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The inverters have to be designed to obtain a quality output voltage or a
current waveform with a minimum amount of ripple content. In high power
and high voltage applications the conventional two level inverters, however,
have some limitations in operating at high frequency mainly due to switching
losses and constraints of the power device ratings. Series and parallel
combination of power switches in order to achieve the power handling
voltages and currents. The conventional two level inverters produce THD
levels around 60% even under normal operating conditions which are
undesirable and cause more losses and other power quality problems too on
the AC drives and utilities. Nowadays, multilevel inverters are widely used in
power industry. Voltage unbalance problem is one of the major issues in
working of multilevel inverter. In this paper, a three phase H-bridge + H-type
FCMLI using sinusoidal reference, third harmonic injection reference, 60
degree reference and stepped wave reference are initially developed using
SIMULINK and then implemented in real time environment using dSPACE.
The five level output voltages of the chosen MLIs obtained using the
MATLAB and dSPACE based PWM strategies and the corresponding %
THD, Vgus (fundamental), CF and FF are presented and analyzed. It is
observed that bipolar COPWM-C provides output with relatively low
distortion for sine reference and bipolar COPWM-B strategy is found to
perform better since it provides relatively higher fundamental RMS output
voltage for 60 degree reference.
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1. INTRODUCTION

In the recent past, the multilevel inverters have drawn tremendous attention in the field of high
voltage and high power applications. One of the most important problems in controlling a multilevel voltage
source inverter is to obtain a variable amplitude and frequency sinusoidal output by employing simple control
techniques. In voltage source inverters, the non fundamental current harmonics cause power losses,
electromagnetic interference and pulsating torques in AC motor drives. So the harmonic reduction must be
related to performance of an inverter. Multilevel voltage source inverter has various Pulse Width Modulation
control schemes have been developed and the same were analyzed in the previous chapter with respect to
reduction in power quality issues as discussed by Corzine et al (2003). Multilevel inverter can increase the
power by (m-1) times than that of two level inverter through the series and parallel connection of
semiconductor power switches. Compared this with two level inverter system delivers same power, the
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multilevel inverter has some advantages of that the lower harmonic components on the output AC voltages
can be eliminated and EMI problem could be decreased. Babaei et al., (2014) the topology requires lesser
number of power switches and dc voltage sources. Banaei et al. (2014) the proposed inverter works with
lower total peak inverse voltage. Kangarlu et al., (2013) the multilevel inverter uses reduced number of
power switching devices. Special focus has been paid to obtain optimal structures regarding different criteria
such as number of dc voltage sources, standing voltage on the switches, number of switches. Odeh et al.,
(2013) analysis of the conduction power losses in the power semiconductor switches of the proposed inverter
topology. Chung-Ming Young et al., (2013) the combination of batteries can be controlled according to the
batteries voltages to implement the battery-balancing function. Panda et al., (2012) cascaded multilevel
inverter with low-frequency three-phase transformers and a single dc power source is proposed. This
topology aims to reduce the number of components and so reduce the complexity of the circuit. Zixin et al.
(2012) the level of the output voltage is only half of the dc-link voltage in all conditions, leading to much
reduced dv/dt. Yi-Hung et al., (2011) the studied multistring inverter topology offers strong advantages such
as improved output waveforms, lower electromagnetic interference and THD. Hinago et al., (2010) the
proposed inverter can output more numbers of voltage levels in the same number of switching devices by
using this conversion. The number of driving circuits is reduced, which leads to the reduction of the power
consumption and size in the driving circuits. The THD value of the output waveform is also reduced.
Naumanem et al., (2010) pulsed inverter voltage and the impedance mismatch between the cable and the
motor cause an oscillating overvoltage in the motor terminals.

2. H-BRIDGE AND H-TYPE FCMLI

Figure 1 shows the different types of multilevel inverters. In this work, a H-bridge will produce
three output levels and H-type FCMLI will produce five output levels. Both the modules are connected in
series. So the total output is V41 + V4o = V. The output voltage across the load will have seven levels and
the number of carriers required to produce seven output levels is six carriers. Multi-carrier bipolar triangular
carrier modulation strategies with different references are employed for the study of the chosen MLI. Figure
2 shows the power circuit for three phase H-bridge and H-type FCMLI. The multilevel inverters are
classified as follows:

MULTILEVEL
INVERTER

SEPARATEDC COMMON DC
SOURCES SOURCES

CASCADED DO IDE CLAMPED e
INVERTER INVERTER INVERTER

Figure 1. Types of multilevel Inverters

Table 1 displays the switch states and output voltage levels for H-bridge and H-type flying capacitor
multilevel inverter.

Table 1. H-bridge and H-type flying capacitor multilevel inverter - switch states and output voltage levels
H-type FCMLI H-Bridge v Vi Vi

Sa1 Sa2 Saz Sat Sot Se Sbs Sos Sat Sa2 Sot Stz
0 0 1 1 1 1 0 0 1 0 0 1 -Vdc Vdc -2Vdc
0 0 1 1 1 1 0 0 0 1 0 1 -1/2vde  1/2Vde -Vdc
0 0 1 1 0 1 0 1 0 1 0 1 -1/2 Vdc 0 -1/2 Vdc
0 1 0 1 1 1 0 0 0 1 0 1 0 1/2Vvde  -1/2Vdc
1 0 1 0 1 1 0 0 0 1 0 1 0 -1/2Vvde  1/2 Vdc
1 1 0 0 1 1 0 0 0 1 0 1 1/2vdc  1/2 Vdc 0
0 0 1 1 0 0 1 1 0 1 0 1 -1/2vdec  -1/2 Vdc 0
0 1 0 1 0 0 1 1 0 1 0 1 0 -1/2Vvde  -1/2 Vdc
1 1 0 0 0 1 0 1 0 1 0 1 1/2 vdc 0 1/2 Vdc
1 0 1 0 0 0 1 1 0 1 0 1 0 -1/2Vvde  1/2 Vdc
1 1 0 0 0 0 1 1 0 1 0 1 1/2vde  -1/2Vdc Vdc
1 1 0 0 0 0 1 1 0 1 1 0 Vdc -Vdc 2Vdc
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Figure 2. Three phase H-bridge and H-type flying capacitor multilevel inverter
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Figure 4. Output voltage of H-type FCMLI for R-Phase
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Figure 5. Total Output voltage of H-bridge + H-type FCMLI for R-Phase
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3. PWM STRATEGIES

High-switching-frequency modulation methods like multicarrier bipolar PWM and space vector
modulation techniques have been used for MLI modulation control. The proposed topology can be modulated
with any one of these methods with suitable adjustment. In the present work, the multicarrier bipolar PWM
scheme is used. Figure 6 and 7 shows the sample carrier arrangement. In a multicarrier bipolar PWM scheme,
carrier signals are compared with the reference signal, and the pulses obtained are used for switching of
devices corresponding to respective voltage levels. In the proposed topology, one switch may contribute for
synthesis of more than one level at output terminals.
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Figure 6. Sample carrier arrangement for sinusoidal Figure 7. Sample carrier arrangement for 60 degree
reference and PDPWM strategy reference and PDPWM strategy
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4.  SIMULATION RESULTS

The simulated output voltage is shown for only one sample value of m,=0.8. The following
parameter values are used for simulation: Vg = 110V, Vg, = 440V, R(load) = 100 ohms, C; = C, = 10 e-3
Farad and C3; = 1600 Farad, f, =2000 Hz and f,, = 50 Hz. Figure 8, 10, 12 and 14 shows the sample output
voltage for PDPWM strategy with sinusoidal, THI, 60 degree and stepped wave reference and the
corresponding FFT plot is shown in Figure 9, 11, 13 and 15. Table 2-5 show the comparison of %THD,
Vrus (fundamental), CF and FF for different PWM strategies with various references.

Output voltage for R-Phase Fundamental (50Hz) = 261 , THD= 24.63%
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Figure 8. Sample output voltage generated by Figure 9. FFT plot for output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI PDPWM strategy for H-bridge and H-type FCMLI
with sine reference with sine reference
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Figure 10. Sample output voltage generated by Figure 11. FFT plot for output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI PDPWM strategy for H-bridge and H-type FCMLI
with THI reference with THI reference
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Figure 12. Sample output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI
with 60 degree reference
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Figure 14. Sample output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI
with stepped wave reference
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Figure 13. FFT plot for output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI
with 60 degree reference
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Figure 15. FFT plot for output voltage generated by
PDPWM strategy for H-bridge and H-type FCMLI
with stepped wave reference

Table 2. % THD of output voltage (R-phase) of H- bridge and H-type FCMLI for various values of m, (R-
load, by simulation)

Sinusoidal reference

Third harmonic injection reference

Ma PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 1835 1828 1811 2281 2126 16.85 1841 2497 2506 2492 2822 28.04 26.37 2498
09 2258 2229 2286 2637 24.05 1878 22,63 29.12 29.03 29.68 3093 29.29 27.32 29.17
0.8 2453 2432 2439 2938 27.83 2190 2456 30.11 29.92 3092 3284 3146 2947 30.16
0.7 2586 2548 2562 3355 3223 2365 2583 27.80 2765 28.09 3449 3350 29.39 27.86
0.6 3475 3466 34.06 4098 40.68 2521 34.62 36.66 36.14 3572 4186 4228 29.28 36.71
m 60 degree PWM reference Stepped wave reference
2 PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 2269 2249 2259 26.88 2810 2647 2272 16.78 16.87 1712 2239 22,64 1784 16.77
0.9 2817 28.08 2853 29.98 2810 26.13 2823 23.14 2305 2282 2613 2444 19.01 23.08
0.8 3031 2994 3126 3244 3094 29.16 3039 2442 2469 2392 2910 2770 2048 2441
0.7 2778 2804 28.06 3365 31.93 29.02 27.84 2726 2728 2599 3330 3281 2443 2724
0.6 3405 33.79 3353 40.62 4047 2998 3406 34,52 3527 3291 40.98 4041 27.04 3453

Table 3. Vrus of output voltage (R-phase) of H- bridge and H-type FCMLI for various values of m, (R-load,
by simulation)

Sinusoidal reference

Third harmonic injection reference

Ma PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 2318 2315 2326 2471 2555 2552 2318 268.7 2695 2688 2766 2833 2829 2687
09 2086 2091 208.6 2304 2411 241 2085 2418 2418 2421 258.7 2705 2704 2417
0.8 1845 1845 1856 2124 2226 2223 1846 2149 2148 2155 2408 2528 2527 21438
07 161 1604 1625 1911 2014 2001 161 1875 1876 1882 3208 2329 2327 187.6
06 136.7 136.7 1388 1642 1731 1721 136.7 159.6 159.7 1614 189.1 1999 1994 159.6
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m 60 degree PWM reference Stepped wave reference
° PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 279.8 280.1 280 2834 2855 285 279.8 2334 234 2347 248.7 2557 255.6 2334
09 2516 2518 252 2658 2774 277 2516 2098 2101 2125 2305 2427 240.7 20938
0.8 2236 2234 2239 2464 2574 2575 2236 1863 186.2 189.3 2134 2238 2209 186.3
0.7 1953 1958 1957 2263 2406 2403 1953 162 162.1 1651 191.3 203.3 200.2 162
06 1663 1661 1676 1971 2081 2074 1663 1373 1368 1401 1658 1732 171 137.2

Table 4. CF of output voltage (R-phase) of H- bridge and H-type FCMLI for various values of m, (R-load,
by simulation)

Sinusoidal reference

Third harmonic injection reference

Ma PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF

1 14141 14141 14140 14140 14144 14141 14141 14142 14144 14140 14143 14140 14142 1.4145

09 14137 14139 14146 14144 14143 14141 14139 14139 14143 14142 14139 14144 14145 14145

0.8 14146 14138 14137 1.4143 14141 14143 14138 14141 14143 14143 14140 14141 1.4143 1.4143

0.7 14136 14142 14141 14139 14131 14142 14142 14144 14147 14144 14142 14139 14129 14141

0.6 14147 14140 14135 14142 14142 14137 14140 14141 14139 14138 14145 14142 14132 14141

m 60 degree PWM reference Stepped wave reference

2 PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF

1 14138 14141 14142 14142 14140 14143 14142 14143 14145 14141 14145 14141 14143 14143

0.9 14145 14142 14142 14142 14142 14144 14145 14142 14140 14141 14143 14140 1.4137 14142

0.8 14141 14140 14152 14139 14141 14139 14141 14143 14146 14141 14142 14137 14142 14143

0.7 14142 14141 14144 14144 14143 14140 14147 14141 14145 14136 14140 14146 14140 1.4135

0.6 14143 14136 14146 14145 14142 14136 14137 14136 14144 14139 14143 14139 14146 1.4139

Table 5. FF of output voltage (R-phase) of H- bridge and H-type FCMLI for various values of m, (R-load,
by simulation)

m Sinusoidal reference Third harmonic injection reference

2 PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 1363.5 33114 7753.3 41183 12775 12760 331142 746.38 26950 26880 747.56 28330 28290 767.71
0.9 1604.6 1603.8 5215 16457 12055 12050 1603.84 1209 12090 12105 3695.7 27050 27040 24170
0.8 3890 16781 3712 21240 7420 7410 1678.18 7163.3 10740 10775 24080 25280 25270 7160
0.7 84736 670.83 2031.2 1124.1 5035 5002.5  670.83 3125 62533 62733 32080 11645 11635 1443.0
0.6 34175 34175 1067.6 1642 2472.82 245857 34175 840 22814 2305.7 6303.3 49975 4985 INF
m 60 degree PWM reference Stepped wave reference

2 PD POD APOD CO-A CO-B CO-C VF PD POD APOD CO-A CO-B CO-C VF
1 25436 28010 28000 944.66 28550 28500 2798 9336 7800 2347 3108.7 12785 12780 416.78
0.9 12580 25180 25200 984.44 27740 27700 6290 999.04 52525 2125 79482 12135 8023.3 428.16
0.8 2795 11170 11195 24640 25740 25750  1490.66 15525 23157 189.3 646.66 7460 7363.3 503.51
0.7 1395 6526.6 6523.3 25144 12030 12015 781.2 5400 1140 165.1 11252 50825 5005 540
0.6 47514 2768.3 2793.3 19710 6936.66 6913.3 1847.77 624.09 3724 140.1 1658 2886.6 24428 4573.3

5. CONCLUSION
In this paper, a three phase new hybrid topology of H-bridge + H-type FCMLI using sinusoidal
reference, third harmonic injection reference, 60 degree reference and stepped wave reference are initially
developed using SIMULINK. The five level output voltages of the chosen MLIs obtained using the
MATLAB based PWM strategies and the corresponding % THD, Vgus (fundamental), CF and FF are
presented and analyzed. From tables it is observed that bipolar COPWM-C provides output with relatively
low distortion for sine reference and bipolar COPWM-B strategy is found to perform better since it provides
relatively higher fundamental RMS output voltage for 60 degree reference.
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