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Abstract- This paper presents a prototype of multilevel inverter that uses a modulation optimized in harmonic content
of output voltages and that integrates a CD/CD converter, which allows regulating the value RMS of the output voltage
of the inverter by controlling the voltage of the DC bus. In this way a control loop is made that allows to obtain optimum
power quality in compliance with the IEEE 1159 (IEEE, 1995) and IEEE 519 standards ( IEEE, 1992), avoiding
phenomena such as sag, swell, Flicker, under voltage, etc. The prototype was implemented and the power quality is

validated.
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1. Introduction

In photovoltaic systems used to power loads in alternating
current, it is essential to use inverters, since the solar
panels generate energy in direct current and the use is in
alternating component [1], [2].

Electrical Power Conversion from direct component to
alternating component, try to find from direct current
sources to obtain alternating current waveform to power
AC (alternating current) machines from strategies called
pulse width modulation (PWM) [3], these techniques lead
to harmonic distortion problems and switching [4], [5].

To solve these problems and get a voltage waveform
that is closer to a pure sine wave form, with the minimum
switching of the power devices, a new family of inverters
appears, called multilevel inverters [6] [7] [ 8].

Although the idea of using multiple voltage levels to
perform the electrical conversion was proposed in 1975
by Baker and Lawrence in its US patent, the first
multilevel inverter is implemented with the three step
inverter introduced by Nabae, Takahashi and Akagi in
1981 [9]. Subsequently, several topologies of multilevel
converters have been developed, which have in common
the elementary concept of reaching stepped voltage
waveform that are closer to a sine waveform [10] [11].
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To bring the voltage waveforms of multilevel inverters
to sinusoidal waveform, multiple works have been carried
out to optimize the harmonic content [12], [13], [14].
These works try to eliminate the harmonics, either in
selective orders [15] [16] [17] [18] or in a given range
[19], however a definitive optimal value is not reached, so
the subject is open for research.

Another problem of the CD/AC conversion in
photovoltaic system, it is the variation of the voltage in
terms of the load changes and fluctuations of the
accumulator block or the variation of voltage in the solar
panels from where the inverter is powered [15]. In
inverters, the voltage regulation can cause the output
voltages to overcome the established limits to conserve
the power quality supplied to the load.

This work presents a prototype of multilevel inverter
that by evolutionary techniques optimizes the harmonic
content of the output voltages, integrates a CD/CD
converter that allows regulating the root mean square
(RMS) value of the inverter output voltage, by controlling
the voltage of the DC bus. In this way, the power quality
of the SFVs is optimized, avoiding phenomena such as
sag, swell, flicker, undervoltage, overvoltage,
interharmonics, frequency deviations and CD shifts and
with a minimum of total harmonic distortion.
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2. Multilevel Inverter of Two “Stages” Per

Phase

To mitigate the power quality problems associated with
the RMS value, the control of the tester is carried out on
the direct current bus, through a CD/CD converter. The
converter selected to perform this task, is the reducer
converter not reduced elements inverter [19] [20] [21],
which works with reduced elements the diagram of the
CD/CD converter is shown in figure 1.
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Figure 1. Circuit of the CD/CD converter.

In this work, the original topology is modified, by
changing a blocking diode by the switching element SW3
in figure 1. This in order to perform a simpler activation
process for switch SW1, using a simple bootstrap circuit.

To mitigate the phenomena associated with the
waveform and generate voltages with harmonics
optimization, the multilevel inverter topology selected is
the three-phase cascade inverter type H asymmetric with
common source by a 2-stage 1: 3 ratio, which generates
line voltage with 17 steps, this topology is shown in figure
1[16].

DC-to- DC
conver ter

N
Fig. 2. Topology of the multilevel inverter.

These two inverters are connected in cascade to obtain the

prototype of inversion and electrical power conditioning

for PV systems that require an AC output.

3. Mathematical Modelling

Line voltage THD

The IEEE 519 of 1992 defines the total harmonic
distortion as (3) [25]:
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Where the harmonic h; is the fundamental component and
hn the peak of the harmonic n. Using this expression and
previous works by the authors [13], [17], this expression
becomes:
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Where n takes odd values they do not multiple of three,
that is to say 5, 7, 11, 13, 17, etc. and Li are the
components of the vector L = [a b ¢ d]. Which index how
many angles each step has in the first quarter waveform
of the modulation.
In the same way, the effective value can be defined in
terms of harmonics such as:

* 100

©)

Replacing an upper limit hynax = 50 the Vrms is determined
by equation 2.26

Viinegys = |X%_, Vrms,?

Viinegys

50 [4V3Vd i - 2
_ Z( S [Eh DL (-1 cosnay])
B 2

n=1

forn =5,7,...0dd no multiple of three 4

In this way, equation (2) defines the THD equation as
the objective function, to be minimized by the
optimization algorithm. Equation (4), second objective
equation that will look for the desired effective value by
the user, in this way the algorithm will look for a
modulation with a certain RMS value defined as rated
voltage by the user and with Total Harmonic Distortion
as close to the zero percent.

In equations (2) and (4) the harmonics evaluated are
the odd non-multiple of three, this is because the
harmonics multiples of three cancel each other in the line
voltages, being able to exist in the phases; however, since
the inverter will be applied to a PV system where single-
phase loads can be connected. The evaluation of two
functions will contemplate the harmonics multiples of
three in order to optimize the phase and line voltages.

4. Optimization Algorithm

Multiobjective genetic algorithms were used as an
optimization technique, in order to make the THD
equation as close as possible to zero and the Vgrwms
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equation to be as close as possible to 220 V, which will
be the rated line voltage of the prototype, to achieve these
objectives the authors propose the algorithm shown in
figure 3.
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Figure.3 Multiobjective optimization genetic algorithm.

In the algorithm as the first the rated values are
assigned, these are line voltage (\V/n) and rated frequency
(fn), then the maximum number of generations with
which the multi genetic algorithm must operate is given
by the user (Nmax). An initial vector L is assigned, to start
the calculations of the RMS and THD value and the
respective evolution.

The algorithm is responsible for assigning a vector of
firing angles L = [a b ¢ d], L contains the information of
how many firing angles are to be generated in each of the
four steps of the first quarter wave of the phase voltage of
the converter. Then with this information, a population
starts P(X) of 20 individuals X that are vectors of the
form:

The algorithm with this data creates an initial
population that evolves in terms of the performance of the
two fitness functions given by the THD and VRMS
equations. In each generation of evolution, the algorithm
selects the individuals with lower THD and the RMS
voltage value converges or if the THD is null and the
RMS value is the desired or the maximum number of

C=C+1
Yes v

Evolutionary
operators

Elitism
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generations is met, or the evolutionary part of the
algorithm ends. If these conditions are not given, the
algorithm applies the evolutionary operators to the
population and starts with another generation.

If this stage ends, the algorithm verifies that the THD
is less than 0.1% and that the value of the RMS line
voltage approaches the desired value with a margin of +
0.5V, if this does not occur the algorithm assigns a new
vector L =[a b ¢ d] and iterate the evolutionary part again,
until the conditions are achieved. When the conditions are
met, the algorithm stores in a matrix the vector of trigger
angles, its RMS voltage and its THD for the given
frequency.

With the help of the Matlab® and the gamultiobj
command, the algorithms corresponding to the
mathematical model of the fitness functions (THD and
VRMS equations) and their respective optimization by
means of Multiobjective genetic algorithms were
programmed. The population size for the algorithm is
taken from 20 individuals, each individual (X) confirmed
by the total of switching angles in the first quarter
waveform of the phase voltage, accompanied by the
vector L, which indicates to the program in charge of
evaluating the fitness function the angles correspond to
each step.

The rated value of the voltage was assigned to 220V,
the rated frequency 60 Hz, and the direct current block of
45V.

5. Optimization Algorithm Results.

The vector L determined by the algorithmwas L=[57 9
27], this means that the best individual is composed of 48
firing angles in the first quarter wave. The waveform of
the phase voltage modulation of this individual is shown
in Figure 4.
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Figure 4. Waveform of the voltage modulation by phase.
This individual has an RMS value of 219.99 V, a THD of
0.00006% theoretical line, in phase the THD is
0.000067%, and the Vgrwms Vvalue is 127. 011V, the
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harmonic spectrum of this waveform with the voltage
amplitude found by the genetic algorithm is shown in
Figure 5.
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Figure 5 Harmonic spectrum of the phase modulation.

The spectrum of the phase voltage shows that there is
no significant contribution of harmonics, presenting the
harmonic content in the first 50 harmonics at first sight as
null. The three-phase voltage system, generated by three
phases that have the same waveform of Figure 4, but are
shifted by electrical 120 °, is shown in Figure 6.
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Figure.6 Line voltage modulations of the three-phase

positive sequence system.
It is observed that in the line voltage appear additional
steps and pulses, due to the subtraction that is made
between the phases, the modulation by phase has 9 steps,
while the line has 17 steps, the waveform is closer to the
sinusoidal and the harmonic content decreases. The
harmonic spectrum of the line voltages is shown in Figure
1.

Harmonic spectrum

300
250
200
150 |

100

Magnitude peak (V)

50

0

20 30 40
Order of harmonic

Figure 7. Harmonic spectrum of line voltage modulation

0 10 50

ISSN: 2367-8976

25

International Journal of Power Systems
http://www.iaras.org/iaras/journals/ijps

In this spectrum it is clear that the harmonic content is
zero as of the phase voltages. The THD of this modulation
is calculated at 0.0006% and the line Vims value is
219.99V.

51 Implementation
The inverter and the CD/CD converter were implemented
in a prototype of 2400 VA, with rated frequency of 60 Hz,
the rated input voltage is 48 V, the maximum voltage at
the input will be 70 V., and the rated voltage of the line
voltages is 220V and the phase voltages of 127V. FPGA
Virtex5 made the control of the CD/CD converter and the
inverter, figure 8 shows the implementation of the
electronics of the complete converter

Figure 8. System implementation.

5.2 Control Algorithm

For the voltage control that allows to maintain an
optimum power quality, regardless of the loads variations
in the accumulator block, the CD/CD converter was
connected between the accumulator block and the
multilevel inverter; this is the internal connection of the
prototype. The CD/CD converter increases or decreases
the input voltage of the inverter, in order to maintain the
line voltage at the inverter output, regardless of the
current required by the load or the voltage value given by
the batteries. The measured variable is the line voltage of
the inverter output; this voltage will be taken with the
designed voltage sensor, which converts the RMS value
of the voltage into a direct current value.

The output signal of the voltage sensor is acquired
with the acquisition card NI USB 6009, which is
connected to the PC with the control algorithm developed
in Labview. This algorithm has its respective graphical
interface where the set point of the voltage, which for the
purpose of this research is 220V. The control commands
from the Labview algorithm are communicated through
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the serial port to the FPGA Virtex5, which controls the
CD / CD converter by increasing or decreasing the output
voltage, as required by the Labview control and
controlling the multilevel inverter ensuring always the
same waveform. That is, the control of the inverter is
static, always giving the same signals so that the inverter
always pulls out the same waveform.

In this way, the control loop is established. Figure 9
shows the block diagram of the different elements
involved in the control of the prototype.

PV SYSTEM
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— —
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Battery block

Computador
Set :;J Control Serial !
i ‘ GUI & Algorithm | comunication =1 FPGA —
point | | ‘ Multilevel El
IE> inverter | e
Data Voltage
acquisition sensor

Figure 9. System implementation.

The set point of the system is assigned in 220V, this set
point is assigned through a graphical interface made in
Labview®, which allows to visualize the measured
voltage and the desired voltage, as well as the control
actions. The Labview algorithm has the scaling required
for the sensor and the output variable, as well as the PID
controller that is responsible for performing the control.

6. Experimental Results.
To verify the operation of the prototype, the inverter was
powered by the accumulator block of the photovoltaic
system through the CD/CD converter, a resistive three-
phase load (variable rheostat) was connected in order to
keep the test under control and be able to vary the
operation points.

The assembly is shown in Figure 10 where the elements
that make up the system are indicated.

THREE PHASE
ANALYSER

8 PROTOYPE

Figure 10. System assebly.
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During the tests, the voltage and the currents that feed
the load were measured and the power quality of the
supply given by the inverter was evaluated. In the same
way, the voltage of the accumulator block and the current
circulating in the load were measured. The Fluke 434
network analyzer was used to evaluate the power quality
of the inverter, which has the capacity to evaluate all the
phenomena of power quality except transient phenomena.
Likewise, the NI USB 6211 acquisition card used to
capture the line voltage measurement from the sensor and
signal from the Fluke DP 120 voltage sensor used to
capture the accumulator block voltage was used.

In the test the load was varied and the accumulator
block was discharged in a deep way, to observe the
operation of the control loop and the power quality of the
voltages and output currents, which are within the
established by the standards as IEEE 1159 [26] and IEEE
519 [25] [27] [28].

The waveforms of the phase voltages captured by the

power quality analyzer are shown in Figure 11.
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Figure 11. Phase voltages waveform.
It is observed in the figure that the three waveforms are
identical, however, there are small differences in the RMS
value due to the construction of the transformers; the
percentage of unbalance of tensions is of 0.6%, which is
below the 2% allowed in low tension. The spectrum of the
phase voltages is shown in Figure 12.
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Figure 12. Harmonic spectrum of phase voltage Va.
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This spectrum shown in Figure 5 shows that there is
no significant presence of harmonics of any order and the
total harmonic content is 0.8%.

The waveforms of the line voltages are shown in
Figure 13.

As can be seen in the figure, the three waves are
identical in shape, presenting an almost sinusoidal
waveform; however, they have different RMS values due
to the differences presented by each of the phases due to
magnetic coupling between phases and the construction

of the transformers.
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Figure 13. Line voltages waveform V ag.

As can be seen in the figure, the three waves are
identical in shape, presenting an almost sinusoidal
waveform; however, they have different RMS values due
to the differences presented by each of the phases due to
magnetic coupling between phases and the construction
of the transformers.

The harmonic spectrum captured by the analyzer for
the line voltages is shown in Figure 14. This spectrum,
which evaluates the first 50 harmonics, shows that there
is no significant presence of harmonics of any order and
that the total harmonic content is 0.5%, which is
characteristic of a clean spectrum and which shows that
the power quality, in terms of harmonic content, is
optimal.
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Figure 14. Harmonic spectrum of line VAB.
As for the output current of the converter, the
waveforms are shown in Figure 15.
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Figure 15. Electrical currents waveforms

Since the converter is connected in a star, the line
currents are equal to the phase currents, as they are
observed in an almost sinusoidal form, with small
variations occurring. The three waveforms are identical in
shape, presenting a nearly sine waveform. The harmonic
spectrum is presented in figure 16.
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Figure 16. Harmonic spectrum of phase VA.

This spectrum shows that there is no significant
presence of harmonics of any order and the total harmonic
content is 1.2%, which is quite low.

Figure 17 shows the phasor diagram of the phase
voltages and the line currents captured by the analyzer;
the values associated with the voltages are shown. In this
diagram, it is observed that the frequency is 60 Hz, and
remains in this value independent of the load. Similarly,
the values associated with the magnitudes of the voltages

and phase angles of each of the phases are observed.
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Figure 17 Phasor diagram of three-phase system.
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The voltage system is perfectly balanced in phases,
since the phase angle shows an exact “phase shift” of 120°
between phases.

To show the behavior of the voltage at the output of
the converter, Figure 18 shows the variation with respect

to time, this figure is called the voltage profile
Lipe Vol;ages Iin VRMS
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Figure 18. Inverter output line voltage profile

The RMS line voltage profile of the converter shows
that the output behaves in a constant manner, presenting
a small ripple that can be neglected because the voltage is
always in the range of 90% and 110% of the rated voltage
that is establishes as the normal operating range in energy
guality. This means that, in the absence of voltage
fluctuations, the energy quality phenomena associated
with the RMS value are eliminated, these phenomena are
sag, swell, overvoltage, undervoltage, interruptions and
flicker. The ripple presented by the output voltage does
not exceed the volt of magnitude, this ripple does not
generate flicker since it is too low to be noticed by a lamp,
and being always in the range of 90% to 10% of the rated
voltage It can be said that it is free of energy quality
phenomena.

The voltage profile of the accumulator block during
the test is shown in figure 19. Here it is seen how the input

voltage varies to the converter.
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Figure 19. Voltage profile at the converter input.
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The voltage profile of the accumulator block shows
that there are strong variations in the input, due to the draft
current required by the prototype. The average voltage
decreases as time passes, the initial value of the
accumulator block is 52 Volts, at the end of the test the
accumulator block voltage is 43V. Despite the variations
in the accumulator block and the voltage regulation that
occurs over time, the voltage at the output of the converter
remains constant over time. This means that the proposed
control loop works in an adequate manner, managing to
mitigate the possible swell, sag, undervoltage and
overvoltage that may occur due to the voltage variation of
the accumulator block. Figure 20 shows the report of the
voltage profile of the AB line voltage recorded by the
power quality analyzer.

—

195
01:00

Figure 20.Voltage profile of the line Vags

It was observed that the voltage variation at the start of
the test until it ended was 0.7 volts; this variation is
irrelevant if one takes into account that the accumulator
block was discharged and that there were load variations
during the test.

In figure 21, the record of the values of the first 25
harmonics and the THD for the AC line is shown. As you
can see the maximum value of THDv registered, it is in
the order of 0.6%; all harmonics are below or well below

.04%, with records below 0.08% in most cases.
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Figure 21. Harmonics registration for line Vag.
Figure 22 shows the record for imbalances and
frequency variations, the analyzer does not record any
appreciable value of percentage of unbalance in the
voltages or frequency variation, which validates that there
are no events associated with this category.
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Figure 22. Voltage unbalances and frequency variations.

As can be seen in the record of the tests carried out, the
output of the converter has an optimum quality regardless
of the load that is connected and the discharge that the
accumulator block that feeds the prototype can suffer.

The power quality analyzer did not report events
during the tests carried out independently that the load
was changed or that the accumulator block was
discharged and its voltage varied this confirms the
operation of the prototype developed.

10:50 11:00 1110 1120 11:30 1140 11:50 1200 1210 1220

7. Conclusions

The prototype developed optimizes the power quality of
photovoltaic systems by eliminating the possibility of
phenomena such as sag, swell, undervoltage, overvoltage,
harmonic distortion, flicker, frequency deviations,
interharmonic  distortion, subharmonic and CD
component. The only phenomena that the team does not
cover are transient phenomena and unbalances.

The harmonic contents found in the experimentation are
very good both in the phase voltages and in the line
voltages. In the same way the current also has optimized
contents, however, they do not reach equal to the
theoretically calculated ones, this is due to the presence of
transformers that inject perturbations between phases and
does not reproduce the pulses with accuracy. It is
noteworthy that the harmonic contents found have very
low magnitudes, reaching values of 0.6%.

In the validation, the power inverter was presented at
different operation points demonstrated that the output
power quality of the develop prototype was confortable.
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