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1. INTRODUCTION

The increasing use in industry of static devices to convert energy, called static converters, brings out
more and more disturbance problems at the main electrical grid level. Thus there is today an increase in the
voltage THD. To resolve this problem, multilevel inverter structures were developed.

Initially, created both to put several switches in series and to accurately ensure the voltage withstand
across them. Thereafter these converters have shown interesting properties on the output waveforms [1]. The
output of multilevel inverter is a staircase wave, which is nearly sinusoidal [2].

The multilevel inverters still require many improvements and optimization in the control area.
Among these, the Diode clamped, and the cascaded H-bridge inverter are the two main different multilevel
inverter structures which are used in industrial applications with separate dc sources. In diode-clamped
inverter there is a problem of capacitor voltage balancing and this problem is overcome in cascaded H-bridge
inverter [3], [4], [5]. Among the control strategies, we distinguish four PWM structures; the SPWM, the
SVPWM [6], the SHEWPM [7] and the suboptimal modulation. This work is dedicated to the performance
improvements of inverter voltage and the optimization of PWM control strategies.
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2. MULTILEVEL INVERTER

2.1. Neutral Point Clamped Inverter

The NPC converter is one of the reference structures in the multilevel conversion (see Figure 1).
This converter uses the series connection of switches. The voltage distribution across the switches is carried
out by diodes connected at middle point.

The voltage across the capacitors are all equal to E/(N —1), E is the overall direct voltage.

The number of levels is computed by the following formula [8]:
N=P+1 1)
N: Number of voltage levels

P: Number of complementary switch pairs per phase.
Figure. 1 shows an NPC three level inverter.
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Figure 1. Three level neutral diode-clamped legs

Table 1 shows the relationship between the allowed switch configurations and the output voltages of
a three level diode-clamped leg:

Table 1. Three level neutral diode-clamped leg relationships between switch configurations and output

voltages
Switch state
K1 K2 K3 K4 Vao(V)
1 1 0 0 E/2
0 1 1 0 0
0 1 1 -E/2

2.2. H Bridge Inverter
This conversion structure family is the first one described in literature as a multilevel conversion
structure. The principle of this topology is to put in series several single phase two level bridges in H. Each
inverter is fed by a direct source E, and composed of four switches which are unidirectional in voltage and bi-
directional in current. It is an association between an IGBT and a diode connected in anti-parallel [9], [10].
These bridges are connected to separate voltage sources. The number of sources is equal to the
number of bridges.

N =2D+1 )
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N: Number of voltage levels
D: Number of single phase bridges per phase

The structure of a multilevel inverter based on the series connection of H bridges (single phase
inverter or partial cell) is shown in Figure 2.
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Figure 2. Three level cascaded H-bridge leg

Table 2 shows the relationship between the allowed switch configurations and the output voltages of
a three level cascaded leg inverter.

Table 2. Three level cascaded H-bridge leg relationships between switch configurations and output voltages
Switch state

K1 K2 K3 K4 Vao(V)
1 1 0 E
1 1 0 0 0
0 1 0 1 -E

Considering the same DC source voltage, it can be seen that even cascaded inverter output voltage
amplitudes are greater here than in the diode-clamped.

3. SIMULATION RESULTS

In order to compare between the two topologies (NPC and H bridge), simulations are carried out to
confirm the veracity of Tables 1 and 2 concerning the relationship between the allowed switch configuration
and the output voltage.

The SPWM control is used with the same simulation parameters. PSIM program is used as
simulation environment. Simulation parameters are grouped in Table 3.

Table 3. Simulation parameters for SPWM control
E (V) Fp (Hz) Fm (H2) Ap Am
220 20k 50 1 1

E: Direct voltage feeding the inverter
Fp: Carrier frequency

Fm: Modulating frequency

Ap: Carrier amplitude

Am: Modulating amplitude

The operating improvement of the supply source and the optimization of PWM control (Farouk Hadj Benali)
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3.1. Simulation Example of Three Level NPC
Simulation Example of Three Level NPC is shown in Figure 3.
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Figure 3. Vao voltage waveform for three level NPC (THD=56,39 %; Vmax=110V)

3.2. Simulation Example of Three Level H Bridge
Simulation Example of Three Level H Bridge is shown in Figure 4.
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Figure 4. Vao voltage waveform for three level H bridge (THD=56,39 %; Vmax =220V)

4.  ANALYSIS OF RESULTS
The obtained simulation results show that the Vao voltage value for three level NPC is equal to:
V 201 =110 (V); and Vao voltage value for three level H bridge is equal to: Vv 45, = 220 (V), for the same direct

source voltage E =220 (V).

Thus:

E
Va01:? (3)
Vao2 = E (4)

Relying on the obtained simulation results, we notice that the H bridge inverter exploits at most the
direct supply, on the other hand the NPC inverter exploits only the half of the direct supply, causing the
decommissioning of power of the supply.

The control strategies (SPWM and suboptimal PWM) are applied to the chosen multilevel inverter
(H bridge multilevel inverter) according to the obtained results.
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5. MODULATION TECHNIQUES

5.1. SPWM strategy
This strategy is based on the comparison of a sine wave reference voltage Um called modulating
signal which has an amplitude Am and a frequency fm, to one or more triangle carriers Up which have the

same amplitude A, =2/(N —1) and the same frequency fp.

Each comparison gives 0 if the modulating signal is higher than the carrier. Otherwise it gives 1.
The sum of signals obtained from the comparisons gives the phase voltage value of each level.
Two parameters typify this strategy [11]:

Modulation index: Q = f /f ®)

Voltage adjustment coefficient: r = A,/((N —1) A, (6)

The Figure 5 shows the necessary signals to generate a five level voltage, with Q=30 and r= 1.
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Figure 5. Reference voltage and triangle carriers for a five multilevel inverter (Q=20, r = 1)

5.2. The Suboptimal PWM Strategy

Optimal or suboptimal PWM enables to reduce voltage waste by injection of harmonic order 3 in the
reference (modulating signal) [12].

The injection of harmonic order 3 at modulating signal level enables to increase the fundamental
maximum amplitude of the resulting wave, and consequently in the output voltages without the modulating
amplitude goes beyond Ap/2. This harmonic order 3 contained in the output voltage of the inverter is
eliminated by the three-phase system in single and phase voltages [13]. This method is illustrated by
Figure 6.

Figure 6. Voltage waveforms: waveform of the resulting voltage Vre (red); waveform of the modulating
voltage Vm (blue); waveform of the third harmonic voltage Vh3 (green)
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The modulating is expressed as follows:
Vie=Vmn+Vns
Ve = AnSIN(9) + AnsSin(30)
Az = An/6

Vre: Resulting voltage waveform

Am: Modulating amplitude
An3: Harmonic order 3 amplitude

()
®)
©)

The H bridge 3, 5, 7 and 15 level inverters are implemented in PSIM environment in order to define
which of the two control strategies (SPWM and PWM) is the most efficient.
The phase voltage waveform Vab (V) with a fundamental frequency of 50 Hz and a switching

frequency of 20 kHz is presented for all simulations.

For the comparison, the THD and the fundamental voltage are measured and presented for all
simulations. Figure 7 represents H bridge 3, 5, 7 and 15 level inverter one-leg.
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Figure 7. (a) 3-level cascaded H-bridge leg, (b) 5-level cascaded H-bridge leg (c) 7-level cascaded H-bridge
leg (d) 15-level cascaded H-bridge leg.

6. SIMULATION RESULTS
6.1. SPWM Simulations

Simulation parameters of SPWM control are grouped in Table 4.

Table 4. Simulation parameters for SPWM control.
E (V) Fp (Hz) Fm (Hz) Ap Am
110 20k 50 1 1

The operating improvement of the supply source and the optimization of PWM control (Farouk Hadj Benali)



610 ) ISSN: 2088-8694

6.1.1. Simulation Results of H bridge 3 Level Inverter: Aspect of Phase Voltages Vab(V)
Simulation Example of H bridge 3 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 8.
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Figure 8. Phase voltage waveform Vab(V)for H bridge 3 levels

6.1.2. Simulation Results of H Bridge 5 Level Inverter: Aspect of Phase Voltages Vab (V)
Simulation Example of H bridge 5 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 9.
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Figure 9. Phase voltage waveform Vab(V) for H bridge 5 levels

6.1.3. Simulation Results of H Bridge 7 Level Inverter: Aspect of phAse Voltages Vab (V)
Simulation Example of H bridge 7 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 10.
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Figure 10. Phase voltage waveform Vab(V)for H bridge 7 levels
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6.1.4 . Simulation Results of H bridge 15 Level Inverter: Aspect of Phase Voltages Vab(V)
Simulation Example of H bridge 15 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 11.
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Figure 11. Phase voltage waveform Vab(V)for H bridge 15levels

6.2. PWM Suboptimal Simulations
Simulation parameters of suboptimal PWM are grouped in Table 5.

Table 5. Simulation parameters for the suboptimal PWM control
E (V) Fp(Hz) Fm(Hz) Ap Am Ah3
110 20k 50 1 1.155 0.1925

6.2.1. Simulation Results of H Bridge 3 Level Inverter: Aspect of Phase Voltages Vab (V)
Simulation Results of H bridge 3 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 12.
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Figure 12. Phase voltage waveform Vab(V)for the H bridge 3 levels
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6.2.2. Simulation Results of H Bridge 5 Level Inverter: Aspect of Phase Voltages Vab (V)
Simulation Results of H bridge 5 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 13.
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Figure 13. Phase voltage waveform Vab(V)for the H bridge 5 levels

6.2.3. Simulation Results of H Bridge 7 level Inverter: Aspect of Phase Voltages Vab (V)
Simulation Results of H bridge 7 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 14.
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Figure 14. Phase voltage waveform Vab(V)for the H bridge 7 levels

6.2.4. Simulation Results of H Bridge 15 Level Inverter: Aspect of Phase Voltages Vab(V)
Simulation Results of H bridge 15 Level Inverter: Aspect of Phase Voltages Vab(V) in Figure 15.
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Figure 15. Phase voltage waveform Vab(V) for the H bridge 15 levels
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7.  ANALYSIS OF RESULTS

Table 6 aggregates all the obtained simulation results. We note that the application of SPWM
control to the H bridge inverter has led to an increase of the fundamental voltage value at each rise of inverter
levels. Table 6 shows the increase of H bridge inverter levels leads to a THD decrease and improves the
quality of the output voltage waveform for the two control strategies.

Table 6. Simulation results

Number of SPWM Suboptimal PWM
level THD (%) Vi THD (%) \Y!

3 35.66 119.08 314 133.75

5 17.75 12153 14.86 138.57

7 11.09 122.22 9.81 138.79

15 474 122.33 4.2 141.09

The obtained results concerning the THD from the suboptimal PWM are better than those obtained
from the SPWM. Concerning the application of suboptimal PWM control, we see an increase of the
fundamental voltage value of the inverter at each level rise.

The Table 7 compares the values of THD resulting from the use of suboptimal PWM of this study
with those resulting from the SPWM of the reference [12].

Table 7. THD of output voltage Vab (V) for the suboptimal PWM and the SPWM of reference [12]

Number of level Suboptimal PWM SPWM [12]
THD (%) THD (%)
3 314 61.95
5 14.86 32.04
15 4.2 9.75

8. CONCLUSION

This paper summarizes the research we have done in order to obtain a multilevel inverter and an
optimal control with a better value of the fundamental voltage and a reduced THD.

The obtained simulation results show that the H bridge inverter is better than the NPC inverter in
terms of operating of the supply source. And the performance in terms of THD and fundamental voltage
value of the suboptimal PWM is better than the SPWM.

REFERENCES

[1] Alexandre Leredde., "Etude, Commande et mise en oeuvre de Nouvelles Structures Multiniveaux”, These en vue de
I'obtention du Doctorat de I'Université de Toulouse, INP Toulouse, 2011.

[2] Nakul Thombre, Ratika singh Rawat, Priyanka Rana, Umashankar S., "A Novel Topology of Multilevel Inverter
with Reduced Number of Switches and DC Sources”, International Journal of Power Electronics and Drive System
(1JPEDS), July 2014, pp. 56-62.

[3] Shahrin Md Ayob, Zaenal Salam, Abdul Halim M. Yatim, “"Non Sinusoidal PWM Method for Cascaded Multilevel
Inverter”, TELKOMNIKA Indonesian Journal of Electrical Engineering, 2012; 10(4), pp. 670-679.

[4] R Naveen Kumar, "Energy Management system for Hybrid RES with Hybrid Cascaded Multilevel inverter",
International Journal of Electrical and Computer Engineering (IJECE), 2014, pp. 24-30.

[5] Gnana Prakash M, Balamurugan M, Umashankar S., "A New Multilevel Inverter with Reduced Number of
Switches", International Journal of Power Electronics and Drive System (IJPEDS), July 2014, pp. 63-70.

[6] F. Wang, "Sine-Triangle vs. Space Vector Modulation for Three-Level PWM Voltage Source Inverters"”, in IEEE
IAS Annual Meeting Conference, 2009, pp.2482-2488.

[7] Y. Sahali et M. K. Fellah, "Selective Harmonic Eliminated Pulse-Width Modulation Technique (SHE PWM)
applied to Three-level Inverter / Converter”, in IEEE International Symposium on Industrial Electronics Rio de
Janeiro, Brasil, 9-11 Juin 2003.

[8] Angelo Baggini, "Handbook of power quality"”, university of Bergamo, Italy, Jhon Wiley and sons Ltd 2008.

[9] Mamadou Baldé, " Etude d'un compensateur statique pour éoliennes a vitesse fixe a base de génératrice asynchrone
a cage", comme exigence partielle de la maitrise en génie électrique, I'Université du Québec a Trois-Riviéres, 2010.

[10] Ying Cheng, Chang Qian, Mariesa L. Crow, Steve Pekarek., "A Compalison of Diode-Clamped and Cascaded
Multilevel Converters for a STATCOM with Energy Storage”, IEEE Transactions on Industrial Electronics, vol.
53, pp. 1512 - 1521, Oct.2006.

The operating improvement of the supply source and the optimization of PWM control (Farouk Hadj Benali)



614 ) ISSN: 2088-8694

[11] Daniel Depernet., ""Optimisation de la commande d'un onduleur MLI a trois niveaux de tension pour machine
asynchrone", These pour I’obtention du grade de Docteur de I’Université de Reims Champagne-Ardenne, 1995.

[12] G. Seguier., " La modulation de largeur d'impulsions dans les onduleurs de tension," Journée d'étude SEE Groupe
Nord, Club 13, 28 Novembre 1990.

[13] Abdelaziz Fri, Rachid El Bachtiri, Abdelaziz El Ghzizal., "Cascaded H-Bridge three-phase multilevel inverters
controlled by multi-carrier SPWM dedicated to PV", Journal of Theoretical and Applied Information Technology,
20th December 2013. Vol. 58 No. 2.

IJPEDS Vol. 6, No. 3, September 2015 : 603 — 614



