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Abstract: - This paper presents an optimization of the electric power quality by designing a 9 steps multilevel
power inverter, which adopts a multi-PWM optimized using genetic algorithms (GA), and minimizing Total
Harmonic Distortion (THD) of the first 50 harmonics to about 0%. This optimization is considered an
alternative technique because it reduces the expression used to quantify TDH numerically. Particularly for the 9
steps multilevel wave form, it reduces the number of power on-and-off angles as well as the position within the
levels of the first quarter-wave modulation. The research involved developing a prototype for experimental

verification.
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1 Introduction

Power quality in photovoltaic (PV) systems
depends on the power inverter [1], which is
responsible for making a DC / AC conversion, and
solar panels generate DC voltage component and
conversion is needed to ac for use energy or
connect to the network [2]. However, conventional
power inverters have some quality problems due to
harmonic distortion [3], [4].

To be able to solve this problem, it has been
suggested to use multilevel inverters [5], [6] which
have lower harmonic content than conventional
inverters regarding the output voltage [7], [8]. This
research found harmonic content optimization of
PV systems through evolutionary techniques using
a two-steps multilevel power inverter -for
economic reasons- and with the highest number of
steps in the output, for this case the number of steps
will be nine using cascaded H bridge multilevel
inverter with common source topology [9], [10].

2 Multilevel Inverters

The first multilevel inverter was presented by
Baker and Lawrence in 1975 [11], called the serial
inverter cascade H-bridge topology , in the year
1981 the first multilevel inverter was implemented
in three steps through clamping diodes [12], based
on this patent and this work it has been generated a
variety of researches seeking to optimize and
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improve the multilevel inverter system [13], one of
these proposals is to use a single voltage source
directly accompanied by transformers at the output
of the H bridge, this topology is the cascaded
multilevel inverter H bridge with common source
[14]. This configuration is very suitable due to its
low cost, renewable energy applications because
there is a single power supply for the entire system,
however, using output transformers can create
problems such as disruption of the waveform and
the system becomes more complex [14], [15].

In this research a prototype has been designed
based on a methodology proposed by the authors to
improve the transformers response in this
application [16]; the improvement was shown in
the results.

Regarding multilevel inverters
specifically talking about harmonic content
optimization, it has been suggested several
techniques depending on the topology being used,
the specific objective and the way of searching the
best point [8], [17]-[22], nevertheless, there are
promising strategies in the field of evolutionary
algorithms such as Particles Swarm Optimization
(PS0O), [23], [24] and Genetic Algorithms (GA) [9],
[20], [25], for which it has been compared with the
common techniques, some of this research has
concluded that genetic algorithms gets better results
[26], this way, the technique used in this research
are genetic algorithms justified in the numeric
character of the optimization.

modulation,
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3 Cascade Multilevel Inverter
In figure 1 it shown the general scheme of a
Cascade H bridges Multilevel Inverter (CMLI) is
shown, where the basic performance is presented
and in which the output waveform is constructed by
adding the outputs of each H-bridge [12].

The CMLI topologies can be divided into two
categories depending on the voltages that supply
each bridge; therefore these can be symmetrical or
asymmetrical. CML is symmetrical when all of
them are equal; and asymmetric if the voltages are

different, they are common relations 1:2 or 1:3.
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Fig. 1. Cascaded H bridge multilevel inverter,
voltage output on the bridges and inverter.

In order to obtain the voltages for each bridge
two topologies will be described, first, the
independent sources in which all the bridges are
powered autonomously (see Figure 2a) and second
the common source topology, in the all bridges are
powered by a single source where the potential
difference and the electrical galvanic isolation is
achieved by transformers (see figure 2.b). The
figure 2 shows an example of asymmetric form
topology with a ratio of 1:2. Both get the same

output voltage waveform [10]
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Fig. 2: Topologies of asymmetric cascade H
bridges multilevel inverter. a) Independent source.

b) Common Source. ¢) Output voltage.
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3.1.

of three stages
The multilevel inverter topology selected for this
work is the cascade H bridge multilevel inverter
asymmetrical common source with 1:3 ratios of 2
steps, which generate 9 levels of output voltage.
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Fig. 3. Asymmetric Cascade Multilevel Inverter
common source, two stages with 9 levels at the
output, asymmetry 1:3. a) Topology. b) Output

voltage.

This inverter allows with minimal H bridge
stages (2 steps) to reach the maximum number of
steps in the output voltage (9 steps). In fig. 3 shows
how the selected topology and the generated

voltage is observed.

4 Mathematical Modeling

The waveform of a multi-modulation PWM to 9

steps is shown in Figure. 4.
Waveform: 9 steps Multilevel-PWM
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Fig. 4. Waveform output voltage PWM 9 steps.

350

In this research it was obtained an expression that
harmonic distortion with
reference to the number of switch angles on and off

guantifies the total

(firing angles) for each step.

The modulation form has a ¥4 wave symmetry
so it is necessary to define these angles in the first
remaining
modulation was constructed by using trigonometric
relationships. Thus, a vector L= [x y z w] which
represents the total number of firing angle is

quarter-wave only (fig. 5); the

defined at each step.
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The Fourier series for periodic wave forms
provides:

vt)=213

(a, cosnayt +b, sinnat)
2

(1)

Multilevel Madulation Mirst guarter wave

Voltage inp.u

Electrical Angle

Fig. 5. Graphic of one quarter wave modulation
regarding switch-on-and-off firing angles for each
step.

Where, n is the harmonic number, @ the
fundamental wave frequency, t the time, ay/2 is the
DC component, which is calculated by the
expression:

1%
a,=— | v(ot)d(at)

a, coefficient of the Fourier series is calculated
using (3):
l 27
a =— '[ v(at)cosn(amt)d (et)
o ©)
b, coefficient of the Fourier series , calculated by :
l 2z
b,=— I v(at)sinn(w,t)d (at)
7o (4)
The waveform (Fig. 4) has odd symmetry and
positive wave is equal to the negative, thus
applying the symmetries of the theory of Fourier
series.

a,=0,a,=0

y (5)
Only be related coefficient with sinus, therefore,
waveform in terms of the Fourier series will be

expressed as follows:

v(t)= ibn sinnayt
n=1

(6)
by in terms of the vector L to the waveform :
4 L :
b, = ‘W_cﬂ (-1)" " cos naijJ
i for n odd; ©)
And b, =0for n pairs.
E-ISSN: 2224-350X

Jorge Luis Diaz Rodriguez, Luis David Pabon, Aldo Pardo Garcia

48

Where i is the number of stage (hence the
summation is from 1 to 4), L; component i of vector
L and «; the angle j of stage i, and this can be on or
off. To obtain a ladder components vector L must be
odd. If the peak magnitude of the harmonic n, in the
Fourier series is defined as:

_ 2 2
h, = ,/an +b; ®)

Substituting (5) and (7) to (8) the peak
magnitude of each harmonic n is obtained, when
only exist odd harmonic because b, = 0 if n is pair,
So:

4y .
h, :A"’_cd{ZZ(—l)” cosne
Nz | ==

J forn=1,3,..., (9

The standard IEEE 519 in 1992 [27], defines the
total harmonic distortion as using (10):

50
1/Z ,
THD = —h2 -100

! (10)
Where h; is the fundamental harmonic component
and h,, peak harmonic n.

Replacing (9) to (10):

-100 (11)

(ZZ(_l)“ Cos & j
i=1

Where n takes only odd values and L; components
vector L =[xy z w]. Thus (11) defines the objective
function to be minimized by the optimization
algorithm.

5 Optimization Algorithm

Using Matlab® and Genetic Algorithm Toolbox
(GA), algorithms for the mathematical model of the
fitness  function (equation 11) and the
corresponding  optimization  using  genetic
algorithms [28] were scheduled. The population
size for the algorithm is taken from 20 individuals,
each individual (X) formed by the total angle shot
in the first quarter output voltage wave form:

X :L%lalz"' Qs O Oy *** Oy Qg ** " Olgyy Oy " a4wJ (12)
The vector L, program to evaluate the fitness

function angles corresponding to each step
(flowchart shown in Figure 6).
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Fig. 6. Flowchart of the optimization genetic
algorithm (GA).

The condition of algorithm was finished when
the values of the population converge or because
the number of generations reaches the maximum
assigned.

{mutation,

5.1 Results
Figure 7 shows the evolution of the algorithm is
shown below:

]

4000 300C
el ntion

Fig. 7. Evolution of the genetic algorithm.

The modulation has found the following number
vector angles in steps L = [3 55 11]. The individual
with better fitness is presented in Table I,
corresponding to the vector L defined above.

TABLE I. Angles in degrees of the best

individuals.

x=3 y=5 z=5 w=11

4.73702 {19.02595 |31.53636 |53.98341 |69.30872
7.04851 | 21.24552 |33.92124 |55.63071 | 70.78062
9.43937 | 23.98322 |38.16271 |59.44358 | 75.93116
29.94251 |41.60589 |62.51731|76.61193
31.53636 |43.39352 |65.04481|82.19461
82.38271

The fitness for this individual, its THD, was

calculated equal 0.2207 %. The output voltage

waveforms of the modulation with these angles are

shown in Fig. 8.
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Multilevel Modulation
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Fig 8. The output voltage waveform optimized

modulation.

6 Simulation

The topology MLICH Bridge with common source
described in Section 3, adopting found modulation
was simulation using Simulink® Matlab® and using
block Fast Fourier Transform (FFT) was obtained
spectrum and the values of total harmonic content
for different bands. The scheme of the simulation
(Figure 9).

Fig 9. Simulink block diagram of the simulation
inverter.

Figure 10 shows the waveform of the output
voltage of the inverter and figure 11 the harmonic
spectrum peak value, in this displacement of
harmonic content is clearly observed at the higher
harmonic frequencies 50, just as the y-axis (peak
voltage) was expanded to observe the small
presence at low frequencies, the maximum value
the 15 harmonic (hys) contribution to 0.21V,
insignificant value when compared to the 180 V of
the fundamental component (hy).
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Fig. 10. Waveform output voltage inverter in the
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Fig. 11. Extending the spectrum of the output
waveform (simulation).

The total harmonic distortion in the bands
THDxx assessment (the number next to it indicates
the harmonic THDv is evaluated), with the band
THD50 defined for total harmonic distortion by the
IEEE -519, are summarized in table Il.

Magnitude based on "Base Peak" - Parameter
o

TABLE Il. THDv in different bands evaluation.
%THD40 %THD50 %THDS0
0.0 0.2207 11.16

Similarly values current were measured when
the inverter fed a resistive load, the harmonic
content to the component evaluated was THD; 10
000 = 0.3 %, when assessed in the side THD50i the
value is zero.

7 Prototype development

To validate results was implemented a low-power
prototype, based on the use of MOSFETs as
switching devices topology. Inverter output is 120
VA nominal input voltage 24 Vdc, so they apply to
low cost photovoltaic systems, in which only a
battery block is accumulator has the nominal
frequency 60 Hz, and nominal output voltage of
120V rms. Drive control is performed only four
signals necessary to control the upper MOSFETS of
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the bridges, the lower mosfet are controlled by the
denial of the 4 signs of control and assigned died
time was performed with hardware. The prototype
was based on the use of FFGAXUPV5 - LX110T
and final prototype in the dsPIC 30F4013. The
transformer design, device critical in achieving
waveform, it is raised according to an optimization
proposed by the authors [16] that is to replace, in
conventional methodologies transformer design ,
the equation:
N 10°

Voo 27-f AL em’ |- B, [Gauss]

(13)
For equation:

N (0[2—051)~108

V, 2z f-B,, [Gauss] Al cm’ ]
Where «, and «, are the angles that define the
longer pulse input at transformer, or in the case
because the initial and final angles of a pulse train
that could saturate the transformer core. This
improves the output waveform and reduces the load

current of the transformer. In figure 12 shows the
experimental prototype with FPGA.

(14)

Fig. 12. Experimental prototype with FPGA.

8 Experimental set-up

In figure 16 assemblies was performed, shown
equipment used in the tests. The output voltage and
current of the inverter is evaluated through a data
acquisition system (to evaluate the power quality)
based on the acquisition card NI 6009 of the
National Instruments with a sampling rate of
48Ks/s, evaluation software is programmed in
Labview®, just as the data acquired voltage and
current were processed in Matlab® Simulink® with
FFT blocks. In both programs were evaluated
harmonic contents, calculating the THD spectrum
in the bands of 40, 50, 80 and 100 first harmonics;
THD50 being the most representative shown
standardized by IEEE-519.
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o

Fig 13. Workstation with FPGA experimental' tests.

Waveforms on the oscilloscope were observed
and the rms values of current and voltage output
test without load, with resistive load and inductive
load is measured. In figure 14 a photograph of the
shape of waves and Labview shown on the
oscilloscope.

.........

Fig. 14. Voltage on the oscilloscope and the
evaluation system.
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9 Results
The captured waveform Labview® for a test

without load is shown in figure 15.
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Fig. 15. Voltage to the inverter output.

The value calculated by the peak magnitude in
Labview® (until the component 80) with the
captured data, to a fundamental frequency of 60Hz
spectrum is shown in figurel6 and the evaluation
by the Matlab® given captured data as results the
voltage waveform of figure 17.

With the FFT block of Matlab® Simulink® for
resistive load test the following harmonic spectra
was obtained.
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Fig 18. Spectrum of the output voltage in Matlab®.

Comparing the results of the two softwares used
to assess the characteristics of harmonic content, it
was observed that the behaviors are almost identical
appearing on small differences, less 0.9%. Usually
the harmonic content was always lower in Matlab®
evaluation, and the minimum difference from
Labview®.

The result of the tests and evaluations in the
different bands of THDs is shown in table IIl. The
highest values that are delivered by the evaluation
system were taken.

TABLE I1l. Bands in different experimental THD.

Test | Vims(V) | %THDA40 | %THD50 | %THD80 | %THD100
1 [125.85 |0.64 0.7062 |11.26 12.17

2 11589 0.925 |0.96 10.49 11.2245
3 [117.47 ]10.915 ]0.9448 |11.3368 |12.2567

Where: 1- Non-load test. 2 - Resistive load. 3-
Inductive load.

The results validate the optimization performed
in the range of 50 harmonics, appearing a THD =
0.96 % for the output voltage waveform. Similarly
one can show that the behavior of the inverter is
satisfactory, because although the calculated level is
not reached, the THD is below 1 %, provided wide
the standards proposed by the IEEE-519 standard
1992 set a limit of 5 %. Finally in figure 19 inverter
operation is evidenced in its finished prototype, with
the batteries block of a photovoltaic power low
system.
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Fig. 19. Inverter operating with the photovoltaic
system.

10 Conclusions

Simulations validated that the calculated TDH
expression defined by the IEEE-519, for a multi -
modulation PWM nine steps, is correct, since the
spectra and THD values match with those values in
the simulation algorithm.

The optimization algorithm developed will be
able to void all harmonic content defined between 2
and 50 if given a sufficient number of shooting
angles, however, it may be possible to find
modulations that are not likely to implement.

The optimized theoretical THD for this project is
defined as 0.2207 % which is the harmonic content
of the modulation harmonic, optimized up to the 50
harmonic, this being the upper bound of assessment
established by the IEEE 5109.

The inverter performance shows the presence of

voltage waveforms corresponding to those
calculated in the optimization algorithm, it validates
the transformer design proposed for such
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applications, as well as the proposal to control the
two-stages inverter with only four signals (2 for
bridges), this was achieved by negating and
allocation dead time for hardware, so it was possible
to test, decreasing the software complexity and
increasing performance.

From the experimental point of view the
optimized THD, specifically for the voltage wave is
defined as 0.96 % because this is the largest THD in
the voltage waveform present in the harmonic
modulation optimized up to the 50 harmonic.

To supply the in CHBMI with a photovoltaic
power source system can significantly improve the
power quality of these systems.
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