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 Abstract  
 
This paper presents an Asymmetric Multilevel Inverter (AMLI) with reduced number of switches for fuel 

cells and suitable for high voltage and high power applications. Among the several types of multilevel 

inverter, AMLI is a suitable choice to generate the higher number of output voltage levels with fewer 

switches and sources. A novel hybrid modulation strategy based on Variable Amplitude Phase Opposition 

and Disposition (VAPOD) is implemented using FPGA for AMLI which is powered by Proton Exchange 

Membrane Fuel Cell (PEMFC). The operation of the proposed AMLI is verified with simulation and 

experimental results. 
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1.  INTRODUCTION 
 

Multilevel inverter offers various applications  ranging from medium  to high voltage such as in 

renewable energy sources, industrial drives, electric vehicles  etc., A conventional single -phase 

inverter produces a voltage levels of  +VDC ,0 and –VDC which means it is able to produce quasi- 

square output voltage waveform. This output is not advisable to use for any AC system as an 

input. To get nearly sinusoidal waveform, a multilevel inverter is employed. By using MLI, ripple 

content and voltage stress across the switches get reduced. So, MLI is preferred over the 

conventional inverter. There are two major topologies of cascaded MLI namely Symmetric MLI 

and Asymmetric MLI. In SMLI, the DC voltage sources value are equal whereas in AMLI, 

unequal DC voltage sources are used. AMLI is preferred over the SMLI because it produces a 

higher voltage levels with same number of switches when compared with SMLI.  

 

This paper proposes a novel AMLI to produce fifteen level output voltage waveform by using 

only seven switches. The proposed AMLI is powered by Proton Exchange Fuel Cell which is the 

best choice compared to other types. Several modulation techniques have been reported in the 

literature [1]. In this paper,  a hybrid Variable Amplitude POD is implemented in AMLI to get 

reduced harmonic content in the output voltage waveform when compared with other POD based 

modulation technique. 
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2. BASIC OPERATION OF AMLI 
 

 AMLI is recommended to provide increased number of levels with reduced switches when 

compared with symmetric MLI. Therefore, this topology tends to increase reliability and 

efficiency than other topologies [2,3]. Figure 1 shows the circuit configuration of AMLI for 

producing fifteen level output voltage waveform.   

 

 
 

Figure1: Asymmetric Multilevel Inverter 

 
 TABLE 1: CONDUCTION STATE OF AMLI 

 

S1  S2 S3 S4 S5 S6 S7 V0 

On Off Off On On Off Off 6 

Off On Off On On Off Off 12 

On On Off On On Off Off 18 

Off Off On On On Off Off 24 

On Off On On On Off Off 30 

Off On On On On Off Off 36 

On On On On On Off Off 42 

Off Off Off Off On On Off 0 

On Off Off Off Off On On -6 

Off On Off Off Off On On -12 

On On Off Off Off On On -18 

Off Off On Off Off On On -24 

On Off On Off Off On On -30 

Off On On Off Off On On -36 

ON ON ON OFF OFF ON ON -42 

 

Table 1 shows the conduction state for seven switches in AMLI. From the conduction table, two 

switches must be switched ON   in inverter unit to generate positive and negative cycle of output 

voltage waveform and based on the conduction of the three switches in the asymmetric basic unit, 

the output voltage levels and values are determined.For this proposed AMLI, geometric 

progression with the power of two is used to determine the binary configuration of voltage 

sources. In AMLI, the asymmetric basic unit includes three sources and three switches and full 

bridge inverter unit includes four switches. Thus, fifteen level output voltage waveform is 
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produced by using seven switches and three sources. For the proposed asymmetric structure, the 

DC voltage source is chosen based on the following algorithm. 

 

V1=V              (1) 

Vm= 2
(m-1)

*V for m= 2, 3, ….n           (2) 

The number of levels and the maximum output voltage is determined by the below equations 

NLevel = 2
(n+1)

-1.             (3)  

V0,max = (2
n-1

)*V             (4) 

NMOSFET = n+4             (5) 

 

where n represents number of switches in asymmetric basic unit. 

 

3. HYBRID MODULATION STRATEGIES FOR AMLI 
      

 Normally, the performance of an inverter is mainly decided by its modulation technique [4,5]. 

For AMLI, different low and high frequency techniques have been employed. But this paper 

presents a hybrid modulation technique   that comprises of fundamental frequency modulation 

and sinusoidal pulse width modulation (SPWM). The fundamental frequency modulation 

technique is used for switches in full bridge inverter unit to reduce switching losses. To get 

reduced harmonic contents, SPWM is used for three switches in asymmetric basic unit [6,7]. The 

various hybrid modulation techniques based on POD, APOD, PD and PS are analyzed based on 

THD values. From the analyses result as discussed in [1], the POD modulation technique is the 

suitable one for the proposed AMLI. To improve the spectral quality of the output, the modified 

technique based on the POD modulation is used. The Variable Amplitude POD is implemented 

for AMLI with reduced THD of 9.92% than Variable Amplitude Carrier Overlapping POD, 

Variable Frequency POD and Inverted Sine POD. 

 

3.1 APOD HYBRID MODULATION TECHNIQUE 
 

In variable amplitude POD PWM, several carriers with single modulating signal are used. In this 

technique, the carrier signals located in above zero level and below zero level are in phase and out 

of phase by 180
0 

respectively. For the proposed AMLI to generate fifteen level output voltage 

waveform, four triangular carrier signals are used. By using triangular carrier signals, the ripple 

content in the output voltage gets reduced and the spectral quality is improved.   

 
Figure 2: Carrier and Reference signals for VAPOD 
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Figure 2 shows the hybrid modulation technique for 15- level MLI, four carriers with the same 

frequency fc and variable amplitude Ac. In this modulation technique, the two carriers in the 

middle portion have same amplitude and another two carriers above and below the axis have 

same amplitude but different from previous one. Because of the different magnitude carrier 

signals, the third harmonic distortion gets reduced. Here, the reference waveform is sinusoidal 

with peak to peak amplitude of Am and frequency fm. Sinusoidal zero amplitude is centered in the 

middle of the four carrier set. By comparison based on the amplitude of the carrier and reference 

waveform, thee conduction state of the switches is determined. The amplitude modulation index 

ma and frequency modulation index mf for this technique are    

             

mf=fc/fr                       (1) 

ma=2Ar/(m*Ac)
 
          (2)      

        

For the proposed AMLI, these multicarrier arrangements for VAPOD based hybrid modulation 

have amplitude modulation of 0.9 and frequency modulation of 63. 

 

4.  SIMULATION RESULTS 
 

 Figure 3 shows the simulink model of asymmetric multilevel inverter for generating fifteen level 

output voltage waveform by using seven switches. Here, the AMLI is powered by PEM fuel cell. 

To produce 6V, 12V and 24V voltages, 10, 20 and 40 fuel cells are connected in series[8] 

respectively. In this figure 3, the subsystem shows the modeling of PEM fuel cell stack. 

 
Figure 3: Simulink model for interface of PEMFC and AMLI 

 

                                             
The simulation parameters for AMLI is shown in table:2. Figure 4(a) shows the pulse pattern by 

VAPOD hybrid modulation technique for asymmetric basic unit switches. Figure 4(b) shows the 

gating pattern for AMLI by fundamental frequency modulation technique for full bridge inverter 

unit. 
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Table :2 Simulation parameters for AMLI 

 

PARAMETER  Values  

Fuel cell voltage(V1)  6V  

Fuel cell voltage(V2)  12V  

Fuel cell voltage(V3)  24V  

Fundamental Frequency        (fs)  50 Hz  

Frequency modulation index, 

(mf)  

63  

Amplitude modulation index,(ma)  0.9  

Switching Frequency (fc)  3150 Hz  

Load Resistance  10 ohm  

 

 
Figure 4(a): Gate pulses for Asymmetric basic unit switches 

 

 
Figure 4(b): Gate pulses for Full bridge inverter unit switches 
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The desired output voltage level is produced by using the proper switching sequence for all the 

switches in the proposed AMLI.  Thus, the 15- level output voltage is produced from 3 sources 

and 7 switches with reduced THD of 9.92% by using VAPOD modulation technique. So, 

VAPOD modulation method is the best candidate for the proposed inverter powered by PEMFC.  

Figure 5 shows the output voltage waveform of AMLI and its THD analysis is shown in the 

figure 6.  

 
Figure 5: Simulation Results of 15- level AMLI 

 

 
Figure 6: FFT analysis of VAPOD PWM 

 

From the graph, the desired amplitude modulation index and frequency modulation index is 

selected based on the comparison of voltage THD values. The amplitude modulation index is 0.9 

and the frequency modulation index is 63 with switching frequency of 3150Hz are selected for 

AMLI to produce fifteen level output voltage waveform with reduced total harmonic distortion of 

9.92%.  

 

 
 

Figure 7: Amplitude Modulation Index Vs THD 
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Figure 8: Frequency Modulation Index Vs THD 

 
Table 3: Comparison of POD based PWM technique 

 

POD based Hybrid 

Modulation Technique 

Total Harmonic 

Distortion 

VAPOD 9.92% 

VACOPOD 11.09% 

VFPOD 11.14% 

ISPOD 10.34% 
 

By comparing the THD values of various POD based PWM technique as in table 3, Variable 

Amplitude POD produces better output with reduced 9.92% THD.  

 
Table 4: Performance Parameters for VAPOD 

 

Parameters  Calculated Values 

THD(Total harmonic 

Distortion) 

9.92% 

WTHD (Weighted THD) 1.174% 

DF (Distortion Factor) 0.238% 

HSF(Harmonic spread factor) 4.05% 

 

For VAPOD, the amplitude modulation index (ma) 0.9 is selected and the performance 

parameters[9] is calculated and shown in the table 4. 

 

5.  EXPERIMENTAL RESULTS 
 

To validate the simulation results of the asymmetric multilevel inverter, the experimental results 

are presented in this section. For the proposed MLI as shown in the figure 9 has been used for the 

experimental studies. The resistance load, INR 480 diode and IRFP460 MOSFET are used in the 

experimental setup. The switching pattern for the seven switches is generated by using 

SPARTAN 3E FPGA with the software of ISE project navigator. The interface of FPGA kit and 

gate drive circuit is shown in the figure 10. The generated switching pulses is given to gate drive 

circuits which drives seven switches in the asymmetric multilevel inverter. 
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Figure 9: Interface of FPGA kit and Gate Drive circuit 

 

Variable Amplitude POD modulation technique is used for three switches in asymmetric basic 

unit which is shown in the figure 10(a) and for four switches in inverter unit, fundamental 

frequency modulation technique is used. The gating pulse generated by FPGA kit and gate drive 

circuit is shown in the figure 10(b) 

 

 

 

 
 

Figure 10(a): Gating pattern for S1,S2 and S3 switches 

by VAPOD technique 
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Figure 10(b) : Gating pulses for 4 switches in inverter unit by  

     fundamental frequency modulation 

 

Figure 11 shows the prototype of fifteen level asymmetric multilevel inverter with FPGA kit and 

gate drive circuit. Figure 12 shows the experimental results of the proposed AMLI. 

 

 
 

Figure 11: Experimental setup of AMLI 

 

 
 

Figure 12: Experimental Results of AMLI 
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6. CONCLUSION 
 
In this paper, VAPOD hybrid modulation is found to be effective in reducing THD and improving 

spectral quality of output compared to the conventional methods for producing fifteen level 

output voltage waveform. And hence AMLI with VAPOD is successfully implemented for fuel 

cell applications. The simulation and experimental results for fifteen level AMLI have been 

presented and verified. Therefore, the proposed asymmetric MLI with reduced number of 

switches is an appropriate topology for fuel cell applications. 
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