2021). 

Many industrial processes including centrifugal pumping systems, compressor stations, conveyor 

systems, ventilation equipment, cooling towers, and manufacturing machinery rarely operate continuously 

at full-load conditions. Nevertheless, conventional fixed-speed motor installations continue consuming 

electrical power close to rated values while process output is regulated through mechanical devices such 

as throttling valves, dampers, bypass arrangements, or gear mechanisms. These mechanical control 

methods reduce process output without decreasing motor power consumption, thereby introducing 

considerable energy losses and increasing operational expenditure (U.S. Department of Energy, 2014; 

Bose, 2021). 

Another significant limitation associated with direct-on-line (DOL) induction motor operation is the 

occurrence of excessive starting current. During startup, induction motors typically draw between six and 

eight times their rated current, causing voltage sags, thermal stress within stator windings, increased 

electromagnetic forces, mechanical shock to rotating components, and accelerated deterioration of 

insulation systems. Frequent starting under these conditions shortens equipment lifespan and increases 

maintenance requirements, particularly in industrial facilities where motors undergo repeated operational 

cycles (Chapman, 2012; Hughes & Drury, 2019). 

The development of Variable Frequency Drive (VFD) technology has transformed industrial motor 

control by enabling simultaneous regulation of voltage and frequency supplied to induction motors. By 

maintaining an approximately constant voltage-to-frequency ratio, VFDs allow motor speed to closely 

follow process requirements while minimizing electrical losses (Bose, 2021; Rashid, 2018). Modern 

VFDs employ high-speed semiconductor switching devices, particularly Insulated Gate Bipolar 

Transistors (IGBTs), combined with Pulse Width Modulation (PWM) techniques to generate nearly 

sinusoidal output voltages with improved harmonic characteristics, reduced switching losses, and superior 

dynamic performance (Mohan et al., 2003; Rashid, 2018). 

Pulse Width Modulation has become the preferred switching strategy for industrial voltage-source 

inverters because it provides precise voltage control, excellent speed regulation, lower harmonic 

distortion, and improved efficiency. Instead of varying output voltage through dissipative methods, PWM 

synthesizes sinusoidal waveforms by controlling the switching intervals of semiconductor devices. This 

approach enables smooth acceleration, reduced torque pulsations, improved current waveform quality, 

and enhanced power factor while minimizing thermal stress on electrical equipment (Holmes & Lipo, 

2003; Mohan et al., 2003). 

Although commercial Variable Frequency Drives have become widely available, there remains 

considerable interest in evaluating their dynamic performance, energy-saving capability, and suitability 

for industrial applications under varying operating conditions. Many published investigations concentrate 

primarily on speed regulation or inverter topology without comprehensively assessing the combined 

effects of PWM control on power consumption, transient response, electromagnetic torque, harmonic 

behaviour, and overall energy optimization (Bose, 2021; Krishnan, 2001). Furthermore, practical 

implementation strategies appropriate for industrial facilities in developing economies continue to require 
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detailed investigation, particularly in view of increasing energy costs and sustainability objectives (IEA, 

2023). 

Accordingly, this study presents a comprehensive performance analysis and energy optimization 

assessment of a PWM-controlled Variable Frequency Drive developed for a three-phase squirrel-cage 

induction motor. The proposed drive employs a three-phase diode bridge rectifier, DC-link capacitor, 

IGBT voltage-source inverter, and sinusoidal PWM controller implemented using MATLAB/Simulink. 

The developed system is evaluated based on motor speed regulation, electromagnetic torque, stator 

current, dynamic response, inverter output quality, and electrical energy consumption. Comparative 

analyses are conducted between conventional motor operation and the proposed PWM-controlled drive to 

quantify improvements in energy efficiency and operational performance. 

The contributions of this research are summarized as follows: 

 Development of a MATLAB/Simulink model for a PWM-controlled Variable Frequency Drive 

suitable for industrial induction motor applications.  

 Comprehensive evaluation of the dynamic and steady-state performance of the proposed drive 

under variable-load operating conditions.  

 Investigation of the energy optimization potential of PWM-based speed control relative to 

conventional fixed-speed motor operation.  

 Analysis of the effects of PWM control on motor starting current, torque response, speed 

regulation, and power quality.  

 Demonstration of the practical suitability of PWM-controlled VFD technology for improving 

industrial energy efficiency and supporting sustainable manufacturing practices 

 

2. Related Work and Literature Review 

2.1 Industrial Energy Consumption and the Role of Electric Motor Systems 

Electric motor-driven systems constitute the largest single category of electricity consumption in 

industrial facilities, accounting for approximately 65–70% of industrial electrical energy demand. Three-

phase squirrel-cage induction motors are the most widely deployed machines because of their simple 

construction, mechanical robustness, high efficiency, and relatively low maintenance requirements. These 

motors are extensively used in centrifugal pumps, compressors, fans, conveyors, rolling mills, machine 

tools, and process industries where reliable continuous operation is required. 

Despite their widespread application, induction motors supplied directly from fixed-frequency utility 

networks operate at nearly constant speed irrespective of load demand. In variable-load applications, 

output regulation is commonly achieved using throttling valves, dampers, or mechanical transmissions 

rather than electrical speed control. Consequently, the motor continues to consume electrical power close 

to its rated value even when the process requires only partial output. This operating practice results in 

substantial energy losses and unnecessary operating costs, particularly in industries with fluctuating 

production demands. 

Recent global initiatives promoting energy efficiency and carbon emission reduction have encouraged 

industries to adopt intelligent motor drive technologies capable of matching electrical energy 

consumption with actual process requirements. Variable Frequency Drives (VFDs) have emerged as one 

of the most effective technologies for achieving this objective because they regulate motor speed by 

simultaneously controlling supply voltage and frequency rather than dissipating excess energy through 

mechanical means. 

2.2 Three-Phase Induction Motor Characteristics 

The squirrel-cage induction motor remains the preferred electrical machine for industrial drive 

applications owing to its rugged rotor construction, absence of brushes, high reliability, and excellent 

overload capability. The machine operates according to Faraday's law of electromagnetic induction, 

whereby balanced three-phase currents flowing through the stator windings generate a rotating magnetic 

field. This rotating field induces current within the rotor conductors, producing electromagnetic torque. 
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Unlike synchronous machines, induction motors operate with a finite slip between rotor speed and 

synchronous speed. This slip is essential for torque production but also introduces losses that become 

increasingly significant under inefficient operating conditions. 

The synchronous speed of an induction motor is expressed as 

 
 

Where: is the synchronous speed (rpm),  is the supply frequency (Hz),  is the number of poles.  

Consequently, motor speed may only be controlled by varying supply frequency or changing the number 

of poles. Since pole-changing techniques are impractical for continuous speed regulation, frequency 

control has become the dominant approach in modern industrial applications. 

2.3 Conventional Motor Starting Techniques 

Historically, several techniques have been developed to reduce the adverse effects of direct-on-line motor 

starting. These include: 

 Direct-on-Line (DOL) starter  

 Star–Delta starter  

 Auto-transformer starter  

 Soft starter  

 Rotor resistance starter  

Although these methods reduce mechanical shock and starting current to varying degrees, they do not 

provide continuous speed regulation after startup. Consequently, the motor continues operating at nearly 

constant speed even when the connected load decreases significantly. 

Among these methods, soft starters are particularly effective at limiting inrush current by gradually 

increasing terminal voltage during acceleration. However, because they cannot vary supply frequency, 

their energy-saving capability remains limited once steady-state operation is achieved. 

Variable Frequency Drives overcome these shortcomings by providing continuous regulation of both 

voltage and frequency, thereby enabling true variable-speed operation. 

2.4 Variable Frequency Drive Technology 

A Variable Frequency Drive is a power electronic system designed to convert fixed-frequency AC power 

into variable-frequency AC power suitable for controlling induction motor speed. Modern VFDs consist 

of four functional stages: 

 AC Rectifier  

 DC-Link Energy Storage  

 Voltage Source Inverter  

 Digital Control Unit  

 

The rectifier converts three-phase AC supply into DC voltage. The DC-link capacitor smooths ripple 

components and stores electrical energy for inverter operation. The inverter then reconstructs a balanced 

three-phase AC waveform at the desired frequency using high-speed semiconductor switches controlled 

through Pulse Width Modulation. 

This architecture enables continuous regulation of motor speed over a wide operating range while 

maintaining high efficiency and excellent dynamic response. 

2.5 Pulse Width Modulation Techniques 

Pulse Width Modulation (PWM) has become the preferred switching strategy for industrial voltage-source 

inverters because it provides accurate voltage control, reduced harmonic distortion, and excellent dynamic 

performance. 

Instead of directly generating sinusoidal voltages, PWM synthesizes the desired waveform by controlling 

the switching duration of semiconductor devices according to a high-frequency carrier waveform. 

The switching frequency determines the harmonic spectrum of the inverter output. Higher switching 

frequencies generally produce lower harmonic distortion but increase switching losses. 
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Modern industrial VFDs predominantly employ Sinusoidal Pulse Width Modulation (SPWM), Space 

Vector Pulse Width Modulation (SVPWM), or Discontinuous Pulse Width Modulation (DPWM), 

depending on performance requirements. 

Among these techniques, SPWM remains attractive because of its implementation simplicity, satisfactory 

harmonic performance, and widespread industrial acceptance. 

Figure 1 PWM switching waveform. 

 

 

 

From Variable Frequency Drives: Installation and Troubleshooting (p. 87), by J. R. Thompson, 2021, 

McGraw-Hill Education. Copyright 2021 by McGraw-Hill Education 

 

2.6 Voltage-to-Frequency Control 

The most common control strategy for industrial induction motors is constant Voltage-to-Frequency (V/f) 

control. Maintaining a constant ratio     ensures that the magnetic flux remains 

approximately constant throughout the operating range. 

Consequently, 

 rated torque is maintained,  

 magnetic saturation is avoided,  

 motor heating is reduced,  

 efficiency improves,  

 stable operation is achieved.  

Below the base frequency, both voltage and frequency increase proportionally. 

Above the base frequency, voltage remains constant while frequency increases, producing field 

weakening and constant-power operation. 

2.7 Energy Optimization Using Variable Frequency Drives 

Numerous studies have demonstrated that VFD implementation significantly reduces industrial energy 

consumption, particularly for centrifugal loads. 

According to the affinity laws, 

 Flow is proportional to motor speed.  

 Pressure is proportional to the square of speed.  

 Power consumption is proportional to the cube of speed.  

Consequently, even modest reductions in motor speed produce substantial reductions in electrical power 

consumption. 

For example, 

 20% speed reduction can lower power consumption by approximately 50%.  

 50% speed reduction may reduce energy demand by nearly 90% for centrifugal pumps.  

These characteristics explain why VFD technology has become central to industrial energy management 

programmes worldwide. 
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2.8 Contribution of the Present Study 

This study addresses these research gaps by presenting a comprehensive performance analysis and energy 

optimization assessment of a PWM-controlled Variable Frequency Drive developed for a three-phase 

squirrel-cage induction motor. Unlike many previous investigations, the proposed work simultaneously 

evaluates electrical performance, transient response, energy consumption, and operational efficiency 

using a unified simulation model validated through comparative analysis. 

The study also demonstrates the suitability of PWM-based VFD technology for industrial energy 

management, providing a practical framework that can be extended to manufacturing, petrochemical 

processing, water treatment, mining operations, and renewable-energy-powered industrial systems. 

2.9 Research Gap 

Although extensive research has been conducted on PWM-based Variable Frequency Drives, several gaps 

remain. Many previous investigations emphasize either inverter topology, harmonic reduction, or speed 

regulation independently. Comparatively fewer studies provide a comprehensive evaluation of: 

 transient performance,  

 electromagnetic torque,  

 stator current,  

 starting current,  

 dynamic response,  

 energy optimization,  

 industrial applicability,  

 

3. System Description and Research Methodology 

3.1 Research Design 

This study adopted a quantitative simulation-based research approach to investigate the operational 

performance and energy optimization capability of a Pulse Width Modulation (PWM)-controlled Variable 

Frequency Drive (VFD) for three-phase induction motor applications. The research methodology 

integrates mathematical modelling, power electronic converter design, digital control implementation, and 

dynamic performance evaluation within the MATLAB/Simulink environment. 

Unlike conventional fixed-speed induction motor systems, the proposed drive regulates both supply 

voltage and frequency to achieve continuous speed control while maintaining a constant voltage-to-

frequency (V/f) ratio. This strategy enables the induction motor to operate efficiently under varying load 

conditions, thereby reducing electrical energy consumption and improving overall drive performance. The 

use of simulation provides a controlled environment for evaluating the transient and steady-state 

characteristics of the motor-drive system under repeatable operating conditions. 

3.2 Description of the Proposed Variable Frequency Drive 

The proposed Variable Frequency Drive consists of four principal functional units: 

1. Three-phase AC input supply.  

2. Six-pulse diode bridge rectifier.  

3. DC-link filter comprising capacitor and smoothing components.  

4. Three-phase voltage-source inverter employing six IGBT switching devices controlled by 

Sinusoidal Pulse Width Modulation (SPWM).  

The AC input voltage is first converted to direct current by the rectifier stage. The DC-link capacitor 

stabilizes the rectified voltage and minimizes ripple before supplying the inverter. The inverter 

subsequently reconstructs a balanced three-phase AC output at variable frequency according to the PWM 

switching signals generated by the controller. This architecture enables smooth acceleration, improved 

torque production, and reduced current transients while allowing the induction motor speed to follow 

process demand accurately. Similar VFD architectures remain the standard industrial solution because of 

their flexibility, energy-saving capability, and compatibility with induction motor control strategies.  
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Figure 1 

 

Figure 1 Block diagram of the proposed Variable Frequency Drive  

3.3 Mathematical Model of the Induction Motor 

The operating speed of a three-phase induction motor depends primarily on the supply frequency and the 

number of stator poles. The synchronous speed is expressed as: 

 

where: 

 = synchronous speed (rpm)  

 = supply frequency (Hz)  

 = number of poles  

The rotor slip is defined as: 

 
where represents the rotor speed. 

To maintain constant air-gap magnetic flux during speed regulation, the proposed controller employs 

constant voltage-to-frequency control: 

 

where: 

 = stator voltage  

 = supply frequency  

 = constant V/f ratio  

Maintaining this relationship preserves the electromagnetic flux within the machine, ensuring stable 

torque production and minimizing core losses over a broad operating range. Scalar V/f control remains 

one of the most widely adopted industrial methods because of its simplicity, robustness, and suitability for 

pumps, fans, compressors, and conveyor systems.  

3.4 MATLAB/Simulink Implementation 

The proposed system was implemented using MATLAB/Simulink with the Simscape Electrical toolbox. 

This environment enables accurate modelling of electrical machines, power electronic converters, control 

systems, and measurement devices while supporting transient and steady-state simulation. 

The simulation model integrates: 

 Three-phase programmable voltage source.  

 Universal Bridge converter.  

 PWM Generator.  

 DC-link capacitor.  
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 Three-phase squirrel-cage induction motor.  

 Speed measurement subsystem.  

 Current and voltage measurement blocks.  

 Scope blocks for waveform visualization.  

The modular architecture allows independent analysis of the rectifier, inverter, PWM controller, and 

induction motor while facilitating comparative evaluation between conventional operation and the 

proposed PWM-controlled drive. 

Figure 10. Complete MATLAB/Simulink implementation (adapted from the uploaded report). 

 

3.5 Pulse Width Modulation Strategy 

Sinusoidal Pulse Width Modulation (SPWM) was selected because of its implementation simplicity, 

stable voltage regulation, and relatively low harmonic distortion. 

The PWM controller generates six gate pulses by comparing three sinusoidal reference signals displaced 

by 120° with a high-frequency triangular carrier waveform. Whenever the instantaneous reference voltage 

exceeds the carrier waveform, the corresponding IGBT switch is activated. The resulting pulse sequence 

synthesizes an AC voltage whose fundamental frequency follows the reference signal while higher-order 

harmonics are shifted to frequencies that can be more readily filtered. 

The modulation index is given by: 

 

where: 

 = reference signal amplitude.  

 = carrier signal amplitude.  

The proposed drive employs a carrier frequency of 1080 Hz, providing a balance between switching 

losses and harmonic performance. SPWM remains a widely adopted industrial modulation technique 

because it offers high efficiency, reduced total harmonic distortion, and good dynamic response for 

induction motor drives.  

3.6 Simulation Parameters 

The induction motor and inverter parameters were configured according to the specifications used in the 

original report. These values ensure that the simulation represents a realistic industrial drive system. 

Table 1 

Simulation Parameters 

Parameter Value 

Rated Motor Power 3 HP 

Rated Voltage 400 V 

Supply Frequency 60 Hz 

Pole Number 4 

Motor Type Three-phase squirrel-cage induction motor 

Inverter Type Three-phase IGBT Voltage Source Inverter 
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Parameter Value 

PWM Technique Sinusoidal PWM 

Carrier Frequency 1080 Hz 

Simulation Environment MATLAB/Simulink 

 

3.7 Performance Evaluation Criteria 

The proposed PWM-controlled VFD was assessed using the following technical performance indicators: 

 Rotor speed regulation.  

 Electromagnetic torque response.  

 Stator current characteristics.  

 Starting (inrush) current.  

 Dynamic settling time.  

 Steady-state speed error.  

 Inverter output voltage quality.  

 Harmonic performance.  

 Power factor.  

 Electrical power consumption.  

 Overall energy efficiency.  

These parameters were selected because they directly influence motor reliability, operational efficiency, 

and lifecycle cost in industrial applications. Recent studies have emphasized that evaluating energy 

efficiency alongside transient and steady-state performance provides a more comprehensive assessment of 

VFD effectiveness than speed regulation alone.  

4. Results, Performance Analysis, and Energy Optimization 

4.1 Overview of Simulation Results 

The developed PWM-controlled Variable Frequency Drive (VFD) was evaluated under variable-load 

conditions using MATLAB/Simulink to determine its effectiveness in improving the operational 

characteristics of a three-phase squirrel-cage induction motor. Performance assessment was based on 

transient response, steady-state operation, power quality, energy utilization, and dynamic stability. Two 

simulation models were investigated: 

 Model A: Conventional induction motor drive.  

 Model B: Proposed PWM-controlled Variable Frequency Drive.  

The comparison demonstrates the effectiveness of PWM-based frequency control in reducing starting 

current, improving torque characteristics, enhancing speed regulation, and minimizing electrical energy 

consumption. 
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Figure 3. 

 

Figure 3. Complete simulation model of the conventional drive (Model A) 

 

Figure 4.  

 

Figure 4. Complete simulation model of the proposed PWM-controlled VFD (MODEL B) 

 

4.2 Dynamic Speed Performance 

Rotor speed is one of the most important indicators of motor-drive performance because it reflects the 

ability of the controller to maintain stable operation during acceleration and under changing load 

conditions. 

The simulation results indicate that the proposed PWM-controlled VFD achieved smooth acceleration 

from standstill to the commanded operating speed without excessive overshoot or oscillation. Unlike 

conventional fixed-frequency operation, where the motor experiences abrupt acceleration and high 

electrical stress, the proposed controller gradually increased both voltage and frequency while 

maintaining a constant V/f ratio. This coordinated control reduced transient disturbances and enabled the 

motor to reach steady-state operation within a shorter settling time. 

The rotor-speed response also exhibited excellent stability after reaching the reference speed, with 

negligible steady-state error. This behaviour demonstrates the capability of PWM modulation to provide 

precise frequency regulation and improved speed tracking for industrial applications requiring variable-

speed operation. 

Figure 15. Rotor speed response of the proposed PWM-controlled VFD. 

The improved speed regulation has practical significance in applications such as centrifugal pumps, 

conveyor systems, compressors, and HVAC installations, where maintaining accurate motor speed 

directly influences production quality, process efficiency, and equipment longevity. 
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4.3 Electromagnetic Torque Analysis 

Electromagnetic torque determines the mechanical capability of the induction motor to accelerate 

connected loads while maintaining stable operation during transient conditions. 

The simulated torque waveform indicates that the proposed PWM-controlled VFD generated a rapid yet 

controlled increase in electromagnetic torque immediately after startup. Although transient oscillations 

occurred during the initial acceleration period, their magnitude decreased rapidly as the controller 

stabilized the inverter output frequency. 

Compared with conventional motor operation, the proposed system exhibited: 

 Lower torque ripple.  

 Reduced oscillatory behaviour.  

 Faster stabilization.  

 Improved steady-state torque characteristics.  

Lower torque ripple minimizes shaft vibration, bearing fatigue, gearbox wear, and mechanical resonance, 

thereby increasing equipment reliability and reducing maintenance requirements. 

Electromagnetic torque response. 

The improved torque characteristics observed in this study are consistent with recent investigations 

demonstrating that PWM-controlled voltage-source inverters significantly enhance transient torque 

performance by maintaining constant magnetic flux throughout acceleration. 

4.4 Stator Current Characteristics 

One of the principal objectives of implementing a Variable Frequency Drive is to minimize excessive 

starting current. 

The stator current waveform demonstrates that the developed PWM controller gradually energizes the 

induction motor during startup rather than applying the full supply voltage instantaneously. Consequently, 

the current increases progressively before stabilizing at its steady-state operating value. 

Compared with conventional starting methods, the proposed VFD significantly reduced: 

 Current overshoot.  

 Thermal loading.  

 Voltage sag.  

 Transformer loading.  

 Cable heating.  

The smoother current waveform also indicates effective switching synchronization between the PWM 

controller and the IGBT inverter. 

The reduction in inrush current has considerable industrial importance because repeated high-current 

starting accelerates insulation ageing and increases maintenance costs in large motor installations. 

4.5 Inverter Output Voltage Performance 

The quality of inverter output voltage directly influences induction motor efficiency, harmonic distortion, 

and electromagnetic compatibility. 

The PWM inverter generated balanced three-phase output voltages with nearly sinusoidal fundamental 

components. Although high-frequency switching harmonics remained present, these components were 

significantly attenuated by the motor inductance, resulting in smoother phase currents. 

The generated voltage waveform confirms that the PWM controller successfully regulated inverter 

switching according to the desired modulation strategy. 

Figure 18. Three-phase inverter output voltage. 

The improved waveform quality contributes to: 

 reduced acoustic noise,  

 lower copper losses,  

 improved power factor,  

 enhanced electromagnetic compatibility,  

 improved motor efficiency.  
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4.6 PWM Switching Performance 

The generated PWM pulses demonstrate uniform switching intervals and stable modulation throughout 

the simulation period. 

Proper synchronization between the carrier waveform and sinusoidal reference signals resulted in 

balanced gate pulses for all six IGBT switches. 

The stable switching sequence minimized inverter distortion while maintaining accurate voltage 

regulation. 

Figure 19. PWM gate pulses. 

Figure 20. PWM switching waveform. 

These results confirm the suitability of sinusoidal PWM for medium-power industrial Variable Frequency 

Drive applications. 

4.7 Energy Optimization Analysis 

The principal objective of this investigation was to evaluate the ability of the PWM-controlled VFD to 

optimize electrical energy consumption. 

Simulation results demonstrate that energy savings were achieved primarily because motor speed 

followed actual process demand instead of operating continuously at rated speed. 

Under conventional operation, excess mechanical output is typically dissipated through throttling valves 

or dampers while the motor continues consuming near-rated electrical power. 

In contrast, the proposed controller reduced electrical demand by decreasing motor speed whenever full 

mechanical output was unnecessary. 

According to the affinity laws governing centrifugal loads, 

 Flow varies directly with rotational speed.  

 Pressure varies with the square of speed.  

 Power varies approximately with the cube of speed.  

Consequently, relatively small reductions in operating speed produced substantial reductions in electrical 

power consumption. 

The simulation results therefore confirm that PWM-controlled Variable Frequency Drives provide 

considerable opportunities for industrial energy conservation, particularly in pumping stations, cooling 

systems, ventilation equipment, and compressor installations. 

 

4.8 Comparative Performance Assessment 

Table 2 summarizes the comparative performance of the conventional induction motor drive and the 

proposed PWM-controlled Variable Frequency Drive. 

Table 2 

Comparative Performance Evaluation 

Performance Indicator Conventional Drive Proposed PWM-Controlled VFD 

Speed Regulation Fixed Continuously Variable 

Starting Current Very High Significantly Reduced 

Torque Ripple High Low 

Dynamic Response Moderate Excellent 

Power Consumption High Lower 

Harmonic Performance Moderate Improved 

Mechanical Stress High Reduced 
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Performance Indicator Conventional Drive Proposed PWM-Controlled VFD 

Motor Protection Limited Enhanced 

Energy Efficiency Moderate High 

Industrial Flexibility Limited Excellent 

 

The comparative analysis clearly demonstrates the technical advantages of PWM-based frequency control 

over conventional fixed-speed operation. 

4.9 Comparison with Recent Studies 

The performance improvements observed in this investigation are consistent with recent literature 

reporting that PWM-controlled Variable Frequency Drives improve induction motor efficiency by 

reducing electrical losses, enhancing dynamic response, and minimizing harmonic distortion. However, 

the present study extends previous work by integrating energy optimization, transient performance 

evaluation, and comparative analysis within a unified MATLAB/Simulink framework. 

Unlike many published investigations that focus primarily on controller design, this study evaluates the 

complete drive system from both electrical and energy-management perspectives, making the findings 

directly applicable to industrial motor-drive optimization. 

4.10 Industrial Implications 

The developed PWM-controlled Variable Frequency Drive offers considerable practical benefits for 

industries seeking to improve operational efficiency while reducing electrical energy costs. 

Potential applications include: 

 Oil and gas processing facilities.  

 Water treatment plants.  

 Manufacturing industries.  

 HVAC systems.  

 Mining operations.  

 Marine propulsion support systems.  

 Food processing plants.  

 Chemical processing industries.  

The reduction in starting current, improvement in power quality, enhanced speed regulation, and 

reduction in energy consumption make the proposed drive particularly suitable for facilities operating 

large numbers of induction motors under variable-load conditions. 

5. Discussion 

5.1 Interpretation of the Findings 

The results obtained in this study demonstrate that the proposed PWM-controlled Variable Frequency 

Drive (VFD) provides significant improvements in the operational performance of a three-phase squirrel-

cage induction motor compared with conventional fixed-frequency operation. The observed 

improvements in speed regulation, starting current, electromagnetic torque, and energy consumption 

confirm the effectiveness of variable-frequency control for industrial motor-drive applications. 

One of the most significant findings is the reduction in motor starting current achieved through gradual 

voltage and frequency ramping. Conventional direct-on-line starting subjects motors to currents that are 

several times higher than the rated value, producing thermal stress on stator windings, voltage 

disturbances within the supply network, and mechanical shock to rotating components. The proposed 

PWM-controlled VFD effectively mitigated these adverse effects by supplying the motor with 

progressively increasing voltage and frequency, thereby ensuring controlled acceleration and smoother 

transient performance. 

The rotor-speed characteristics further demonstrate the effectiveness of constant voltage-to-frequency 

control. Stable speed tracking with minimal overshoot indicates that the proposed controller maintained 
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appropriate magnetic flux throughout acceleration and steady-state operation. Such behaviour is 

particularly desirable in industrial applications where process quality depends on accurate speed 

regulation. 

Similarly, the reduction in electromagnetic torque oscillations observed in the simulation contributes 

directly to improved mechanical reliability. Lower torque ripple reduces cyclic loading of shafts, 

couplings, bearings, and gearboxes, thereby extending equipment service life and reducing maintenance 

requirements. These improvements are particularly important in heavy-duty industrial environments 

where motor failures may result in costly production downtime. 

5.2 Energy Optimization Implications 

Energy optimization represents the principal contribution of this investigation. The simulation results 

confirm that regulating motor speed according to process demand significantly reduces electrical energy 

consumption compared with conventional mechanical flow-control methods. 

For centrifugal loads such as pumps and fans, electrical power consumption follows the affinity laws, 

varying approximately with the cube of motor speed. Consequently, relatively small reductions in 

operating speed produce disproportionately large reductions in power demand. This relationship explains 

the considerable energy savings observed in the proposed PWM-controlled VFD. 

Beyond reducing electricity consumption, lower energy demand offers additional operational benefits, 

including reduced greenhouse gas emissions, lower transformer loading, improved distribution system 

stability, and decreased cooling requirements within industrial facilities. These advantages align with 

global sustainability objectives and support the adoption of energy-efficient technologies in industrial 

operations. 

5.3 Comparison with Existing Literature 

The findings of this study are consistent with contemporary research reporting that PWM-based VFDs 

improve induction motor efficiency through reduced inrush current, enhanced dynamic response, and 

improved power quality. However, the present study extends previous work by integrating dynamic 

performance analysis with energy optimization within a unified MATLAB/Simulink framework. 

Unlike many previous studies that focused primarily on inverter topology or speed regulation, this 

investigation simultaneously evaluated: 

 Rotor speed response.  

 Electromagnetic torque.  

 Stator current.  

 PWM switching performance.  

 Dynamic stability.  

 Energy consumption.  

 Industrial applicability.  

This integrated evaluation provides a broader understanding of the technical and operational benefits of 

PWM-controlled VFDs and strengthens the practical relevance of the proposed system for industrial 

deployment. 

5.4 Industrial Applications 

The developed PWM-controlled VFD has broad applicability across industries that employ variable-speed 

induction motors. Typical applications include: 

 Oil and gas processing facilities.  

 Water treatment and distribution systems.  

 Petrochemical plants.  

 Mining operations.  

 Food and beverage processing.  

 HVAC systems.  

 Marine auxiliary equipment.  

 Manufacturing and production lines.  
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In these environments, the proposed drive can improve process efficiency, reduce electrical operating 

costs, minimize equipment wear, and support predictive maintenance strategies through improved control 

of motor operating conditions. 

 

5.5 Study Limitations 

Although the proposed system demonstrated promising performance under simulation conditions, several 

limitations should be acknowledged. 

First, the study relied exclusively on MATLAB/Simulink simulation and did not include experimental 

validation using a physical hardware prototype. Consequently, practical issues such as semiconductor 

switching delays, electromagnetic interference, thermal behaviour, sensor inaccuracies, and hardware 

nonlinearities were not investigated. 

Second, the study employed scalar V/f control because of its simplicity and widespread industrial 

acceptance. More advanced control strategies, including Field-Oriented Control (FOC), Direct Torque 

Control (DTC), and Model Predictive Control (MPC), may provide superior transient response and higher 

control accuracy in demanding applications. 

Finally, while waveform quality was evaluated qualitatively, a detailed harmonic analysis using Total 

Harmonic Distortion (THD) measurements and compliance assessment with standards such as IEEE 519 

was beyond the scope of this study. 

 

6. Conclusions 

This study presented a comprehensive performance analysis and energy optimization assessment of a 

PWM-controlled Variable Frequency Drive for three-phase induction motor applications. The proposed 

drive integrated a three-phase diode bridge rectifier, DC-link energy storage circuit, IGBT voltage-source 

inverter, and sinusoidal Pulse Width Modulation controller within a MATLAB/Simulink environment. 

Simulation results demonstrated that the developed system significantly improved induction motor 

performance compared with conventional fixed-frequency operation. The proposed VFD reduced starting 

current, improved rotor speed regulation, minimized electromagnetic torque ripple, enhanced inverter 

output quality, and lowered electrical energy consumption during variable-load operation. These 

improvements contribute directly to increased motor reliability, reduced maintenance requirements, 

improved power quality, and lower operating costs. 

The study also confirmed that speed regulation using constant voltage-to-frequency control provides an 

effective means of optimizing industrial energy consumption by matching motor speed to process 

demand. This approach eliminates unnecessary energy losses associated with mechanical throttling 

devices and supports sustainable industrial energy management. 

Overall, the proposed PWM-controlled Variable Frequency Drive offers a practical and efficient solution 

for industrial induction motor applications and provides a strong foundation for future research involving 

advanced motor-control strategies, hardware implementation, and intelligent energy management 

systems. 

 

7. Recommendations for Future Research 

Future investigations should focus on: 

1. Experimental validation of the proposed controller using a laboratory-scale prototype.  

2. Comparative evaluation of SPWM, Space Vector PWM (SVPWM), and Model Predictive Control 

(MPC).  

3. Comprehensive Total Harmonic Distortion (THD) analysis in accordance with IEEE 519.  

4. Integration of IoT-based condition monitoring and predictive maintenance.  

5. Application of artificial intelligence techniques for adaptive motor-speed optimization.  

6. Evaluation of the proposed drive under renewable-energy-powered industrial microgrids.  

7. Life-cycle cost and economic analysis of VFD deployment across different industrial  

8. sectors.  
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