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Abstract—Multilevel converters are major electronic 

topologies which greatly increase the voltage levels and 

effectively improve the quality of the voltage and current 

waveforms. Hybrid cascaded multilevel inverter (HCML) is a 

cascaded H-bridge (CHB) inverter with only one DC voltage 

source in the first H-bridge, and replacing the other DC 

sources in the rest of the cells with capacitors. Thus, there is no 

need to have a separate DC source in each H-bridge. However, 

these capacitors will affect the output waveforms of the 

inverter. Therefore, this paper examines the impact of the 

capacitors on the performance of the HCML inverter in terms 

of the total harmonic distortion (THD) contents and output 

RMS voltage and current. Seven-level HCML inverter and 

seven-level CHB inverter have been considered in this 

research. Then, the inverters were modulated with phase shift 

pulse with modulation technique (PS-PWM). These two 

inverters have been modeled and simulated with PLECs 

software under similar conditions. Modulation index was 

varied during the simulation of both inverters. The total 

harmonic distortions (THD) of the output waveforms have 

been studied. Moreover, the output RMS voltage and current 

were also recorded. Base on that, a number of significant 

observations have been witnessed and analyzed. In addition, a 

detailed comparison between the two inverters has been 

performed.  

Keywords—HCML inverter, CHB inverter, modulation index, 

THD. 

I. INTRODUCTION  

Electric power networks are facing numerous challenges. 

This is due to the advanced technologies related to various 

areas, such as renewable energies, electric drives, electric 

and hybrid vehicles, and HVDC …etc.  All of these subjects 

considerably rely on the developments in the power 

electronic systems[1], [2]. Multilevel inverters, specially 

cascaded H-bridge inverter, have become a significant 

solution for so many medium voltages and high power 

applications. Basically, multilevel inverters usually work as 

an interface between DC-AC systems, in order to synthesize 

an AC voltage waveform in the output with certain 

specifications according to the application. One of the most 

important requirements is the total harmonic distortion 

(THD) content, which indicates the distortion created by the 

harmonics exist in the output waves [3], [4]. Therefore, by 

decreasing the THD content in the outputs; the size of the 

utilized filters can be considerably reduced.[5] 

However, the output voltage of the inverter is also a 

crucial element to the load, since it should achieve the 

conditions of the load, as if the load needs the voltage to be 

either at a certain level or at changeable levels like in the 

motor drives. Thus, the inverter outputs should be controlled 

and regulated to suit different loads.[6]      

Using a single DC source in a cascaded H-Bridge 

inverter is a challenging task, since the capacitors in the 

other H-bridges have to be charged and regulated at a 

specific voltage levels, either equal voltages or unequal 

voltage. This can be implemented by using a proper 

modulation strategy, where the available switching states for 

all cells should be selected carefully to charge and discharge 

the two capacitors as required. [7], [8] 

Modulation index (m) is the ratio between the amplitude 

of the reference wave (modulation wave) and the amplitude 

of the carrier wave. This factor influences the pulse width 

for the operation of the switches, i.e. when (m) is high that 

leads to wider pulse width (longer operation time of the 

switch). However, if the modulation index is less than the 

minimum, this reduces the usage of the available switching 

states and then reduces the usage of all voltage levels of the 

inverter. [3], [9]  

In order to understand the effect of the capacitors of the 

HCML inverter on its outputs with regard to the THD 

content in the waveforms, and the maximum values; HCML 

inverter and CHB inverter were simulated and critically 

studied in this research paper.   

II. SIMULATION PROCESS  

In order to obtain the seven level voltage waveform, the 
two inverters consist of three H- Bridges connected in series, 
each H-Bridge contains four IGBTs. Two transistors are 
connected in every leg. For the HCML inverter, the first H- 
Bridge is connected to a DC source with (100V) value. 
Meanwhile, the other two cells are connected to capacitors 
instead of DC sources; the value of each capacitor is 
(2.4mF). These capacitors are regulated with the considered 
modulation scheme at about (100V). On the other hand, the 
three cells of the CHB inverter are connected to three DC 
sources; each cell has a DC source. Therefore, in both 
inverters the expected maximum output voltage is the sum of 
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the output of all cells, which is about (300V) with seven 
level staircase wave. Fig. 1 shows the circuit of the HCML 
inverter and CHB inverter.  

Moreover, both inverters have been modulated with the 
PS-PWM strategy. This technique appoints a carrier wave 
(triangular waves) for every H-Bride with a frequency of 
(250 Hz). Besides, there is a specific phase shift among those 
waves, and then these carriers are compared with a sine wave 
(modulation wave) (50 Hz).  

 

                           (a)                                               (b) 

Fig. 1. Multilevel inverters: (a) HCML inverter, (b) CHB inverter.  

A code with C language was programmed to do that 
comparison and provide the twelve switches of all cells with 
the required pulses. This code is also responsible for 
regulating the voltage of both capacitors by monitoring their 
voltages and the load current.  Furthermore, the load for both 
inverters was a combination of resistance (0.5 Ω) and 
inductance (15mH). Modulation index (m) was varied to 
determine the minimum value for both inverters. Then, by 
changing the value of (m), many readings have been 
recorded throughout the simulation tests in the case of the 
two inverters, starting from the minimum value of (m) and 
increasing its value to (1) with a fixed step as will be 
illustrated in the next section. Hence, the THD of the voltage 
and current waveforms and the maximum values of the 
voltage and current were considered and carefully examined.  

III. THE RESULTS 

A. CHB inverter 

It was found that the minimum limit of the modulation 
index for this inverter is (0.67). Less than this value the 
inverter cannot synthesize the seven level voltage waveform. 
Table (I) compares the readings obtained from the simulation 
tests as the modulation index was varying.     

From the data in table (I), there is a clear trend of 
decreasing the THD of both the voltage and the current 
waveforms with the rise of the modulation index as shown in 
Fig. 2 and 3. Moreover, the current was growing by the 
increase of (m), and that might be caused by the extended 
time (longer pulse width) at higher (m) available to the 
switches, so that the three DC sources can provide more 
current to the load. However, the maximum voltage 
remained constant at the value of (300 V) based on the 
constant DC sources.   

Thus, the voltage waveform is a pure staircase wave, and 
as the modulation index increases the third voltage step gain 
longer time as can be seen form Fig. 4 and 5, which led to 
improve the wave and hence reduce the THD. Surprisingly, 
the inverter started directly to synthesize the full wave 
without a transient time, and that could be an advantage. 

 

 

TABLE I.   RECORDED READINGS FOR CHB INVERTER  

m THDv VL(V) THDi IL (A) 

0.67 27.3 300 0.773 41.755 

0.72 25.34 300 0.711 44.83 

0.77 24.86 300 0.713 47.89 

0.82 23.26 300 0.718 50.96 

0.87 23.31 300 0.706 54 

0.92 22.24 300 0.661 57.1 

0.97 19.98 300 0.593 60.1 

1 18.2 300 0.556 61.91 

 

 

 

Fig. 2. THD of the voltage waveform versus modulation index for CHB 

inverter. 

 

 

Fig. 3. THD of the current waveform versus modulation index for CHB 

inverter. 
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Fig. 4. Load voltage waveform at modulation index (m=0.72) for CHB 

inverter. 

 

Fig. 5. Load voltage waveform at modulation index (m=1) for CHB 

inverter. 

B. HCML inverter 

Interestingly, the minimum modulation index for HCML 
inverter was equal to that of the CHB inverter. Thus, it is 
possible to say that both capacitors did not affect the 
modulation index value. In another word, the capacitors did 
not require specific modulation indexes to be charged and 
regulated at a certain level.   

Table (II) presents the acquired data from the simulation 
tests. Fig. 6 and Fig. 7 summarise the results in the table. 
Therefore, it can be seen from the results that the THD of the 
voltage is reducing with the increase of (m). However, the 
THD of the current was increasing when (m) was increasing 
too. In addition, the two capacitors took (0.023sec) to fully 
charged at (m=0.72), meanwhile C1 took (0.032 sec) and 
(0.0226 sec) for C2 when (m=1). These times led to obtain a 
transient time in the voltage waveform unlike the CHB 
inverter. More to the point, the voltage variations of both 
capacitors at (m=1) were greater than at (m=0.72). All this 
may be due to the operation time (longer pulse width) of the 
switches in the second and third cells is increasing with 
higher values of (m). Consequently, the capacitors will 
charge and discharge for longer period, which slightly 
escalates the distortion in the current wave.  

This process, led also to raise the maximum values of the 
voltage and current, as the capacitors will be charged to 
higher values. Figs. 8 to 13 explain that. It is also apparent 
from these Figs that the capacitor (C1) has better voltage 
regulation than (C2), which could be due to choosing the 
switching states by the C language code. Fig. 13 shows the 
waveform of the output voltage at (m=1), its shape is 
approaching the sine wave shape. This shape is better than 
that in Fig. 10, which could be from the smoothing effect of 
the capacitors. So, as the number of cells is increased, this 
wave can be extremely improved by the effect of both 
number of cells and number of capacitors.  

 As a result, the output voltage depends on the DC 
voltage source and the instant voltage of both capacitors, 
which in turn depends on the modulation index. The current 
has also a similar tendency.  Furthermore, The THD of the 
current is much less than that of the voltage and this is 
attributed to the inductance of the load, which helps 
smoothing the current wave.    

 

 

 

TABLE II.  RECORDED READINGS FOR HCML INVERTER  

m THDv VL (V) THDi IL (A) 

0.67 26.7 311.02 1.02 43.58 

0.72 24.49 314.97 1.11 47.24 

0.77 23.71 319.34 1.24 50.88 

0.82 21.95 324.12 1.37 54.61 

0.87 21.8 330.314 1.51 58.42 

0.92 20.63 337.16 1.65 62.37 

0.97 18.25 344.65 1.8 66.43 

1 16.49 349.5 1.9 68.92 

 

 

Fig. 6. THD of the voltage waveform versus modulation index for HCML 

inverter. 

 

Fig. 7. THD of the current waveform versus modulation index for HCML 

inverter . 
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Fig. 8. Voltage of capacitor (C1) at modulation index (m=0.72) for HCML 

inverter. 

 

Fig. 9. Voltage of capacitor (C2)  at  modulation index (m=0.72) for 

HCML inverter. 

 

 

Fig. 10. Load voltage waveform at modulation index (m=0.72) for HCML 

inverter. 

 

 

Fig. 11. Voltage of capacitor (C1) at  modulation index (m=1) for HCML 

inverter. 

 

 

Fig. 12. Voltage of capacitor (C2) at modulation index (m=1) for HCML 

inverter. 

 

Fig. 13. Load voltage waveform at modulation index (m=1) for HCML 

inverter. 

IV. COMPARION AND DISCUSSION  

A comparison of the two results reveals several key 
features, firstly, the THD of the voltage for the HCML 
inverter was lower than that of the CHB inverter. In contrast, 
the current’s THD of the HCML inverter was higher than in 
CHB inverter, which is attributed to the charging and 
discharing of both capacitors. Secondly, the maximum 
values of the voltage of the HCML inverter were larger and 
incremental when compared with the CHB inverter, since the 
maximum voltages in the case of CHB inverter were 
constant. Thirdly, the current of the HCML inverter was also 
higher than that of CHB inverter. Taken together, these 
outcomes suggest that the HCML inverter output voltage 
could be utilized to compensate the voltage drop as it is an 
increasing voltage. Also, the HCML inverter provides more 
current to the load than the CHB inverter, which means more 
power can be delivered to the load. These two advantages are 
very useful tools in the connection with the grid. Fourthly, 
the CHB inverter does not have a transient time in the 
voltage wavform, whereas the HCML inverter has a 
relatively increasing transient time with the modulation 
index.  

V. CONCLUSION  

The HCML inverter and CHB inverter have been 
investigated in terms of the THD and maximum values of the 
voltage and current waveforms. From the above discussion, 
it can be concluded that the capacitors have a significant 
effect on the performance of the HCML inverter, as the THD 
has been improved, and the output voltage was found a 
changeable voltage, hence the voltage can be adjusted at 
different levels.  This advantage gives the HCML inverter a 
higher flexibility and presents this inverter as a better choice 
for many applications.  

Moreover, the output voltage and current of the HCML 
inverter are better than in CHB inverter, as they could be 
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controlled by the modulation index. Hence, this inverter may 
be used to enhance the voltage drop and improve the power 
flow in the network.  
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