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Abstract

:

In this paper, a novel approach to low order harmonic mitigation in fundamental switching frequency modulation is proposed for high power photovoltaic (PV) applications, without trying to solve the cumbersome non-linear transcendental equations. The proposed method allows for mitigation of the first-five harmonics (third, fifth, seventh, ninth, and eleventh harmonics), to reduce the complexity of the required procedure and to allocate few computational resource in the Field Programmable Gate Array (FPGA) based control board. Therefore, the voltage waveform taken into account is different respect traditional voltage waveform. The same concept, known as “voltage cancelation”, used for single-phase cascaded H-bridge inverters, has been applied at a single-phase five-level cascaded H-bridge multilevel inverter (CHBMI). Through a very basic methodology, the polynomial equations that drive the control angles were detected for a single-phase five-level CHBMI. The acquired polynomial equations were implemented in a digital system to real-time operation. The paper presents the preliminary analysis in simulation environment and its experimental validation.
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1. Introduction


Nowadays, more than 40% of the carbon dioxide (CO2) emissions worldwide are caused by the air conditioning, the heating, and electric power systems of buildings. Thus, the optimization of their performances and the reduction of building consumptions can significantly contribute to increasing the sustainability of our planet, trying to fit the International Energy Agency (IEA) requirements, with a perspective of an 80% of reduction by 2050 regarding the global emissions [1].



One of the best practices to reduce CO2 emissions can be to produce energy locally from photovoltaic (PV) system and use it at the same point [2]. However, at the same time, chasing a reduction in emissions with the use of PV systems can cause a second type of pollution, that of harmonics in the systems connected to electric grid. In such a way, power electronics systems have inherited the task of reducing harmonic pollution.



Multilevel inverters are widely used in different high and medium power industrial application, such as electrical drives, distributed generations, and flexible alternating current transmission system (FACTS). The choice fell on these devices because the advantages of this technology are different; better output voltage waveform, lower harmonic content, lower electromagnetic interferences, less dv/dt stress, reduced necessity of passive filters, lower torque ripple in motor application, and possible fault-tolerant operation [3].



It is well known that the fundamental multilevel topologies include the diode-clamped [4,5,6], flying capacitor [7], and cascaded H-bridge (CHB) structures [8]. Diode-clamped technology employs diodes to separate direct current (DC) voltage levels from one DC source at its midpoint. The flying capacitor technique substitutes diodes with capacitors. The cascaded H-bridge technique employs different DC sources to create different DC voltage levels.



An interesting review can be found in the literature [9], which also takes into account the inverter’s cost, by taking the factors numbers sources, switches, and variety. In the works of [10,11,12], good reviews are also performed.



Inverters can also be classified according to their applications [10]: renewable energy applications [11,12,13,14,15,16,17,18,19,20,21], automotive [22,23,24,25,26,27], heavy traction [28,29], power quality [30,31], and industrial drives [32,33]. In the literature [13], the performance in terms of harmonics distortion rates were faced in order to extract maximum power from the PV modules. Again, that authors of [14,15] face the harmonics distortion by implementing a fast switching modulation, but without considering power losses. The authors of [16] recommend a single phase multilevel inverter configuration with three series connected full bridge inverter and a single half bridge inverter. In this case, a reduction of harmonics in terms of total harmonic distortion rate (THD) is evaluated around 9.85%. In another paper [17], a spice model considers not only the THD, but also the storage element. Again, in the literature [18], a simulation of the performance of multilevel inverter is made taking into account the partial shaded condition of PV panels. In the work of [19], a multilevel invert is used to reduce the THD. The simulation generates a 15-level output voltage with 8.12% of total harmonic distortion. The authors of [20] present a three-phase, three-level neutral-point-clamped quasi-Z-source inverter, as a new solution for PV applications. In a similar way, a DC/DC state is in described in the literature [21] to increase the performance of the system.



By considering the renewable applications, for a PV plant, because of the downward trend in the price for the PV modules, the costs of the inverters are progressively standing out while computing the entire cost of the plant [34,35,36,37]. Efficiency, size, weight, and reliability have influenced the cost of producing inverters. Now, for a multilevel inverters, efficiency has reached the value of 98% and to achieve the next 1% increase is a very hard challenge, to deal with ever-more advanced modulation techniques.



Multilevel inverter modulation strategies can be classified in high switching frequency pulse width modulation (PWM) and low switching frequency modulation techniques.



The first type of modulation works at higher frequency and the output voltage waveform shows higher order harmonics that can be easily filtered, but high frequencies bring also higher switching losses. In some studies, a comparison among harmonics content in the voltage waveforms, obtained by multicarrier PWM modulation techniques, are reported [38,39,40].



The second modulation technique allows one to reduce the switching losses to a minimum value and to bound the stress on the power components. Low switching frequencies methods normally perform one or two commutations of the switches during one period of the fundamental, thus creating a staircase waveform. Nevertheless, the output voltage presents waveforms with low order harmonics hard to be filtered.



The efficiency of the system is very important parameter for high power electrical drives applications, which require the reduction of the switching losses and electromagnetic interferences (EMI), so the soft switching modulation techniques, such as selective harmonic elimination (SHE) and selective harmonic mitigation (SHM), were often chosen.



In classical SHE method, the switching angles are obtained by choosing the    h  t h     harmonic to be eliminated and by solving the set of non-linear equations. The SHM techniques are used to mitigate concurrently different harmonics by properly choosing the switching angles.



It is well known that the elimination or mitigation technique requires the resolving of non-linear transcendental equations, which requires time and resources, constraints that become cumbersome in the case of limited, but performing hardware such a FPGA-based control board.



Whichever method is used, SHE or SHM, to solve the set of transcendental equations and find the switching angles different approaches are used. The simplest way is based in iterative methods such as Newton–Rhapson. In the literature [41], the Newton–Rhapson iterative method is used to evaluate the switching angles for a seven level inverter. The THD of the output voltage is equal to 11.8%.



In the work of [42], a comparison between various modulation techniques for a five-level cascaded H-bridge multilevel inverter (CHBMI) is carried out. The presented control scheme employed three different pre-defined pattern for the switching angles. The authors achieved a minimum THD of 17.07% for the output voltage waveform.



In the work of [43], an extremely fast optimal solution of harmonic elimination for a five-level multilevel inverter with non-equal dc sources using a novel particle swarm optimization (PSO) algorithm is presented. In this case, the minimum value of THD achieved was 5.44%.



In the work of [44], the set of equations for a seven-level inverter is solved using a Bat algorithm. A BAT algorithm is a recent method for solving numerical global optimization problems, based on the echolocation of microbats.



In the work of [45], an optimal SHM is proposed for a seven-level inverter. The individual harmonic and the THD are mitigated to satisfy three voltage harmonic standard (EN50160 [46], CIGRE JWG C4.07 [47], IEC61000-3-6 [48]).



Again, in another paper [49], a PSO is used for PV sources, the non-linear transcendental equations are solved offline and switching angles are obtained to minimize the THD. DC sources are transformed into identical DC source using the adaptive neuro fuzzy inference system (ANFIS) and constant voltage maximum power point tracker (MPPT) algorithm. The performances obtained in THD were about 3.7%, less than the ones prescribed by IEEE-519 (5%).



Also in another paper [50], an adaptive neuro fuzzy interference system is used for eliminating voltage harmonics. The comparison there proposed show a best performance of ANFIS referred to neuro fuzzy controller (NFC) for a seventh level inverter and active filter. In order to improve the performance of the control, an active filter can also be used [51].



In this work, a novel methodology to selective low order harmonic mitigation is proposed for high power PV applications, without trying to solve the cumbersome non-linear transcendental equations. The purpose of this work consists of defining an approach to mitigate the first-five harmonics (third, fifth, seventh, ninth, and eleventh harmonics), to reduce the complexity of the required algorithm and allocating a few computational resources in the FPGA-based control board. The objective of this paper is to achieve the performances obtained in the literature [16,19,44,45] without using complex structures, but a simple one that can be modified in the future to approximate the novel schemes of the work of [20].



Therefore, the voltage waveform taken into account is different respect traditional voltage waveform. The same concept, known as “voltage cancelation” [52], used for single-phase H-bridge inverters, has been applied at a single-phase five-level CHBMI.



This paper is divided in the following sections: Section 2 defines the possible switch states and the output voltage expression of the single phase five-level CHBMI; Section 3 analyses the harmonic content on the voltage waveform taken into account by the Fourier series mathematics formulation; Section 4 defines the proposed method; Section 5 proposed the best polynomial equation to evaluate the control angles; and Section 6 is devoted to the experimental validation.




2. Single-Phase Five-Level CHBMI


The desired output voltage of a multilevel inverter is created by adding different sources of DC voltages. By increasing the number of DC voltage sources, the inverter voltage output waveform assumes an almost sinusoidal waveform, following a fundamental frequency switching scheme.



Figure 1 illustrates the topology circuit of the considered single-phase five-level CHBMI. This type of converters has simple circuital structures, made by two H-bridges connected in series and two series of PV panels, obtaining the DC sources. The converter output voltage, Vout, is realized by the states combination of the switches. The switch state can assume only two values, as reported in Equation (1):


    S j  =  {     1    switch   on      0    switch   off         



(1)







With reference to Figure 1, the output voltage Vout of the converter can be expressed as follows:


    V  out     ( t ) = V   dc 1    (   S 1  −  S 2   )    + V   dc 2    (   S 3  −  S 4   )    



(2)




where Vdc1 and Vdc2 are the DC-link voltage of the two H-bridges connected in series, respectively. In this work, Vdc1 and Vdc2 of Equation (2) have been considered with the same value, equal to Vdc. Thus, Equation (2) can be rewritten in Equation (3).


    V  out     ( t ) = V   dc     ( S  1  −  S 2    + S  3  −  S 4  )   



(3)







The possible combinations of the switch states and the output voltage value Vout (t), with reference to Figure 1, are reported in Table 1.



It is interesting to note that there are only two switch state combinations where the output voltage Vout (t) is equal to 2Vdc and −2Vdc, respectively. Furthermore, there are four switch state combinations to obtain an output voltage equal to Vdc, −Vdc, and zero.




3. Voltage Waveform Analysis


The output voltage waveform of the inverter, as previously mentioned, can be obtained through the arrangements of the states of the switches. Thus, every arrangement synthesizes only one voltage level. By the analysis of Equation (3), the voltage waveforms can be obtained through a separate control of the H-bridge connected in series. Thus, it is possible control the time duration of the voltage level separately.



In order to evaluate the harmonic content of the voltage output of a single-phase five-level CHBMI, a square waveform with amplitude equal to 4Vdc peak to peak was taken into account. Moreover, it is essential to outline the parameter β that represents the width of angular range, where the amplitude of the output voltage is equal to Vdc, as shown in Figure 2. The reference square waveform, with 4Vdc peak to peak, can be obtained with β = 0.



The addition of a stepped voltage level, because β ≠ 0, causes a variation in the harmonic content in the output voltage compared with the reference square waveform. Figure 3 shows the amplitude trend of fundamental harmonic (blue curve), third harmonic (green curve), fifth harmonic (red curve), seventh harmonic (cyan curve), ninth harmonic (purple curve), and eleventh harmonic (yellow curve) versus β expressed in percent respect to the fundamental with β = 0.



As shown in Figure 3, the mutable value of β determines diverse harmonic contents in the output voltage; in particular, there are values of β bringing some harmonic amplitudes to zero. For example, the amplitude of third harmonic is zero for β equal to 60°. Furthermore, it has been noted that the amplitude of fundamental harmonic is reduced with the increase of β and it is not a linear trend.



In literature, modulation techniques for a single-phase H-bridge inverter known as “voltage cancellation” are reported [52]. In this work, the same concept as that used for single-level H-bridge inverters has been applied at a single-phase five-level CHBMI, by considering another parameter that can change the harmonic content in output voltage, named α, angular width for which the output voltage is equal to zero, as shown in Figure 4.



The harmonic content of the voltage waveform shown in Figure 4 was studied by means of the Fourier series. Voltage waveform presents half wave symmetry; thus, amplitude values of even harmonics are zero. In Equation (4), the mathematical formulation of the harmonic amplitude Vh and Fourier coefficients Ah and Bh, where h is the harmonic order, were reported.


      V h  =    A h 2    + B  h 2         A h  =     2 V   dc     h π    [  sin ( h ( π − α ) ) − cos ( h π ) sin ( h ( α + β ) ) − sin ( h β )  ]       B h  =     2 V   dc     h π    [  1 − cos ( h ( π − α ) ) + cos ( h β ) − cos ( h π ) cos ( h ( α + β ) )  ]      



(4)







In Equation (5), the voltage waveform in time domain was reported. Obviously, only for odd values of harmonic order.


   v ( t ) =   ∑  h = 1  ∞    [   A h   cos ( h ω t ) +   B h  sin ( h ω t )  ]      



(5)







More in detail, Equation (6) can be used to determine the amplitude of the fundamental harmonic A1 and the reference harmonics A3–11.


      V 1  =     2 V   dc    π    1 + 2 cos ( α ) + 4 cos ( β ) + 4 cos ( α + β ) + 2 cos ( α + 2 β )        V 3  =     2 V   dc     3 π     1 + 2 cos ( 3 α ) + 4 cos ( 3 β ) + 4 cos ( 3 α + 3 β ) + 2 cos ( 3 α + 6 β )        V 5  =     2 V   dc     5 π     1 + 2 cos ( 5 α ) + 4 cos ( 5 β ) + 4 cos ( 5 α + 5 β ) + 2 cos ( 5 α + 10 β )        V 7  =     2 V   dc     7 π     1 + 2 cos ( 7 α ) + 4 cos ( 7 β ) + 4 cos ( 7 α + 7 β ) + 2 cos ( 7 α + 14 β )        V 9  =     2 V   dc     9 π     1 + 2 cos ( 9 α ) + 4 cos ( 9 β ) + 4 cos ( 9 α + 9 β ) + 2 cos ( 9 α + 18 β )        V  11   =     2 V   dc     11 π     1 + 2 cos ( 11 α ) + 4 cos ( 11 β ) + 4 cos ( 11 α + 11 β ) + 2 cos ( 11 α + 22 β )       



(6)







The amplitude of fundamental can be varied with α and β values. Figure 5 shows amplitude trend of fundamental versus α and β expressed in percent respect to the fundamental with α = 0 and β = 0. For big values of α and β, there is a change of slope in the trend amplitude because the converter works with only three voltage levels.



Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 show the amplitude trend of third, fifth, seventh, ninth, and eleventh harmonics versus α and β expressed in percent respect to the fundamental with α = 0 and β = 0. It is interesting to note that there are values of α and β that concur together to lowering the considered harmonic amplitude. These areas are colored in darker blue.



The objective of the next sections, is to propose a new approach for the harmonics mitigation through the individuation of the “working area” (WA), where it is possible to minimize the reference harmonics (third, fifth, seventh, ninth, and eleventh harmonics) without solving non-linear equations.




4. Mitigation Method of Reference Harmonics


As previously described, the main purpose of this work is the mitigation of reference harmonics without solving non-linear equations. In particular, the proposed method is focused on the research of a working area (WA) where the reference harmonics have the minimum values of the amplitude. For the application of this method, it is necessary to calculate the distorting element (DHRMS) of the voltage waveform, which takes into account only the reference harmonics, through Equation (7). In other words, the DHRMS parameter represents the distorting component of the voltage waveform to be mitigated.


     DH   RMS   =    V 3 2    + V  5 2    + V  7 2    + V  9 2    + V   11  2      



(7)







The amplitude of DHRMS is function of the control angles α and β as can be seen in graphic representation in Figure 11.



The delimited area with purple lines is the working region where the voltage waveform has only three level voltage. For this reason, this area was neglected for the working points. As can be seen in Figure 11, there is an area with dark blue coloring where the amplitude of the DHRMS is low. Inside this area, it is possible to define the mitigation of reference harmonics. In order to evaluate the WA, a threshold equal to 20% was chosen and through of the level curves the DHRMS and fundamental amplitude were represented. The result obtained is shown in Figure 12.



Figure 12 reports the values of DHRMS with a color map, but also the fundamental amplitude with circumference arcs. By the analysis of Figure 12, it is interesting to note that there is a WA, with dark blue coloring, where the maximum variation of the fundamental amplitude is delimited from approximately 42% to 94%. The clear region has higher values of DHRMS (above 20%) so it can be neglected, and the purple region is the one in which the inverter reduces its levels from five to three, and again can be neglected.



The aim of the proposed method is to find the minimum values of the DHRMS for each values of the fundamental amplitude. Thus, the minimum values have to be found in the interceptions of the DHRMS blue lines and circumference arcs of the fundamental amplitude. Therefore, it is possible detected the minimum values of DHRMS and the corresponding control angles, as shown in Figure 13.



The red dots, shown in Figure 13, represent the trajectory of the minimums values of DHRMS. For each minimum value of DHRMS, there is a pair of value of control angles α and β. In this way, it is possible to obtain mitigation for the chosen harmonic, but the control angles are known without continuity inside the WA. The aim of the next section is to find polynomial equations for the real-time operation of the converter. In this way, all values that reduce the fundamental amplitude from 42% to 94% can be obtained.




5. Polynomial Equations for Real-Time Operation


As stated previously, a WA that minimizes the DHRMS of the considered harmonics was identified. Moreover, for each value of the fundamental amplitude, the minimum values of the DHRMS were detected and are represented as red dots in Figure 13. Thus, the control angles versus the fundamental amplitude in the range from 42% to 94% have been determined, as shown in Figure 14.



For real-time operation, it is necessary to know a continuous trend of the control angles α and β inside the WA. Thus, polynomial equations for approximating the trend were evaluated. All equations present a parameter A, indicated in percentage of 100·(π/(8·Vdc)), which represents the amplitude reference of the voltage waveform. The following five cases, approximating the control angles trends, were taken into account.



In case 1, two second-order polynomial approximations Pα and Pβ were used, as shown in Figure 15 and reported in Equation (8):


      P α  = 0.007890  A 2  − 1.631070 A + 105.533900      P β  = − 0.013164  A 2  + 0.881922 A + 46.685440     



(8)







In case 2, the following two third-order polynomial equations Pα and Pβ have been used, and compared with valued that reduce the DHRMS, as shown in Figure 16.


      P α  = − 0.000799  A 3  + 0.169602  A 2  − 12.233555 A + 330.460866      P β  = + 0.000456  A 3  − 0.105544  A 2  + 6.938743 A − 81.773030     



(9)







In case 3, the range of variation fundamental amplitude, from 42% to 94%, was split into two parts. The first one section involves the variation of the fundamental amplitude from to 42% to 76% and the second section involves the one from 76% to 94%.



For both intervals, two second-order polynomial equations, Pα1 and Pβ1 for the first section and Pα2 and Pβ2 for the second section, were used. Figure 17 shows approximation of case 3.


      {         P  α 1   = + 0.020448  A 2  − 3.174553 A + 151.318608      P  β 1   = − 0.020535  A 2  + 1.789255 A + 19.777618       42 % ≤ A ≤ 76 %            {         P  α 2   = − 0.080604  A 2  + 12.598902 A − 462.310004      P  b 2   = + 0.028942  A 2  − 5.789600 A + 308.393058       76 % < A ≤ 94 %           



(10)







In case 4, the range of variation of the fundamental amplitude, as made for case 3, has been split into two intervals. For the first section, two second-order polynomial equations Pα1 and Pβ1 have been used, while for the second section, two third-order polynomial equations Pα2 and Pβ2 were used. Figure 18 shows the reconstruction of case 4.


      {         P  α 1   = + 0.020448  A 2  − 3.174553 A + 151.318608      P  β 1   = − 0.020535  A 2  + 1.789255 A + 19.777618       42 % ≤ A ≤ 76 %            {         P  α 2   = − 0.008232  A 3  + 2.005310  A 2  − 163.278415 A + 4472.405127      P  β 2   = + 0.003873  A 3  − 0.952589  A 2  + 76.969823 A − 2013.647026       76 % < A ≤ 94 %           



(11)







Also, for case 5, the range of variation of the fundamental amplitude was split into two sections. For both sections, two third-order polynomial equations, Pα1 and Pβ1 for the first section and Pα2 and Pβ2 for the second section, have been used. Figure 19 shows the reconstruction for case 5.


      {         P  α 1   = + 0.000799  A 3  − 0.122744  A 2  + 5.238047 A − 10.581937      P  β 1   = − 0.000674  A 3  + 0.100397  A 2  − 5.315557 A + 156.509770       42 % ≤ A ≤ 76 %            {         P  α 2   = − 0.008232  A 3  + 2.005310  A 2  − 163.278415 A + 4472.405127      P  β 2   = + 0.003873  A 3  − 0.952589  A 2  + 76.969823 A − 2013.647026       76 % < A ≤ 94 %           



(12)







The evaluation of the performance for the five cases was carried out. The aim of the simulations is to reproduce the performances of the converter using the polynomial equations, to evaluate the control angles, as previously described. In Matlab/Simulink® (version 4.1.1, The MathWorks, Inc., Natick, MA, USA) environment mathematic model of the single-phase CHBMI, polynomial equations and logic circuit to generate the gate signals were implemented.



The used tool to compare the performances of the converter, employing different polynomial equations to evaluate the control angles α and β, is the total harmonic distortion rate, THD%, as defined in Equation (13), where Vrms is the root mean square value of the voltage waveform and Vrms,1 is the root mean square of the fundamental amplitude [53].


  THD % =      V  rms  2  −  V  rms . 1  2       V  rms , 1     · 100  



(13)







Figure 20 shows comparison among different THD% values obtained for the five different cases. It is interesting to note that in the center of the range, the THD% values are similar for the different cases. Whereas there are different values in the extreme values of the range. In particular, case 1 (red curve) presents the lower values, as illustrated in Figure 20. For this reason, the polynomial equations obtained in case 1 represent the best choice; in real time operation, case 1 requires the lower time execution algorithm respect other cases presented, and it also contributes to better approximating the WA by evaluating the THD%.



Figure 21 shows the amplitudes of the obtained reference harmonics. By considering the fundamental amplitude variation from 60% to 88%, the amplitude of the reference harmonics is lower than 10%. The seventh harmonic has the amplitude higher than 10% in the range from 44% to 60%. While, the amplitude of the third harmonic increases after 88% of the reference amplitude.



In the next section, an experimental validation of the simulation results was reported. The experimental validation has been carried out by considering only the polynomial equations of case 1.




6. Experimental Validation and Discussion


The aim of this paragraph is to reproduce experimentally the results obtained in the Simulink environment. A single-phase, five level DC/AC converter prototype with a CHBMI circuital structure has been assembled in order to carry out the experimental analysis. The test bench is shown in Figure 22.



By means of the described test bench, the proposed technique was experimentally tested. The control algorithm was implemented by mean a prototype of FPGA-based (Altera Cyclone III) control board. The use of a FPGA allows the fast execution of control algorithms, parallel elaborations, high numbers of I/O, and high flexibility.



The mathematical operations are managed by a clock signal with frequency equal to 100 MHz and the resolution choice is 32 bit at floating point. The evaluation of the control angles α and β was carried out in 1.01 μs. For the gate signals generation, a simple logic circuit was implemented.



The voltage waveforms have been acquired by the acquisition system with a number of samples equal to 0.5 Ms and in a time interval equal to 20 ms. The acquired experimental samples of the voltage waveforms were processed in Matlab® environment. Figure 23 shows the screenshots of the acquired voltage waveforms and corresponding harmonic spectra for some values of reference amplitude A.



The used tool to compare the experimental tests with simulations is THD%. Figure 24 shows the comparison between THD% obtained by simulation analysis (blue curve) and THD% obtained by experimental tests (red curve). It is interesting to note that the experimental THD% presents similar values with respect to the simulated ones. In particular, there are only small differences for low values of the reference amplitude.



For reference amplitude equal to 46%, there is the maximum value of THD% equal to 33.55%. In the range of reference amplitude from 74% to 90%, there are lower values, about 20%. For reference amplitude equal to 82%, there is the minimum value of THD%, which is equal to 16.54%. Such a value is above the proposed ones in the literature [16,19,44,45], but it is obtained for a very simple and more economic structure.



Figure 25 shows the amplitude of fundamental and reference harmonics versus reference amplitude. As observed for simulation results, in the range of reference amplitude from 60% to 88% the amplitude of the reference harmonics is lower than 10%. Moreover, also for the experimental results, there are the same phenomena for the seventh and third harmonics already observed in the simulation results. The fundamental amplitude presents a linear trend inside the working area.




7. Conclusions


This paper presents an alternative way to obtain harmonic mitigation for single-phase five-level CHBMI without solving non-linear equation applied in PV systems. Firstly, the so-called “voltage cancellation” technique has been presented, jointly with the analytical expression of the harmonic content on the voltage waveforms.



The proposed method, through the analysis of the distorting component called DHRMS, detects a working area, in which the mitigation of third, fifth seventh, ninth, and eleventh harmonics can be enforced. Thus, through the evaluation of the minimum points of the DHRMS, the corresponding control angles have been obtained. Moreover, the values of the control parameters can be obtained without solving a set of nonlinear transcendental equations, but through a low-time-consuming polynomial equations implementation. In this way, it is possible to enforce a real-time operation with very low computational costs. By experimental validation, the equations obtained allow to drive the converter only in a definite working area, where it is possible change the reference fundamental amplitude from 44% to 94%. Inside this working area, the harmonics mitigation has been limited under 10% in the range from 62% to 88% of the reference amplitude; the seventh harmonic has the amplitude higher than 10% in the range from 44% to 60%, while the amplitude of the third harmonic increases over 10% when the reference amplitude exceeds the 88%.
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Figure 1. Single-phase five-level cascaded H-bridge multilevel inverter (CHBMI). V1 and V2 are the direct current (DC) sources given by photovoltaic (PV) array, with same internal impedance. 
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Figure 2. Voltage output waveform with β ≠ 0. 
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Figure 3. Amplitude of the main harmonic in voltage output versus β. As can be seen, the adjustment of the amplitude of the output waveform varies the harmonic incidence. 






Figure 3. Amplitude of the main harmonic in voltage output versus β. As can be seen, the adjustment of the amplitude of the output waveform varies the harmonic incidence.



[image: Energies 11 02100 g003]







[image: Energies 11 02100 g004 550] 





Figure 4. Voltage output waveform with β ≠ 0 and α ≠ 0. 
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Figure 5. Amplitude trend of fundamental versus α and β. The colour scale is based on the amplitude of the fundamental. 
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Figure 6. Amplitude trend of third harmonic versus α and β. The colour scale is based on the amplitude of the fundamental. 
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Figure 7. Amplitude trend of fifth harmonic versus α and β. The colour scale is based on the amplitude of the fundamental. 
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Figure 8. Amplitude trend of seventh harmonic versus α and β. The colour scale is based on the amplitude of the fundamental. 






Figure 8. Amplitude trend of seventh harmonic versus α and β. The colour scale is based on the amplitude of the fundamental.



[image: Energies 11 02100 g008]







[image: Energies 11 02100 g009 550] 





Figure 9. Amplitude trend of ninth harmonic versus α and β. The colour scale is based on the amplitude of the fundamental. 
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Figure 10. Amplitude trend of eleventh harmonic versus α and β. The colour scale is based on the amplitude of the fundamental. 
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Figure 11. Amplitude trend of the distorting element (DHRMS) versus α and β. 
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Figure 12. Level curves of fundamental amplitude and DHRMS versus α and β. 
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Figure 13. Minimum values of DHRMS versus α and β. 
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Figure 14. Control angles α and β versus fundamental amplitude. 
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Figure 15. Reconstruction for case 1. 
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Figure 16. Reconstruction for case 2. 
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Figure 17. Reconstruction for case 3. 
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Figure 18. Reconstruction for case 4. 
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Figure 19. Reconstruction for case 5. 
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Figure 20. Comparison of total harmonic distortion rate (THD%) values obtained for different cases taken into account. 
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Figure 21. Amplitude of the reference harmonics obtained. 
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Figure 22. A picture of the test bench. 
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Figure 23. Screenshot of the voltage waveforms acquired and corresponding harmonic spectra for some values of reference amplitude A. 
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Figure 24. Comparison between THD% obtained by simulation and experimental tests. 
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Figure 25. Amplitude of fundamental and main harmonics trend versus reference harmonics. As can be seen, the adjustment of the amplitude of the output of fundamental waveform varies in a linear interval, in which the harmonic incidence can be easily reduced. 
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Table 1. States of the switches and output voltage value.
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	S1
	       S ¯   1     
	S2
	       S ¯   2     
	S3
	       S ¯   3     
	S4
	       S ¯   4     
	Vout (t)





	1
	0
	1
	0
	1
	0
	1
	0
	0



	1
	0
	1
	0
	1
	0
	0
	1
	Vdc



	1
	0
	1
	0
	0
	1
	1
	0
	−Vdc



	1
	0
	1
	0
	0
	1
	0
	1
	0



	1
	0
	0
	1
	1
	0
	1
	0
	Vdc



	1
	0
	0
	1
	1
	0
	0
	1
	2Vdc



	1
	0
	0
	1
	0
	1
	1
	0
	0



	1
	0
	0
	1
	0
	1
	0
	1
	Vdc



	0
	1
	1
	0
	1
	0
	1
	0
	−Vdc



	0
	1
	1
	0
	1
	0
	0
	1
	0



	0
	1
	1
	0
	0
	1
	1
	0
	−2Vdc



	0
	1
	1
	0
	0
	1
	0
	1
	−Vdc



	0
	1
	0
	1
	1
	0
	1
	0
	0



	0
	1
	0
	1
	1
	0
	0
	1
	Vdc



	0
	1
	0
	1
	0
	1
	1
	0
	−Vdc



	0
	1
	0
	1
	0
	1
	0
	1
	0











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Amplitude [%]

& - 40
50 - 2
o [degree] 0 o /3 [degree]





media/file4.png
2Vdc

Vdc

-Vdc

-2Vdc

. 3

|ﬁ‘

90

180
angle [degree]

270

360





media/file52.png
Amplitude [%]

100

o0
o

60 70 75
Reference Amplitude [%]

80





media/file39.jpg
50

60 70 80
Reference Amplitude [%]

90





media/file18.png
20
(3 [degree]

=

100

o [degree]

(T o v -

[95] opmyrdury





media/file21.jpg
20 ~ " 100
S 50

40
Bldegrec] 60 o o [degree]





media/file44.png
FPGA control board ka H-Bridges
) ‘ =L

q’






media/file26.png
120

« [degree]

N
<o

o0
o
[ /17

A

o

o
/

: 9269000271 1207 F122

| %, 455 19;

52*44 \46 \
I~ 1412 7344
\54_3435 48-6365\ 42.923 39_1247 37_&2435,32 33_4177
\56‘2459 50'53‘38 44-83 4

58 5 72

" 48y 9412 43.734

| g 008 : -

100 s .

\942929

\
M~ 98, 19 \

N
94 N
295 gy

53

B
— %095

AAAAAAAAAAAAAA

S1a 29612277105 — 28057 .\

37‘22 3.4177 7,5153 129

Sasg0) 9271 1247 7 2020925417, 1. 2 . ' !
4.3318
46_73 L g
/1 4 3530 8 294,227 4
Jiz 3 9,617 10 90

Three-level Voltage

1027,

80

UMW
W’%"E)&\\\\\\QQ\\\Q\@'
<IN

égwb" 4 iﬁj_-\\§§\\\ \

5
8

<

A
0,
N

07
8

/’/§

“:~4’..~.

X

)

|

9 7953

\
i

2
)/
1

o

(3 [degree]





media/file7.jpg
2Vde
B +a
Vde
i 1
a
-Vde 3l s
2Vde ;
0 90 180 270 360

angles [degree]





media/file28.png
o, (3 [degree]
S 3 Z

(\®
-

* % %
* ¥ Kk
* K K Kk K Kk X
* ¥ *k %
*
* % **956*
* ¥ % %
* K % %
* % ¥
*
% % * %
***** *
* % *® % * *
* * * * * k k
*
*

* *

2R

40

50

60 70 80
Fundamental amplitude[%]

100





media/file10.png
Amplitude [%]

100 -~

50 A

o0
-0 50
[ [degree] 0 10% [degree]





media/file49.jpg
—~THD% simulation
—~THD% experimental

50

60 70 80 90
Reference Amplitude [%]





media/file11.jpg
Amplitude [%|

5

5]

100
50
o [degree]

0

20

40





media/file6.png
100

Amplitude [%]
-
S & S

(\®
-

O

-

10

20

30

40 50
[ [degree]

60

70

—1th
—3th
—5th
—Tth
——0th
—=11th

80





media/file36.png
a, 3 [degree]

o0
-

N
-

AN
-

(o
-

* o
*IB
aeaea;*m all’
* % X et K
o Kok % P
* * -
N L a2
* * > %
« Rk % /81
kaxak- ek ]
* - N —P
R e 132
* % — *
* * * * *
*

40

50 60 70 80 90
Fundamental Amplitude [%]





media/file15.jpg
100
50
o [degree]

0

0

20
3 [degree]

40

=

5





nav.xhtml


  energies-11-02100


  
    		
      energies-11-02100
    


  




  





media/file2.png
— M
Si1/ % S:/ %
Vair | CZZ A | B |
S/ I S2/ I
Vout
— M—T
Ss ¥ % S4 ¥ %
Vir | CZTZ A2 | B> T






media/file23.jpg
X 2 & 3 2 §F 2 S =

TN

YA

\\\\\\
A
§§

w\





media/file46.jpg
o

(@ Am0%

o

W A94%





media/file24.png
120

100

ee]
v [degr %
N
o

S

S

~~ 9&.09?&

/)

90
ef § 30
- ;@in&\am 2 i
- "“3?@\ : 315155
«3&[32‘\33'4?77 5532 3341, 3417, = W
_ \37,2224\ g : .30 & R : N\
\42*923{;‘02‘;?\ %ﬁ\ﬁggggomm . N%\}\\\\
:jgig;f \325}2 i \ %%%4 \ : a ‘ k\\;\‘%\\\‘\\\»\\“\\‘\\\\\{k\
~ g ; . : . R\ \\\\\\\\\\\\\\\ ¥ u‘\_ 4
\;ziziz\\zzg;:\ziﬁéxﬂ | \\*\*\\\\\\\\\@ Ny §
5 ~ ; : o \ N \\\\\‘“ .
86245, \ 5o 4SQX§;&4&5§ : N o \\\\\\\\\\\\\\\ \
s Sa g 2450 : .lllll 0 \\\\\\\\\\\\
6005y, \aooﬁoa\w@e\s@ }}k\\\\\\\ _
6155 m_g@g\so.oso;ax _ %34 \\\\
5-63,&553\ _ 81,954 _ 8245, l\
aes757s\g§§:§§638553\ 525
‘____67‘66 i \65.?5?6\ _
"--69,5524 \89.5&24\ 745 \
N g 71_4347\6;?56
72 4647
™70, :
s 762 1 \ 8;9 o S
Mae,am% s 7
Z;iiiif\ P
8 5355 K /
9045, !‘,
\92,3906
:94‘2929
\96.1953

3 [degree]





media/file29.jpg
40

50

60 70 80
Fundamental Amplitude [%]

90

100





media/file1.jpg
Vou

AT
s/ A s {
Vi Vea| C== A Bl—
S/ A/ A
Ro
M
SYARY W %
V: Via| C2= A B:
S/ AS/ A






media/file12.png
I
-

Amplitude [%]
o
-

o [degree]

20
[ [degree]

40

30

25





media/file9.jpg
- . 50
3 [degiéd] 0 10, [degree]





media/file42.png
(\®) W
W =)
|

[\
-
|

Amplitude [%]
O

50 60 70 80 90
Reference Amplitude [%]





media/file38.png
o, (3 [degree]

o0
-

AN
-

AN
-

[\
-

*
« B
" all’
* X Sk K K
* Rk K P
X N
Kok a2

*

’K** *t P
« ek ¢ 131
N R

*m*«* * _P
% % /82
* = % % %
* * * * *
*
* X

40

50 60 70 80 90
Fundamental Amplitude [%]





media/file17.jpg
Amplitude [

100
50

40
o [degree]

20
3 [degree]





media/file30.png
o, 3 [degree]

o0
-

N
-

AN
-

(\®
-

40

50

60 70 80
Fundamental Amplitude [%]

100





media/file51.jpg
0
45 50 55 60 65 70 k:3 80 85 90
Reference Amplitude [%]





media/file35.jpg
a, (3 [degree]

®
3

£y
3

&
3

N
S

40

50 60 70 80 90
Fundamental Amplitude [%]





media/file48.png
| i "o
e —te s
R — — — — e e W et s
- - - -— p— — - - — - - n - - - - - - - -
- - - - - - - - - - - = - - - - - - -
-— - .- — - — -— —_ —_— — — —_— - -— -— - — -— —
— — —_— — —_— — == S—  S—

N = | e — s

" 'y . . - oy —
- -
v |—..
p—

(e) A=80%

*-n- -
g
R—— PR— — P - po— PR J— aa——
- - - - - .. - .~ . - - ) = - - - -
po - o - - - - - - - - - - - - - .- -
- - ~- - - - . - - r . . o . » -
S——  S—— B— S—— SE—— S—— S

S o A N ) I U o S S D |

-~ . e ) — e - - prey -
- - .
|-- . |....‘

(g) A=90%

(h) A=94%






media/file27.jpg
a, 3 [degree]

8

2
3

N
3

0

3

40

50

60 70 80
Fundamental amplitude[%]

100





media/file3.jpg
2Vde

Vde

-Vde

-2Vde

T

90

180 270 360
angle [degree]





media/file22.png
40

Three-level Voltage

20 100
50

40
6 [degree] 60 0O o [degree]





media/file19.jpg
10

20
(3 [degree]

30

=

ey





media/file40.png
60 70 80
Reference Amplitude [%]






media/file33.jpg
«, 3 [degree]

%
3

2
3

&
S

w
3

40

50 60 70 80
Fundamental Amplitude [%]






media/file32.png
o, (3 [degree]

o0
-

N
-

AN
=)

(\®)
-

40

50

60 70 80
Fundamental Amplitude [%]

100





media/file14.png
20
15
10
5
0

40 ]
20
(3 |degree]

0

« [degree]

-]
=
—

7 7 7

N [ —
[%] oprrpdury





media/file41.jpg
5
a

v
&

[

=)
Gl

%.

] op!

ndiy

70 80 90

Reference Amplitude [%]

60






media/file37.jpg
a, (3 [degree]

%
3

o
3

B
S

N
S

40

50 60 70 80 90
Fundamental Amplitude [%]





media/file45.jpg
fL - . o o

() 4=60% @ 4=70%





media/file16.png
o
-

/

Amplitude [%0]
=

=

a [degree]

0

0

20
[ [degree]

o0

N

I

b





media/file20.png
20
[ [degree]

10

50

a |degree]

-]
-]
—

nUc)nU

%] %_\_:ai





media/file50.png
——THD% simulation
——THD% experimental

50

60 70 80 90
Reference Amplitude [%]






media/file5.jpg
Amplitude [%]

100

»
3

S
3

I
3

N
S

o

10

20

30

40 50
3 [degree]

60

70

—1th
—3th
—sth
—7th
—oth
—1ith

80






media/file47.png
o A 1

(@) A=44%

l.‘ 3n1 . ‘.241

¢ ol I | ko
[ Jp— e - - prey -~ e [pe— - e’
—

(c) A=60%

el | )

(5) A=50%

R

-~ - ey

(d) A=70%






media/file31.jpg
a, (3 [degree]

N
S

8

S
3

2
3

0

40

50 60 70 80 90 100
Fundamental Amplitude [%]





media/file25.jpg
=2 = 32 _F S5 = & =

i

[22133p] ©

3 [degree]





media/file0.png





media/file8.png
2Vdc

Vdc

-Vdc

-2Vdc

i

8
L Q
:@‘ Bta
90 180 270 360

angles [degree]





media/file43.jpg





media/file34.png
o, (3 [degree]

oo
-

o)
-

TN
)

(o
-

% %

™R

al

*

3%

*
¥
8~

4 a2
<J
**Q ¥ ek x P,Bl_
- P
* Nk *
e Z
* * * * %*
* *
** l
| | | | |
50 60 70 80 90

Fundamental Amplitude [%]





