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ABSTRACT 

The usage of multi-level inverters in converting direct current to alternating current is one of the most 
demanded and used methods. While creating multi-level voltage with inverters, the operating times of the switches 
that constitute the first step of the alternating voltage determine the gap of the step at the zero-crossing point. This 
situation can be preferred to create an extra level. Therefore, this article examines the effect of variation in 
operating times and frequencies of first-step PWMs on this zero-crossing point. First, the inverter structure 
providing load voltage is given in the study. Then, the transition of PWM run times is tried for different first-level 
voltages on the loads. The results obtained show the operation times of PWM at the transition point are quite 
effective on the load currents and voltages. 
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1. INTRODUCTION 

Obtaining and converting electrical energy are very technical and important studies. The usage of multi-
level inverters in electrical energy conversion is a very common practice ( Sarebanzadeh, et al., 2021; Gupta,  
2022; Can,  2021; Can, E. 2020a.). While generating multi-level voltage with inverters on the load, it is desired 
that the Total Harmonic Distortion (THD) of this voltage is low or within international standards (Abbas, et al 
2021; Barbie, et al 2021; Can, et al 2017). In order to reduce the harmonic distortion of the generated energy and 
to obtain energy close to the sine; some studies present multi-level inverter designs (Dhanamjayulu, et al., 2021; 
Hassan, et al., 2021; Can, et al., 2020b), while some studies focus on PWM and the pulse width modulation 
controlling the inverters (Padmanaban, et al., 2021; Lee, et al., 2015; Law, et al., 2017). Although it has been 
shown that the source values used for the inverter levels have an effect on the distortion (Can, 2019), the effect of 
the operation rates of the PWMs which constitute the first step in multi-level inverters has not been revealed. In 
this study, the effect of PWM operating times at the zero-crossing point of the first level voltage on the energy 
quality is investigated. In order to examine the effect of the first-level voltages of PWMs, the structure, and 
operation of the nine-level inverter are introduced in the second chapter. In the third part, the system is tested by 
using different Sine Pulse Width Modulation (SPWM) creating the first level voltage. The results obtained reveal 
that the operating times of the PWMs at the first transition point have a significant effect on the alternating 
electrical energy generated on the load. 
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2. NINE-LEVEL INVERTER AND OPERATION LOGIC 

There are 9-IGBT switches as power switches in the nine-level inverter structure. These switches are 
from I0 to I9. Again, there are four Direct currents (DC) of voltage sources in the inverter structure. These sources 
are from Vdc1 to Vdc4. While the inverter circuit structure is given in Figure 1, the working order of the source 
and switches is given in Table 1. 

 

Figure 1. the inverter circuit structure 

 

Table1: the working order of the source and switches	

Vdc.1 Vdc.2 Vdc.3 Vdc.4 I0. I1. I2. I3. I4. I5. I6. I7. I8. I9. 
1 0 0 0 0 0 0 0 1 0 0 0 0 1 
1 1 0 0 0 0 0 0 1 1 0 0 0 1 
1 1 1 0 0 0 0 0 1 1 1 0 0 1 
1 1 1 1 0 0 0 0 1 1 1 1 0 1 
1 0 0 0 1 0 0 0 0 0 0 0 1 0 
1 1 0 0 1 1 0 0 0 0 0 0 1 0 
1 1 1 0 1 1 1 0 0 0 0 0 1 0 
1 1 1 1 1 1 1 1 0 0 0 0 1 0 
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To create the first step of alternating voltage, the Vdc1 source is applied to the load with switches I4 and 
I9 for the positive side of voltage to be created, while Vdc1 is delivered to the load with I0 and I8 for the negative 
side of the voltage. To create the second level of the alternating voltage; the Vdc1, and Vdc2 of sources are applied 
to the load with switches I4, I5, and I9 for the positive side of the voltage. Then, the Vdc1 and Vdc2 of the sources 
are delivered to the load with I0, I1, and I8 for the negative side of the voltage. For creating the third step of 
alternating voltage; Vdc1, Vdc2, and Vdc3 of sources are delivered to the load with I0, I1, I2, and I8 for the 
negative side of the voltage.  the Vdc1, Vdc2, and Vdc3 of sources are again applied to the load with switches I4, 
I5, I6, and I9 for creating the positive side of voltage at the third step. Finally, for creating the fourth step of 
alternating voltage; the Vdc1, Vdc2, Vdc3, and Vdc4 of sources are implemented to the load with switches I4, I5, 
I6, I7, and I9 for the positive side of voltage. Vdc1, Vdc2, Vdc3, and Vdc4 are operated with  I0, I1, I2, and I8 
for the creating negative side of the load voltage. The PWMs that provide the first step voltage are given in Figure 
2. 

 
Figure2. The PWMs providing the first step voltage 

For the positive side of the voltage to be generated, the PWM time(Dn) can be expressed as in equations 1 and 2: 

Dn =t2-t1                                             (1) 

For the negative side of the voltage to be generated, the PWM time (Dn) can be expressed as in equations 2 and 4: 

Dn =t4-t3                                             (2) 

The gap between two PWMs (Tg) can be given as in equation 5. 

Tg=t3-t2                                               (3) 

If the PWM is repeated with T periods as in Figure 3, the Fourier analysis can be done more effectively. 

 
Figure3. The PWM repeated with T periods for Fourier analysis 

 
k∈ 𝑍# → 𝑘 = 1,2,3…… .∞  and n∈ 𝑍# → 𝑛 = 1,2,3…… .∞ , A is amplitude of PWM. Fourier analysis 
equations for PWM can be done as follows: 
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3. SIMULATION STUDY AND RESULTS 

 The MATLAB Simulink model of the 9-level inverter is given in Figure 4. The speed of running the 
simulation is 6x10-6 sec. For the first step voltage of the circuit in Figure 4, the time between PWMs (Tg) is 
determined as 0.0003s as in Figure 7. The voltage of harmonic distortion on the 0.1 ohms of load occurs as in 
Figure 5, while the current of harmonic distortion values is as in Figure 6. 

 

 
Figure4. MATLAB Simulink model of 9-level inverter 

 

Figure5. Voltage and harmonic distortion on the 0.1 ohms of the load of the time between PWMs of 0.0002s 
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Figure 6.  Current and harmonic distortion on the 0.1 ohms of the load of the time between PWMs of 0.0003s 

 

80-volt of DC source on a 0.1-ohm of resistive load causes a 13.15% distortion. For a purely resistive 
load; distortion is more than 5% as a result. But, with an inverter without a level, the distortion has much higher 
values in a voltage conversion. Resistive (R) of 0.01 ohm and Inductive (L) of 0.002 H are connected in series for 
RL load; as in Figure 7, when the carrier triangle signal amplitude value is determined between 0.1V and 0.5V, 
the gap of the PWMs at the zero-crossing point becomes 0.003s as seen in figure 8. The load voltage, the load 
current, and the load current distortion are as in Figure 9 if the measurement is made again for Tg of 0.0003s. 

 

 
Figure 7. The carrier triangle signal amplitude value determined between 0.1V and 0.5V 

 
                        Figure 8. The time between PWMs (Tg) for 0.0003s 
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Figure9. Current and harmonic distortion on the RL of load at the time between PWMs of 0.0003s 

 
When the load current reaches 179.5 A, the harmonic distortion is 2.9% for the 0.0003s value of Tg. This 

value is below 5%, which is the acceptable distortion value. 

 While the carrier triangle signal amplitude value is determined between 0.2V and 0.5V as in Figure 10, 
the gap of the PWMs at the zero-crossing point becomes 0.0004s as seen in Figure 11. When Tg becomes 0.0004s, 
the start of the working time of PWM is from 0.0065 s to 0.0066 s, as in Figure 11.  

 

 
Figure 10. The carrier triangle signal amplitude value  determined between 0.2V and 0.5V 

 

 

Figure 11. PWM for Tg of 0.0004s 

 

A resistive (R) load of 0.01 ohm and an inductive (L) load of 0.002 H are connected in series for RL 
load; if the measurement is made again for Tg of 0.0004s; the load voltage, load current, and load current distortion 
value is as in figure 12. 
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Figure 12. Current and harmonic distortion on the RL load at the time between PWMs of 0.0004s 

 

While the alternating current on the load is 179.8 A, the total harmonic distortion (THD) of the current 
is 3.09%. Although the deterioration is within the value determined by international standards, there is an increase 
of 0.19% in the THD value.  

  The triangular signals between 0.3V and 0.5V in amplitude are compared with the sine signal in Figure 
13. Tg becomes 0.0005s when the start of the working time of PWM is taken from 0.0066 s to 0.0067 s in Figure 
14. Then, a resistive (R) load of 0.01 ohm and an inductive (L) load of 0.002 H are connected in series for RL 
load. if the measurement is made again for Tg of 0.0005; the load voltage, load current, and load current distortion 
value is as in Figure 15. 

 
Figure13. The triangular signals between 0.3V and 0.5V in amplitude,                  

 
 

 
Figure14. PWM for Tg of 0.0005s 
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Figure 15. Current and harmonic distortion on the RL of load at the time between PWMs of 0.0005s 

 

While the alternating current on the load is 179.6 A, the total harmonic distortion (THD) of the current 
is 3.33%. Although the deterioration is within the value determined by international standards, there is an increase 
of 0.22 % in the THD value.    

The triangular signals between 0.4V and 0.5V in amplitude are a comparison with the sine signal in 
Figure 16. Tg is 0.0006s because the start of the working time of PWM is taken from 0.0067 s to 0.0068 s, as in 
Figure 17. A Resistive (R) load of 0.01 ohm and an inductive (L) load of 0.001 H are connected in series for RL 
load; if the measurement is made again for Tg of 0.0006s; the load voltage, load current, and load current distortion 
value is as in Figure 18. 

 

Figure16. The triangular signals between 0.4V and 0.5V in amplitude 

 
Figure17. PWM for Tg of 0.0006s 
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Figure 18. Current and harmonic distortion on the RL of load at the time between PWMs of 0.0006s 

 
  While the alternating current on the load is 179.4A, the total harmonic distortion (THD) of the current 

is 3.51%. Although the distortion is within the value determined by international standards, there is an increase of 
0.18 % in the THD value.  

The comparison of the carrier triangle signal with amplitude between 0V and 0.5V and the sinus signal 
is shown in Figure 19. The PWMs with a gap of 0.0001s, which will manage the zero-crossing point, are given in 
Figure 20 as a result of this comparison. PWM starting point is taken as 0.0063s in each Tg of calculation. So, Tg 
is 0.0001s when the start of the working time of PWM is taken from 0.0066 s to 0.0063 s.  A resistive (R) load of 
0.01 ohm and an inductive (L) load of 0.002 H are connected in series for RL load; if the measurement is made 
again for Tg of 0.0001s; the load voltage, load current, and load current distortion value is as in figure 21. 

 

Figure19. The comparison of the carrier triangle signal with  between 0V and 0.5V 

 

Figure20. PWM for Tg of 0.0001s 
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Figure 21. Current and harmonic distortion on the RL of load at the time between PWMs of 0.0001s 

When Tg creates an opening of 0.0001s, the load current value becomes 180 A, and THD becomes 2.65%. 
According to the last experiment, there is a 0.86% improvement in the THD value. Distortion change according 
to Tg is given in Figure 22. 

 

Figure22. Distortion changes according to Tg 

As seen in the graph in Figure 22, the THD value increases as the Tg ratio increases. The lowest distortion 
occurs when the Tg value decreases to 0.0001s. The results of the study show that regulating the operating times 
of PWMs in the transition from positive voltage to negative voltage side is as important as developing multilevel 
inverter circuits and modulation techniques in order to reduce harmonic distortion. 

 

4. CONCLUSIONS 

The paper presents the effects of PWM operating times in the transition of first-level voltage at a load of 
the inverter. In this study, a nine-level inverter circuit has been operated with a sinus pulse width modulation 
technique. In order to examine the effect on the zero-point transitions of the alternating voltage formed, the 
duration of the PWMs forming the first step voltage is taken from 0.00063s to 0.00068s. When Tg creates an 
opening of 0.0001s, the load current value is 180.1A, and THD becomes 2.65%.  Tg is 0.0006s if the start of the 
working time of PWM is taken from 0.0067 s to 0.0068 s. While the alternating current on the load is 179.4A, the 
total harmonic distortion (THD) of the current is 3.51%.  The distortion is within the value determined by IEEE 
standards.  The results of this study demonstrated that it is very important and essential to regulate the operating 
times of PWMs in the transition from the positive voltage to the negative voltage side after the multi-level inverter 
circuits and modulation techniques are studied to reduce the distortion. 
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