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Abstract—This paper presents the Bee optimization method for
harmonic elimination in a cascaded multilevel inverter. The main
objective in selective harmonic elimination pulsewidth modulation
strategy is eliminating low-order harmonics by solving nonlinear
equations, while the fundamental component is satisfied. In this
paper, the Bee algorithm (BA) is applied to a 7-level inverter for
solving the equations. The algorithm is based on the food foraging
behavior of a swarm of a honeybees and it performs a neighborhood
search combined with a random search. This method has higher
precision and probability of convergence than the genetic algorithm
(GA). MATLAB software is used for optimization and comparison
of GA and BA. Simulation results show superiority of BA over
GA in attaining accurate global minima and higher convergence
rate. Also, its performance in 10 times run is the same as in 1
time run. Finally, for verifying purposes, an experimental study is
performed.

Index Terms—Bee algorithm (BA), genetic algorithm (GA), mul-
tilevel inverter, selective harmonic elimination PWM (SHEPWM).

I. INTRODUCTION

TODAY, there are many applications for multilevel invert-
ers, such as flexible ac transmission system (FACTS)

equipment [1], high voltage direct current lines [2], and electri-
cal drives [3]. There are three conventional structures for mul-
tilevel inverters: diode-clamped [4], flying capacitor [5], and
cascaded multilevel inverter with separate dc sources [6]. For
improving inverter performance and output quality, different
methods have been suggested. The first of them is using various
switching strategies, such as sinusoidal or “subharmonic” natu-
ral pulsewidth modulation (SPWM), selective harmonic elimi-
nation PWM (SHEPWM), space-vector modulation (SVM), op-
timized harmonic-stepped waveform (OHSW) [7], [8], and op-
timal minimization of THD (OMTHD) [9]. The second method
is using a low-pass filter in the output of inverters to eliminate
high-order harmonics. Finally, the third approach, is using mul-
tilevel structures in order to reduce harmonics and THD. The
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SHEPWM strategy has also been used in multilevel inverters.
In this method, the objective is elimination of low-order har-
monics, while the fundamental harmonic is satisfied. If this goal
cannot be obtained, the highest possible harmonics optimization
is desired. In this approach, by solving S equations, (S−1) low-
order harmonics from the fifth order can be eliminated and the
fundamental component is satisfied. Solving SHEPWM nonlin-
ear equations is a major problem in obtaining switching angles.
So far, several methods have been suggested which can be cat-
egorized into two sets. The first group is based on satisfying
the equations. The Newton–Raphson (N–R) method is one of
these [10]. The disadvantage of iterative methods is their depen-
dence on an initial guess and divergence problems are likely to
occur for large numbers of inverter levels. Also, they can only
find one set of solutions. In addition, using the MATLAB func-
tion fsolve, all roots can be obtained based on the Gauss–Newton
method [11].

A mathematical method based on theory of resultant is pro-
posed in [12]. This method can only find all possible solutions
for those feasible Modulation index M solutions that exist. How-
ever, it is complicated and time-consuming and requires new
expression when voltage level or input dc voltage is changed.
Also, the Homotopy algorithm [13] is used to determine one set
of solutions.

Since the first group does not suggest any optimum solutions
for infeasible M , the second group of methods have been ap-
plied based on evolutionary algorithms. These methods can not
only find solutions, where low-order harmonics can be com-
pletely eliminated, but they can also find solutions for infeasible
M ; the second group introduces optimum angles so that the
equations are minimized. These methods are simple and can be
used for problems with any number of levels. They are free from
derivation. GA is one of the methods that have been used in the
literature [14], [15]. In addition, particle swarm optimization [7],
bacterial foraging algorithm [16], and ant colony [17] methods
have been introduced. GA is widely used and is simpler and more
applicable.

In this paper, the bee algorithm (BA) is applied to mini-
mize low-order harmonics, as well as to satisfy the desired
fundamental component. Results including the probability of
reaching to a global solution and the effect of running times are
compared with those obtained by GA. Results confirm the effec-
tiveness of the proposed algorithm and its superiority over GA.
Experimental results are presented to confirm the simulation
results.
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Fig. 1. Cascaded multilevel inverter with separate dc sources.

Fig. 2. The output voltage waveform of a 7-level inverter.

II. MULTILEVEL INVERTERS

A. Multilevel Inverter Topology

A cascaded multilevel inverter (see Fig. 1) has advantages that
have been presented in [18]. Few components, the absence of
extra clamping diodes or voltage balancing capacitors, and easy
adjustment of the number of output voltage levels are some of
them. Switching devices turn ON and OFF only once per cycle
to overcome the switching loss problem.

The cascaded multilevel inverter consists of a series of H-
bridge (single-phase full-bridge) inverter units. Each full-bridge
can generate three different voltage outputs: +Vdc , 0, and −Vdc .
However, all three multilevel inverters can produce staircase
waveform as shown in Fig. 2. The number of output phase
voltage levels in a cascaded multilevel inverter is 2S + 1, where
S is the number of dc sources. For example, phase voltage
waveform for a 7-level cascaded multilevel inverter with three
isolated dc sources (S = 3) is shown in Fig. 2. Each H-bridge

unit generates a quasi-square waveform by phase-shifting the
switching timings of its positive and negative phase legs.

B. Selective Harmonic Elimination PWM

A 7-level inverter waveform shown in Fig. 2 has three vari-
ables θ1 , θ2 , and θ3 , where Vdc1 , Vdc2 , and Vdc3 are assumed
to be equal. Considering equal amplitude of all dc sources, the
Fourier series expansion of the output voltage waveform, shown
in Fig. 1, will be written as

V (ωt) =
∞∑

n=1

Vn sin (nωt) (1)

where Vn is the amplitude of the nth harmonic. Switching angles
are limited between zero and π/2 (0 ≤ θi < π/2). Because
of odd quarter-wave symmetric characteristic, harmonics with
even order become zero. Consequently, Vn becomes

Vn =

⎧
⎪⎪⎨

⎪⎪⎩

4Vdc

nπ

S∑

i=1

cos (nθi) for odd ns

0 for even ns.

(2)

The objective of SHEPWM is to eliminate the lower order har-
monics while remaining harmonics are removed with filter. In
this paper, without loss of generality, a 7-level inverter is chosen
as a case study to eliminate its low-order harmonics (fifth and
seventh). It is needless to take the triplen harmonics into con-
sideration, since they will vanish in three-phase applications.
So, to satisfy fundamental harmonic and eliminate fifth and sev-
enth harmonics, three nonlinear equations with three angles are
provided in

V1 =
4Vdc

π
[cos(θ1) + cos(θ2) + cos(θ3)]

V5 =
4Vdc

5π
[cos(5θ1) + cos(5θ2) + cos(5θ3)]

V7 =
4Vdc

7π
[cos(7θ1) + cos(7θ2) + cos(7θ3)]. (3)

In (3), V5 and V7 are set to zero in order to eliminate fifth and
seventh harmonics, respectively. For obtaining various switch-
ing angles a new index, titled modulation index, is defined to be
a representative of V1 :

M
Δ=

V1

12Vdc/π
(0 ≤ M ≤ 1) . (4)

Here, M is between 0 and 1 to cover different values of V1 .
Thus, by substituting (4) into (3), (5) can be derived and for a

7-level inverter the goal is to solve the following set of equation

M =
1
3

[cos (θ1) + cos (θ2) + cos (θ3)]

0 = cos (5θ1) + cos (5θ2) + cos (5θ3)

0 = cos (7θ1) + cos (7θ2) + cos (7θ3) . (5)

Now, three switching angles, namely θ1 , θ2 , and θ3 , must be
found with respect to the range of M .
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Fig. 3. Basic flowchart of BA.

III. BEE ALGORITHM

The Bee algorithm is an optimization algorithm based on
the natural foraging behavior of honeybees to find the optimal
solution [19], [20].

A bee colony consists of three kinds of bees: employed bees,
on-looker bees, and scout bees. Employed bees carry informa-
tion about place and amount of nectar in a particular food source.
They transfer the information to on-looker bees with dance in
the hive. The time of dance determines the amount of nectar in
a food source. An on-looker chooses a food source based on the
amount of nectar in a food source. A good food source attracts
more on-looker bees to itself. Scout bees seek in search space
and find new food sources. Scout bees control the exploring
process, while employed and on-looker bees play an exploiting
role.

In this algorithm, food sources are considered as possible
solutions to a problem. The food source is a D-dimensional
vector, where D is the number of optimization variables. The
amount of nectar in a food source determines the value of fitness.

The basic flowchart of BA is shown in Fig. 3. In step 1,
random initial food sources are generated. The number of initial
food sources is half of the bee colony. In step 2, employed bees
are sent to the food sources to determine the amount of nectar

and calculate its fitness. For each food source, there is only
one employed bee. So, the number of food sources is equal to
the number of employed bees. In addition, the employed bees
modify the solutions, saved in memory, by searching in the
neighborhood of its food source. The employed bees save the
new solution if its fitness is better than the older one. Employed
bees go back to the hive and share the solutions with the on-
looker bees. In step 3, on-looker bees, which are another half of
the colony, select the best food sources using a probability-based
selection process. Food sources with more nectar attract more
on-looker bees. On-looker bees are sent to the selected food
sources. The on-looker bees improve the chosen solutions and
calculate its fitness. Similar to employed bees, the on-looker
bees save a new solution if its fitness is better than an older
solution. In step 4, the food sources that are not improved for
a number of iterations are abandoned. So, the employed bee is
sent to find new food sources as a scout bee. The abandoned
food source is replaced by the new food source. Finally, in step
5, the best food source is memorized. The maximum number of
iterations is set as a termination criterion which is checked at
the end of iteration. If it is not met, the algorithm returns to step
2 for the next iteration.

IV. IMPLEMENTATION

For achieving switching angle, the BA program is written
using MATLAB software. The size of population of BA is 100.
In addition, the number of iterations for each run is 200 and
assumed as a termination criterion. Constructed fitness function
and its limitations are shown, respectively, in

f = min
θi

{(
100

V ∗
1 − V1

V ∗
1

)4

+
S∑

s=2

1
hs

(
50

Vhs

V1

)2
}

;

i = 1, 2, . . . , S (6)

subject to

0 ≤ θi ≤
π

2
(7)

where V ∗
1 is the desired fundamental harmonic, S is the number

of switching angles, and hs is the order of sth viable harmonic
at the output of a three-phase multilevel inverter, e.g., h2 = 5
and h3 = 7.

In this section, switching angles are found such that low-order
harmonics (fifth and seventh) are eliminated and the magnitude
of the fundamental harmonic reaches to its desirable value, i.e.,
V ∗

1 .
If the fundamental harmonic violates its set point by more

than 1%, the first term of (6) fines it by a power of 4. Because
of the use of the power of 4, corresponding penalties for any
deviations under 1% get a negligible value. The second term of
(6) neglects harmonics under 2% of fundamental. But, when any
harmonic exceeds this limit, the objective function is subject to a
penalty by power of 2. Finally, each harmonic ratio is weighted
by inverse of its harmonic order, i.e., 1/hs . By this weight-
ing method, reducing the low-order harmonics gets higher
importance.
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Fig. 4. Optimum value of the objective function versus M .

Fig. 5. CDF curve obtained by BA.

The algorithm is run 1, 2, 5, and 10 times and the best solution
based on the minimum fitness function is selected.

Fig. 4 shows the amount of fitness function with respect to
the range of modulation index (0–1) with step 0.01, when the
program is run once and 10 times.

For feasible points, the program can successfully arrive at the
solutions, as it is indicated by objective values less than 10−2 .
For some modulation indices, more than one solution may exist.
The program encounters with one of them. The probability of
converging to global minimum for 10 times run is greater than
1 time run.

The cumulative distribution function (CDF) describes the
probability that a real-valued random variable X with a given
probability distribution will be found at a value less than or
equal to x. In other words, it can be expressed by

CDF(x) = P (X < x). (8)

The probability of reaching to a value below or equal to a spec-
ified fitness function is shown in the CDF curve. For example,

Fig. 6. Optimal switching angles versus M .

Fig. 7. Percentages of fundamental, low-order harmonics, and THD.

CDF (10−7) of BA for one time run is about 48%. This means
in 48% of M range, the fitness is below or equal to 10−7 . Fig. 5
illustrates the CDF curve of the fitness function for 1, 2, 5, and
10 times runs. As shown in Fig. 5, CDF values for 1, 2, 5, and
10 times run are very close to each other. So, the result in one
time run is trustworthy and BA can reach to global minima in
the first run and it is no longer necessary to run codes.

Figs. 6 and 7 show the situation of switching angles, harmonic
conditions, and THD versus M . Line voltage THD is calculated
by an accurate method, presented in [21]. If a region has a low
fitness function, all low-order harmonics are maintained close to
0. For other ranges, the value of harmonics is significant so the
equations cannot be solved. In both states, because of penalty,
considered in fitness function, the fundamental harmonic is near
the desired value. Reduction in value of low-order harmonics
leads to a decrease in THD value.

To show the effectiveness of BA, GA is employed as a ref-
erence. For comparison, GA with the same BA parameters is
implemented. The parameters of both algorithms are shown in
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TABLE I
COMPARISON OF PARAMETERS BETWEEN BA AND GA

Fig. 8. Comparison of BA and GA in one time run.

Fig. 9. Comparison of BA and GA in two times run.

Table I. BA codes have more complexity and running time in
comparison with GA. In fact, this complexity implies greater
running time. Although BA has more complexity and run time,
in BA the probability of reaching to global minima for all run
number run is more greater. In Fig. 8, the CDF curve of BA is
compared with that of GA for one time run. Also, CDF for 2, 5,

Fig. 10. Comparison of BA and GA in five times run.

Fig. 11. Comparison of BA and GA in 10 times run.

TABLE II
COMPARISON BETWEEN CDF(10−7 ) OF BA AND GA

and 10 times runs is shown in Figs. 9–11. In all figures, the CDF
for BA is greater than that for GA and this confirms the priority
of BA over GA and shows that the probability of BA for reach-
ing to global optimal is more than that of GA. For example, in
Table II, CDF (10−7) of both algorithms for 1, 2, 5, and 10 times
run is shown. However, when a fitness function is below 10−2 ,
the corresponding angles are considered as solution, but here
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TABLE III
SWITCHING ANGLES FOR M = 0.8

Fig. 12. Structure of the experimental prototype.

Fig. 13. Output phase voltage.

x = 10−7 is selected to be more reliable. As shown in Table II,
for all run numbers, the CDF of BA is more than the CDF of
GA. So, BA has better performance for finding solutions.

V. EXPERIMENTAL RESULT

For verifying BA solutions, a 3-phase 2-kW hardware proto-
type 7-level inverter as shown in Fig. 12 is built. It consists of
three full-bridge inverters that are connected in a series form.
DC source voltage of each H-bridge inverter is constant and is
selected to be 12 V. Also, the frequency of the output is assumed
to be 50 Hz.

Fig. 14. Harmonic spectrum of experimental output phase voltage plotted with
FFT analysis of Simulink.

Fig. 15. Output line voltage.

Switching angles are obtained offline by BA for the range
of M . The angles are loaded in an ATMEGA32 AVR R© micro-
controller as a lookup table. For each M , ATMEGA32 finds
switching angles from the lookup table. ATMEGA32 transfers
the switching signals to optocoupler 6N137 for isolation of insu-
lated gate bipolar transistor (IGBT) from ATMEGA32. Finally,
the signal is transferred to IGBT driver 7667 that is connected
to IGBT and supplies Qge that is required for turning IGBT ON.

Fig. 13 shows the output phase voltage for M = 0.8. Switch-
ing angles are shown in Table III. According to Fig. 6, this point
is feasible. The data in Fig. 13 are extracted from the Tektronix
TDS1002B oscilloscope and related frequency spectrum is plot-
ted with FFT analysis of the Simulink/Powergui block. Fig. 14
which shows the frequency spectrum confirms the results.

Fig. 15 shows the output line voltage. Fig. 16 shows the
frequency spectrum of this waveform. Low-order harmonics as
well as triplen harmonics are removed.
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Fig. 16. Harmonic spectrum of experimental output line voltage plotted with
FFT analysis of Simulink.

VI. CONCLUSION

In this paper, elimination of low-order harmonics using
SHEPWM strategy is investigated. BA is applied to solve the
equations. Simulation results show accuracy and ability of BA
for convergence objectives. Also, solutions have near probabil-
ity to attain global minimum for 1, 2, 5, and 10 times runs and
this probability is higher than the same runs for GA. Finally, to
verify BA solutions, experimental results are presented which
validate the accuracy of the proposed method.
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