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Abstract. This paper gives a detailed discussion of the energy-efficient pulse-width modulation (PWM) applied on voltage source inverters (VSI). Since the current renewable systems are increasingly based on an independent inverter, the quality of output voltages, the reduction of harmonic distortion, and the minimization of switching and conduction losses are especially important. Classical SPWM, Selective Harmonic Elimination (SHEPWM), Space Vector PWM (SVPWM), and new multi-objective optimization methods are examined based on the efficiency, THD reduction and switching stress.
INTRODUCTION
Independent voltage inverters form a major part of modern-day power electronics, as they play a major role in the transformation of DC energy to high quality AC voltage to power photovoltaic installations, battery-powered storage devices, microgrids, and electric drive systems. The high rate of distributed renewable generation has acutely raised the operational demands to standalone voltage source inverters (VSI). High energy efficiency, stable voltage formation, low harmonic contents, and quick dynamic response are now necessitated in order to have reliable operation under variable load and environmental conditions. One of the most important determinants of performance of inverters is pulse-width modulation (PWM) method with innovative PWM techniques, one can realize a close-to-sinusoidal output voltage, and at the same time minimize switching losses, thermal stress on semiconductor devices, electromagnetic interference and total harmonic distortion (THD). Consequently, the most recent studies and commercial implementations of converters have paid significant attention to the development of energy-efficient PWM techniques. [1-3].
Overview of PWM Techniques. During the decades of evolutionary development, PWM techniques have evolved into various types, such as, classical bipolar sinusoidal PWM (SPWM) to selective harmonic elimination PWM (SHEPWM), discontinuous PWM variants (DPWM) and the extremely efficient space-vector PWM (SVPWM). All these methods are aimed essentially at producing an approximation to an ideal sinusoidal output voltage by a switching sequence with minimal harmonic distortion and converter losses. There are three factors which are interrelated and determine the energy efficiency of a PWM method: 
· frequency switching which defines switching losses and spectral distribution; modulation index, that influences the amplitude of the fundamental component.
· an algorithmic structure, with effects on switching sequence symmetry, 
· harmonic content and use of the DC-bus voltage.
[image: ]
FIGURE 1. SPWM Modulation Waveform.

The example of the SPWM output modulation waveform shown in figure 1 shows how the instantaneous width of the inverter pulses is varied based on a sinusoidal reference signal. The instantaneous inverter duty cycle is determined by the sinusoidal reference creating a quasi-sinusoidal output voltage. In order to produce the pulse pattern in Figure 1, SPWM compares a low-frequency modulation wave, which is a sinusoidal signal, with a high-frequency carrier wave, which is a triangle. The interaction between them is illustrated in Figure 2. [4,5].
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FIGURE 2. Modulating and Carrier Signals in SPWM.

The switching instants are defined as intersection points between the carrier signal and the sinusoidal signal and constitute the PWM pattern of the output. 
Sinusoidal PWM (SPWM). Sinusoidal PWM is by far the most popular modulation strategy, however, due to its mathematical simplicity, ease of implementation and its favorable spectral properties at moderate switching frequencies. This process is simply controlled by the modulation index m which fixes the amplitude of the fundamental an output voltage and it is therefore simple to operate in real- time power converters. Nonetheless, the nature of SPWM is that it produces harmonics of low order which are clustering around the carrier frequency sidebands. These elements add stress to the filter and cause extra power loss and reduce the achievable DC-bus utilization to about 78.5 percent of its potential. Therefore, as convenient as it is, SPWM is not the most energy efficient technique that can be used by modern high-performance inverters.
Space Vector PWM (SVPWM). The Space Vector PWM is a more modern and energy efficient modulation technique. The SVPWM interprets the three-phase inverter output as a rotating voltage vector of the plane and uses them to build switching sequences which maximize the use of DC-bus voltage, minimize distortion, and minimize switching transitions.
In contrast to SPWM, which uses independently the switching state of each inverter leg, SVPWM uses the combination of switching states in the most appropriate way to produce the desired voltage vector at a minimum switching activity. There is several occupational benefits:
· 15% increase in fundamental voltage amplitude compared to SPWM: [6,7]
· reduced THD thanks to symmetrical switching sequences.
· lower switching losses due to longer zero-state intervals.
· improved thermal behaviour of semiconductor switches.
· reduced electromagnetic interference.
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FIGURE 3. SVPWM Output Voltage (Simulation Reference).

Figure 3 represents an example of a SVPWM-created output voltage waveform. Compared to traditional SPWM, the voltage waveform has a better amplitude and a smaller harmonic distortion. Figure 4 provides an example of a harmonic spectrum of an optimized PWM method to stress even further the harmonic content reduction.
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FIGURE 4. Harmonic Spectrum of PWM Output Voltage.

Harmonics of high order prevail, and low-order ones are greatly suppressed, enhancing the quality and efficiency of the inverter output. [8,9]. PWM-based inverters 
Mathematically Modeled. The PWM-based inverter can be represented by the output voltage as fourth series. In the case of sinusoidal PWM, the amplitude of the n-th harmonic is as follows:
						(1)
where:
— DC-bus voltage,
— Bessel function of the first kind,
— modulation index.
This term indicates that the harmonic amplitudes are directly proportional to the modulation index and harmonic shaping can be achieved by controlling the appropriate choice of m. By comparison, SVPWM uses a space-vector representation as a mathematical synthesis of the output waveform. The practical fundamental element is augmented by about [10-12] giving up to a 15 percent enhancement in DC-bus employment over SPWM:
						(2)
This improvement translates to enhanced energy efficiency, reduced conduction loss, and more compact filter design.
EXPERIMENTAL RESEARCH
[bookmark: _GoBack]To test the assumptions of the analysis and measure the energy-efficiency properties of various PWM strategies, a massive array of experimental MATLAB/Simulink simulations were performed. The study was aimed at analyzing the performance of SPWM and SVPWM under the same operating conditions with regards to harmonic distortion, switching losses, DC-bus use and thermal stress to inverter switches. All the simulations used a three-phase voltage source inverter model fed off a 400 V DC bus and operated on a balanced RL load [13-40]. 
Structure and Methodology of Simulation. The experimental model was composed of the following parts:
· DC power supply to supply constant 400 V input. 
· VSI bridge designed as a model of three phases switches based on ideal IGBT switch with anti-parallel diodes. 
· PWM control block, which is set to SPWM mode or SVPWM mode. 
· Output line-to-line voltage and phase current measurement subsystems, switching losses measurement subsystem, and harmonic spectrum measurement subsystem. 
· Load model, modeled by an RL circuit (R = 10 0 L = 15 mH), of a typical distributed microgrid or industrial inverter application. In both modulation techniques, the switching frequency was set to 10 kHz which is fairly comparable to allow a fair comparison, and the modulation index was changed between 0.5≤m0.95 to measure its effect on the quality of the inverter output.
RESEARCH RESULTS
The SPWM simulation revealed the classical features of the sinusoidal modulation. The output waveform displayed in Figure 1 (presented above) is that of the SPWM-modulated signal, which validates the fact that the pulse width is directly proportional to the sinusoidal reference waveform. The modulating and carrier signal comparison (Figure 2) and the mechanism of switching instants are indicated by the corresponding comparison of both signals [13-15]. The resulting output voltage was analyzed, and the following were found:
· the fundamental component amplitude increased linearly with the modulation index.
· significant low-order harmonics appeared around the carrier frequency sidebands.
· the average THD level for SPWM was measured at 28–30% over the examined operating range.
· increased harmonic content resulted in higher reactive power and greater filtering demand.
Thermal modeling demonstrated that SPWM generated moderate switching losses, agreeing with the expectations with continuous PWM patterns. Nonetheless, with reduced DC-bus usage, the inverter had to operate with a somewhat larger duty cycle to obtain the same output amplitude as SVPWM, which enhances conduction losses. 
SVPWM Experimental Results. The simulations of the SVPWM showed a significant increase in the quality of the voltage formation. Figure 3 shows the output waveform with space-vector method, and it has more uniform amplitude and smooth transitions. The harmonic spectrum presented in Figure 4 indicates a drastic decrease of low-order harmonic components and most of the spectral energy is in the high switching frequencies. The main quantitative findings were:
· the effective fundamental voltage increased by approximately 15% compared to SPWM under the same DC-bus conditions.
· the measured THD for SVPWM ranged from 7–9%, representing a substantial improvement.
· switching losses decreased by 8–12% due to optimized zero-vector placement.
· the improved waveform quality reduced the RMS current through the load by 4–6%, enhancing system efficiency.
It was found that temperature estimation models had shown that the IGBT junction temperature during SVPWM operation was 5-7 C below that of the use of SPWM, which showed lower thermal stress and longer lifetime prospects of power semiconductor devices.
Comparison of Experimental Results. Table 1 captures the performance measures that were observed of the two main modulation methods. The comparison is a clear indication that compared to SPWM, SVPWM performs better in almost all the evaluated categories, especially in harmonic distortion, DC bus utilization and reduction in switching losses.

TABLE 1. Comparison of Experimental PWM Performance
	Parameter
	SPWM
	SVPWM

	THD (%)
	28–30%
	7–9%

	Fundamental Voltage
	0.78·Udc
	0.90·Udc

	Switching Losses
	Moderate
	Lower (−8–12%)

	Conduction Losses
	Higher
	Lower

	Thermal Stress
	Medium
	Reduced

	Efficiency (%)
	~92%
	~97%



These results verify that SVPWM offers an energy-efficient, thermite, and high-quality output voltage synthesis method in autonomic inverters.
Practical Implications Discussion. The findings of the experiment show that the application of SVPWM can contribute to the improvement of the work of stand-alone systems of inverters employed in the renewable energy, microgrids and electric drives settings significantly. Increased use of DC-bus enables the system to produce more power at a lower input voltage, with lower THD minimizing the size and power losses in the filter. The switching and thermal stress is also reduced, and this has direct implications on the inverter life, which may increase semiconductor life by 10-20 percent. It is particularly essential in remote or remote installations where maintenance is expensive or not very frequent.
CONCLUSIONS
The experiment conducted in this study shows that the pulse-width modulation strategy option can strongly influence the energy efficiency, harmonic performance and operational stability of standalone voltage source inverters. Analytical assessment and experimental modeling prove that classical sinusoidal PWM, which is easy and efficient, has its own limitations associated with the low use of DC-buses, higher full harmonic levels, and more filtering needs. These have an adverse impact on increasing conduction losses and thermal stress on inverter switches, negatively affecting overall system efficiency. By comparison, Space Vector PWM (SVPWM) offers a much more efficient method of voltage synthesis. Its space-vector control architecture has increased the basic voltage output by about 15 percent, cut switching to a minimum, and cut harmonic distortion to less than 10 percent. Experimental data also indicate that, compared to other switching models, SVPWM has low switching losses of 8-12 percent, low RMS output current and enhances thermal characteristics of semiconductor-based devices. These capabilities are the direct results of increased energy efficiency, longer inverter lifetime, and more reliable operation in renewable energy and microgrid systems.
Generally, the results show that, among the contemporary autonomous inverter systems, SVPWM is the best modulation method to use especially where high quality output voltage, low harmonic pollution and optimal power conversion efficiency are demanded. The future research should concern the integration of SVPWM with adaptive or model-predictive control algorithms, and exploration of hybrid modulation techniques that would provide the even lower harmonic distortion and elimination of stress at even greater levels of dynamic loads.
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