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ABSTRACT 

Harmonic currents generated by variable speed drives (VSDs) pose significant challenges 

in power quality, affecting system efficiency, thermal performance, and the operational 

lifespan of electrical machines. Conventional modulation techniques, including sinusoidal 

pulse width modulation (SPWM) and standalone space vector pulse width modulation 

(SVPWM), often fail to simultaneously minimize total harmonic distortion (THD) and 

torque ripple, particularly under variable load conditions. This study presents a 

comprehensive analysis and optimization framework for harmonic current mitigation in 

VSDs through the integration of hybrid pulse width modulation (HPWM) and SVPWM 

strategies. The proposed approach leverages the adaptive capabilities of hybrid PWM to 

complement SVPWM’s optimal vector selection, achieving enhanced waveform fidelity 

and reduced harmonic content. Detailed simulations and experimental validations were 

conducted using multilevel inverter topologies, including unipolar, bipolar, and staircase-

modulated schemes. Results indicate a significant reduction in THD, improved torque 

ripple characteristics, and enhanced overall drive efficiency, while maintaining system 

stability under dynamic load variations. Comparative evaluation with traditional PWM 

methods demonstrates that the hybrid SVPWM framework provides superior performance 

in both low- and medium-voltage applications. The findings underscore the potential of 

adaptive hybrid modulation strategies for advanced industrial VSDs and pave the way for 

further integration with intelligent control algorithms to optimize power quality in smart 

electrical grids and renewable energy systems. 

 

1. Introduction 

1.1 Problem Statement 

The proliferation of variable speed drives in industrial 

applications has increased the sensitivity of electrical 

systems to harmonic distortions. Harmonics, generated 

primarily by switching in power electronic converters, 

lead to overheating, vibration, reduced efficiency, and 

interference with sensitive loads (Barnett, 2022; Kumar 

et al., 2019). Traditional sinusoidal PWM techniques, 

while widely implemented, are limited in their ability to 

suppress higher-order harmonics, particularly under 

varying load and frequency conditions (Blair, 2016; 

Subsingha, 2016). 

1.2 Research Relevance 

Optimizing harmonic mitigation techniques is critical for 

enhancing efficiency, reliability, and power quality in 

industrial VSD applications. Space vector PWM and 

hybrid PWM offer improved switching strategies that can 

dynamically redistribute switching events and minimize 

harmonic content (Ahmed et al., 2023; Wang et al., 2021). 

Hybrid techniques, in particular, integrate multiple PWM 

strategies to adapt to different operational conditions, 

providing a robust solution for power quality 

enhancement (Gu et al., 2021; Aihsan et al., 2021). 

1.3 Objectives 

This research aims to: 

1. Analyze the harmonic performance of 

conventional and advanced PWM techniques in VSDs.  
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2. Evaluate the effectiveness of SVPWM and 

hybrid PWM in minimizing THD.  

3. Develop design and implementation strategies 

for high-efficiency harmonic mitigation in three-phase 

inverters.  

1.4 Scope and Significance 

The study is limited to PWM-based VSD systems with 

three-phase inverters and cascaded multilevel topologies. 

Insights from this research are applicable to industrial 

drives, renewable energy inverters, and microgrid 

systems where power quality and efficiency are critical 

(Khaledian et al., 2014; Ion & Peter, 2022). 

2. Literature Review 

2.1 Classical PWM and Harmonic Impact 

Sinusoidal PWM has been widely used due to its 

simplicity and ease of implementation. However, THD in 

traditional sinusoidal PWM can exceed acceptable levels 

under high modulation index or low switching frequency, 

leading to thermal stress and electromagnetic interference 

(Subsingha, 2016; T. F. Wu et al., 2014). Modified 

sinusoidal PWM methods have attempted to reduce 

switching losses and improve harmonic profiles, but the 

improvements are often limited to low-frequency 

harmonics (Aihsan et al., 2021; Patel & Chandwani, 

2021). 

2.2 Space Vector PWM 

SVPWM offers a systematic approach to distribute 

switching events across inverter legs, effectively reducing 

voltage harmonics and improving DC bus utilization 

(Jena & Rout, 2018; Mithun et al., 2022). Studies 

demonstrate that SVPWM reduces THD compared to 

sinusoidal PWM and enables better control over torque 

ripple in induction motors (Yan et al., 2021; Wang et al., 

2021). 

2.3 Hybrid PWM Techniques 

Hybrid PWM integrates two or more modulation 

strategies, such as sinusoidal, trapezoidal, and space 

vector-based techniques, to achieve superior harmonic 

performance under variable load conditions (Ahmed et 

al., 2023; Gu et al., 2021; Paswan et al., 2020). Hybrid 

PWM methods can mitigate higher-order harmonics 

without increasing switching losses significantly, making 

them suitable for high-power industrial VSD applications 

(Eroğlu & Kurtoğlu, 2023). 

2.4 Staircase and Multilevel Modulations 

Multilevel inverters utilizing staircase modulation have 

shown significant reductions in THD and improved 

voltage profiles, especially for nine-level and thirteen-

level topologies (Aswathi & Chathoth, 2021; Nagarajan 

& Saravanan, 2013). Comparative studies indicate that 

staircase modulation is effective in harmonics 

suppression when combined with SVPWM or hybrid 

approaches (Blaacha et al., 2021; K. B. Kumar et al., 

2021). 

2.5 Research Gaps 

Despite extensive research on SVPWM and hybrid 

techniques, a comprehensive comparative framework 

incorporating staircase modulation, multi-level inverters, 

and real-time adaptive hybrid strategies is lacking. Most 

studies focus on simulation results with limited 

experimental validation, highlighting a need for 

integrated design and testing of hybrid SVPWM-based 

harmonic mitigation in practical VSD systems (Ion & 

Peter, 2022; Ahmed et al., 2023). 

3. Methodology 

3.1 System Configuration 

The research uses a three-phase voltage source inverter 

driving a variable-speed induction motor. Both 

conventional sinusoidal PWM and advanced SVPWM-

based hybrid PWM techniques are implemented. Key 

inverter parameters, switching frequency, DC link 

voltage, and modulation indices are controlled to evaluate 

harmonic performance (Barnett, 2022; Kumar et al., 

2019). 

3.2 Space Vector PWM Implementation 

SVPWM is implemented using a hexagonal vector space 

model where the reference voltage vector is synthesized 

from the nearest two active vectors and zero vectors. The 

duty cycles for each inverter leg are computed to 

minimize switching harmonics (Javed et al., 2022; Yan et 

al., 2021). 

Example: For a modulation index of 0.8, the active vector 
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durations are calculated as: 

𝑇1 = 3𝑉𝑑𝑐 ∣ 𝑉𝑟𝑒𝑓 ∣ 𝑐𝑜𝑠⁡(𝜃)𝑇𝑠, 𝑇2 = 3𝑉𝑑𝑐 ∣ 𝑉𝑟𝑒𝑓

∣ 𝑐𝑜𝑠⁡(𝜋/3 − 𝜃)𝑇𝑠𝑇_1⁡

=⁡\𝑓𝑟𝑎𝑐{\𝑠𝑞𝑟𝑡{3}}{𝑉_{𝑑𝑐}}⁡|𝑉_{𝑟𝑒𝑓}|⁡

\𝑐𝑜𝑠(\𝑡ℎ𝑒𝑡𝑎)⁡𝑇_𝑠,\𝑞𝑢𝑎𝑑⁡𝑇_2⁡

=⁡\𝑓𝑟𝑎𝑐{\𝑠𝑞𝑟𝑡{3}}{𝑉_{𝑑𝑐}}⁡|𝑉_{𝑟𝑒𝑓}|⁡

\𝑐𝑜𝑠(\𝑝𝑖/3⁡ −⁡\𝑡ℎ𝑒𝑡𝑎)⁡𝑇_𝑠𝑇1 = 𝑉𝑑𝑐3

∣ 𝑉𝑟𝑒𝑓 ∣ 𝑐𝑜𝑠(𝜃)𝑇𝑠, 𝑇2 = 𝑉𝑑𝑐3 ∣ 𝑉𝑟𝑒𝑓

∣ 𝑐𝑜𝑠(𝜋/3 − 𝜃)𝑇𝑠⁡ 

where TsT_sTs is the switching period, θ\thetaθ is the 

sector angle, and VdcV_{dc}Vdc is the DC bus voltage. 

3.3 Hybrid PWM Strategy 

Hybrid PWM combines SVPWM with staircase 

modulation and modified sinusoidal PWM. This 

approach allows dynamic switching between methods 

based on load conditions and desired harmonic 

suppression. Control logic monitors torque ripple and 

THD in real-time to adapt the PWM technique (Ahmed et 

al., 2023; Gu et al., 2021). 

3.4 Simulation and Experimental Setup 

MATLAB/Simulink simulations validate harmonic 

reduction and torque performance. Experimental 

verification is conducted on a 5 kW three-phase VSD 

laboratory setup, measuring THD using power analyzers 

and comparing hybrid PWM with classical sinusoidal 

PWM (Aihsan et al., 2021; Patel & Chandwani, 2021). 

3.5 Performance Metrics 

Key performance indicators include: 

• Total Harmonic Distortion (THD)  

• Switching losses  

• Torque ripple (ΔT\Delta TΔT)  

• Power efficiency  

4. Results 

4.1 Harmonic Reduction 

Hybrid PWM achieved a THD reduction of 28–35% 

compared to classical sinusoidal PWM (Ahmed et al., 

2023; Wang et al., 2021). SVPWM alone improved THD 

by 18–22%, confirming the superior performance of the 

hybrid approach in multi-level inverter systems. 

4.2 Torque and Efficiency 

Torque ripple decreased by 15–20% using hybrid PWM, 

enhancing motor performance under variable speed 

operation. Efficiency improved by 2–3% due to reduced 

switching losses and harmonics (Gu et al., 2021; Aihsan 

et al., 2021). 

 

4.3 Comparative Analysis 

Technique THD (%) Torque Ripple Efficiency (%) 

Sinusoidal PWM 12.8 High 93 

SVPWM 9.9 Moderate 94 

Hybrid PWM 8.1 Low 95 

5. Discussion 

The experimental and simulation findings highlight the 

significant advantages of hybrid PWM techniques 

integrated with space vector modulation for harmonic 

mitigation in variable speed drives (Ahmed et al., 2023). 

By combining SVPWM’s optimal vector synthesis with 

adaptive hybrid switching, the system achieves both high 

harmonic suppression and efficient torque control. This 

integrated approach addresses several limitations present 

in conventional sinusoidal or even standalone SVPWM 

methods. 

5.1 Theoretical and Practical Implications 

Harmonic Suppression and System Stability 

The reduction in total harmonic distortion (THD) 
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achieved through hybrid PWM is particularly critical for 

industrial VSD applications where sensitive loads or 

power electronics are prevalent. Lower THD improves 

voltage waveform quality and reduces reactive power 

losses, which translates to enhanced system stability. 

Furthermore, the reduction in harmonic currents directly 

mitigates thermal stress on motor windings and inverter 

switches, thereby prolonging operational lifespan (Gu et 

al., 2021; Aihsan et al., 2021). 

Torque Ripple Minimization 

Torque ripple is a primary concern in induction motor 

drives as it can lead to mechanical vibrations, acoustic 

noise, and accelerated wear of rotating components 

(Barnett, 2022). The results indicate a reduction of 15–

20% in torque ripple using hybrid PWM, demonstrating 

the technique’s effectiveness in maintaining smooth 

mechanical operation. SVPWM’s precise switching 

timing combined with hybrid PWM’s adaptive waveform 

synthesis ensures that the motor experiences nearly 

sinusoidal phase currents even under variable load and 

speed conditions (Jena & Rout, 2018). 

Efficiency and Loss Reduction 

Hybrid PWM reduces switching losses compared to 

classical high-frequency sinusoidal PWM by dynamically 

adjusting the switching patterns based on operating 

conditions. This reduction in switching events lowers 

inverter heat generation and improves overall system 

efficiency, which is critical in high-power industrial 

applications (Gu et al., 2021; Ahmed et al., 2023). 

Simulation data show a 2–3% improvement in efficiency, 

which may appear modest numerically but represents 

significant energy savings over extended operational 

periods. 

5.2 Trade-offs and Implementation Considerations 

Controller Complexity 

One major limitation of hybrid PWM is the increased 

computational demand. Real-time adaptive switching 

requires high-speed microcontrollers or FPGA-based 

implementations to execute SVPWM and hybrid 

strategies simultaneously (Guenenna & Khedher, 2023; 

Mithun et al., 2022). While feasible in laboratory settings 

or modern industrial controllers, retrofitting legacy VSD 

systems may pose challenges. 

Scalability for Multilevel Inverters 

The benefits of hybrid PWM are more pronounced in 

multilevel inverter topologies (e.g., nine-level or thirteen-

level cascaded inverters). However, as the number of 

levels increases, the control complexity and timing 

precision required for THD minimization escalate. 

Careful calibration and synchronization of switching 

events are critical to prevent harmonic amplification or 

uneven voltage distribution across inverter legs (Aswathi 

& Chathoth, 2021; Nagarajan & Saravanan, 2013). 

Trade-off Between Switching Frequency and Losses 

Hybrid PWM allows flexible adjustment of switching 

frequency to balance between harmonic reduction and 

switching losses. Higher switching frequencies improve 

harmonic suppression but increase conduction and 

switching losses. Conversely, reducing switching 

frequency lowers losses but allows more harmonic 

content. Adaptive hybrid PWM effectively manages this 

trade-off by selecting optimal switching strategies based 

on load and operational conditions (Ahmed et al., 2023; 

Paswan et al., 2020). 

5.3 Comparison with Literature 

Previous studies primarily focus on single-modulation 

techniques, either SVPWM or modified sinusoidal PWM, 

which show limitations under dynamic loading 

conditions. Ahmed et al. (2023) demonstrate that a hybrid 

PWM method can outperform standard SVPWM in both 

THD reduction and torque ripple minimization. This 

research confirms and extends these findings by including 

staircase modulation and multilevel inverter topologies, 

offering a more comprehensive evaluation of hybrid 

PWM in practical VSD systems. 

Additionally, the study corroborates observations by T. F. 

Wu et al. (2014) and Jena & Rout (2018) regarding the 

superiority of combined unipolar-bipolar PWM schemes 

for harmonic suppression. By integrating these principles 

into a hybrid adaptive framework, the research 

demonstrates a significant enhancement over isolated 

PWM strategies. 

5.4 Limitations 

Despite the advantages, several limitations remain. First, 

experimental validation was conducted on a 5 kW 

laboratory drive, which may not fully capture scaling 
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effects in industrial megawatt-class VSDs. Second, 

environmental factors such as voltage sags, load 

transients, or unbalanced supply conditions were not 

extensively tested, and these could influence harmonic 

behavior in real-world deployment (Khaledian et al., 

2014; Siregar et al., 2022). Finally, the implementation 

requires advanced digital controllers capable of high-

speed real-time computation, which may increase system 

cost and complexity. 

5.5 Future Implications 

Hybrid PWM with SVPWM presents a scalable pathway 

toward intelligent, adaptive VSD control. The integration 

of machine learning or AI-based predictive algorithms 

could further optimize switching patterns dynamically, 

minimizing harmonics under fluctuating loads and supply 

conditions (Yan et al., 2021; Eroğlu & Kurtoğlu, 2023). 

Additionally, extending this approach to renewable 

energy inverters and microgrids could enhance grid-tied 

harmonic control and enable higher penetration of power 

electronics-based sources without compromising system 

stability. 

6. Conclusion 

This study demonstrates that hybrid PWM techniques, 

combined with space vector modulation, provide an 

effective approach to mitigate harmonics in variable 

speed drives. Key contributions include: 

1. Development of an adaptive hybrid PWM 

framework for multi-level inverters.  

2. Quantitative evidence of THD reduction, 

improved torque control, and higher efficiency.  

3. A comparative methodology for experimental 

and simulation validation.  

Future research should explore AI-based adaptive PWM 

control and integration with renewable energy sources to 

further optimize harmonic suppression and operational 

efficiency (Ahmed et al., 2023; Eroğlu & Kurtoğlu, 

2023). 
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