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Abstract- The rapid advancement in the power electronic sector has evolved multilevel inverter (MLI) for different 
applications. Now a day’s MLIs are chosen over the conventional two level inverters because of several advantages like less 
voltage stress, less electromagnetic interference, reduced filter size requirement, etc. However, the conventional MLIs require 
more device components to synthesize more levels. Considering this fact, this paper presents a novel 5-level MLI using fewer 
switch count suitable for standalone PV system. Furthermore, to effectively control and reduced the harmonics from the 
designed system, firefly assisted genetic algorithm (FAGA) based selective harmonic elimination (SHE) technique is 
developed. The targeted low-order harmonics from the output voltage of the proposed PV-MLI is eliminated using the FAGA 
algorithm. Existing firefly algorithm (FA) and genetic algorithm (GA) are also implemented for this purpose to verify the 
superiority of FAGA. Incremental conductance (IC) algorithm is used to yield the maximum power from the PV system. 
Simulation study of the overall system is carried out in MATLAB environment and the obtained results are discussed 
individually. An experimental test setup is developed finally to validate the working of PV integrated MLI with the SHE PWM 
control scheme which is further compared with the traditional PWM control technique.  

Keywords—Firefly assisted genetic algorithm (FAGA); maximum power point tracking (MPPT); multilevel inverter (MLI); 
photovoltaic (PV) system; selective harmonic elimination (SHE). 

1. Introduction 
Tremendous growth in renewable energy source based 

electrical energy production in the recent past has motivated 
research interest among power electronics and power system 
communities. Due to the low efficiency of generation,  high 
cost of fuel, and high losses, fossil fuels are ineptitude to 
meet the power demand [1]–[3]. Extensive use of fossil fuel 
will also result in global warming and also in the near future, 
it is expected that fossil fuel may completely be drained out 
from the earth. In this perspective, renewable energy sources 
like solar photovoltaic (PV) and wind energy have 
emboldened as an alternative to the fossil fuel based system 
of electricity generation. To extract utmost power, especially 
from the PV sources, rapid advancement in the power 
converters, semiconductor technologies, and control 
techniques can be noticed [4], [5]. The output voltage of the 
PV array is very less in magnitude and is fluctuating in 

nature which can be improved by employing a dc-dc 
converter. Different maximum power point tracking (MPPT) 
[6], [7] algorithms can also be implemented in the converter 
in order to extract the maximum efficiency from the PV 
array.   

The dc power produced by the PV array has to be 
converted to ac before feeding it to the grid or ac load. 
Conventional three-level inverters are widely used in the 
inversion stage, but their efficiency is limited and also have 
high voltage stress, and electromagnetic interference [8], [9]. 
In this aspect multilevel inverters (MLI) are gaining more 
attention in the small to large scale industry as well as 
commercial applications. The attractive feature of the MLI is 
that it has the ability to operate at both high switching and 
fundamental switching frequency with an exceptional 
harmonic profile [10]. Neutral point clamped or diode-
clamped multilevel inverters (DC MLI), capacitor clamped 
multilevel inverters (CC MLI) and cascaded H-bridge type 
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multilevel inverters (CHB MLI) are the major types of MLI 
used for dc-ac conversion process [11]–[13]. Less utilization 
of switching devices and dc voltage sources can assist a 
particular MLI structure to produce a number of levels at the 
output with less voltage stress. DC MLI and CC MLI 
structures involve more diodes count and a number of 
capacitors to synthesize higher levels at output thus voltage 
balancing, structural complexity, bulky, and more cost are 
the major drawbacks of these topologies [11], [14]. Hence, 
these MLI types are not the recommended for use in higher 
level applications. On contrary CHB MLI utilizes fewer 
components (no need of clamping capacitors and clamping 
diodes) among all the conventional MLI structures and it can 
be easily modularized [12], [15], [16].  

These MLIs require isolated dc sources to synthesize 
multiple voltage levels at the output, which makes it more 
popular in the solar PV application. The major disadvantage 
of all the conventional MLI topologies is that, they require 
greater number of switching devices to synthesize more 
levels at the output. Hence the current research is focused on 
reduction of requirement of sources and switching 
components, so that the size and cost of a MLIs can be 
reduced [17], [18]. In this regard, one reduced switch MLI is 
proposed in this paper which counters the aforementioned 
drawbacks.  

Several well developed control techniques for 
controlling the MLI with an aim to reduce the total harmonic 
distortion (THD) [19]–[21] has been presented in the 
literature. They all fall under two categories such as: low or 
fundamental and high switching frequency control 
techniques. High switching frequency control techniques are 
popular in minimizing the especially the current THD to a 
low value. However, more switching loss is the major 
concern in such techniques which makes the 
low/fundamental switching frequency control techniques 
superior in this aspect. Selective harmonic elimination (SHE) 
is a very famous fundamental switching control scheme 
which has the ability to completely eliminate the targeted 
dominant lower order harmonics thereby reducing the THD 
to a very low value. SHE technique involves a set of 
trigonometric Fourier series transcendental equations which 
needs to be solved in order to obtain the accurate switching 
angles. The nonlinear equations can be solved by 
conventional methods such as Newton-Raphson, polynomial 
method [19], [22]. But the solution obtained using these 
methods depend upon the appropriate initial guess hence 
accuracy of these methods is very less and also 
implementation in real-time is more difficult. This problem 
can be avoided by treating it as an optimization problem 
instead of algebraic numericals.  

Different optimization algorithms implemented in the 
literature to obtain the optimum switching angles are; 
colonial competitive algorithm (CCA) [23], particle swarm 
optimization (PSO) [24], [25], genetic algorithm (GA) [10], 
[26], [27], firefly algorithm (FA) [28], etc. FA is based on 
the nature of fireflies. It can give the desired firing angle in 
less computation time which is because of its natural 
subdivision and capability of working with several modes. 

FA operate on the principle of reduction of attractiveness 
with the reduction in distance. Hence the whole population 
can be naturally separated into smaller groups and each 
group will search around local optima, and in a result the 
best solution can be obtained. The main problem of this 
algorithm is the absence of memory and slow convergence 
rate due to which, while solving a multi-optimum problem, it 
stuck around some local minima [28]. FA cannot remember 
the previously obtained better solution by each firefly. So 
they may end their search with missing their desired solution. 
To overcome these problems GA concept can be hybridized 
with FA. GA has high convergence rate, unlike the FA and it 
does not confine to the local minima. The crossover and 
mutation operator of GA can search new solution. In this 
paper, Firefly assisted Genetic algorithm (FAGA) is 
implemented to solve the nonlinear equations involved in 
SHE technique. The best solutions chosen by FA will be the 
initial population for GA. 

The paper is organized as follows: Section 2 includes 
detailed analysis of the components involved in the proposed 
system configuration. In section 3, operating principle of the 
proposed MLI is discussed. This section also includes 
comparison among the proposed MLI and different well-
known MLI topologies. Section 4 introduces the proposed 
FAGA approach for solving SHE problem. A comparative 
analysis of FAGA, FA, and GA algorithms is addressed in 
section 5. The obtained simulation results are discussed in 
section 6 and prototype of the proposed MLI is developed to 
validate the simulation findings in Section 7. At last the 
conclusion is drawn on the aforementioned subjects in 
section 8.  

2. Proposed System Analysis 
Power quality improvement of the solar PV system is a 

major concern in the present scenario. In this regard, the 
proposed system configuration to enhance the quality of the 
power produced from the solar PV system is depicted in Fig. 
1. 

2.1. PV Cell Modelling 
The equivalent circuit of PV system shown in Fig. 1 can 

be a single diode model or a two diode model. The two diode 
model requires more parameters in order to appropriately 
design the equivalent model [29]. Hence single diode model 
is generally preferred. The output current expression of such 
a model can be given as: 

𝐼 = 𝐼!" − 𝐼! −
!!!!"!!
!!!

   (1) 

where ID is the current through the diode which can be 
expressed in Eq. (2). 

𝐼! = 𝐼! 𝑒𝑥𝑝 !!!!"!!
!!!

   (2) 

where, Ipv = current produced by the PV module, Io = reverse 
saturation current of diode, 𝑉! = 𝑁𝐾𝑇 𝑞 = thermal voltage 
of the PV module, N = number of cells connected in series, q 
= charge of electron, K = Boltzmann constant, a = ideality 
constant of the diode 
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Fig. 1. Overall two-stage PV integrated MLI system design 

2.2. Maximum power point tracking (MPPT) 
The efficiency of the solar PV panel is very less, hence 

MPPT control technique is normally employed to operate the 
PV sources at maximum power point (MPP). MPP indicates 
the operating point where maximum power or efficiency can 
be achieved from the PV sources. With the advancement in 
power electronic sector, MLI with MPPT technique in the 
dc-dc converter is a better combination to extract the utmost 
power with improved quality of a PV integrated system. For 
this purpose several MPPT algorithms like incremental 
conduction (IC), perturb & observe (P&O) method, etc., are 
frequently used for uniform shading condition. However, 
they fail to operate at global MPP during partial shading 
condition. Fuzzy logic [30], [31] and neural network [32] 
based MPP tracking techniques have been thus analyzed to 
efficiently track the global peak operating point of the PV 
system. However, the former approach involves large 
computational analysis for fuzzification and defuzzification 
process. Furthermore the neural network based approach to 
track the global peak among multiple peaks during partial 
shading require huge data based training process. Due to 
requirement of large data processing, these control 
techniques also suffers from extreme computational burden 
and large data storage on the processor issues. To avoid such 
problem, several optimization algorithms based MPPT 
technique has been reported in the literature [6], [7]. 
Researchers are also involved in reduction of complexity, 

sensing element requirement, etc., in order to make the 
system simple and cost effective [33].   

In this work IC method [34] is focused cnsidering 
uniform shading condition. Following are the conventional 
set of equations concluded from the power-voltage curve of 
the PV source. 
!"
!"
= 0 at MPP, !"

!"
> 0 left to MPP, and 

!"
!"
< 0 right to MPP  (3) 

The relationship between power, voltage, and current can be 
expressed as: 
!"
!"
= !(!")

!"
= 𝐼 + 𝑉 !"

!"
≅ 𝐼 + 𝑉 !!

!!
 (4) 

where Δ𝐼 Δ𝑉 is the incremental conductance rate. 

From Eq. (3), MPP is the point where 𝑑𝑃 𝑑𝑉 become 
zero. Considering this, the set of equations involved in IC 
method to locate the MPP can be expressed as: 
!"
!"
= − !

!
 at MPP, !"

!"
> − !

!
 left of MPP, 

!"
!"
< − !

!
 right of MPP (5) 

Thus, by comparing conductance (I/V) and incremental 
conductance (∆I/∆V) and equalizing the summation of both 
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of them to zero, the maximum power point can be tracked 
easily. Hence, the error obtained with this method in tracking 
the MPP can be given as per Eq. (6) which can be 
considerably minimized by using any type of controller. 

𝑒 = − !
!
+ !!

!!
 (6) 

2.3.  DC-DC Converter 
In order to minimize the ripple produced in the output 

voltage of the PV array, dc-dc converters are used. Normally 
the dc-dc converter is classified as: buck converter or step 
down converter, boost converter or step up converter and 
buck-boost converter or isolated converter. Each one has 
their advantage in their own way. In this paper boost 
converter is utilized as dc-dc interface before the inversion 
stage. It is operated in continuous conduction mode, which 
helps in boosting the lower magnitude PV output voltage. 
The regulated dc output voltage of the boost converter is then 
given to the proposed MLI. 

3. Proposed 5-level MLI (P5M) Structure 
The traditional CHB MLI requires (m-1)/2 number of dc 

sources and 2(m-1) number of switches to synthesize an m-
level output. Moreover to generate a 5-level output, CHB 
MLI utilizes 8 numbers of switches. These switches further 
require same number of gate drive circuits thus making the 
MLI topology more costly. In this aspect one reduced switch 
MLI is proposed in this work which requires only 6 switches 
to synthesize a same 5-level output. 

The proposed 5-level MLI (P5M) structure is shown in 
Fig. 1. S1 and S2 are the level generating switches which are 
combined with the polarity generation switches SH1, S H2, SH3, 
and SH4. The switching combination for getting different 
levels is detailed in Table 1. SH1 and SH2 remain in ON state 
for the positive polarity generation. In such a case, when the 
switch S1 is turned ON, then +Vdc will be obtained at output. 
Making the switch S2 ON, the voltage level of +2Vdc will be 
obtained at the output. Similarly the negative voltage levels 
can be obtained by keeping the switches SH3, and SH4 in ON 
state. In this process the switches from the same leg should 
not be turned ON simultaneously or else it will lead to a 
short circuit of the source side circuit. The zero level can be 
obtained by keeping the switches SH1 and SH3 in conducting 
state. The generalized expression of the requirement of 
different components by the P5M structure is given in the 
following equations. 

𝑁!" =
!!!
!

   (7) 

𝑁!" =
!!!
!

  (8) 

𝑁!"#$%" = 𝑁!"  (9) 

where Ndc, Nsw, and Ndriver are the number of dc sources, 
switch count, and driver circuit count, respectively.  In order 
to prove the effectiveness of the P5M topology, it is 
compared with some recently developed MLI topologies 
which are given in Table 2. 

Table 1. Switching pattern for  P5M topology 

VOUT 

1 represents the switch ON condition & 0 represents the switch OFF condition 

Main switches Common switches 

S1 S2 SH1 SH2 SH3 SH4 

Vdc 1 0 1 1 0 0 

2Vdc 0 1 1 1 0 0 

0 0 0 1 0 1 0 

-Vdc 1 0 0 0 1 1 

-2Vdc 0 1 0 0 1 1 

Table 2. Comparison between 5-level MLI structures 

Parameter 
CHB MLI 
[11], [12], 

[35] 
MLI 1 [10] MLI 2 [36] MLI 3 [37] MLI 4  [38] MLI 5 [39] P5M topology 

Ndc 2 2 2 2 2 2 2 

Nsw 8 8 8 8 7 7 6 

Ndriver 8 8 8 8 7 7 6 

m 5 5 5 5 5 5 5 
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4. Firefly Assisted Genetic Algorithm (FAGA) 

4.1.  Description of proposed FAGA approach 
FA is a meta-heuristic algorithm based on the flashing 

characteristics of fireflies [40] first implemented by Xin-She 
Yang. The fireflies exhibit a unique behavior of producing a 
particular pattern of flash which, if implemented 
mathematically then it can yield the optimum solutions for 
the nonlinear equations. The nature of the fireflies has three 
directions. The first direction is that all the same sex fireflies 
move towards each other and as they all are about same sex 
hence their movement doesn’t get affected by the sex which 
in turn eliminates the problem of occurrence of crossover 
unlike GA. The second direction is the movement of firefly 
towards the nearer and brighter firefly which occurs as a 
function of the distance between each firefly and the 
brightness of each fly. Sometimes they find difficulties for 
identification of brighter fly, which makes them move 
randomly. Their random movement is an ordered one based 
on the intensity of their light which cannot be sensed by 
human eyes. The third direction is that the value of objective 
function involved to each fly is associated with the intensity 
of the light emission of the individual firefly. 

If Yr and Ys are the positions of two firefly ‘r’ and ‘s’ 
respectively, then the degree of attractiveness between them 
can be expressed as;  

𝐴 = 𝐴!𝑒!!(!!")
!   ,  𝑘 ≥ 1 (10) 

𝑍!" = 𝑌!  − 𝑌!  (11) 

where, Zrs = Distance between the two flies, l = Absorption 
coefficient, A = Degree of attractiveness, Ao = Initial 
attractiveness, ‘l’ control the reduction of light intensity 
whose value always lies between 0 and 10. The value of Ao is 
chosen nearly to 1, so that the position of other flies in its 
neighborhood can be determined by the brightest firefly. By 
taking the assumption that the brightness of firefly ‘r’ is less 
than that of ‘s’, the new position of firefly ‘r’ is expressed as 
follows; 

𝑌!!!! = 𝑌!!  + 𝐴 𝑌!  − 𝑌! + 𝑐(𝑅 − !
!
)   (12) 

where c is the random movement factor and R is a random 
number. The value of R is chosen as higher value for the 
global search space and a smaller value can be considered for 
the local search space. Moreover, its value lies in between 0 
and 1. The value of c is again a random number which can be 
determined from the problem of interest. 

Although the FA is beneficial due to its simple and 
robust nature, but there are certain problems involved in FA 
such as leisurely convergence, lack of memory capability and 
sometimes it is trapped in local minima point. On the other 
hand GA has the ability to move out from the local minima 
point. GA [10], [41], [42] is basically based upon the natural 
selection, a process wherein a competitive environment the 
strongest participants are the winners. To overcome the 
aforementioned problems associated with FA, GA can be 
smartly combined with FA. 

The proposed FAGA works in two basic steps. In the 
first step, FA work and produce the best solutions. In the 
second step the solutions obtained from the FA are utilized 
as initial population for GA. At the end of running of GA, 
the solutions obtained are treated as the desired optimum 
solution at the minimum value of the objective function. The 
flowchart overview of the FAGA algorithm is illustrated in 
Fig. 2.  

4.2. Application of FAGA for SHE 
The output voltage waveform of an inverter exhibit odd 

symmetric property, thus the generalized Fourier series 
expression of the MLI output voltage can be mathematically 
expressed as in Eq. (13) and the peak voltage of xth 
harmonics in Eq. (14).  

𝑉 𝜔𝑡 = 𝑉!  
!
!!!,!,! 𝑠𝑖𝑛( 𝑥𝜔𝑡) (13)          

𝑉! =
!!"#
!

𝑐𝑜𝑠 𝑥𝛼! + 𝑐𝑜𝑠 𝑥𝛼!    𝑓𝑜𝑟 𝑜𝑑𝑑 𝑥
0                                                 𝑓𝑜𝑟 𝑒𝑣𝑒𝑛 𝑥

                  (14) 

subject to the constraint, 
0 < 𝛼! < 𝛼! ≤ 90 (15) 

where, Vx = magnitude of xth   harmonic, ω = fundamental 
switching frequency, α = switching angle 

Following set of equations can be formulated to 
eliminate the 5th order harmonic as well as to keep the 
fundamental component unaffected. 

𝑉! = 𝑐𝑜𝑠 𝛼! + 𝑐𝑜𝑠 𝛼! = 3𝑀 (16) 

𝑉! = 𝑐𝑜𝑠 𝛼! + 𝑐𝑜𝑠 𝛼! = 0 (17) 

where, M = Modulation index and can be determined as 
𝑀 = 𝑉! 4𝑁!"(𝑉!" 𝜋)   ,    0 < 𝑀 < 1, Vd = desired 
fundamental component 

The main objective of the FAGA is to obtain the 
optimum switching angles (𝛼! and 𝛼!) by solving the 
nonlinear equations stated in Eq. (16) & (17) for which the 
targeted 5th order harmonic can be effectively eliminated. An 
objective function (OF) needs to be defined to obtain 
optimum solution as well as to maintain the desired 
fundamental component. The considered OF is given in Eq. 
(18). To limit the error in fundamental and the 5th order 
harmonics to very low value, i.e., about 1%, H is taken as 
0.01. 

1 51 * ( )
dc dc dc dc

V V
OF M

H N V N V
⎡ ⎤

= − +⎢ ⎥
⎢ ⎥⎣ ⎦

                          (18) 

5. Comparison of FAGA with FA and GA 

The proposed FAGA algorithm is coded in MATLAB 
R2017a environment to determine the optimized switching 
angle for proposed MLI. In order to prove the superiority of 
the proposed FAGA approach, both FA and GA are also 
implemented in the same environment. The parameters that 
are considered for the FAGA algorithm are: FA (l  = 1, Ao = 
0.98, k = 2, c = 0.2, fireflies count = 100, iteration count = 
200), GA (probability of crossover and mutation = 0.2 & 
0.02, population size = 100, generation count = 200). 
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Minimizing the objective function to a lower value 
always proves the effectiveness of an optimization algorithm. 
In this perspective the logarithmic value of the objective 
function versus the change in modulation index is obtained 
using all three algorithms and is illustrated in Fig. 3(a). From 
this plot, it can be said that GA and FA are able to minimize 
the objective function to below 10-4 and 10-21 respectively. At 
the same time the proposed FAGA algorithm is minimizing 
the objective function below 10-37 over the 95% variation 
range of modulation index. Hence, it can be concluded that 

FAGA algorithm has the greater tendency to obtain an 
optimal solution as compared with the other two algorithms.  

Fig. 3(b) shows the optimum switching angles versus 
modulation index obtained using FAGA. Modulation index 
is varied over a range of 0 to 1. The obtained switching angle 
satisfies the equation stated in (15) for all the varied value of 
M. It can be observed that switching angles are inversely 
proportional to the M, i.e., with the increment in M,  
switching angle values gradually decreases and also shifts 
nearer to the origin.  

 
Fig. 2. Flowchart of proposed FAGA algorithm 

THD indicates the measure of voltage quality of an 
inverter. Obtained THD with all the three algorithms versus 
modulation index is illustrated in Fig. 3(c) from which it can 
be clearly marked that the proposed FAGA performs 
superior than FA and GA in minimizing the THD to a very 
low value. In such a case M is varied in the range of 0 to 1 
with a step size of 0.01. With the increase in modulation 
index, the percentage THD decreases. Thus operating the 
MLI at high modulation index, i.e., near to unity is always 
preferred. To have an effective understanding on the 
successfulness of FAGA in elimination of low order 

harmonics, extracted harmonic amplitude versus modulation 
index is shown in Fig. 3(d). The amplitude of 3rd harmonic is 
decreasing with the increase in modulation index and 
amplitude of 5th harmonic is getting completely eradicated 
for the modulation index value greater than 0.7.  

From the above comparative analysis, it is clearly 
evident that FAGA takes lesser time to converge an optimum 
solution than GA and FA. It also helps in obtaining the 
accurate, stable switching angles by solving the nonlinear 
equations.  
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(a)          (b) 

     
(c)          (d) 

Fig. 3. Results obtained using programming (a) objective function against M, (b) switching angles against M using FAGA, (c) 
THD Vs M, (d) 3rd and 5th harmonics against M using FAGA 

6. Simulation Results 
The system configuration as shown in Fig. 1 is 

developed and simulated in MATLAB 2017 Simulink 
environment. The parameters considered in simulation and 
experimental validation are given in Table 3. To generate the 
appropriate switching pulses for the transistors used in the 
converters, IC algorithm is coded with a purpose to track the 
MPP under the adverse environmental condition. However, it 
can be noted that more efficient and well established 
algorithms can be implemented to obtain a better response in 

terms of tracking of global MPP. In such a case, the 
switching frequency of both the transistors is considered as 
20 kHz. The output of both the boost converters acts as input 
to the proposed reduced switch 5-level inverter. The 
effectiveness of SHE technique is discussed in the earlier 
section which is adopted here to yield the switching pulses 
for the proposed MLI by targeting to eliminate the 5th order 
harmonics. The proposed FAGA algorithm is used to obtain 
the definite solution of the nonlinear transcendental 
equations involved in the SHE technique.  

Table 3. Parameters of the PV-MLI system designed 
Solar Panel 

(2 X 1 in each string) 
Boost Converter  

(Using MOSFET switch) 
MLI 

(Using IGBT switches) 

Parameters Simulation Experimental Parameters Simulation Experimental Parameters Simulation Experimental 

Pm (W) 60 8.3 L1 (µH) 220 150 Vdc (V) 70 25 

Voc (V) 21.1 8 L2 (µH) 220 150 f  (Hz) 50 50 

Isc (A) 3.8 1.4 Cb1 (µF) 430 80 C1 (µF) 2200 1500 

Vmp (V) 17.1 6.4 Cb1 (µF) 430 80 Load (R) 
(Ω) 

120 100 

Imp (A) 3.5 1.3 fsb (kHz) 20 16 Load (L) 
(mH) 

150 120 
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Considering the fact of dynamic behavior of 
atmospheric condition, all the results are obtained at the 
changing irradiance level under uniform shading of PV 
modules. The atmospheric temperature is kept fixed at 25 °C 
for this purpose. The irradiance and temperature profile is 
depicted in Fig. 4(a) indicates that there is a sudden 
decrement in irradiance level from 1000 W/m2 to 700 W/m2. 
The obtained voltage, current, and duty cycle of each 
individual PV modules (PV string-1 and PV string-2) are 
depicted in Fig. 4(b) and 4(c), respectively from which it can 
be inferred that, due to the change in irradiance level at 0.5 s, 
the current suddenly falls, however due to appropriate 
working of MPPT controller (i.e., by generation of new duty 
cycle) voltage profile of PV module is maintained stable. 

The total power is nothing but the summation of all power 
produced by individual PV panels which can be verified 
from the Fig. 4(d). Fig. 5(a-d) shows the actual and zoomed 
version of the output voltage and the load current waveforms 
which reflects the change in irradiance level. The dc-link 
voltages are the input to the proposed MLI. As shown in Fig. 
5(e) both the dc-link voltages are maintained stable at a same 
value and thus a total peak of about 145 V is obtained at the 
output. In order to verify the effectiveness of the proposed 
FAGA algorithm, FFT analysis of the output voltage 
waveform is carried out as shown in Fig. 5(f) in which the 
targeted dominant 5th order harmonic is completely 
eradicated thus the obtained THD without the use of large 
filters is very low value of 13.19 %. 

   
                                              (a)                      (b) 

   
                                              (c)                      (d) 

Fig. 4. Simulation results: (a) temperature and irradiance profile, (b) PV panel-1 parameters, (c) PV panel-2 parameters, (d) 
total PV output power 

   
                                              (a)                      (b) 

   
                                              (c)                      (d) 
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                                              (e)                      (f) 

Fig. 5. Simulation results: (a) output voltage (Vo) (b) zoomed view of Vo, (c) output current (Io), (d) zoomed view of Io, (e) dc-
link voltages, (f) THD analysis of Vo 

7. Experimental Results and Discussion 
A prototype model of the proposed system configuration 

is developed in the laboratory to validate the simulated and 
theoretical analysis. The overall test setup is shown in Fig. 6. 
PV panels are connected with two individual boost 
converters. The real-time switching pulses for the boost 
converters, including  proposed MLI are generated by the 
controller Arduino ATMega 2560 where the control 
algorithms are accurately coded. All the parameter values 
that are considered for the above purpose are tabulated in 
Table 3. Two IRF540 metal oxide semiconductor field effect 
transistors (MOSFETs) are utilized for the design of the 
boost converters. The boost converter switching frequency is 
chosen as 16 kHz and operated in the continuous conduction 
mode. Furthermore PV voltage and current are fed into the 
controller to successively execute the MPPT algorithm. For 
this purpose scaled down reference voltage based voltage 
divider and ACS712 current sensors are used to sense the PV 
voltage and current, respectively. The proposed MLI is 
integrated with the above designed PV system. Six 
IRGP4050 insulated gate bipolar transistors (IGBTs) are 
used to construct the proposed MLI. A nominal frequency of 
50 Hz is considered for the inverter output. As earlier 
mentioned, FAGA algorithm is executed in the controller to 
generate the desired pulses for the six switches which are 
driven by the TLP250 based driver circuit. All the 
experimental waveforms are acquired with oscilloscopes 
TDS 2024 and WT 1800 power quality analyzer. 

 
Fig. 6. PV-MLI experimental test setup in the laboratory 

At first MPPT performance is evaluated experimentally 
with an assumption that, the PV panels are uniformly shaded 
and atmospheric temperature is 25 °C. Under this condition 
the output voltage and current of the PV system is shown in 
Fig. 7(a). It can be marked that, due to the sudden decrement 

in irradiance level from 900 W/m2 to 700 W/m2 the current 
also decreases with a same proportion. However, the voltage 
is maintained constant by the boost converter employed with 
IC algorithm. From the calculated power curve it is clearly 
visible that, oscillations are less even after the change of 
irradiance level, which comes into a stable position after 
some time indicating the successful execution of IC 
algorithm. Negligible oscillations is present in the power 
curve around the MPP which can be completely eradicated 
employing more efficient MPPT algorithms. A similar test is 
again carried out countering the sudden increase and 
decrease in environmental effect and the resulted change in 
current, voltage, and the power curve is depicted in Fig. 7(b). 
In this case, the irradiance is suddenly changed to 800 W/m2 
from 200 W/m2 and then to 200 W/m2. 

Furthermore, to verify the working principle of proposed 
MLI, tests have been carried out considering both 
fundamental switching PWM control technique as well as 
high-frequency switching PWM control technique. 
Traditional carrier-based sinusoidal PWM (SPWM) control 
technique is implemented taking 2 kHz switching frequency 
and modulation index nearly equals to 1. Fig. 7(c) and 7(d) 
shows the 5-level output voltage, current, and the 
corresponding voltage harmonic profile obtained using the 
proposed FAGA approach and SPWM technique, 
respectively. It is important to note that lesser voltage THD 
is obtained using FAGA SHE PWM (THD = 13.26%) 
control technique compared to the SPWM technique (THD = 
15.01%). This is due to increase in the fundamental voltage 
level and elimination of targeted dominant harmonic orders 
from the output voltage. But, improved current waveform is 
obtained using SPWM technique due to high-frequency 
switching. However, the switching losses resulted using the 
traditional SPWM control technique will be very high 
compared to the proposed technique.  

The 3rd order harmonic component can be inherently 
eliminated from the line-line voltage of a three phase system. 
Hence 5th order harmonic component is targeted here for 
elimination. The resulted harmonic profile proves the 
aggressiveness of the proposed FAGA algorithm in 
mitigating the targeted harmonic component in addition to 
maintaining the fundamental voltage level. Though FFT 
analysis of only the voltage waveform is carried out, but it 
can be said that, current THD value will be very less due to 
the filtering ability of a practical inductive type load. 
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Fig. 7. Experimental results: (a) MPP tracking performance during step decrease of irradiance, (b) MPP tracking 
performance during sudden irradiance change, (c) Vo & Io using SHE PWM and THD analysis of Vo, (d) Vo & Io using SPWM 
and THD analysis of Vo 

8. Conclusion 
A novel 5-level MLI based standalone PV system was 

developed in this paper. The proposed MLI can easily be 
modularized to any number of levels as per the requirement. 
The key advantage of the proposed MLI is that, it utilizes a 
fewer number of switching devices to realize more levels in 
the output voltage waveform. Moreover, it avoids the major 
issues such as complexity in structure, high voltage stress on 
the switches, thus it is best suitable for medium-high voltage 
level applications. SHE PWM switching scheme based on 
FAGA algorithm for the proposed MLI structure to generate 
a 5-level output was analyzed. Furthermore FAGA algorithm 
accurately solves the nonlinear equation related to SHE 
technique resulting in complete elimination of targeted lower 
order harmonic. The superiority of the FAGA algorithm was 
validated with two conventional existing algorithms, i.e., FA 
and GA. Under uniformly shaded condition of the PV 
system, IC MPPT algorithm suitably generates switching 
pulse for the boost converter which also maintains the stable 
dc-link voltage. It is worth noting that, more established 
MPPT algorithms can be implemented to track the global 
MPP under partial shading condition. A detailed simulation 
study of each stage of the proposed system configuration was 
carried out for the validation. Experimental tests confirm the 
efficacy of designed system with the SHE PWM control 
scheme as well as traditional SPWM control scheme. 
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