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Abstract: This research study presents a selective harmonic elimination method for a cascaded H-bridge eleven
level mverter using the particle swarm optimization technique. The main objective of selective harmonic
elimination pulse width modulation strategy 1s elimmating low-order harmonics by solving non-linear equations.
In order to obtain the corresponding switching angles of a eleven-level cascaded H-bridge inverter, a PSO
algorithm has been developed to solve the non-linear equations. This proposed PSO algorithm 1s effective in
reducing the total harmonic distortion of cascaded H-bridge eleven level inverter. The simulation results has
been carried out using MATLAB/SIMULINK and prove that the PSO algorithm converges successfully to the

global solution faster than other algorithms.
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INTRODUCTION

In recent years, multi-level mverters have become
more attractive for researchers and manufacturers due to
their advantages over conventional three-level Pulse
Width-Modulated (PWM) inverters. They offer improved
output waveforms, smaller filter size, lower EMI,
lower Total Harmonic Distortion (THD) and others
(Carrasco et al., 2006; Agelidis et al., 1997; Kowo et al.,
2007, Park et al, 2003; Tolbert and Habetler, 1999;
Calais ef al, 2001, Choi, et al., 1991; Carrara et al., 1992).
The three common topologies for multi-level inverters are
as follows: diode clamped (neutral clamped) (Nabae ef al.,
1981; Pou et al., 2005; Alepuz ef al., 2006), capacitor
clamped (flying capacitors) (Meynard and Foch, 1992,
Kang et al, 2005, Lin and Huang, 2006) and cascaded
H-bridge inverter (Marchesoni et al, 1988,
Rodriguez et al., 2005; Kou et al., 2006). In addition,
several modulation and control strategies have been
developed or adopted for multi-level mverters mncluding
the following: multi-level sinusoidal (PWM), multi-level
selective harmonic elimination and space vector
modulation (Kang ef al., 2005; Rodriguez et al., 2005).

One of the biggest problems m power quality aspects
is the harmonic contents in the electrical system as the
distorted wave form affects entire system generally
sinusoidal pulse width modulation and space vector pulse
width modulation are used for eliminating harmonics
(Holmes and Lipo, 2003; Kouro et al., 2007). However,
these methods are not eliminate lower order harmonics.

The Selective Harmonic Elimination (SHE) is a
well-known technique for generating PWM signals that
can eliminate specific low-order harmonics from a voltage
waveform generated by a Voltage-Source Inverter (VSI)
(Patel and Hoft, 1973, 1974). A fundamental issue
associated with such method is to obtain the arithmetic
solution of non-linear transcendental equations which
contain tnigonometric terms and naturally present multiple
solutions (Fe1 et af., 2010). Traditional analytical methods
for solving the SHE problem are conducted based on the
Newton-Raphson Method. This method requires proper
initial values to converge to a proper solution (Fei et al.,
2010; Enjeti et al, 1990, Agelidis er al, 2006;
Maswood et al., 2001).

Recently, non-traditional methods based on
evolutionary algorithms such as Genetic Algorithms
(GA) (Sundareswaran et af., 2007; Kavousi et al., 2012),
Ant Colony Systems (ACS) (Kennedy and Eberhart,
1995), Bee Algorithms (BA) (Azab, 2009) have been
employed for mverter harmonic elimination. Results show
that the proposed method does effectively eliminate a
great number of specific harmonics and the output
voltage is resulted in low total harmonic distortion. Tn this
study, the PSO approach is developed to deal with the
SHE problem while the number of switching angles is
increased and the determination of these angles using
conventional iterative methods as well as the resultant
theory 1s not possible. In addition, for a low number of
switching angles, the proposed PSO approach reduces
the computational burden to find the optimal solution
compared with iterative methods and the resultant theory
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Fig. 1. Schematic of a single-phase cascaded eleven level
inverter

approach. The proposed method solves the asymmetry of
the transcendental equation set which has to be solved in
cascade multi-level mverters. Simulation and experimental
results are provided for a 11-level cascaded multi-level
mverter to show the validity of the proposed method.

CASCADEDH-BRIDGE ELEVEN LEVELINVERTER

The cascaded multi-level inverter circuit provides
high quality output when the number of levels in the
output the filter
components size and cost. Figure 1 shows the schematic
of a single-phase cascaded eleven level inverter. Five

increases and also this reduces

identical inverter modules are connected in series to form
a single-phase 11-level mverter. All modules are fed by
DC voltage sources of the same magnitude. The output
voltage has 11 voltage levels from -5 to +5 V. The ac
outputs of each of the different full-bridge mverter levels
are commected m series such that the synthesized voltage
waveform is the sum of the inverter outputs. The number
of output phase voltage levels m in a cascade inverter is
defined by m = 2s+1 where s is the number of separate dec
sources.

Output voltage waveform for an eleven level
cascaded H-bridge inverter with 5 SDCSs and 5 full
bridges 1s shown in Fig. 2. The phase voltage v, =
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Fig. 2: Output voltage waveform of an eleven level
cascaded mverter

SELECTIVE HARMONIC ELIMINATION

There are many popular methods used to reduce the
harmonics in order to get an effective results. The popular
methods for high switching frequency are smusoidal
PWM and space vector PWM. For low switching
frequency methods are space vector modulation and
selective harmonic elimination. The SPWM techmique
has disadvantage that it cannot completely eliminate the
low order harmonics. Due to this, it causes loss and high
filter requirement 18 needed. Space Vector Modulation
technique cannot be applied for unbalanced DC voltages.
SHE PWM technique uses many mathematical methods to
eliminate specific harmonics such as 5th, 7th, 11th
harmonics. The popular Selective Harmonic Elimination
Method is also called Fundamental Switching Frequency
Based on Harmomic Elimination Theory.

Selective Harmonic Elimination PWM (SHE PWM)
technique is used to find appropriate switching angles
namely 0,, 0,, 0., ..., 0, so that the (N-1) odd harmonics
can be eliminated and control of the fundamental voltage
is also achieved. The harmonic components in the
symmetric staircase waveform can be describes as
follows:

»  The amplitude of dc component equals zero

»  The amplitude of the fundamental component, n = 1
and odd harmonic component are given by:
+ h=4V, cosOksk=1
« h =4V, cosnbksk=1

¢ The amplitude of all even harmonics equals zero
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Thus, only the odd harmonics in the quarter-wave
syrmmetric multi-level waveform need to be eliminated. The
switching angles of the waveform will be adjusted to get
the lowest output voltage THD. In order to control the
fundamental amplitude and to eliminate the 5th, 7th, 11th
lower order harmonics, the non-linear transcendental
equations set (4) must be solved and the five switching
angles 6,, 6,, 6., 6, and 6, are calculated offline to
minimize the harmonics for each modulation index in order
to have a total output voltage with a harmonmc mimmal
distortion rate:

cos 0, +cos 0, +cos 0, +cos O, +cos O, = 3nM/4
cos 50, +cos 50, + cos 50, + cos 50, +cos 50, = 0
cos 70, +cos 70, + cos 70, + cos 70, +cos 70, = 0
cos 116, +cos 118, +cos 116, + cos 116, +cos 116, = 0

The modulation index for the multi-level waveform is

given as:
M = hlsV

where, hl 1s the amplitude of the fundamental
component. From equation, varying the modulation
index value can control the amplitude of the fundamental
component and the other s-1 non-linear equations
which are the undesirable harmonic components can
be eliminated. These equations are solved by
Newton-Raphson Method. Tn the natural sinusoidal PWM
strategy, a large number of switching is required with
the consequent mcrease of switching losses. With the
method of Selective Harmonic Elimination, only selected
harmonics are elimmated with the smallest number of
switching. This technique is very suitable for inverters
control. By employing this technique, the low THD output
waveform without any filter circuit 1s possible.

PARTICLE SWARM OPTIMIZATION

Kennedy and Eberhart first introduced PSO in 1995 as
a new Heuristic Method (Kennedy and Eberhart, 1995).
Basically, the PSO was inspired by the sociological
behavior associated with swarms such as flocks of birds
and schools of fish. The individuals in the population
are called particles. Each particle is a potential solution for
the optimization problem and tries to search the best
position through flymng in a multi-dimensional space.
The sociological behavior which is modeled m the PSO
system is used to guide the swarm, hence probing the
most promising areas of search space. Each particle is
determined by two vectors 1 D-dimensional search space:
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the position vector X, = [X;;, Xa, ..., Xip] and the velocity
vector V, = [vy, Vi, ..., Vip] (Azab, 2009). Each particle in
the swarm refines its search through its present velocity,
previous experience and the experience of the neighboring
particles. The best position of particle i found so far is
called personal best and is denoted by P, = [pu, pas - Pinl
and the best position 1 the entire swarm 1s called global
best and is denoted by P, = [p,;. Pa. .. Pl (Hereford and
Siebold, 2008). At first, the velocity of the ith particle on
the dth dimension 1s used to modify the position of that
particle:

v, kt1) =ov, K +or [L,_x (K]+er [G, -x&)]
pik+D=x & +v,k+1)

where, ¢, and ¢, are the cogitative and social parameters,
respectively. In these equations, r, and 1, are random
values uniformly distributed within [0, 1]. Unlike other
iterative methods, the main advantage of this method is
that there will be no mitial guess for convergences
required (Kemnedy and Eberhart, 1995). PSO also has
better computational efficiency and exhibits more stable
convergence characteristic than other optimization

methods.

SIMULATION RESULTS

To validate the computational results for switching
angles, a simulation is camried out in MATLAB/
SIMULINK Software for a 11-level cascaded H-bridge
inverter shown in Fig. 3. This proposed method is the fast
convergence and it 18 easy to implement to get optumum
values of desired output. Previous methods work has
the complexity nature of solving the selective harmonic
elimination equations and gives the slower convergence.
This method uses the initial guess wvalues and the
objective function, to get the optimum values of switching
angles and total harmonic distortion at the same time. The
DC source for each H-bridge unit is considered to be 65V.
Figure 4 and 5 shows the output voltage and output
current waveform. Figure 6 shows the generated gate
pulses using selective harmonic elimination control
technique to the multi-level inverter switches. From the
gate pulse tum on period, it is observed that each
switches tumed on at different time period to
synthesize required output voltage. The FFT analysis
for five level h-bridge mverter 1s shown m Fig. 7. The
Simulated value of THD is 22.25%.

From the above simulated, it 1s observed that the
desired low order harmonics are eliminated efficiently and
eventually the Total Harmonic Distortion (THD) of the
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Fig. 3: Sunulation circuit of cascaded H-bridge 11-level mverter
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Fig. 4 Output voltage waveform

output voltage is improved better than the traditional
switching schemes and hence, the efficiency of the
system will be improved. Therefore, the proficiency of the
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Fig. 5: Qutput current waveform

proposed switching scheme using PSO algorithm is
shown to be better than the conventional switching
scheme.
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b) fundamental (50 Hz) = 249.7, THD = 22.25%

CONCLUSION

In this stduy, selective harmonics elimination
technicque is used to eliminate the 3rd, 5th, 7th and Sth
harmonics and PSO algorithm 1s used to calculate the
value of switching angles and thus switching angles
are used to decide the switching pulses for eleven
level cascaded H-bridge inverter. The total harmonics
distortion 1s reduced to 22.25% and staircase voltage
waveform 1s obtained which 1s much closer to sinsouidal
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waveform. Therefore, an effective reduction of total
harmomnics distortation 1s achieved. The results prove that
the PSO algorithm converges successfully to the global
solution faster than other algorithms.
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