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The block “PWM generator” generates the gate signals for the converter. Generally, a carrier
generator, comparator circuit and a logic circuit to generate the “dead time” compose the
“PWM generator”. Figure 38 shows the screenshot of the schematic block diagram of the PWM
modulator implemented in Quartus II environment for SPD modulation technique.
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Figure 39. Logic circuit to generate the gate signals with dead time. 

The delayed signal is obtained by using several cascaded-connected D flip-flops, whose number 
is dependent on the adopted clock signal. In order to obtain 400 ns of delay, four D flip-flops have 
been connected and managed with the 10 MHz clock signal. Figure 40 shows the simulation of the 
“PWM Generator” carried out in ModelSim environment relatively a phase of the converter. 
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Figure 38. Screenshot of the schematic block diagram of the pulse width modulation (PWM) modulator
implemented in Quartus II environment for SPD modulation technique.

Carrier waveform is generated by means a 13 bit up-down counter with a resolution of
1000 sample. The frequency of the clock reference is 10 MHz in order to obtain a frequency-switching
equal to 10 kHz. The comparator circuit carried out the comparison between the modulating signal
and carrier generator with a frequency equal to 10 MHz. The generation of the command signals of
the components of the H-Bridge legs, as well as the obtainment of the dead-time for the protection of
the series-connected components, is achieved through means of the logic circuit shown in Figure 39.
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Figure 39. Logic circuit to generate the gate signals with dead time.

The delayed signal is obtained by using several cascaded-connected D flip-flops, whose number
is dependent on the adopted clock signal. In order to obtain 400 ns of delay, four D flip-flops have
been connected and managed with the 10 MHz clock signal. Figure 40 shows the simulation of the
“PWM Generator” carried out in ModelSim environment relatively a phase of the converter.
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experimentally implemented in order to validate the model of the system and to compare the 
simulation and experimental results. 

The Teledyne LeCroy WaveRunner 6Zi acquisition system recorded the voltage waveforms. For 
the modulation PD, POD and APOD based techniques a sampling frequency of 50 MHz and a 
number of samples equal to 1 Ms were used; an observation window was choosen with a time interval 
equal to 20 ms. 

The PS modulation techniques required an acquisition of 5 Ms of samples, equivalent to a 
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Figure 40. Simulation of the “PWM generator” in ModelSim environment.

From the technical features of the IRFB4115PBF reported in Table 12, the minimum dead time is
equal to 100 ns, approximately. Thus, has been chosen for safe reason a dead time equal to 400 ns.

Figure 41 shows a screenshot of the experimental validation between gate signals of the same leg
in order to establish the proper operation of the digital system.
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Figure 41. Experimental validation between gate signals of the same leg.

It should be noted that the dead time obtained is equal to 400 ns.

3.3. Model Validation

By the employment of the previously described test bench, the suggested techniques were
experimentally implemented in order to validate the model of the system and to compare the simulation
and experimental results.

The Teledyne LeCroy WaveRunner 6Zi acquisition system recorded the voltage waveforms. For the
modulation PD, POD and APOD based techniques a sampling frequency of 50 MHz and a number of
samples equal to 1 Ms were used; an observation window was choosen with a time interval equal to 20 ms.

The PS modulation techniques required an acquisition of 5 Ms of samples, equivalent to a sampling
frequency of 250 MHz. The used tool to compare the simulation results and experimental results is the
THD%, as reported in (27) [63]:

THD% =

√√√√V2
rms −V2

rms,1

V2
rms,1

· 100 (27)

where Vrms is the root mean square (rms) value of the phase voltage and Vrms,1 defines the rms value
of the fundamental harmonic.
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Figures 42–44 show the comparison between the simulated (blue bars) and the experimental
(yellow bars) THD% values obtained with Sinusoidal (Figure 42), THI (Figure 43) and SFO (Figure 44) as
reference signals for each modulation techniques taken into account with the designed filter discussed
in Section 2.2.
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Figure 42. Comparison between the simulated (blue) and the experimental (yellow) THD% values:
(a) SPD line voltage, (b) SPD phase voltage, (c) SPOD line voltage, (d) SPOD phase voltage, (e) SAPOD
line voltage, (f) SAPOD phase voltage, (g) SPS line voltage, and (h) SPS phase voltage.
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Figure 43. Comparison between the simulated (blue) and the experimental (yellow) THD% values: 
(a) THIPD line voltage, (b) THIPD phase voltage, (c) THIPOD line voltage, (d) THIPOD phase voltage, 
(e) THIAPOD line voltage, (f) THIAPOD phase voltage, (g) THIPS line voltage, and (h) THIPS phase 
voltage. 

Figure 43. Comparison between the simulated (blue) and the experimental (yellow) THD% values:
(a) THIPD line voltage, (b) THIPD phase voltage, (c) THIPOD line voltage, (d) THIPOD phase voltage,
(e) THIAPOD line voltage, (f) THIAPOD phase voltage, (g) THIPS line voltage, and (h) THIPS
phase voltage.
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Figure 44. Comparison between the simulated (blue) and the experimental (yellow) THD% values: 
(a) SFOPD line voltage, (b) SFOPD phase voltage, (c) SFOPOD line voltage, (d) SFOPOD phase 
voltage, (e) SFOAPOD line voltage, (f) SFOAPOD phase voltage, (g) SFOPS line voltage, and (h) 
SFOPS phase voltage. 
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reason, it is possible to establish the effectiveness of the model implemented. 

Interesting comparison among the experimental THD% values for each reference signals taken 
into account, is shown in Figure 45. Modulation technique with PD as carrier signals and sinusoidal 
reference SPD seems to be the best solution in terms of the harmonic content. Moreover, also the SPS 
is a good solution for grid-connected applications. 
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Figure 44. Comparison between the simulated (blue) and the experimental (yellow) THD% values:
(a) SFOPD line voltage, (b) SFOPD phase voltage, (c) SFOPOD line voltage, (d) SFOPOD phase voltage,
(e) SFOAPOD line voltage, (f) SFOAPOD phase voltage, (g) SFOPS line voltage, and (h) SFOPS
phase voltage.

It should be noted that the simulated and experimental THD% presents similar values. For this
reason, it is possible to establish the effectiveness of the model implemented.

Interesting comparison among the experimental THD% values for each reference signals taken
into account, is shown in Figure 45. Modulation technique with PD as carrier signals and sinusoidal
reference SPD seems to be the best solution in terms of the harmonic content. Moreover, also the SPS is
a good solution for grid-connected applications.
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Figure 45. Comparison between the experimental THD% results: (a) Sinusoidal line voltage,
(b) Sinusoidal phase voltage, (c) THI line voltage, (d) THI phase voltage, (e) SFO line voltage,
and (f) SFO phase voltage.

In conclusion, modulation technique with PD as carrier signals and sinusoidal reference SPD
present interesting results. Moreover, also the PS carrier signal is a good solution due to high order
harmonic components respect other carrier signals.

In the next section, experimental validation of the grid-connected application is reported.
The experimental validation considers only the SPD and SPS modulation techniques.

3.4. Grid Connected Application

Aim of this subsection is to validate the simulation results, reported in section “2.1 Performances
evaluation”, in which the best performances were obtained with SPD and SPS modulation techniques.
In particular, the purpose is to validate by means experimental tests the effectiveness of the control
strategy and the LCL filter. Thus, the experimental tests were carried out only with SPD and SPS
modulation techniques.

3.4.1. Phase Disposition

Figure 46 shows the measured grid phase voltages and grid currents of the phase a and b obtained
with SPD modulation technique at the rated power. It is interesting to note that the phase angle between
voltage and current of the same phase is equal to zero. This result demonstrates the effectiveness of the
control strategy because, as explained in the section “2.3 Controller Design”, through the d component
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it is possible to control the active power while through the q component it is possible to control the
reactive power. Thus, fixing q component of the current equal to zero and d component of the current
equal to rated value (6A) it is possible to inject only active power on the grid as shown in Figure 46.
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Figure 47 shows measured converter side current obtained with SPD at rated power while
Figure 48 shows the measured grid side current in the same conditions.

First all, the differences in terms of the harmonic content between the trend of the converter side
and grid side currents are evident. Moreover, a not perfect half-wave symmetry in the currents trend
was observed. This phenomenon determined the present of the even-harmonics in the current.
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between the harmonic spectra centered on switching frequency of the converter side current Ia (blue 
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Figure 49. Calculated (a) low order harmonics of the grid side current and (b) switching frequency 
harmonics spectra of the converter side and grid side currents. 

In Table 14 are summarized the calculated THD% for different values of the grid side current 
injected. It should be noted that the THD% values increase when the current injected in the grid is 
reduced and it is less then 5% up to In/2. 

Table 14. Experimental THD% of the converter and grid side currents, obtained with SPD, for 
different values of the injected current into the grid. 

 In/3 In/2 2In/3 In 
Converter side current 12.17% 7.82% 6.46% 5.88% 

Grid side current 7.97% 4.78% 4.26% 3.72% 

Figure 50 shows the measured line voltage of the converter at rated power. It interesting to note 
that the line voltage presents nine-level. 

Figure 48. Measured grid side currents (2 A/div) obtained with SPD at the rated power. (a) Ripple in
different cycles; (b) Magnification of ripple.

Figure 49a shows the low order harmonics spectra of the grid side current at rated power. In the
first all, it interesting to note that the amplitude of the lower order harmonics are below of the standard
harmonic current limits defined by IEEE 1574 and IEC 61727 at the PCC. Nevertheless, as stated
above are present the even-harmonics on the harmonic spectra. Interesting comparison between the
harmonic spectra centered on switching frequency of the converter side current Ia (blue bars) and grid
side current Iga (yellow bars) is shown in Figure 49b. The lower values of the harmonics of the grid
side current demonstrate the effectiveness of the LCL filter.

Energies 2018, 11, 39 of 47 

 

  
(a) (b) 

Figure 48. Measured grid side currents (2 A/div) obtained with SPD at the rated power. (a) Ripple in 
different cycles; (b) Magnification of ripple. 

Figure 49a shows the low order harmonics spectra of the grid side current at rated power. In the 
first all, it interesting to note that the amplitude of the lower order harmonics are below of the 
standard harmonic current limits defined by IEEE 1574 and IEC 61727 at the PCC. Nevertheless, as 
stated above are present the even-harmonics on the harmonic spectra. Interesting comparison 
between the harmonic spectra centered on switching frequency of the converter side current Ia (blue 
bars) and grid side current Iga (yellow bars) is shown in Figure 49b. The lower values of the harmonics 
of the grid side current demonstrate the effectiveness of the LCL filter. 

  
(a) (b) 

Figure 49. Calculated (a) low order harmonics of the grid side current and (b) switching frequency 
harmonics spectra of the converter side and grid side currents. 

In Table 14 are summarized the calculated THD% for different values of the grid side current 
injected. It should be noted that the THD% values increase when the current injected in the grid is 
reduced and it is less then 5% up to In/2. 

Table 14. Experimental THD% of the converter and grid side currents, obtained with SPD, for 
different values of the injected current into the grid. 

 In/3 In/2 2In/3 In 
Converter side current 12.17% 7.82% 6.46% 5.88% 

Grid side current 7.97% 4.78% 4.26% 3.72% 

Figure 50 shows the measured line voltage of the converter at rated power. It interesting to note 
that the line voltage presents nine-level. 

Figure 49. Calculated (a) low order harmonics of the grid side current and (b) switching frequency
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In Table 14 are summarized the calculated THD% for different values of the grid side
current injected. It should be noted that the THD% values increase when the current injected in
the grid is reduced and it is less then 5% up to In/2.

Table 14. Experimental THD% of the converter and grid side currents, obtained with SPD, for different
values of the injected current into the grid.

In/3 In/2 2In/3 In

Converter side current 12.17% 7.82% 6.46% 5.88%
Grid side current 7.97% 4.78% 4.26% 3.72%

Figure 50 shows the measured line voltage of the converter at rated power. It interesting to note
that the line voltage presents nine-level.
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As stated earlier, the second experimental tests have been carried out with SPS modulation 
techniques with the same filter used for SPD modulation techniques thank to the similar values 
obtained in the subsection “LCL filter Designs”. 

3.4.2. Phase Shifted 

Figure 52 shows the measured grid phase voltages and grid currents obtained with SPS 
modulation technique at the rated power for each phase of the system. 

Figure 50. Measured line voltage of the converter at rated power.

Figure 51 shows the measured capacitor voltage of the LCL filter at rated power. The evident low
harmonic content in the trend of the capacitor voltage demonstrate the efficacy of the LCL filter.
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As stated earlier, the second experimental tests have been carried out with SPS modulation
techniques with the same filter used for SPD modulation techniques thank to the similar values
obtained in the subsection “LCL filter Designs”.

3.4.2. Phase Shifted

Figure 52 shows the measured grid phase voltages and grid currents obtained with SPS
modulation technique at the rated power for each phase of the system.
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Figure 52. Measured grid voltages (20 V/div) and grid currents (5 A/div) of the phase a and b obtained
with SPS at the rated power.
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Also for this case, the phase angle between voltage and current of the same phase is equal to zero,
thus this result demonstrates the efficacy of the control strategy.

Figures 53 and 54 show the measured converter side and grid side currents, respectively.
As mentioned above, the currents trends present a not perfect half-wave symmetry and this
phenomenon determined the even harmonics.

Energies 2018, 11, 41 of 47 

 

 
Figure 52. Measured grid voltages (20 V/div) and grid currents (5 A/div) of the phase a and b obtained 
with SPS at the rated power. 

Also for this case, the phase angle between voltage and current of the same phase is equal to 
zero, thus this result demonstrates the efficacy of the control strategy. 

Figures 53 and 54 show the measured converter side and grid side currents, respectively. As 
mentioned above, the currents trends present a not perfect half-wave symmetry and this 
phenomenon determined the even harmonics. 

  
(a) (b) 

Figure 53. Measured converter side currents (2 A/div) obtained with SPS at the rated power. (a) Ripple 
in different cycles; (b) Magnification of ripple. 

Figure 53. Measured converter side currents (2 A/div) obtained with SPS at the rated power. (a) Ripple
in different cycles; (b) Magnification of ripple.

Energies 2018, 11, 42 of 47 

 

  
(a) (b) 

Figure 54. Measured grid side currents (2 A/div) obtained with SPS at the rated power. (a) Ripple in 
different cycles; (b) Magnification of ripple. 

Figure 55a shows the low order harmonics of the grid current at rated power. The amplitude of 
the all low order harmonics are less of the current limits reported in Table 1. However, by comparing 
the low order harmonic spectra of SPD and SPS, it can be noted that the second order harmonic is 
higher in SPS modulation technique. The presence of the even harmonics also is due to absence of the 
DC voltage control. Moreover, in both low order harmonic spectra of the SPD and SPS is predominant 
a seventh harmonic with similar value. 

In Figure 55b is shown the comparison between the harmonic spectra centered on switching 
frequency of the converter side current Ia (blue bars) and grid side current Iga (yellow bars). The lower 
values of the harmonics of the grid side current demonstrate the effectiveness of the LCL filter. 

  
(a) (b) 

Figure 55. Calculated (a) low order harmonics of the grid side current and (b) switching frequency 
harmonics spectra of the converter side and grid side currents. 

In Table 15 are summarized the calculated THD% for different values of side current injected in 
the grid. The THD% values obtained with SPS are similar respect to the previously calculated with 
SPD. This is an interesting result, because the modulation techniques PS based are more versatile 
respect to the others multicarrier modulation techniques for grid connected applications like PV 
systems, for example. The modulation techniques PS based allow to control each H-Bridge like a 
single-phase inverter and it is possible to use innovative control algorithms especially designed in 
dependence of the application. 
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values of the injected current into the grid. 

Figure 54. Measured grid side currents (2 A/div) obtained with SPS at the rated power. (a) Ripple in
different cycles; (b) Magnification of ripple.

Figure 55a shows the low order harmonics of the grid current at rated power. The amplitude of
the all low order harmonics are less of the current limits reported in Table 1. However, by comparing
the low order harmonic spectra of SPD and SPS, it can be noted that the second order harmonic is
higher in SPS modulation technique. The presence of the even harmonics also is due to absence of the
DC voltage control. Moreover, in both low order harmonic spectra of the SPD and SPS is predominant
a seventh harmonic with similar value.

In Figure 55b is shown the comparison between the harmonic spectra centered on switching
frequency of the converter side current Ia (blue bars) and grid side current Iga (yellow bars). The lower
values of the harmonics of the grid side current demonstrate the effectiveness of the LCL filter.
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In Table 15 are summarized the calculated THD% for different values of side current injected in
the grid. The THD% values obtained with SPS are similar respect to the previously calculated with SPD.
This is an interesting result, because the modulation techniques PS based are more versatile respect
to the others multicarrier modulation techniques for grid connected applications like PV systems,
for example. The modulation techniques PS based allow to control each H-Bridge like a single-phase
inverter and it is possible to use innovative control algorithms especially designed in dependence of
the application.

Table 15. Experimental THD% of the converter and grid side currents, obtained with SPS, for different
values of the injected current into the grid.

In/3 In/2 2In/3 In

Converter side current 12.28% 8.41% 6.80% 5.64%
Grid side current 7.42% 4.45% 3.91% 3.33%

In addition, the line voltage build with the SPS modulation technique has nine level, as shown in
Figure 56.

Energies 2018, 11, 43 of 47 

 

 In/3 In/2 2In/3 In 
Converter side current 12.28% 8.41% 6.80% 5.64% 

Grid side current 7.42% 4.45% 3.91% 3.33% 

In addition, the line voltage build with the SPS modulation technique has nine level, as shown 
in Figure 56. 

 
Figure 56. Measured line voltage of the converter at rated power. 

Figure 57 shows the measured capacitor voltage of the LCL filter with an evident low harmonic 
content that also in this case demonstrate the efficacy of the LCL filter. 

 
Figure 57. Measured capacitor voltage of the LCL filter at rated power. 

4. Discussion 

In order to face the harmonic distortion problem, two issue can be distinctly taken into account: 
the generation of harmonics and their suppression. Although the approach is not purely 
dichotomous, since a lower generation corresponds to an easier suppression, here the main results of 
this work can be approached with an etiological methodology. 

The modulation techniques with PD as carrier signals shows a harmonic spectrum of the phase 
voltage with a predominant harmonic centered on the switching frequency and side band harmonics 
(Figure 10). By considering the modulation with POD and APOD as carriers, in the spectra, the 
harmonic component at switching frequency does not appear but there are only side bands (Figure 
16). By considering the modulation with PS disposition, the harmonics are centered around four times 
the switching frequency, are present only side bands harmonics like in modulation techniques POD 
and APOD based (Figure 25). 

In order to reduce the harmonics in the grid side, a filtering system is correctly designed. For the 
PD based modulation techniques, the converter side inductance L and grid side inductance Lg present 
the lower values (Table 4). Higher value of the converter side inductance were obtained with 
THIPOD modulation technique, phenomenon attributable to the higher number of the side band 
harmonics generated by POD carrier signals. Figure 14 (PD), 23 (POD and APOD) and 29 (PS) show 
the performances of the filtering by considering the different modulation techniques. For each 
techniques, the third harmonic of injected current is much reduced, so the comparison moves on the 

Figure 56. Measured line voltage of the converter at rated power.

Figure 57 shows the measured capacitor voltage of the LCL filter with an evident low harmonic
content that also in this case demonstrate the efficacy of the LCL filter.
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4. Discussion

In order to face the harmonic distortion problem, two issue can be distinctly taken into account:
the generation of harmonics and their suppression. Although the approach is not purely dichotomous,
since a lower generation corresponds to an easier suppression, here the main results of this work can
be approached with an etiological methodology.

The modulation techniques with PD as carrier signals shows a harmonic spectrum of the
phase voltage with a predominant harmonic centered on the switching frequency and side band
harmonics (Figure 10). By considering the modulation with POD and APOD as carriers, in the
spectra, the harmonic component at switching frequency does not appear but there are only side
bands (Figure 16). By considering the modulation with PS disposition, the harmonics are centered
around four times the switching frequency, are present only side bands harmonics like in modulation
techniques POD and APOD based (Figure 25).

In order to reduce the harmonics in the grid side, a filtering system is correctly designed. For the
PD based modulation techniques, the converter side inductance L and grid side inductance Lg

present the lower values (Table 4). Higher value of the converter side inductance were obtained
with THIPOD modulation technique, phenomenon attributable to the higher number of the side band
harmonics generated by POD carrier signals. Figure 14 (PD), 23 (POD and APOD) and 29 (PS) show the
performances of the filtering by considering the different modulation techniques. For each techniques,
the third harmonic of injected current is much reduced, so the comparison moves on the fifth harmonic:
PD is around 1%, POD and APOD less than 0.5%, PS around 2%. Excellent performance of THIPOD
for its very low values of fifth and also seventh harmonic, are remarkable, but the side inductance L is
eight times the value for PD ones. By analyzing Figure 29, low order harmonics contents are present,
in particular besides the fifth, seventh is predominant. Modulation techniques PS based have the higher
values of the lower order harmonics compared with all modulation techniques previously described.

In conclusion, modulation techniques PD based allow obtaining good results in terms of the
harmonic content on the grid current with the lower values of the LCL filter parameters. In particular,
SPD represent the best solution.

The previous described good results are validated in Figure 45 with the experimental test phase;
moreover, it is possible to find an experimental behavior better than the simulated one for SPD for
different modulation indexes.

Finally, the approach was validated for a grid-connected system by exploiting the three-phase
Variac to grid interface. Different current values were injected in the power grid, Tables 14 and 15
report that the THD% remained below the 4%, 3.72% for SPD and 3.33% for SPS techniques.

By considering the work of Colak et al. [64], as the number of levels in multilevel inverter increases,
the THD in the output voltage reduces, but the drawback of increasing the levels is that that the control
circuit becomes hard challenges. A comparison can be done with recent results found in literature.
Kavali and Mittal obtained by MATLAB based simulation with SIMULINK environment interesting
results for their single-phase five level CHBMI topology with sinusoidal pulse width modulation
schemes [37]. For PD the THD was reduced to 5.69%; in case of POD it was 5.75%; for APOD it was
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5.73%; the THD was 7.42% in case of PS. Results obtained in the present work follow those obtained
in [37], the obtained THDs are below, and add an experimental validation to them.

5. Conclusions

As previously described, the PWM modulation techniques found large use in many industrial
applications thanks their main features as easy implementation in electronic control systems, low
computational cost and high flexibility. Moreover, for grid-connected applications the PWM
modulation techniques are the best solution due to the lower amplitude of the low-order harmonics,
reducing the filter requirements. Thus, in this work a detailed analysis taking into account
all PWM modulation techniques, the LCL filter requirements and the real time implementation
issues in FPGA-based prototype control board for a grid-connected three-phase five-level CHBMI,
was presented.

Firstly, through a simple step-by-step procedure to design LCL filter for each modulation
techniques taken into account, it was demonstrated that the lower values of the filter parameters
are obtained for modulation techniques employing sinusoidal as reference signals. These interesting
results were confirmed by the experimental validation of the THD% values. In particular, the SPD and
SPS showed the best results in terms of the THD% values. Then, the experimental tests was focused
by using the SPD and SPS modulation techniques in order to inject in the power grid different values
of current through the specially designed LCL filter. Notably, the experimental tests confirmed the
effectiveness of the LCL filter. The amplitude of the lower order harmonics are below of the standard
harmonic current limits at the point of common coupling. Nevertheless, appeared even-harmonics
on the amplitude spectra. Finally, it is possible to claim that the modulation technique SPS is the best
solution for all grid-connected applications where it is necessary to control the power flow of the DC
sources separately.
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