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 Renewable energy has a great importance for power generation as it does not 

use the fossils fuels. Energy generated from alternative energy sources are 

weather dependent. To generate a continuous power to meet the load 

requirements, Battery energy storage system are used. Power conversion 

process must be much efficient as possible to convert the DC stored energy 

into AC. This conversion process is usually done by the help of inverters. 

This paper gives the brief overview on three main categories of multilevel 

inverter like cascaded h-bridge, neutral point clamped and flying capacitor 

multilevel inverter and highlights their advantages which can also help the 

scholars to deeply explore the categories of multilevel inverter. Harmonic 

elimination is usually done by controlling the switching angles of the 

inverter. Among all the switching angles techniques, selective harmonic 

elimination pulse width modulation (SHEPWM) technique is widely used, 

that has also discussed in this paper. Furthermore, to eliminate the harmonics 

using SHEPWM, it has the set of nonlinear transcendental equations, these 

set of equations can be effieceintly solved by the optimization methods. The 

most efficient and reliable optimization method like particle swarm optimization 

has been discussed with multiple objective functions in this paper. This paper will 

help the scholars to understand the finest category of multilevel inverter for 

harmonic elimination in terms of efficiency and output quality. 
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1. INTRODUCTION 

Energy generation process using fossils fuels are not considered as an effective method as it effects 

the environment and climate. Renewable energy sources (RES) produced the energy with nearly zero carbon 

emissions [1]-[3]. The power generation from these sources are weather dependent. This is the reason energy 

generated from RES needs to be store in energy storage devices (ESD) like battery, fuel cell, super capacitors 

etc. Energy stored in these storage devices are in direct current (DC) form, whereas mostly appliances works 

in alternating current (AC) form, A device, that is used to convert DC into AC, called inverter relates to RES 

or ESD to meet the appliances requirements [4], [5]. Inverters are used for grid-connected, flexible 

alternating current transmissions systems (FACTS), because of its low cost, flexibility, and effectiveness for 
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power conversion it is getting an attention for the scholars [6]-[12]. Grid connected Inverters increases the 

significance in photovoltaic cells, windmills, which will occupy the larger-scale photovoltaic cells [13].  

Devices that uses alternating current are smart devices, lightings, motors are powered by inverters 

[14]-[17]. Energy utilization of compressors and other electronic equipment’s can be done by combining 

inverters with varying its switching frequency [18]. Moreover, it also controls the voltage stability and 

variation in voltage in electrical power systems [15], [18]-[20]. Due to these changes, lifetime and quality of 

the devices may get affected by varying the torque and ripples of electrical appliances. Inverters has many 

advantages; however, the large number of unwanted harmonics appear at the output of multilevel inverter 

which effect the electrical and mechanical parts of the systems [21]-[24]. Switching frequency plays a vital 

role to minimize the harmonics, Because of high amplitude of fundamental frequency, harmonics having low 

order becomes more harmful for the system. The presence of unwanted harmonics can also be reduced by 

reducing the switching losses present in the power switches. Low order harmonics at the output of multilevel 

inverter generate the complex problems specially at the distribution side when this inverter relates to the grid 

[25]-[26]. Power quality at the output of inverter also get affected by these disturbances like fluctuations and 

harmonics [27].  

To overcome these problems, researchers have come up with many techniques that depends on 

modulation of the output waveform to minimize the harmonics, which makes the inverter more reliable and 

efficient [28]. A special type of inverter that gives the nearly sinusoidal waveform at the output are called the 

multilevel inverters. This idea has been introduced in 1980s, the word multi in multilevel inverter means that 

it consists of multi steps waveform at the output. Harmonics, electromagnetic interference, and quality in 

inverters are directly related to the switching frequency, lesser the switching frequency will yield the better 

efficiency of inverter [29]. The multilevel inverter mainly has three types, flying capacitor (FC), diode 

clamped (DC) and cascaded H-bridge (CHB). This paper discusses the harmonic elimination in CHB 

multilevel inverter as it is most suitable type for renewable energy applications. To control the switching 

frequency of this inverter there are two possibilities, selective harmonic elimination (SHE) and space vector 

control (SVC). Whereas SHE works on high switching frequency and SVC works on a low switching 

frequency. Pulse width modulation technique works on high switching frequency and switches of the inverter 

commutates multiple times in one cycle [30], and switch is commutated either once or twice in low switching 

frequency. For high power and medium power applications SHE is mostly used process.  

This paper gives the brief overview of basic configurations of multilevel inverters (MLI), pros and 

cons and recently research that has been done on three main types of MLI. The types that are discussed in 

this paper are neutral point clamped (NPC), flying capacitor (FC), and cascaded H-Bridge (CHB) Multilevel 

inverter. Modulation technique like Selective harmonic elimination pulse width modulation (SHEPWM) has 

been discussed in detail and the recent articles related to this technique has been summarized here. 

Furthermore, the advantages of optimization methods like PSO and GA over mostly used numerical methods 

newton raphson (NR) and latest papers has been summarized in this paper. Fundamental concepts and types 

of multilevel inverter is presented Section 2. Whereas Section 3 covers the selective harmonic techniques. 

The latest papers which uses particle swarm optimization (PSO) methods for harmonic elimination having 

different objective functions has been summarized in section 4. 

 

 

2. MULTILEVEL INVERTER 

Multilevel inverter gives the nearly sinusoidal waveform at the output by taking the several voltage 

sources as an input. It has many advantages as compared to conventional two-level inverter which uses 

fundamental switching frequency pulse width modulation (PWM) approach. Multilevel inverter is used to 

generate the nearly sinusoidal waveform either from an ESD or directly from DC power generation plant like 

Photovoltaic cells. The main advantage of multilevel inverter is that the increment in number of levels leads 

to the increment in output voltage and staircase waveform. The staircase waveform supports the reduction in 

total harmonic distortion (THD). Quality of Staircase waveform is high in terms of harmonics reduction and 

low voltage stress among power switches. Three main types of multilevel inverters have been applied in 

medium and high-power applications like neutral point clamped (NPC), flying capacitor (FC) and cascaded 

H-bridge (CHB) multilevel inverter. The number of required components in CHB is lesser than the other two 

techniques. Details of the number of components can be shown in Table 1. It also shows the difference in 

different MLI topologies. As CHB requires a least number of components that enables its simple structure 

with almost minute complexity. Additionally, with a least number of components it can also deliver power 

for high voltage power applications as compared to other. Additionally, merits and demerits of three types of 

inverter are shown in Table 2.  
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Table 1. Comparison of multilevel inverters techniques 

Topology  
Power 

Switches 

Clamping 

Diodes  

Clamping 

Capacitors 

DC Bus 

Capacitors 

NPC 2 (L-1) (L-1) (L-2) 0 (L-1) 

FC 2 (L-1) 0 (L-1) (L-2)/2 (L-1) 

CHB 2 (L-1) 0 0 (L-1)/2 

 

 

2.1. Neutral point clamped multilevel inverter  

This type of inverter is effectively a three-level diode clamped converter that was introduced by Nabae 

et al, [31]. This type of inverter has designed to produce a small harmonic output voltage for high efficiency 

variable frequency drive circuits. Predominantly the three level NPC is shown in Figure 1(a), the further neutral 

point that is given at every leg has individual states that are, Vdc/2, -Vdc/2 and zero. To get the ouput voltage 

of Vdc/2 and -Vdc/2, the switches S1 S2 and S1’ and S2’ need to be switch on in a specific pattern to give the 

output waveform like a staircase. The number of Capacitors (C) and clamping diodes (cd) for NPC multilevel 

inverter can be easily findout by (1) and (2):  

 

𝐶 = 𝑛 − 1 (1) 

 

𝑐𝑑 = 𝐶 ∗ (𝑛 − 2) (2) 

 

Whereas Figure 1(b) shows the five-level NPC multilevel inverter [8]. The circuit diagram consists of 

four capacitors for five level NPC design. C1, C2, C3 and C4. While comparing the NPC with other multilevel 

inverter [32]-[34], this type of inverter has widely used because of its efficiency and lesser leakage current [35], [36]. 

Given that NPC works on a mutual DC bus, the requirement of Capacitor of this inverter is reduced. This is the 

reason it is feasible for back-to-back topology; this inverter has few disadvantages as well like difficulty in real 

time power flow [37], [38]. Stabilizing and balancing the DC voltage of Capacitor is an important factor to 

consider for NPC design. Whereas a single supply gives the DC-bus to the inverter as the upper and lower load of 

the DC link capacitor is the problem. One other solution is for addressing the above problem is solved by [39], [40]. 

Although these solutions have high cost, decrease the power factor, and increases the complexity of the control 

system. Another passive circuit has been proposed in [38] to increase the power range of the whole system 

while maintaining the voltage stabilization and inequality in DC voltage system. A balance booster system is 

proposed in [41], to solve the stabilization problem, relates to the load in parallel. Further to reduce voltage 

stress, uniform input voltage and output voltage THD a novel five-level voltage source inverter is presented in [42]. 

The model proposed in [8] doesnot need further semiconductor power switches to connect in series thus it has a 

high-quality output voltage as compared to conventional NPC.  

 

 

 
(a) 

 
(b) 

 

Figure 1. Neutral point clamped multileve inverter (a) 3-level (b) 5-level [8] 

 

 

2.2.  Flying capacitor multilevel inverter 

Flying capacitor (FC-MLI) has a similar structure as NPC it has been firstly modeled by Maynerd and 

Foch [32]. Like NPC uses the clamping diode the FC uses a flying capacitor to clamp the device voltage. A 
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three-level and five-level FC is shown in Figure 2. The structure of three-level NPC and FC are similar, but it 

differs in switching pattern only. To pass the current for positive cycle like Vdc/2, S1 and S2 will work and for 

the negative DC input like -Vdc/2 S1’ and S2’ will be switched on. For zero level either S1 S1’ or S2 S2’ is 

switched on. And to discharge the capacitor it will be done correspondingly [33]. The quantity of capacitors that is 

linked with DC and the quantity of auxiliary capacitors can be found out with the help of (3) and (4), respectively. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure 2. Flying capacitor multilevel inverter (a) 3-level (b) 5-level [8] 

 

 

DC capacitors               =  𝑛 − 1 (3) 

 

Auxilary Capacitors   = 𝑛 − 1 ×
𝑛−2

2
 (4) 

 

The increment in number of levels for FC-MLI increases the complexity in controlling the system. 

This is the reason number of levels needs to be optimum so that it gives the nearly sinusoidal output and high-

performance controller as well [44]. An alternative switching state for a specific voltage level of FC-MLI is 

explained in Table 3 and Figure 2(b). To switch it for 1010 and 0101 first capacitor will store and release the 

charge, respectively. Thus, the significant issue of FC is to control the charging and discharging of the 

capacitors in a specific time to get the nearly sinusoidal waveform at the output. The significant factor of FC 

over NPC is its phase layings-off. These phase layings off have the quality to either charge or discharge the 

capacitor, the power consumption of DC sources to balance the control system across many leves [45]. 

Therefore, FC has lesser voltage stress, smaller size of output filter and lesser THD [46]. Although few 

researchers and scholars claim that FC is better than NPC in terms of lesser number of components but FC also 

has some disadvantages too like the controlling of charging and discharging of capacitors require a complex 

method which leads to poor switching efficiency. Accordingly, scholars have contributed their work to solve 

these issues in [37] to minimize the voltage distortion at the input side of FC-MLI. Further merits and demerits 

of FC and other MLI are shown in Table 2.  

 

 

Table 2. Pros and cons of multilevel inverters [48] 
Types Advantages Disadvantages 

NPC-MLI • Easy to model  • Number of components increases as output level 

increases 

• Reduced voltage stress and lesser harmonics [31] • Complexity increases while balancing the voltage level 

of DC-link Capacitor [37] 

FC-MLI • Similar phase so output voltage can be easily balanced 

and lower device stress [37] 

• Difficulty increases while designing at higher levels 

[40] 
 • Lesser THD  • Need huge number of Capacitor 

 • Lesser the size of Output filter, • Not efficient in switching frequency [37] 

 • Reduced number of components • Installation cost is high 

CHB-MLI • Relaibility is high, fault tolreant [48] • Every Cell has individual DC source [37] 

 • Ability to design easily for higher number of levels • Voltage is not balance among all phases of inverter 
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Table 3. Effect of current polarity and switching States [43] 
Voltage Level  Switching States Current Path State of Capacitors State of Capacitors 

1/2 Vdc 1100 Ia > 0 S1, S2 Unchanged 

0  Ia < 0 D1, D2 Unchanged 

 1010 Ia > 0 S1, D1, C3 Charges C1 

  Ia < 0 S1, C1, D1 Discharges C1 

 101 Ia > 0 D4, C1, S2 Discharges C1 

-1/2 Vdc  Ia < 0 S2, C1, D2 Charges C1 

 11 Ia > 0 D3, D4 Unchanged 

 

 

2.3. Cascaded H-bridge multilevel inverter 

A Cascaded H-bridge multilevel inverter (CHB-MLI) is made by connecting the many H-bridge 

inverters in such a way that the output of every H-bridge sums up with other to make the stair case waveform 

at the output. Every H-bridge, usually called a cell, has a separate DC source as shown in Figure 3 [38]. 

Different output is usually been generated by this type of inverter like Vdc, 0 and -Vdc. To get the output of 

Vdc S1 and S4 are switched on and for -Vdc S2 and S3 are turned on. Since the output voltage of the CHB-

MLI is the sum of all the h-bridges as given in (5). The number of levels from this type of inverter can be 

calculated by n = 2S+1 where S is the number of DC sources [47].  

 

𝑉𝑎 = 𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 (5) 

 

 

 

 
 

Figure 3. Cascaded H-bridge multilevel inverter [37] 

 

 

Advantages of CHB-MLI has been stated in [8] that includes lesser components, simple structure, 

and easy switching strategy. The ouput voltage of this inverter can easily be adjust by increasing and 

decreasing the number of H-bridges. As the ouput voltage levels are calculated by n = 2S+1, that is far more 

than DC source. Therefore, this type of inverter makes the manufacturing process more clear and cheaper. In 

other words, CHB-MLI is far better than NPC-MLI and FC-MLI in terms of relaiblity and best fault tolerance 

capability. These advantages assist the inverter to perform better under lower DC input voltage [48]. 

Multilevel inverters that have been mentioned in this paper has several advantages and disadvantages. These 

pros and cons of these inverters plays a significant role in its development. The NPC-MLI can be used to 

integrate it with the grid. But due to its increment in semiconductor devices, it is not considered as a good 

approach for grid connected power systems. Similar concerns apply for FC-MLI, to control the capacitor 

charging and discharging will be much difficult to design it for higher number of levels. This problem has 
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been adressed in [48] to balance the capacitor voltage in ecvery individual cell. Method presented in [48] has 

been tested for NPC-MLI and CHB systems. The results obtained from this method prove that it is applicable 

for medium and high-power applications. On the contorary a third harmonic injection pulse width modulation 

(THIPWM) for seven level has been tested and finds out that THIPWM is better than sinusoidal pulse width 

modulation (SPWM). THIPWM has lesser harmonics in the output of MLI and highest output power quality. 

The idea proposed in [8] uses particle swarm optimization (PSO) to find out the optimal switching angles for 

CHB-MLI. From this study it is concluded that optimization methods give much better results than SPWM. 

Thus, the new scheme proposed after this is called the selective harmoni elimination pulse width modulation 

(SHEPWM) in which the selected harmonics are minimized using optimization methods. 

 

 

3. EFFECT OF LOAD VARIATION IN HARMONICS ELIMINATION 

Harmonics in multilevel inverters plays a significant role in efficiency and reliability of overall 

system. Most important factors depending on the harmonics are due to non-linearity of loads, in-efficient 

switching angles for insulated gate bi-polar transistors (IGBT), pulse width waveform for generating the 

required output and variation in reactance of output load. The effect of load variation in harmonic elimination 

section further divides into four subsections, section one describes the effect of non-linear loads on 

harmonics, section two briefly explain the implementation of real-time calculation and implementation of 

switching angles while handling the IEEE 519 standard for THD, section three describes the selective 

harmonic elimination using pulse width modulation technique whereas last section describes the significance 

of switching angles for harmonics minimization in multilevel inverter.  

 

3.1.  Non-linear loads 

Load variation plays a significant role in harmonics generation, as mentioned in [29], online 

elimination of harmonics has been done using modified PSO while the load varies. Nonlinearity in the 

system arises when the voltage applied across its terminals has changed. When the load varies, it changes the 

impedance that enables the non-linearity in the system no matter it is connected to a pure sinusoidal voltage 

source [49]. These non-linearities contains the harmonics that relate with the impedance of the inverter and 

the grid that is connected to it [51]. Unwanted harmonics becoming the major issue as they are leading due to 

increment in power quality related issues. Fifth and seventh harmonics elimination has been done in [52] 

using a new control strategy in the output voltage of stator. Non-linearity in loads also arises when an 

inverter is connected to a distributed grid. The idea proposed in [52] provides an additional filtering for 

harmonics in non-linear loads. This idea can be applied for multilevel inverter or to any other renewable 

energy sources. Validation of these techniques are done by implementing a three-level neutral point clamped 

inverter that connect a grid having a non-linear load. As the non-linear loads continuously generates 

harmonics that effects the performance therefore, real-time harmonic elimination is necessary to improve the 

system performance and stability. 

 

3.2.  Real-time 

As described in the above section, harmonics changes as the non-linearity in the load exist. Such as 

a three-phase or single-phase motor varies it speed and reactance with respect to a load, non-linearity in a 

system exist and it changes with respect to time. Closed-loop devices control the harmonics much better than 

open as mentioned in [53]. Modulation index dependent having closed loop controlling has been done for 

CHB multilevel inverter. PSO is used in this paper to eliminate the harmonics by having the modulation 

index as a feedback input. While in real-time scenario not only the non-linearity effects the harmonics, DC 

input voltage also plays a significant role on the stability of the output voltage of an inverter. This issue has 

been solved by [54] to maintain the THD for 5th, 7th, 9th, and 11th order harmonics in seven-level inverter. 

State table has been made to generate the optimum switching angles again with the help of a microcontroller. 

Re-optimization has been done in this paper for 12% reduction in THD during fault scenario. Artificial neural 

networks (ANN) are also used for real-time implementation of switching angles. PSO and ANN both has 

been utilized in [55] to find out the best solution set for the known input voltages and unknown switching 

angles. The method proposed in [55] has been validated in MATLAB/SIMULINK. 

 

3.3.  Selectie harmonic elimination  

Through SHE-PWM method unwanted harmonics can be removed easily from the output of 

multilevel inverter [56]. A transcendental equation is used to minimize the switching angles to minimize the 

harmonics from the output [57]. However, Sine and Cosine functions contains important roles and 

convergence to the optimum explanation is difficult to attain. To discover the utmost switching angles to 

minimize the unwanted harmonics, diverse mathematical models have been presented like Gorbner basis 
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theory and symmetric polynomials. As these mathematical models compute initial guesses, sometimes these 

guesses are not accurately nominated that surge the complexity cost. High-level inverters are not able to 

perform much efficiently using these mathematical methods [24]-[26]. To overcome these issues 

optimization methods directly using Artificial Intelligence techniques has been used. The main point of 

utilizing these algorithms are they are not wide-ranging and not depends on early suppositions hence 

decreases computational cost. Furthermore, these optimization methods can easily work on low cost DSP, 

however there are many other procedures in which some of the bio-inspired algorithms are PSO, GA, bee 

algorithm (BA) and differential evolution (DE) [49]. Nonlinearity in Low order harmonics equations can be 

found out with the help of objective functions. Usually researchers use different objective functions to lessen 

the harmonics. Diverse procedures have been suggested to clarify the harmonic elimination problem. The 

waveform at the output voltage of multilevel inverter using Fourier series in SHE-PWM is given by (6). 

 

𝑓𝑁(𝑡) =
𝑎0

2
+ ∑ (An cos

2𝜋𝑛𝑡

𝑇
+ 𝑉𝑛 sin

2𝜋𝑛𝑡

𝑇
)

𝑁

𝑛=1
  (6) 

 

where a0 is the dc factor, Vn characterizes odd harmonics and denotes even harmonics. The designs of 

Multilevel voltage source inverter depend on the assembly of the output waveform, i.e., single switching per 

level and multi switching per level as shown in Figure 4. 

Category-a waveform gives the output voltage but having switching frequency minimum. Whereas 

category-b uses high switching frequency. (s-1) limits the low order unwanted harmonics, where s is the 

number of DC supply that are the input side of the inverter. By increasing the number of levels, quality of 

output waveform also increases. But this increases the complexity and cost of the system that turn out to be 

more complex. Whereas in category-b without increasing the number of levels can give the better output 

without increasing the cost and complexity of the system [28]. Quarter symmetrical waveform is shown in 

Figure 4 with all the consequent DC sources in this way even harmonics becomes the zero, therefore the 

equation for the type a waveform can be given as. 

 

 

 
(a) 

 
(b) 

 

Figure 4. Staircase output voltage waveform of seven-level Multilevel Inverter, (a) single switching per level, 

(b) multi-switching per level 

 

 

𝑓 (𝑡) =  𝑉 𝑠𝑖𝑛(𝑛𝜃) (7) 
 

where Vn is the Fourier coefficient, and can be articulated as (8); 

 

𝑣𝑛 =
4𝑣𝐷𝐶

𝑛𝜋
∑ 𝐾𝑖 𝑐𝑜𝑠(𝑛𝜃𝑖)𝑠

𝑖=1  (8) 

 
where,  

VDC  : is DC voltage, 

i  : is the voltage source and 

n  : is the harmonic order  

The waveform in Figure 4 describes that all angles should be less than 90 degree and must be in an 

ascending order as mentioned in (9).  

 

𝜃1 < 𝜃2 < 𝜃3 < 𝜃4 < 𝜃5 < 900 (9) 
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The selective harmonic equations to eliminate nth order harmonics can be further expanded as the set of 

equation shown as (10):  

 

𝑐𝑜𝑠(𝜃1) + 𝑐𝑜𝑠(𝜃2) + 𝑐𝑜𝑠(𝜃3) … … . 𝑐𝑜𝑠(𝜃𝑛) = 𝑀  

𝑐𝑜𝑠(3𝜃1) + 𝑐𝑜𝑠(3𝜃2) + 𝑐𝑜𝑠(3𝜃3) … … . 𝑐𝑜𝑠(3𝜃𝑛) = 0  

+ 𝑐𝑜𝑠(5𝜃2) + 𝑐𝑜𝑠(5𝜃3) … … . 𝑐𝑜𝑠(5𝜃𝑛) = 0  (10) 

𝑐𝑜𝑠(𝑛𝜃1) + 𝑐𝑜𝑠(𝑛𝜃2) + 𝑐𝑜𝑠(𝑛𝜃3) … … . 𝑐𝑜𝑠(𝑛𝜃𝑛) = 0  

 

where n is the number of harmonic order and M is the modulation index that defines the pulse width ratio of the 

switching waveform for IGBTS of the inverter.  

 

3.4.  Switching angles 

Switching angles plays a significant role for generating waveform for IGBT/MOSFETs. Optimal 

calculation of switching angles reduces the harmonics from the output of multilevel inverter [29]. Selected 

lower order harmonics are eliminated in [29] and the overall total harmonic distortion (THD) is reduced by 

calculating the optimal switching angles. Also, the sudden changes in the harmonics are minimized in [29] by 

getting the optimum switching angles from the lookup tables. To improve the online application of this single-

phase multilevel inverter, author has pre-calculated the switching angles at varying modulation indexes from 0 

to 1. 5th, 7th and 11th order harmonics are reduced by [30] in three phase hybrid cascaded multilevel inverter. 

These harmonics has been reduced by finding the optimal switching angles using modified particle swarm 

optimization (MPSO) method. Harmonics are also minimized in [58] by finding optimal switching angles using 

PSO and GA, in which PSO is found better than GA. Hardware and simulation analysis has been done to 

compare both results. Determination of switching angles has also done in [59] with the help of PSO for 

harmonics minimization in three phase five level multilevel inverter by solving the transcendental equations. 

Another comparison of three optimization methods like [58] has been done for selective harmonic minimization 

in [56]. In this paper comparison of newton raphson (NR), PSO and GA has been done and PSO found better 

than the other two algorithms. Harmonics elimination is not only done in multilevel inverter, it has also 

eliminated in [59] through modular multilevel inverter using stair-case modulation strategy with the help of 

PSO. Switching losses and the stress on device has also reduced in this paper for high-power energy conversion 

applications by reducing dv/dt losses. From figure 4 pulses of switching pattern can be visualized. Switch s1 

and s2 will work for the second half cycle where as s5 and s6 are switched on for positive half cycle rest all 

switches are high and low for a certain time period to make a nearly sinusoidal waveform at the output as 

shown in Figure 5.  

 

 

 
 

Figure 5. Switching pulses of stair-case multilevel inverter [56] 

 

 

4. PARTICLE SWARM OPTIMIZATION (PSO) 

This section provides the brief overview of multilevel inverter efficiency and its reliability by 

reducing the harmonics using optimization algorithm PSO. Firing angles or switching angles for the 
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IGBTS/MOSFETS plays an important role to generate the nearly sinusoidal output waveform at the output of 

a multilevel inverter. The switching losses are also dependent on the firing angles. These firing angles can be 

calculated using mathematical techniques or bio-inspired intelligent algorithms. Optimization methods like 

PSO has been most widely used algorithm for minimizing the harmonics in multilevel inverter. Harmonics 

also generated due to non-linearity in the load. This non-linearity is because of the reactive and variation in 

the load. Uncontrollable and non-linear load produces the harmonics that effects the inverter stability and its 

efficiency. Harmonics produces by the load can be reduced by re-optimizing the switching angles. Real-time 

calculation of switching angles becomes necessary to increase the inverter efficiency and its reliability. As 

the computation time of PSO is much higher, therefore scholars have pre-stored the values of switching 

angles at various modulation indexes in look-up tables. The pseudocode of PSO can be shown in Figure 6. Its 

computational time depends on the number of iterations and search space like in the initial stage this 

algorithm initializes its acceleration parameters c1, c2 and Wmax and Wmin. The movement of a particle is 

calculated by (11). 

 

𝑣𝑖𝑗̈
𝑡+1 = 𝑣𝑖𝑗̈

𝑡  𝑥 𝑤𝑡+1 + [𝑐1 𝑥 𝑟1𝑗̈
𝑡  𝑥 (𝑃𝐵𝑒𝑠𝑡𝑥𝑖𝑗

𝑡 − 𝑥𝑖𝑗̈
𝑡 )] + [𝑐2 𝑥 𝑟2𝑗̈

𝑡  𝑥 (𝐺𝐵𝑒𝑠𝑡
𝑡 − 𝑥𝑖𝑗̈

𝑡 )]  (11) 

 

𝑥𝑖𝑗̈
𝑡+1 =  𝑥𝑖𝑗̈

𝑡 + 𝑣𝑖𝑗̈
𝑡+1 (12) 

 

where, 𝑤𝑡+1 is the inertia weight and it is given by (13): 

 

𝑤𝑡+1 = 𝑊𝑚𝑎𝑥 − [
 𝑊max−𝑊min

𝑇𝑁𝐼
] 𝑥 𝐶𝐼 (13) 

 

The particle which finds the best position as compared to others personal best after updating the 

position and velocity, that particle will store its position at PBest. The updating process will continue until 

the particles reaches at the end point of the iteration. In [61] PSO algorithm is proposed for harmonic 

elimination in multilevel inverters using the objective function given in (14). The method proposed in this 

paper is usually used for large variable frequency drives (VFDs), uninteruptable power supplies (UPS) and 

grid connected renewable energy system. Method proposed in [50] mainly focuses on computational time 

and require less time to reach to global minimum. Same objective function which is used in [61], is utilized 

by [61] to reduce the harmonics using modular multilevel converter. In [61] modular multilevel converter is 

proposed for high power applications and mainly focuses on eliminating the harmonics with unequal input of 

DC sources. The technique presented in this paper is also able to simplify the switching angles with the help 

of angle rotation scheme. The initial values of particles to solve the set of non-linear transcendental equations 

is calculated by newton raphsons (NR) method. Further the switching angles has been optimized by PSO. 

 

𝐹(𝜃1, 𝜃2, 𝜃3) = [𝛴𝑛=1
𝑠 𝑉1cos (𝜃𝑛 − 𝑚)]2 + [𝛴𝑛=1

𝑠 𝑉2cos (3𝜃𝑛 − 𝑚)]2 + ⋯ + [𝛴𝑛=1
𝑠 𝑉𝑠 cos((2𝑠 − 1)𝜃𝑠)]2 (14) 

 

Total harmonic distortion is the significant concern for the scholars, therefore the formula of THD 

has been utilized by researchers as an objective function in [52]. Harmonics order number 5th, 7th, 11th and 

13th are being eliminated in [50]. The angles calculated from the objective function given in (15) are 

implemented in microcontroller for experimental and validation purposes. Same objective function has been 

used in [51] to further minimize the harmonic on different load conditions. The technique presented in [103] 

has been store in lookup table which makes it possible for real time harmonic minimization. Outcome of this 

paper has been validated via simulations and experiments. 

 

𝑇𝐻𝐷 = [
1

𝑎1
2 𝛴(𝑎𝑛)2]

1

2
× 100 (15) 

 

𝑓 = |3 ⋅ 28𝑀 − 𝑣1|4 + |𝑣5|2 + |𝑣7|2 (16) 

 

In [62] a detailed comparative study of Newton Raphson method, Genetic Algortihm and PSO has 

been donde for harmonic minimization in multilevel inverter. As Selective harmonic harmonic elimination is 

considered as a low switching frequency method. PSO is found much better in [62] by utilizing the objective 

function given in (16). Same objective function with some modifications in modulation index is utilized by [59] 

for voltage harmonic elimination and a combination of PSO with mesh adaptive direct search technique has 

been implemented in this paper to further improve the convergance rate of the proposed algorithm. In this 

paper three phase seven level CHB is simulated in MATLAB /SIMULINK and experimental analysis has 
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been done using microcontroller AT90CAN128 with combination of Altera’s Cyclone II FPGA. The 

proposed technique in [59] assumes that the DC input source is same throughout the experiment. 

 

 
Particle Swarm Optimization 

1. Objective function 𝑓(𝑥) 

2. Initialize parameters 𝑐1, 𝑐2, 𝑤𝑚𝑎𝑥, 𝑤𝑚𝑖𝑛, and population 𝑛𝑃𝑜𝑝 

3. Generate an initial population of particles 

4. Evaluate the fitness of each particle and set all initial positions as 𝑃𝑏𝑒𝑠𝑡𝑥𝑖
 

5. while (𝑡 < 𝑀𝑎𝑥𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛) or (! 𝑠𝑡𝑜𝑝 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛) 

6. select the Gbest particle in swarm, which has the minimum fitness value 

7. for 𝑖 = 1: 𝑛𝑃𝑜𝑝 

8. Calculate the velocity of particle 𝑥𝑖 

9. Update the position of partice 𝑥𝑖 

10. end for 𝑖 
11. for 𝑖 = 1: 𝑛𝑃𝑜𝑝 

12. evaluate the fitness of updated particle 𝑥𝑖 

13. if 𝑓(𝑥) < 𝑓(𝑃𝑏𝑒𝑠𝑡𝑥𝑖
), 

14. then set current position as 𝑃𝑏𝑒𝑠𝑡𝑥𝑖
 

15. end if 

16. end for 𝒊 

17. find the best particle. 

18. end while 

 

Figure 6. Pseudocode of PSO [50] 

 

 

5. CONCLUSION 

Efficiency and reliability are the main concerns specially for multilevel inverters. Harmonic at the 

output of multilevel inverter plays an important role for its reliability and efficeiency. Unwanted harmonics 

that are generated due to unefficient switching angles and nonlinearity in loads are the main concern for the 

scholars. This study briefly explains the best category of multilevel inverter by telling the advantages and 

disadvantages of each category. As compared to NPC and FC, CHB is more reliable and effective design as it 

also consists of lesser number of components. For switching angles minimization, SHEPWM is effective for 

harmonic elimination. The set of non-linear equations formed by SHEPWM can be easily solved by 

optimization method like PSO. This paper concludes that for harmonic elimination in multilevel inverter, 

CHB technique is better than NPC and FC, for switching purposes the SHEPWM technique is better and to 

solve the set of nonlinear transcendental equations, PSO gives promising result. The multiple objective 

functions that has recently used by other scholars has been discussed and its advantages has been presented in 

this paper. While for real time applications it can be concluded from other papers that the optimum switching 

angles that has been calculated can be stored in a look-up table for better harmonic minimization. 
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