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Harmonic Elimination and Optimization of Stepped Voltage of  
Multilevel Inverter by Bacterial Foraging Algorithm 

 
 

Reza-Salehi*, Behrooz-Vahidi†, Naeem-Farokhnia* and Mehrdad-Abedi* 
 

Abstract – A new family of DC to AC converters, referred to as multilevel inverter, has received 
much attention from industries and researchers for its high power and voltage applications. One of the 
conventional techniques for implementing the switching algorithm in these inverters is optimized har-
monic stepped waveform (OHSW). However, the major problem in using this technique is eliminating 
low order harmonics by solving the nonlinear and complex equations. In this paper, a new approach 
called the "bacterial foraging algorithm" (BFA) is employed. This algorithm eliminates and optimizes 
the harmonics in a multilevel inverter. This method has higher speed, precision, and convergence 
power compared with the genetic algorithm (GA), a famous evolutionary algorithm. The proposed 
technique can be expanded in any number of levels. The purpose of optimization is to remove some 
low order harmonics, as well as to ensure the fundamental harmonic retained at the desired value. As a 
case study, a 13-level inverter is chosen. The comparison results by MATLAB software between the 
two optimization methods (BFA and GA) have shown the effectiveness and superiority of BFA over 
GA where convergence is desired to achieve global optimum. 
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1. Introduction 
 
Increasing growth in consumption and variety of loads 

has been observed over time and with the expansion in the 
electrical industry. In recent years, applications of high 
voltage and high power equipment have grown, such that 
the power levels of equipment have reached the megawatt 
range. Today, creating a direct connection of single semi-
conductor switch to a system with medium voltage grids 
(2.3, 3.2, 4.16, and 6.9 kV) is difficult to achieve [1]. This 
gap has to be resolved because of the significance of some 
loads and their sensitivity to voltage sag and swell, har-
monic disturbances, and failing and de-rating of other loads 
resulting from existing disturbances, such as voltage and 
current. Inverters, such as DC to AC converters, are nota-
ble sources of disturbance.  

 Inverters are widely used in many applications, such as 
flexible AC transmission system (FACTS) equipment [2], 
high voltage direct current (HVDC) lines [3], and electrical 
drives [4]. Different methods have been suggested for im-
proving the quality and performance of inverters. The first 
approach is by using various switching strategies, such as 
sinusoidal or “subharmonic” natural pulse width modula-
tion (SPWM), selective harmonic-eliminated pulse width 
modulation (SHE PWM), space-vector modulation (SVM), 
optimized harmonic-stepped waveform (OHSW) [5-6], and 
optimal minimization of THD (OMTHD) [7]. The second 

approach is by using low pass filters in the output of in-
verters to remove high order harmonics. Finally, the third 
approach is by applying multilevel structures in order to 
reduce harmonics and THD, as well as to omit filters in 
high power applications. Conventional structures of multi-
level inverters deal with diode-clamped [8], flying capaci-
tor [9], and cascaded multilevel inverters with separate DC 
sources (SDCS) [10]. The OHSW technique has been used 
in multilevel inverters, as evidenced in literature. In this 
method, the goal is to conduct potential elimination of low 
order harmonics; when this goal cannot be obtained, the 
highest possible harmonics optimization is desired. In this 
approach, n-1 low order harmonics from the fifth order (i.e., 
given that triple harmonics in three-phase systems, even 
harmonics from a half-wave symmetric, are automatically 
eliminated) can be eliminated and the fundamental compo-
nent can be satisfied by solving the n equations. However, 
the major problem encountered by the OHSW technique is 
solving a set of nonlinear equations.  

 Several methods have been suggested for solving these 
equations; each of them has some advantages and disad-
vantages that can categorized into two sets.  

 The first group attempts to solve the equations. In [11], 
the Newton-Raphson (N-R) method is exploited to solve 
the equations. Iterative methods mainly depend on an ini-
tial guess; in addition, divergence problems are likely to 
occur, especially for high numbers of inverter levels [12]. 
Although the N-R method is conveniently fast, it can only 
find one set of solutions. Furthermore, all roots can be ob-
tained using MATLAB function fsolve [13]. This function, 
based on the Gauss-Newton method, provides a mix of 
quadratic and cubic line search methods. Meanwhile, the 
mathematical theory of resultants can be used in [14]. Al-
though this method is complicated and time-consuming 
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[11], it finds all possible solutions with the exact range of 
modulation index (M) at which the solutions exist. For any 
changes in voltage level or input DC voltage, new expres-
sions are required. By increasing the levels of multilevel 
inverters, the equation set tends to obtain high order poly-
nomials, which have narrow feasible solution space that are 
difficult to solve [15]. Homotopy algorithm is another ap-
plied approach [16] to determine one set of solutions. 
Overall, all methods included in the first group do not sug-
gest any optimum solutions for an infeasible M. However, 
in many applications, working in a continuous range of M 
is inevitable. Thus, the second group methods have been 
presented in literature. 

 The second group of methods can find solutions that 
deal with eliminating completely low order harmonics. 
When no feasible solution exists, the second group intro-
duces optimum angles. In these cases, all evolutionary 
search algorithms can be regarded as suitable choices. 
These approaches are simple and applicable for problems 
that deal with any number of levels; that is, without exten-
sive derivation of analytical expressions, both for eliminat-
ing and minimizing harmonics. However, these methods 
are not as fast as the first group of methods. GA, a well-
known evolutionary algorithm, has been widely used in 
literature [12, 15]. In [5], a novel powerful optimization 
algorithm, PSO, which shows significant privileges over 
binary GA in terms of precision and convergence rate, has 
been presented. Additionally, in [17], GA and PSO are both 
utilized to find a suitable initial guess for N-R. This N-R 
enhances the GA and PSO precisions in terms of reducing 
fitness values. In this group set, continues GA (CGA) has 
been recognized as an efficient method. 

 In this paper, “bacterial foraging algorithm” (BFA) is 
applied to minimize some specific low order harmonics, as 
well as to satisfy the desired fundamental component. Re-
sults, including the effect of running times on the probabil-
ity of reaching a global solution for some low-level invert-
ers, are compared with those obtained by GA. Results con-
firm the effectiveness of the proposed algorithm and its 
superiority over CGA in terms of convergence rate and 
probability to reach the global minimum. 

 
 

2. Multilevel Inverters 
 

2.1 Multilevel Inverter Topologies 
 

Three different topologies are proposed for multilevel 
inverters. Fig. 1 shows the cascaded multilevel inverter 
with separated DC sources. 

The multilevel inverter (Fig. 1) has many advantages, 
such as circuit layout flexibility, absence of extra clamping 
diodes or voltage balancing capacitors, and easy adjust-
ment of the number of output voltage levels by adding or 
reducing full-bridge cells. It also has the least number of 
components compared with other inverters. Switching de-
vices turn on and off only once per cycle to overcome the 
switching loss problem [18]. 

Fig. 2 provides additional details on the multilevel in-
verter circuit. 
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Fig. 1. Cascaded multilevel inverter with separated DC  
sources. 
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Fig. 2. Schematic of the implemented multilevel inverter. 
 
Due to great demands for medium-voltage high-power 

inverters, the cascaded inverter has since drawn tremen-
dous interest. This configuration recently became very 
popular in the field of AC power supply; it also allows for 
adjustable speed drive applications. In back-to-back in-
verter applications, it is somewhat impossible to use multi-
level inverters using cascaded inverters with Separate DC 
source because a short circuit is introduced when two back-
to-back inverters are not synchronously switched [18]. This 
multilevel inverter is made of several full-bridge inverters. 
The AC output of each of the different levels of full-bridge 
inverters are connected in series, such that the synthesized 
voltage waveform corresponds to the sum of the inverter 
outputs. However, all of the mentioned inverters can pro-
duce multilevel voltage or current, as shown in Fig. 3. 

 
2.2 Optimized Harmonic Stepped-Waveform Tech-

nique (OHSW) 
 
Fig. 3 shows a seven-level inverter. The variables θ1, θ2, 

and θ3 should be determined. The variables V1, V2, and V3 
are the voltages of the DC sources from Fig. 1 and are con-
stant variables. The difference between two adjacent levels 
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is the same and is equal to Vdc. Each full-bridge inverter 
produces a three-level waveform (+Vdc, -Vdc, and 0), and 
each angle θi is related to inverter i, where i=1,2,…,S. S is 
the number of DC sources that is equal to the number of 
switching angles (in this study, S=6). The number of levels 
(L) is calculated as L=2S+1. 

Considering equal amplitude of all DC sources, the Fou-
rier series expansion of the output voltage waveform is  
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where Vn is the amplitude of harmonics. The angles are 
limited between 0° and 90o (0≤ θ ≤90). Due to odd quarter-
wave symmetric characteristics, the harmonics with even 
order are 0. Consequently, Vn becomes 
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The two approaches used for adjusting the switching an-

gles are as follows: 
1. Minimizing total harmonic distortion (THD), which is 

not common because some low order harmonics may 
remain. 

2. Canceling the lower order harmonics and removing the 
remaining harmonics with a filter. 
 
The second approach is preferred. For motor drive appli-

cations, it is necessary to eliminate low order harmonics 
from 5 to 17. For this purpose, in this paper, a 13-level 
inverter is chosen to eliminate low harmonics (i.e., from 5 
to 17). Deleting triple harmonics is unnecessary because 
they are eliminated automatically in the three-phase output 
voltage. For a 13-level inverter, Eq. (2) results in Eq. (3). 
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Fig. 3. A seven-level inverter. 

where M is modulation index defined as 
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Determining the six switching angles, namely, θ1, θ2, θ3, 

θ4, θ5, and θ6, is required to satisfy Eq. (3). All in this set 
equation is nonlinear, and different solution methods can 
be applied. In the next section, BFA is employed to deter-
mine the proper switching angles. Finally, the comparison 
between BFA and GA is presented. 

 
 

3. Bacterial Foraging Algorithm 
 
Recently, a new algorithm called BFA has been used for 

solving optimization problems. BFA is based on the prem-
ise that natural choices have the tendency to eliminate ani-
mals with poor talent in searching for food and favor those 
employing successful strategies. After many experiments 
and generations, the poor strategies for searching food are 
either canceled or revised. 

The bacterial foraging system consists of four principal 
mechanisms, namely, chemotaxis, swarming, reproduction, 
and elimination-dispersal [19-24]. A brief description of 
each of these processes is presented below. 

 
3.1 Chemotaxis 

 
This process simulates the movement of an E. coli cell 

through swimming and tumbling via flagella. An E. coli 
bacterium can move in two different ways. It can swim for 
a time-period in the same direction or it may tumble, and 
alternately move between these two modes of operation for 
its entire lifetime. Suppose θi (j, k, l) represents i-th bacte-
rium at j-th chemotactic, k-th reproductive, and l-th elimi-
nation-dispersal step, and C(i) is the size of the step taken 
in the random direction specified by the tumble (run length 
unit). In computational chemotaxis, the movement of the 
bacterium may be represented by  
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where ∆ denotes a vector in the random direction whose 
elements lie in [-1, 1]. 

We can then define Eq. (6): 
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To represent a tumble, a unit length random direction, 

φ(i), is generated. This is then used to define the direction 
of movement after a tumble. 
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3.2 Swarming 
 
It is always desired for the bacterium, which has 

searched the optimum path of food, to attract other bacteria 
in order to reach the desired place more rapidly. Swarming 
makes the bacteria congregate into groups and hence, move 
as concentric patterns of groups with high bacterial density. 
Mathematically, swarming can be represented by 
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where JCC (θ, P(j, k, l)) is the cost function value added to 
the actual cost function that would be minimized. This then 
presents a time varying cost function. S is the total number 
of bacteria; p is the number of parameters to be optimized, 
which are presented in each bacterium; dattract, ωattract, hrepe-

lent, and ωrepelent are the different coefficients to be chosen 
cautiously. 

 
3.3 Reproduction 

 
The least healthy bacteria eventually die, whereas each 

of the healthier bacteria (i.e., those yielding the lower value 
of the objective function) asexually split into two, which 
are then placed in the same location. This keeps the swarm 
size constant. 

 
3.4 Elimination and Dispersal 

 
In the local environment, the life of a population of bac-

teria changes either gradually by consumption of nutrients 
or suddenly due to some other influence. Events can kill or 
disperse all the bacteria in a region. They have the effect of 
possibly destroying the chemotactic progress; however, 
they also assist such processes, as dispersal may place bac-
teria near good food sources. Elimination and dispersal 
help reduce the behavior brought about by stagnation (i.e., 
being trapped in a premature solution point or local optima). 

 
 

4. Implementation 
 
In this section, the BFA program is written by using a 

MATLAB software in order to show the advantages of the 
proposed algorithm. The fitness function and its limitations 
are shown in Eqs. (8) and (9), respectively. 
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The results of running this program are shown after im-

plementing a 13-level inverter as the case study in order to 
eliminate its low order harmonics, i.e., from 5th to 17th. Fig. 
4 shows the amount of fitness function for running the pro-
gram once and 10 times. The step of variation of the modu-
lation index (M) is 0.01. Since this program targets optimi-
zation, for some values of M wherein the functions of Eq. 
(3) offer feasible answers, the program can correspond-
ingly arrive at successful solutions. However, in other Ms, 
solutions are obtained based on the lowest amount of fit-
ness function. The probability of converging to global min-
ima is greater for programs run 10 times compared with 
those run at a single time. 

 
The vertical axis depicts the optimum objective value. A 

value less than 10-2 indicates that the program has reached 
global minima. For other values of the fitness function, 
solutions might not be achieved at all; that is, the algorithm 
has converged in local minima. To illustrate the effect of 
the number of runs, Fig. 5 is shown; herein, the probability 
of cumulative distribution function (CDF) of the fitness 
function for 1-, 2-, 5-, and 10-time runs times is shown. 
This figure also shows that the probability of obtaining the 
fitness function value below 10-5, after 1-, 2-, 5-, and 10- 
time runs is 19.8%, 31.2%, 34.4%, and 39.8%, respectively.  

For some modulation indices, more than one solution 
may exist. The program sometimes encounters one of them. 
Fig. 6 shows the situation of switching angles versus M. In 
Fig. 7, the results of harmonic conditions and the THD 
value are shown. For the region at which the fitness func-
tion value is low, all low order harmonics are maintained 
close to 0. In other ranges, the value of harmonics is sig-
nificant, which means that in this range of solution region, 
the equations cannot be solved. 

Inasmuch as the penalty considered for satisfying the de-
sired fundamental harmonic is high, this harmonic ap-
proaches the desired value in the output of the inverter, 
even in the region where the equations do not have feasible 
solutions. 
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Fig. 4. Optimum value of the objective function versus M 
for the program in 1- and 10-time runs. 
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Fig. 5. CDF of the optimum objective function for a 13-
level inverter over its M range. 
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Fig. 6. Optimal switching angles versus M. 
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Fig. 7. Percentages of fundamental and low order harmon-
ics and THD. 

 
The value of THD is treated similar to that of low order 

harmonics. The reduction in value of low order harmonics 
leads to a decrease in THD value. 

To verify the results of BFA, comparisons are made be-
tween BFA and GA. GA is the most well known intelligent 
algorithm. Fig. 8 compares the CDF of BFA and GA in 
one-time running. It also illustrates BFA's advantages over 
GA, and shows that the probability in BFA to reach global 
optima is more likely than that of GA. Figs. 8-11 show the 
CDFs for 2-, 5-, and 10-time runs. These figures also show 
the advantage of BFA over GA. 
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Fig. 8. Comparison of BFA and GA for 17-level inverters 
in 1-time running. 
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Fig. 9. Comparison of BFA and GA for 17-level inverters 
in 2- time runs. 
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Fig. 10. Comparison of BFA and GA for 17-level inverters 
in 5-time runs. 
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Fig. 11. Comparison of BFA and GA for 17-level inverters 
in 10-time running. 

 
 

5. Conclusion 
 
The goal of this paper is to eliminate low order harmonics 
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using the OHSW technique. The proposed method (i.e., 
BFA) was used to find solutions in nonlinear equations. 
Simulation results show that harmonics have been success-
fully omitted. However, at some operating points, the har-
monics cannot be removed and thus should be minimized. 
Based on the comparison of BFA and GA, the former 
yields a better solution and with higher probability in 
reaching global minima. 
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