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 The drawbacks of fossil fuel-based energy sources, including high costs, 

pollution, scarcity, and environmental damage, highlight how urgent it is to 

switch to renewable energy sources. Multilevel inverters (MLIs) are 

currently required for the production of wind electricity. In this research, to 

get a reduced harmonic distortion, use 31-level inverter based on shifted 

carrier-pulse width modulation (SC-PWM) is developed for wind power 

generation using MATLAB/Simulink. It aids in minimizing the total 

harmonic distortion (THD) to 3.20, and the output voltage is enhanced by 

the suggested MLI. Wind energy extraction is optimized by combining with 

a proportional integral derivative (PID) control system. MATLAB/Simulink 

has been used to make sure the MLI structure and look into the 

implementation of wind energy conversion systems using a permanent 

magnet synchronous generator (PMSG). In order to show that the suggested 

inverter architecture improves power conversion efficiency and stability in 

renewable energy systems, the study also examines power efficiency, system 

dependability, and the viability of large-scale applications. Additionally, the 

study investigates grid integration, modulation strategies, and switching 

losses to guarantee increased sustainability, dependability, and efficiency in 

wind energy applications while lowering operating costs. 
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1. INTRODUCTION 

System engineers find it difficult to integrate the power supplied by wind turbines with the current 

power system. Wind power integration with the current system requires power electronic converters, which 

have an impact on the consumer's power quality. Power quality may be impacted by total harmonic distortion 

(THD), which can be produced when power electronic converters are added to the current system to integrate 

wind power. Therefore, it is essential to guarantee that the system operator will provide the customer with 

high-quality power. The most cost-effective distributed energy generation option is wind energy [1], [2]. For 

improved frequency and voltage regulation, conversion systems primarily use the double-fed induction 

generator (DFIG) [3] and permanent magnet synchronous generator (PMSG) [4] types of generators. Power 

electronics play a part in improving the efficiency of wind energy conversion and use [5]. Compared to the 

traditional voltage source inverter (VSI), multilevel inverters (MLIs) have been recognized for their capacity 

to manufacture high-quality output voltages coupled to reduced distortion and low blocking voltages of 

semiconductors in standalone wind energy conversion systems [6]. A new MLI topology for solar 

applications was created in [7] utilizing an H-bridge inverter and a DC link capacitor, which has been shown 

https://creativecommons.org/licenses/by-sa/4.0/
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to result in fewer switches. Boosting power quality and compensating for reactive power by using an active 

power filter. A series active power filter (SAPF) is used particularly to equalize for voltage distortions such 

as sags, flickers, and notches, and to lower harmonics in low and medium-voltage electrical systems. SAPF 

reduces THD by injecting voltage enters the line to lessen distortions [8]. To create an AC voltage with 

minimal THD and power loss, a bridge inverter receives a DC voltage in the form of a staircase that roughly 

resembles the reinstated structure of a prescribed sinusoidal wave. The bridge inverter then switches the 

polarity [9]. Palani et al. [10] present a new cascaded multilayer inverter design that significantly reduces the 

number of switches and DC voltage sources. The cross-switched MLI is coupled to a switched-capacitor 

circuit, which further increases the input voltage while lowering it. The assortment of power supply and 

switching devices [11]. Reduced detached DC sources have been employed with series-connected capacitor-

clamped MLI [12]. A novel optimal construction for MLI is suggested, which uses a lower blocking voltage 

capability and produces large voltages with fewer switches [13]. A comparison between a symmetric hybrid 

MLI that uses a customized H-bridge inverter and an asymmetric seventeen-level switching capacitor MLI 

has been made [14]. It has been suggested to use switching capacitors of the MLI type to increase the 

converter's capacity [15]. It is explained how to use a cascaded H-bridge MLI as a distribution static 

compensator (DSTATCOM) with a proportional-integral (PI) controller to lower source current harmonics in 

the distribution system [16]. In addition to compensating reactive power, the PI controller lowers source 

current harmonics and keeps the distribution system's power factor at unity. 

A multi-phase generator, a passive rectifier, a modular medium-frequency transformer-based 

converter, and a current source converter (CSC) are the components of a new CSC-based wind energy 

conversion system that has been presented [17]. Alskran and Simoes [18] provide a thorough explanation of 

how modular multilevel converters (MMCs) work in general. It demonstrates that an MMC can function in 

normal, step-down, or step-up modes by adjusting the arm DC component. When compared to previous 

voltage lift methods like super lift converters and classical boost converters, ultra-lift converters produce 

extremely high output transfer gains with geometric growth. Comparatively speaking, it also offers better 

efficiency and a smaller size. Continuous conduction mode is used to analyze the operation of ultra-lift 

converters [19]. In order to analyze and evaluate the performance of a wind energy conversion system, a 

wind turbine emulator (WTE) was designed and developed [20]. Sandeep et al. [21] provide a better model 

of a grid-connected wind power system (GCWPS) that uses artificial intelligence for control and is powered 

by a PMSG. It recruits two voltage source converters (VSC) based on insulated-gate-bipolar-transistor 

(IGBT); one is associated with the grid (inverter), and the other is correlated to the generator (rectifier). 

Hong and Chen et al. [22] present sophisticated control methods based on an adaptive neuro-fuzzy 

inference system (ANFIS) are presented for optimal grid deployment of photovoltaics (PV) and wind energy 

in renewable energy systems. Maximizing the use of renewable energy, improving power management, and 

improving grid stability are the goals of the ANFIS control. ELmorshedy et al. [23] explain how to operate a 

PMSG wind energy conversion system on its own. Regarding certain working circumstances, such as wind-

speed variation, load variation, in disproportionate circumstances, the control approach that is being 

described seeks to regulate the load voltage in magnitude and frequency. A disadvantage of the power 

converters employed in PMSG systems is that the lower energy generation region is restricted by the 

conventional inverter's worse DC bus utilization at minimum rates of wind. The generating system's lower 

limit is determined by the converters' pulse width modulation (PWM) algorithms, architecture, and rating. 

For the grid side converter, a new dual-level inverter-based architecture is proposed in [24] in order to 

increase DC bus utilization. Atifi et al. [25] resolved the issue of controlling the connection between the 

electrical grid and a wind system that uses a PMSG. 

This study proposes and designs an MLI configuration based on shifted carrier pulse width 

modulation (SC-PWM) for windmill applications. The performance of the suggested MLI is analyzed using 

the SC-PWM approach. The output voltage can be improved, and THD can be decreased using the SC-PWM 

approach. Although the conversion efficiency of renewable energy sources is not as high as that of traditional 

energy sources, technology is constantly being improved to increase its efficiency to above 90%. Wind 

power plants generate electricity at a relatively lower cost than other methods of generation. A lot of major 

utility-scale wind power plants are assembled in a year. Among the several subsections of a wind energy 

conversion system, the generator type is the most crucial. Self-excited induction generators (SEIG), DFIG, 

and PMSG are among the various generator types that are employed. 

 

 

2. MULTILEVEL INVERTER 

MLI are advanced power conversion devices that produce output voltages with multiple discrete 

levels, improving waveform frequency versus traditional two-level inverters. Figure 1 implies a basic MLI 

schematic diagram. They achieve this by stacking several voltage levels using series-connected power 
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semiconductor devices. By employing SC-PWM, these inverters synthesize a staircase-like output waveform 

that closely resembles a sinusoidal shape. This configuration reduces THD, resulting in cleaner power 

delivery and enhanced efficiency. An essential method for improving output waveform quality and lowering 

harmonic distortion in inverters, especially MLI, is SC-PWM. 

Furthermore, MLI allows for lower voltage ratings and greater dependability by distributing voltage 

stress among several components. Applications, including electric cars, industrial motor drives, and 

renewable energy systems, make extensive use of them. They are crucial to contemporary power electronics 

because of their capacity to produce excellent power quality and effective energy conversion. 

 

 

 
 

Figure 1. Basic MLI schematic diagram 

 

 

3. WIND POWER ENERGY 

A wind turbine model in Simulink consists of a wind input block to simulate varying wind 

conditions, a turbine model to convert wind energy into mechanical power, and a generator (synchronous or 

DFIG) to produce electrical power. Figure 2 depicts a block diagram of wind energy. A primary proportional 

integral derivative (PID) controller adjusts the blade pitch angle to regulate speed and maximize power 

output. Additional components, like power conversion and grid synchronization, can be included for grid-tied 

setups. Together, these components simulate dynamic wind turbine operations in varying conditions. Every 

subsystem wind, mechanical, generator, and controller is constructed and linked using the appropriate blocks 

in Simulink. In order to replicate genuine turbine behavior, simulation parameters such as initial 

circumstances, wind fluctuations, and tuning settings are set up. 

 

 

 
 

Figure 2. Basic block diagram of wind energy 

 

 

3.1.  Permanent magnet synchronous generator modeling 

The circuit diagram for the working generator is shown in Figure 3. The flexible equation associated 

with the generating kind of maneuver can be stated mathematically as (1).  

 

𝑉𝑡 = 𝐸𝑟 − 𝐼𝑎(𝑅𝑎 + 𝑗𝑋𝐿) (1) 

 

For each machine phase, 𝑋𝐿 is the leakage reactance in series with the resistance between the terminal 

voltage and air gap e.m.f., and 𝑅𝑎  is the machine resistance. 

The model for PMSG is shown in Figure 3. A sinusoidal back e.m.f., negligible eddy current and 

hysteresis losses, and no dissemination are assumed by this dynamic model. Iron losses are taken into 

consideration, and the dynamic equations for the PMSG currents as in (2)-(7). 
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𝑑𝑖𝑚𝑑

𝑑𝑡
=

1

𝑙𝑑
(𝑣𝑑 − 𝑅𝑠𝑡𝑖𝑑 + 𝜔𝐿𝑞𝑖𝑚𝑞) (2) 

 
𝑑𝑖𝑚𝑞

𝑑𝑡
=

1

𝐿𝑑
(𝑣𝑞 − 𝑅𝑠𝑡𝑖𝑞 + 𝜔𝐿𝑞𝑖𝑚𝑑 − 𝜔𝜑𝑃𝑀) (3) 

 

𝑖𝑑 =
1

𝑅𝑐
(𝐿𝑑

𝑑𝑖𝑚𝑑

𝑑𝑡
− 𝜔𝐿𝑞𝑖𝑚𝑞 + 𝑅𝑐𝑖𝑚𝑑) (4) 

 

𝑖𝑞 =
1

𝑅𝑐
(𝐿𝑞

𝑑𝑖𝑚𝑞

𝑑𝑡
+ 𝜔𝐿𝑑𝑖𝑚𝑑 + 𝜔𝜑𝑃𝑀 + 𝑅𝑐𝑖𝑚𝑞) (5) 

 

𝑖𝑐𝑑 = 𝑖𝑑 − 𝑖𝑚𝑑 (6) 
 

𝑖𝑐𝑞 = 𝑖𝑞 − 𝑖𝑚𝑞 (7) 

 

Where the 𝑑𝑞 axes currents are denoted by 𝑖𝑑 and 𝑖𝑞, the iron losses currents by 𝑖𝑐𝑑 and 𝑖𝑐𝑞, the magnetising 

currents by 𝑖𝑚𝑑 and 𝑖𝑚𝑞, the 𝑑𝑞 axes inductances by 𝐿𝑑  and 𝐿𝑞 , and the 𝑑𝑞 axes voltages by 𝑣𝑑 and 𝑣𝑞. If 

𝜑𝑃𝑀 is the mutual flux caused by magnets, then 𝑅𝑐 is the resistance to iron losses and 𝑅𝑠𝑡 is the resistance of 

the stator. The equation for the PMSG's electromagnetic torque as in (8). 
 

𝑇𝑒 =
2

3
𝑝[𝜑𝑃𝑀𝑖𝑚𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑚𝑑𝑖𝑚𝑞] (8) 

 

Where the symbol 𝑝 represents the value of pole pairs. 
 

 

 
 

Figure 3. Circuit diagram of PMSG 
 

 

4. MODULATION TECHNIQUE 

The SC-PWM inquiry takes note of the technique; the SC-PWM waveform is displayed in Figure 4. 

For modulating each cell independently, bipolar and sinusoidal PWM are taken into consideration. The 

reference voltage signal is constantly compared with each cell of the shifted carrier signal. For every full 

bridge inverter in a multilayer phase leg, a 180° phase shift is introduced. This method's capacity to 

drastically reduce THD, which results in cleaner electricity and increased efficiency, is one of its main 

advantages. SC-PWM is also suitable for motor drives, renewable energy systems, and other high-

performance applications since it may be used in a variety of topologies, such as cascaded MLIs. 
 

 

 
 

Figure 4. SC-PWM 
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The SC-PWM signal waveform is displayed in Figure 5. The n-level inverter generates the n-1 

phase-shifted carrier signal. Simulations are run, and a 31-level inverter is designed. The following is their 

operating procedure, which takes into account the SC-PWM technique. 

‒ n=level of the inverter. 

‒ N-1. i.e., The arrangement is four carrier waveforms. The full bridge inverter's carriers are chosen with a 

90° phase shift. 

‒ The converter changes to +Vdc if the reference goes over all of the carrier wave forms. 

‒ The converter converts to Vdc/2 if the context is more than all other carriers and lower than the highest 

carrier waveform. 

‒ The converter flips to 0 if the reference is more than two lowermost carriers and less than the two largest 

carrier patterns of waves. 

‒ This causes the converter to switch to -Vdc/2 if the reference has been elevated above the lowest carrier 

and lower than any other carrier. 

‒ The converter changes to -Vdc if the reference is less than all carriers. 

Particularly in MLIs or modular converters, phase-shifted PWM waveforms are achieved through the use of 

shifted carrier signal production. This technique entails producing a number of high-frequency carrier 

signals, usually uniformly distributed over the number of carriers, each phase-shifted by a particular angle.  

 

 

 
 

Figure 5. SC-PWM generation of signal 

 

 

The phase shifting of the carrier frequency as in (9).  

 

𝑃𝑐𝑟 =
(𝑆−1)𝜋

𝑛
 (9) 

 

Where, S=𝑆𝑡ℎ bridge, n=Number of inverters.  

 

𝑛 =
(𝑃−1)

2
 (10) 

 

In each phase leg, 𝑃 is the quantity of switched DC levels that can be obtained. The power cell's 

output voltage is determined by (11)-(13). 
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𝑉𝑜𝑖 =
1

𝑇𝑐𝑟
∗ ∫ 𝑉𝑜𝑖 (𝑡)𝑑𝑡 (11) 

 

𝑉𝑜𝑖 =
𝑇𝑜𝑛

𝑇𝑐𝑟
∗ 𝑉𝑑𝑐 (12) 

 

𝑉𝑜𝑖 = 𝑉 (13) 

 

 

5. SIMULATION RESULTS AND DISCUSSION 

At the turbine speed, the maximum turbine power is 12 m/s. Figures 6 and 7 represent the output 

voltage and current waveforms of the wind energy, respectively, at their maximum levels. Figures 8 and 9 

display the PMSG speed and torque characteristics of the wind power plant as specified by wind turbine 

specifications. The output voltage simulation results at level 31 are shown in Figure 10. In contrast to the 

asymmetrical input voltage of 1,500 V, the output voltage is 1,691 V, suggesting an increase in output 

voltage. This approach used the wind power converter system. The SC-PWM technique yields a lower THD 

value of 3.20%, this value is less compared with other existing methods. The THD value of the suggested  

31 level of MLI linked to wind power generation is shown in Figure 11.  

 

 

 
 

Figure 6. Windmill output current 

 

 

 
 

Figure 7. Windmill output voltages 
 

 

 
 

Figure 8. PMSG speed 
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Figure 9. PMSG torque 

 

 

 
 

Figure 10. 31-level output voltage waveform 

 

 

 
 

Figure 11. Harmonic voltage spectrum 

 

 

6. CONCLUSION 

Improved performance in terms of lowering THD value of 3.20 for a 31-level inverter linked to a 

wind mill using the SC-PWM approach. This simulation output gives 31 increasing and decreasing levels, 

which helps in reducing the THD value and obtaining the sinusoidal waveform as the output. The control 

approach that was implemented demonstrated a significant improvement in both system efficiency and output 

power. PMSG and converter components are included in the suggested model, which can be used to research 

and evaluate the fundamentals of wind energy generation. The MLI structure is deemed suitable for recruits 

for sustainable energy sources based on the results. Furthermore, we may decrease THD by increasing the 

number of levels of inverters using various techniques and deploying renewable energy alternatives such as 

solar, hybridized systems. 
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