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ABSTRACT

There are several procedures to solve the selective
harmonic elimination (SHE) problem. In this paper,
the elimination of undesired harmonics in a multilevel
inverter with equal DC sources by using cuckoo evo-
lutionary optimization method is presented. SHE is
an efficient method for achieving the desired funda-
mental component and eliminating selection harmon-
ics. The recently developed evolutionary optimiza-
tion method named cuckoo (COA) is used to solve
the nonlinear transcendental equations of SHE prob-
lem. To verify the presented method accuracy, sim-
ulation and experimental results are provided for a
7-level cascaded multi-level inverter. The feasibility
and effectiveness of the proposed algorithm is evalu-
ated with intensive simulation and experimental stud-
ies. The obtained results show that the cuckoo algo-
rithm is more efficient than Bee algorithm (BA) and
Genetic algorithm (GA) in eliminating the selective
harmonics which cause the lower total harmonic dis-
tortion (THD) in the output voltage.

Keywords: Selective harmonic elimination, Multi-
level inverter, Cuckoo optimization algorithm (COA).

1. INTRODUCTION

Integrating multilevel inverters into medium and
high voltage industrial applications, such as motor
drives [1], flexible ac transmission system (FACTS)
equipment [2], HVDC [3, 4] and renewable energy
systems [5], is the issue of many ongoing researches.
The most advantages of multilevel inverters are de-
rived due to stepwise waveform of output voltage.
The main advantages of multilevel inverters include:
High power and voltage ratings and quality, more
electromagnetic compatibility, lower switching losses,
higher efficiency, higher voltage capability, lower total
harmonic distortion [6, 7]. Basically, there are three
conventional topologies for multilevel inverters: flying
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capacitor [8], diode-clamped [9] and cascaded multi-
level inverter with separate dc sources [10]. Among
them, the cascaded multilevel inverter has received
special attention due to its modularity and simplicity
of control method [11, 12]. The principle operation
of this inverter is usually based on synthesizing the
desired output voltage waveform from several steps of
voltage, which is typically obtained from DC voltage
sources.

There are different power circuit topologies for
multilevel converters. The most familiar power cir-
cuit topology for multilevel converters is based on the
cascade connection of s number of single-phase full-
bridge inverters to generate (2s + 1) number of levels
in the output voltage. However, from the practical
point of view, it is difficult to keep equal the magni-
tude of separated dc sources (SDCSs) of different lev-
els. This can be caused by the different charging and
discharging time intervals of DC-side voltage sources
[13]. One of the major topics in multilevel inverters is
to eliminate the harmonics of output voltage. Output
voltage of inverters must meet maximum THD limi-
tations as specified in [14]. Basically, to control the
output voltage and to eliminate the undesired har-
monics in multilevel converters with equal DC volt-
age sources, there are four methods [15]. They are
the fundamental frequency switching method, space
vector control method [16], traditional pulse width
modulation (PWM) control method and space vec-
tor PWM method [15, 17]. A large number of these
methods which minimize the computational intricacy
and obtaining good results have been proposed in the
last 25 years [18].

Selective harmonic elimination method and THD
minimization approach are other approaches which
choose proper switching angles to eliminate low-order
harmonics and minimize the THD of output voltage.
In both cases low switching frequency and stepwise
waveform of output voltage are considered. In THD
minimization approach the objective is to specify the
switching angles to achieve desired fundamental com-
ponent with possible minimum THD [19, 20]. The
objective of SHE method is to determine the switch-
ing angles so that specific lower order harmonics such
as the 5th, 7th, 11th, and 13th are suppressed in
the output voltage of the inverter. This method is
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known as selective harmonic elimination (SHE) or
programmed PWM techniques in technical literature
[21, 22]. SHE method utilizes a set of non-linear tran-
scendental equations as the fitness or objective func-
tion that involves many local optimal [23]. There
are three procedures to solve the SHE problem, an-
alytical approach based on resultant theory method
[24], numerical iterative techniques, such as Newton-
Raphson method [25] and evolutionary algorithms
[26] such as genetic algorithm (GA) or particle swarm
optimization (PSO) and etc. As illustrated before,
SHE employs a fitness function aims to achieve the
desired fundamental component and remove selective
harmonics in the waveform of output voltage wave-
form. Various fitness functions can be defined for
SHE problem [27, 28], which the purpose of all is the
same.

In this paper, the COA approach is developed
to deal SHE problem and determination of optimal
switching angles subject to reduce THD further. Sim-
ulation and experimental results are provided for a 7-
level cascaded multilevel inverter to show the validity
of the proposed COA method. This paper is orga-
nized as follows. Section 2 describes the configura-
tion of multilevel inverters, output voltage and SHE-
PWM method. Section 3 describes the COA method.
Section 4 defines the fitness function of SHE problem.
In Sections 5 and 6, the simulation and experimen-
tal results are illustrated. Finally in Section 7 a brief
conclusion is presented.

2. MULTILEVEL INVERTERS

2.1 CONFIGURATION OF THE CASCADED

SEVEN-LEVEL INVERTER

Fig. 1 shows the structure of a single-phase cas-
caded 7-level converter topology with separate DC
sources. A cascaded multilevel inverter consists of
several single-phase full bridge inverters connected in
series. The function of this multilevel inverter is to
synthesize desired ac output voltage from several DC
voltage sources connected to the individual inverter
units. A cascaded multilevel inverter has advantages
that have been offered in [29]. It should be pointed
out that, unlike the flying-capacitor topologies and
diode-clamped, isolated DC voltage sources are es-
sential for each cell in each phase. The number of
output-phase-voltage levels in a cascade multilevel in-
verter is 2s + 1, where s is the number of DC voltage
sources. This topology recently becomes very pop-
ular in ac power supply and adjustable speed drive
applications. This inverter can avoid extra clamping
diodes or voltage balancing capacitors [30]. To ob-
tain the three-phase structure, the outputs of three
single-phase cascaded inverters can be connected in
A or Y connection.

Vdc

Vdc

Fig.1:  Configuration of a single-phase cascaded
seven-level inverter.
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Fig.2: The half cycle of the phase voltage of T-level
inverter.

2.2 OUTPUT VOLTAGE OF SEVEN-LEVEL
INVERTER

A half cycle of phase voltage of 7-level inverter
that synthesized by several DC voltage sources is pre-
sented in Fig. 2. In this figure aj-ap and ag are
switching angles.

SELECTIVE HARMONIC ELMINA-
TION PWM

2.3

A 7-level inverter waveform shown in Fig.2 has
three variables aj-as and agz, and voltage levels are
assumed to be equal. Switching angles are limited
between zero and 7/2 (0 < ai < 7/2). Because of
the phase voltage waveform is an odd function, so
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the even order harmonics become zero. Therefore
its Fourier expansion will be contained only odd har-
monic components. Considering equal amplitude of
all DC voltage sources, the Fourier series expansion
of the output voltage waveform, shown in Fig. 2, will
be written as:

V(wt) =Y Vasin(nwt) (1)

Where V,, is the amplitude of the nth harmonic
component. As illustrated before, switching angles
are limited between zero and 7/2 (0 < ai < 7/2).
Consequently, V,, becomes:

AV, 578 cos(na; , n=o0dd
fiy={ Ve Thaeoten

The purpose of SHE-PWM is to eliminate the
lower order harmonics while remaining harmonics are
removed by filter. In this paper, without loss of gen-
erality, a 7-level cascaded inverter is chosen as a case
study to eliminate its low-order harmonics (fifth and
seventh). It is needless to take the triple harmon-
ics into consideration, since they will disappear for
three-phase applications, in the line-to-line voltages.
So, to satisfy fundamental harmonic and eliminate
fifth and seventh harmonics, three nonlinear equa-
tions with three angles are provided as follows:

, h=even

Vi = %Vdc(cos(m) + cos(az) + cos(as))
Vs = 2= Vac(cos(5a1) 4 cos(5az) + cos(5a3))  (3)
Ve = %Vdc(cos(htl) + cos(Taz) + cos(7a3))

In (3), V5 and V7 are set to zero in order to elim-
inate fifth and seventh harmonics, respectively. For
obtaining various switching angles, a new index titled

modulation index is determined to be a representative
of V1 :

T sV

M (4)

For 7-level inverter s will be equal 3. By substi-
tuting (4) into (3), the nonlinear equation (5) can be
derived and for a 7-level inverter the goal is to solve
these equation.

M= %(cos(m) + cos(az) + cos(as))

0 = (cos(bay) + cos(5az) + cos(bas)) (5)
0 = (cos(Ta1) + cos(Taz) + cos(7as))
Now, three optimal switching angles, namely a;-as

and ag, must be found with respect to the modulation
index M.

3. PROPOSED COA METHOD

The COA is a new heuristic algorithm for global
optimization searches. This optimization algorithm

is inspired by the life of a bird family, called Cuckoo.
Particular lifestyle of these birds and their specifica-
tions in egg laying and breeding has been the basic
motivation for expansion of this new evolutionary op-
timization algorithm. COA similar to other heuristic
algorithms such as PSO, GA, ICA, etc, starts with an
initial population. The cuckoo population, in differ-
ent societies, is divided into 2 types, mature cuckoos
and eggs. These initial cuckoos grow and they have
some eggs to lay in some host birds’ nests. Among
them, each cuckoo starts laying eggs randomly in
some other host birds’ nests within her egg laying
radius (ELR). Some of these eggs which are more like
to the host bird’s eggs have the opportunity to grow
up and become a mature cuckoo. Other eggs are de-
tected by host birds and are destroyed. The grown
eggs disclose the suitability of the nests in that area.
The more eggs survive in an area, the more benefit
is gained in the area. So the location in which more
eggs survive will be the term that COA is going to
optimize. Then they immigrate into this best habi-
tat. Each cuckoo only flies A% of all distance toward
final destination (goal habitat) and also has a devi-
ation of ¢ radians. These two parameters, A and ¢,
assistance cuckoos search much more positions in all
environment. For each cuckoo, A and ¢ are defined
as follows:

A~U(0,1) 6
¢~ U(_wvw) ( )

Where A ~U(0,1) means that A is a random num-

ber that uniformly distributed between 0 and 1. w

is a parameter that inflicts the deviation from goal

habitat. When all cuckoos immigrated toward final

destination and new habitats were specified, each ma-

ture cuckoo is given some eggs. Then considering

the number of eggs allocated to each bird, an ELR

is calculated for each cuckoo. Then new egg laying

process restarts. With regard to the concept of SHE

the switching angles of 7-level inverter are variables.

The main steps of COA are presented in below as a

pseudo-code.[31]

1. Initialize cuckoo habitats with some random

points on the fitness function

2. Dedicate some eggs to each cuckoo

3. Define ELR for each cuckoo

Let cuckoos to lay eggs inside their corresponding

ELR

Kill those eggs that are recognized by host birds

Let eggs hatch and chicks grow

Evaluate the habitat of each newly grown cuckoo

Limit cuckoos mazimum number in environment

and kill those who live in worst habitats

Cluster cuckoos and find the best group and select

goal habitat

10. Let new cuckoo population immigrate toward goal

habitat
11. If stop condition is satisfied stop, if not go to 2.

=

® N> m

©
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As illustrated before, evolutionary algorithm is an
approach which can solve the SHE problem. So, we
found COA to be a suitable alternative to deal with
SHE problem. It is a recently developed evolution-
ary optimization method [32] and has good conver-
gence in global minimum achievement in compare to
other evolutionary optimization algorithms such as
PSO and Genetic Algorithm (GA) [31]. Therefore,
because of its high effectiveness on solving problems,
it is used in multiple applications such as PID con-
troller designing [31] or optimal placement and ca-
pacity of DG [33].

4. DEFINITION OF THE FITNESS FUNC-
TION FOR SHE PROBLEM

Determination of switching angles to meet the Fit-
ness function is the main goal of proposed approach.
Satisfying the desired value of fundamental compo-
nent with eliminating the undesired harmonics are
considered as the fitness function. In this paper COA
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Fig.5: (a) Normalized amplitude of 5" harmonic
(b) 1" harmonic (Vi /3Vae).

is utilized to solve the SHE problem. The number of
harmonic components which can be eliminated from
the output voltage of the 2s+1 level inverter is s-
1, where s is the number of separate DC voltage
sources. Fitness function of seven-level inverter is
considered combination of three nonlinear equations
(5) that satisfy fundamental component and elimi-
nate fifth and seventh harmonics. In (3), fundamen-
tal, fifth and seventh harmonics are achieved, respec-
tively and will be used in (7). With previous descrip-
tions, constructed fitness function and its restrictions
are shown, respectively, in the fitness functions are
defined as follows [24]:

100 + HM _ il
SVdC (7)
‘V5| + |V7‘ 4+ “/38—207"/35—1|
+ ( )
SVdc

Subject to: 0 < a; <ap <az < 5
Where V; is the desired fundamental component

of phase voltage and M is modulation index.

5. SIMULATION RESULT

To validate of the simulation results for optimum
switching angles, a simulation is carried out in MAT-
LAB/SIMULINK software for a 7-level cascaded in-
verter. First, the COA was applied to search the op-
timal parameters of the SHE problem in (7), subject
to its limitations. In this paper, in order to acquire
the better performance of COA method, parameters
in Table 1 were chosen. It should be noted that COA
is run for several times, and then optimal parameters
is chosen. The steps of M is considered 0.01 and after
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Fig.6: Simulation results of a 7-level multilevel in-
verter for M = 1.17, (a) Output phase voltage (b)
Output line voltage (¢) FFT analysis for phase volt-
age (d) FF'T analysis for line voltage.

that COA is used to minimizes (7), subject to its lim-
itations, the final optimal results (switching angles)
obtained are listed in Table 2 and Table 3 for a cas-
caded 7-level inverter, respectively. The nominal DC
voltage is considered to be 100 V. Based on cost value
of fitness function or THD minimization, simulation
results are presented for M= 1.17 and M=1.02.

By using COA method, the optimum switching an-
gles based on the fitness function (7), versus modula-
tion index, are plotted in Fig.3.

Table 1: COA Parameters.
Number of initial population 100
Maximum number of cuckoos that can live
. 35
at the same time

Minimum number of eggs for each cuckoo 4
Maximum number of eggs for each cuckoo 6
Number of clusters 2
Maximum iterations 300

Table 2: Optimal results obtained for line to line
THD in cascaded 7-level inverter (Vg.=100v=1pu,).
THD THD ° o o
Line% | Phase% | M | 21(7) | a2(%)  as(®) | Cost
6.63 18.25 1.17 8.08 16.97 | 34.96 | 0.003
Table 3: Optimal results obtained for phase THD
in cascaded 7T-level inverter (Vy.=100v=1I1pu).
THD THD
Line% | Phase% | M | @) | a2(%) | as(®) | Cost
9.10 12.33 1.02 10.98 29.4 56.6 0.0117
600
—Line THD
—Phase THD
=\°400
]
E 200
0 | 7 — — —
0 0.2 0.4 0.6 0.8 1 1.2
Modulation Index

Fig.7: Simulation results of a 7-level multilevel in-
verter for THD of phase and line to line output volt-
ages.

Fig. 4(a) represents the cost value of fitness func-
tion with respect to the modulation index. As seen
from this figure, the region which has possible so-
lutions for SHE problem, that is the cost values are
almost zero. From the cost values shown in Fig. 4(a),
it is obvious that the COA method is effectively able
to find the optimum switching angles to suppress the
undesired harmonics.

To show the effectiveness of proposed method, the
fundamental harmonic and both the normalized am-
plitude of undesired 5 and 7*" order of harmonics
against the modulation index are illustrated in Figs.
4(b), 5(a) and 5(b), respectively. It can be seen from
Figs. 4 and 5 that in some regions approximately 0.5
< M < 1.2 the values of cost function are low and
low-order harmonic components get nearly to zero.
Out of mentioned range for M the cost function has
higher values. It means that the amplitudes of low or-
der harmonics are non zero and so the SHE problem
has not any optimal solution in these regions. Also
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it can be seen from Fig. 4(b) that the fundamental
component is mostly maintained close to the desired
value.

The output phase voltage and line to line voltage
waveforms for M=1.17 and the related FF'T analysis
are shown in Fig. 6(a)-(d), respectively.

Fig. 7 compares the phase and line to line THD of
output voltages of 7-level inverter versus M. As it can
be seen in Fig. 7, in this study, the minimum value
of the line to line THD of output voltage occurs at
M = 1.17, with a value of 6.63% and the minimum

Fig.9: Implemented prototype setup.

value of the phase voltage THD occurs at M = 1.02,
with a value of 12.33%.

The output phase voltage and line to line voltage
waveforms for M=1.02 and the related FFT analysis
are shown in Fig. 8 (a)-(d), respectively.

From the fast Fourier transform (FFT) analysis of
the phase output voltages, it can be seen that the
magnitudes of lower order 5" and 7" harmonics are
negligible. Also it can be seen from the FFT analysis;
the THD of output line voltage is very low. As the
triple harmonics will not be presented in the line-to-
line voltage, they are not shown in the FFT analysis
of line to line voltage.

In [28] Genetic and Bee algorithms are compared
to find optimal switching angles considering a pro-
posed objective function for SHE problem. Regard-
ing to their best results minimum line voltage THD
for a 7-level inverter is 8.99%, While, in this study
with considering the objective function is mostly used
for SHE problem and as it seen from Figs. 4, 7 and
8, the minimum value of line voltage THD is 6.63%.
The comparison of obtained results shows the accu-
racy and effectiveness of work done in this paper.

As known, THD is defined as the ratio of the sum
of the powers of all harmonic components RMS value
to the power of the fundamental frequency compo-
nent RMS value. So, for a specified modulation in-
dex, voltage THD value is related to the magnitude
of output voltage steps and duration of each step. So,
with considering this, different values of Vg, seen in
Fig. 2, and also different loading conditions do not
affect the THD value.
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Fig.10: Experimental results of 7-level inverter for
output phase voltages for a) M=1.17, b) M=1.02.

6. EXPERIMENTAL RESULT

In this paper, the results of experimental proto-
type of a single phase 7-level cascaded inverter are
given in order to validate the obtained results. In
the implemented prototype, the switching angles that
listed in Tables 2 and 3 are applied. Fig. 9 shows the
photograph of implemented prototype. Parameters
of implemented circuit are given in Table 4. Figs.
10 and 11 describe the experimental results of im-
plemented circuit. Figs. 10(a) and 10(b) show the
output voltage of implemented 7-level cascaded in-
verter for M=1.17 and M=1.02, respectively. The
FFT spectra of given voltages in Fig. 11 are pre-
sented in Figs. 11(a) and 11(b) respectively. It can
be seen from presented simulation and experimental
results that these results match saliently with simu-
lation results.

It can be seen from Figs. 10 and 11 the obtained
FFT and voltage waveforms are more similar to sim-
ulation results and the harmonic spectra of men-
tioned waveforms validate the implemented method
efficiency.

] -Z.BHSa/s

M SB.OMSICHI £ 164V

-s. oMSa’s

..........................................................

M ZG.BmSICHl £ @.00V

(b)

Fig.11: FEzperimental results of a 7-level inverter
for FFT analysis of phase voltage.

Table 4: Parameters of the implemented circuit.

Switches IRF 840 , 500V, 8A
Gate Driver TLP 250
Load (R-L) | 175 ohm -100 mH

Ve 100v

7. CONCLUSION

In this paper, the cuckoo evolutionary optimiza-
tion method to solve the SHE problem is investigated.
The simulation and experimental results are provided
for a 7-level cascaded multi-level inverter to validate
the accuracy and effectiveness of the proposed COA
method for convergence objective. Based on obtained
results, the presented method in this paper is com-
pared to previous works based on BA and GA which
shows that suggested method satisfying the funda-
mental component and eliminating the undesired low
order harmonics simultaneity is well done. From the
experiment we found that the percentage of THD is
more in BA and GA techniques than that of COA
technique.
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