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Abstract—This paper centers around the problems that arise from employing multilevel converters to connect renewable energy 
sources with the traditional power grid. The main element of interest in this application, the total harmonic distortion factor is 
analyzed, from various points of view: mathematical, LabView simulations and experimental determinations in a laboratory model. 
Further, we analyze the decision factors behind choosing a certain type of multilevel converter for various applications, 
highlighting the elements which have to be taken into account when connecting renewable energy sources to the power grid. 
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1. INTRODUCTION   

Classical sources of energy are commonly placed 
in economically convenient places and are producing 
most of the electrical energy, which is being distributed 
by aerial or underground transmission lines. Monitoring 
and controlling the systems for power generation and 
transport ensures parameters stability and energy 
quality [1, 2, 3]. Renewable energy sources have the 
advantage of avoiding generating pollution by 
emissions and the fact that they use primary energy 
resources, which are unlimited. The downside comes in 
the form of extra complexity required for keeping the 
electrical current characteristics: voltage, frequency 
within acceptable limits [4]. 

The wind turbine is one of the most important 
technologies for renewable energy. Its development 
started in the 80s, with powers in the order of kW. 
Compared to its small beginnings, currently installed 
wind turbines can have more than 1MW of rated power. 
Although, in the beginning wind power production had 
no impact whatsoever on the power control system, 
nowadays, it has taken a well-defined active role in the 
power grid. As the power range of the turbines 
increases, the control parameters are becoming more 
important and it is necessary to introduce power 
electronics [5] as an interface between the wind turbine 
and the power grid. Power electronics is changing the 
basic characteristic of the wind turbine, from an energy 
source to an active power source. The electrical 
technology used in wind turbines is not new and it 
further gaining attention. Especially the last few years 
have a seen outstanding contributions [6,7,8,9] and with 

 

the decreasing price per produced kWh, the power 
electronics solutions are becoming highly attractive.  

In many countries, the investments in energy 
sources are directed towards a tapping wind power [10, 
11] and most of these investments are found in offshore 
farms. In the future, these wind farms could have a 
significant contribution to the power injected into the 
system and consequently play an important part in the 
control of power system [12], taking into account the 
power quality of the standards in force [13,14]. 

The economic viability of offshore wind turbines 
obviously corresponds to the power and efficiency of 
the generators and of the power conversion systems. 
Within this trend, multilevel power electronics 
converters were considered an eminently suitable 
technology for the wind energy conversion system, 
because they can operate at higher power and voltage 
requirements [8]. 

Therefore, the elevated technical requirements of 
the offshore wind farms channel the researches towards 
ensuring frequency and voltage stability injected into 
the power system [15, 16] and active and reactive 
power control. There have also been researches aimed 
at ensuring a fast response for the transitory regime that 
involves changing the power injected into the system 
[17, 18, 19]. 

The power converters interfacing the AC-DC 
conversion system, respectively DC-AC, usually 
depend on the topology of the application, but they 
must meet three conditions [8, 20]: 

• Reliability; 
• Efficiency in terms of power quality; 
• Lowest possible cost. 
Unlike other equipment’s, this type of converters, 

i.e. multilevel converters, presents a capital advantage, 
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namely that they must inject the voltage into the grid at 
a fixed frequency. The disadvantages are related to the 
high voltage and power levels and power quality 
problems. We should bear in mind that the grid into 
which the voltage is injected is of infinite power. The 
grid has a very different behavior from the consumers 
that fall into the category of non-linear loads. 

Hence, any converter solution [20] must consider 
two issues: the choice of switching device, the type of 
converter chosen and the command principle used for 
obtaining a sinusoidal voltage with the same frequency 
as the grid. 

The most common multilevel inverters topologies 
are as follows: diode clamped multilevel inverters DC-
MLI (Fig. 1.), flying capacitor multilevel inverters FC-
MLI (Fig. 2.) and cascaded H-bridge multilevel 
inverters CHB-MLI (Fig. 3.). 
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Fig. 1.Three-level DC-MLI 
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Fig. 2. Three-level FC-MLI 

 

Together with the converter topologies [20], 
current research in the field of multilevel converters is 
geared towards finding the optimal switching solution 
switch. The command strategy aims to minimize the 
harmonic spectrum of the output values and to 
minimize switching losses. 
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Fig. 3. Three-level CHB-MLI 
 

2. THEORETICAL CONSIDERATIONS 

Waveform synthesis is based on the Fourier Series 
expansions, in which case the scaling function ϕn (x) is 
defined as follows for n=…,-2, -1, 0, 1, 2,…:. 
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The equation defines a set of rectangular pulses of 

unitary amplitude and α angle. 
If we define: 

αϕϕ == ∫ dxx
b

a

nn )(22  (2) 

 
and 
 

mkdxxx m

b

a
k ≠⋅∫ ,)()( ϕϕ

 
(3) 

 
Therefore, notation (1) creates a set of orthogonal 

functions called an orthogonal base. Since all functions 
φn (x) have their norms equal to α, this base is called an 
orthonormal base. 

The expansion of the function f(x) in a generalized 
Fourier series is related to a set of scaling functions as 
follows: 
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The expansion (3) is valid for any function f(x). 

The Fourier series contains an infinite number of 
elements and makes it possible to approximate a 
function f(x) by use of an infinite set (a sum) of 
adequately scaled functions φn(x). Particularly it is 
possible to expand a function f(x) = sin(x) by summing 
an infinite set of rectangular pulses. It is in the opposite 
to a typical application of the Fourier series where any 
function f(x) is expanded as a set of harmonics. 
According to (3) and (4) the expansion of sin(x) in the 
interval given as: 
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Expression (6) defines a series of consecutive 

rectangular pulses represented by functions φn(x). The 
value for the each pulse amplitude is different and is 
determined by calculating the integral. In power 
electronics, we can apply this statement for the 
composition of sinusoidal waveforms. Rectangular 
pulses are one of the most important waveforms of the 
output voltage of an inverter. Thus, the composition of 
stepped waveforms using rectangular pulses is not a 
novel approach, but it mostly concerned an addition of 
the vertical axis when adding the waveforms The 
resulting phase voltage was synthesized by the adding 
the voltages generated by different cells of a cascaded 
inverter. The presented proposal relates to the addition 
of pulses “along x axis” or in a time scale. Consecutive 
pulses form the resulting voltage or current of the 
converter. 

3. SIMULATIONS 

Practically, in power electronics an application, 
the approximation of a sinusoidal waveform is achieved 
using a finite number N of the series members. The 
accuracy of approximation depends on it. 
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Fig. 4. The approximation of the function f(x) = sin(x) for N = 24 (α 
= π/12). 

In power electronics the most important criterion 
of the accuracy, or rather the quality of approximated 
waveforms is THD factor. The example of a very 
simple approximation is presented in Fig. 4. The 
stepped waveform was obtained after approximations 
based on the set defined according to (1) and (2). The 
simulations used the LabView Software from National 
Instruments, which allows for a simple implementation 
and ease of use. The implemented virtual instrument 
allows for choosing the number of steps. Thus, we can 
see various values of THD in relation to the number of 
steps. It is easy to observe that with the number of 
steps, the THD value decreases. The virtual instrument 
can also display the waveforms, which was the goal of 
this simulation all along. By comparing the simulation 
results with the experimental results we can paint a 
better picture of the practical problems that arise when 
connecting a load and how difficult is to obtain a better 
THD value. 

The results of the Fourier approximation for 
various values of N are presented in Table 1. FN 
designates the number of steps from the given interval – 
in this case <0,2π>. The NFN parameter designates the 
necessary number of voltage sources and THD is the 
total harmonic distortion. Of course, the end goal is the 
THD value, but as discussed before, we must not forget 
the importance of N. 

 
Table 1 Thd Values from the simulation 

FN α NFN THD(%) 

FN=2 π 1 46.58 

FN=6 π/3 2 29.22 

FN=12 π/6 3 13.52 

FN=16 π/8 4 8.89 

FN=24 π/12 6 5.9 

 

4. EXPERIMENTAL RESULTS 

From an experimental point of view, we have 
tested the two command variants of the multilevel 
inverters - with 12 and 24 voltage steps. The attempts 
were made having as a charge an asynchronous motor 
with a short circuiting rotor of type 4F130-4A with the 
following parameters: nominal power P=0.37 kW, 
speed n=1350rpm, power factor cosϕ=0.71, rated 
voltage Un=220 V, degree of protection IP44. The 
measured values for the winding resistance are 27.27 Ω, 
respectively 64.57 mH for the inductance. With the aid 
of the oscilloscope, we obtained the waveforms for the 
phase voltage (Fig. 5., Fig.6.), the absorbed phase 
current(Fig. 7., Fig. 8) and active power (Fig. 9., Fig. 
10.). 
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Fig. 5. 12 pulses Voltage 

 
 

 
Fig. 6. 24 pulses Voltage 

 
 

 
 

Fig. 7. 12 pulses Load Current 

 
Fig. 8. 24 pulses Load Current 

 

 
Fig. 9. 12 pulses Active Power 

 

 
Fig. 10. 24 pulses Active Power 

 

5. CONCLUSIONS 

The choice of the inverter topology should be 
based on the invertor use. Each has advantages and 
disadvantages. By increasing the number of voltage 
steps the THD value will drop (as seen in Table II) on 
the other hand the cost and weight of the equipment 
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will increase. Also, since the switching angles are not 
identical, each swich will have a separate control 
circuit. 

The two level inverter has the lowest cost and 
weight compared to the other topologies, but has a large 
total harmonic distortion THD value, approximately 
40% when the commutation is on the fundamental 
harmonic. To the weight and cost calculation, the cost 
and weight of the filter needs to be added since a 40% 
harmonic distortion on the output voltage is not 
admissible.   

 
TABLE 2 

Converter type 12 pulses 24 pulses 

Date 15.04.2014 15.04.2014 

Time 12:24:30 12:43:54 

Fund [Hz] 50 50 

VRMS [V] 141.98 142.09 

VDC [V] 0.00 0.00 

THDU [%] 16.69 11.67 

IRMS [A] 1.205 1.181 

ICF [A] 1.552 1.536 

THDI [%] 4.46 2.73 

Power [W] 147 146 

PF 0.863 0.874 

 

The advantage of the nive level inverter is in the 
THD value which is smaller, the total THD for a nine 
level inverter is 7% and for a five level inverter is 17%. 
Nonetheless a filter is required in both cases so a 5 level 
inverter and a filter [22, 23, 24, 25] is the better 
solution. 

The flying capacitor multilevel inverter has the 
smallest power loss of all types since there are no 
diodes in this configuration. For instance, the power 
loss in a five level flying capacitor multilevel inverter 
with maximum load is 625W with two significant 
caveats. First of all this configuration has the highest 
weight of all which makes it impractical in applications 
which will later be incorporated in another unstable 
configuration. Secondly, the cost of this particular 
inverter is the highest of them all. The flying capacitor 
multilevel inverter can be used in circumstances where 
the loss of power tacked precedence over weight and 
cost. 

The cascaded H-bridge multilevel inverter has the 
smallest weight and cost among the multi-level 
invertors but also the highest losses. This invertor can 
be used in applications where cost and weight are more 
important than the power loss. 

 

TABLE 3 

 12 pulses 24 pulses 

Voltage distortion factor KD 16.92 11.8 

Current distortion factor KD 4.27 2.51 

Fundamental component 97.24 98.19 

3rd harmonic component 4.80 9.5 

5th harmonic component 0.13 2.60 

7th harmonic component 1.93 0.31 

9th harmonic component 10.72 0.26 

11th harmonic component 8.68 0.10 

13th harmonic component 1.10 0.18 

15th harmonic component 0.12 0.62 

17th harmonic component 0.68 0.58 

 

This analysis of the multi-level inverters 
highlights the set of problems that arise in connecting 
the renewable energy sources to the power grid. The 
main factor that has to be considered is the harmonic 
distortion, which should be minimal, at the power grids 
designated frequency and the fact that the grid’s 
frequency is fixed, which in itself constitutes an 
advantage when choosing the type of converter needed. 
The distortion factor in such applications needs to 
follow specific standards, especially since the harmonic 
distortions generated by the inverter (Table III) spread 
from the renewable sources to conventional sources 
increasing the carrier’s final CPT parameter. 
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