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Abstract— This paper proposes a new method to utilize four region segments for all sectors for a neutral point clamped (NPC) diode 

three-level inverter by using the space vector modulation (SVM) technique. This proposed method can be extended to more than three 

levels with appropriate modifications by generating appropriate inverter output voltage vectors. This paper also focuses on the analysis of 

the region segment configurations to realize three-level inverter operation in order to guarantee off and on equalization for all 27 switching 

statuses. Sectors and their regions are analyzed in order to explain the Vref movement around the original point. Segments for each region 

in all six sectors are configured by a new method to determine three-level inverter waveforms. There are 27 switching statuses for an NPC 

three-level inverter that are exploited to extract region segments, and the waveforms can be drawn manually. This study aims to explain, 

via simple and easy algebraic expressions, the operation of the Space Vector Pulse Width Modulation (SVPWM) on the three-level voltage 

inverter. The theoretical study was numerically simulated using MATLAB-SIMULINK®. 

Index Terms SVPWM region segment configuration, SVPWM numerical analysis, SVPWM simulation and implementation.   

——————————   �   —————————— 

1 INTRODUCTION                                                                     

wenty-eight years ago, the main idea of a multilevel inverter 
was introduced [5],[6], which led to a lot of research being 
done in this area. The pulse width modulation (PWM) 
strategies are the most effective control for multilevel 
inverters. Because of the voltage stress of power switches 
within rated limits, thus adding to the reliability of the 
converter, multilevel inverters have been attracting a lot of 
attention in high power and voltage industry applications [2]. 
The switching frequency for high power application has to be 
less than 1 KH [4]. Even though SVM is complicated, with a 
large number of levels, it is the preferred method to reduce 
power losses by decreasing the switching frequency of the 
power electronics device, which can be limited by PWM. 
Increasing the number of output voltage converter levels leads 
to achieving high quality output voltages at low switching 
frequencies [1]. Many modulation techniques have been 
developed for a clamped diode multilevel inverter (CDMI).  

Space vector pulse width modulation (SVPWM) is the 
dominant method among many modulation techniques that 
have been used for CDMIs [1]. The sector identification, 
switching-time calculation, switching-vector determination, 
and optimum-switching-sequence selection for the inverter 
voltage vectors are involved for SVPWM implementation [7]. 
Different aspects of the three-level NPC inverter will be 
discussed, including the inverter topology. The operation 
theory will be discussed with the aspect of SVPWM. A 
schematic of a three-level NPC inverter is shown in Figure 1. 
Each leg contains four active switches, S1 to S4, with anti-
parallel diodes D1 to D4. The capacitors at the DC side are 
used to split the DC input into two to provide a neutral point 
Z. The clamping diodes can be defined as the diodes 
connected to the neutral point, DZ1, DZ2. When switches S2 
and S3 are connected, the output terminal A can be taken to 
the neutral through one of the clamping diodes. The voltage 

applied to each of the DC capacitors is E, and it equals half of 
the total DC voltage. 

Fig. 1. Three-level NPC inverter 

2 SWICHING STATES AND STATIONARY SPACE VECTORS 

Switching states that are shown in Figure 1 can represent the 
operating status of the switches in the three-level NPC invert-
er. When the switching state is 1, it indicates that the upper 
two switches, S1 and S2, in leg A are connected and the in-
verter terminal voltage (the voltage for terminal A with re-
spect to the neutral point Z) is +E, whereas the switching state 
of -1 denotes that the lower two switches, S3 and S4, are on 
and the inverter terminal voltage (the voltage for terminal A 
with respect to the neutral point Z) is -E. When the switching 
state is 0, it indicates that the inner two switches, S2 and S3, 
are connected and the voltage for terminal A with respect to 
the neutral point Z through the clamping diode is zero, de-
pending on the direction of the load current. Table 1 shows the 
switching statuses for leg A. There are similar definitions of 
switching states for leg B and leg C. 
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TABLE 1 
DEFINITION OF SWITCHING STATES 

Switching 

State 

Device Switching Status 

(Phase A) 
Inverter Termi-

nal Voltage  
S1 S2 S3 S4 

1 On On Off Off E 

0 Off On On Off 0 

-1 Off Off On On - E 

 
The operation of each leg of a three-level inverter can be 

represented by one of three switching states: 1, 0, and -1. By 
taking all three phases into account, the inverter has a total of 
27 possible switching states. Table 2 shows time calculations 
for vectors in sector I, and Table 3 shows the possibility of 
three phase-switching states that are represented by three 
numbers in square brackets for the inverter phases A, B, and 
C. The 27 switching states are shown in Figure 2. The voltage 
has the following four groups: 

 

 

 

 

 

 

 
 
 
 

Fig. 2.  Division of sectors and regions for three-level inverter 

 
Zero vector (V0) represents three switching states: [1 1 1], 

[0 0 0], and [-1 -1 -1]. The magnitude of V0 is zero. The small 
vectors (V1 to V6), all having a magnitude of Vd/3. 

 
TABLE 2. 

 TIME CALCULATIONS FOR VECTORS IN SECTOR I 
 

Each small sector has two switching states, one containing 
[1] and the other containing [-1]. The medium vectors (V7 to 
V12), whose magnitude is Vd. The large vectors (V13 to V18), 
all having a magnitude of Vd. 

3 DETERMINING THE SECTOR AND TIME 

CALCULATIONS 

As demonstrated in this document, the numbering for sec-
tions upper case Arabic numerals, then upper case Arabic 

numerals, separated by periods. Initial paragraphs after the 
section title are not indented. Only the initial, introductory 
paragraph has a drop cap. 
 

TABLE 3. 
 VOLTAGES AND THEIR SWITCHING STATES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

θ is calculated, and then the sector, in which the command 
vector is located, is determined as follows: 

 
If	0� ≤ θ < 60�, then	V���	will	be	in	sector	I 

If	60� ≤ θ < 120�, then	V���	will	be	in	sector	II 
If	120� ≤ θ < 180�, then	V���	will	be	in	sector	III 
If	180� ≤ θ < 240�, then	V���	will	be	in	sector	IV 
If	240� ≤ θ < 300�, then	V���	will	be	in	sector	V 
If	300� ≤ θ < 360�, then	V���	will	be	in	sector	VI 
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By using the same strategy that was used in the two-level 
inverter, the sum of the voltage multiplied by the interval of 
the chosen space vector equals the product of the reference 
voltage Vref and sampling period TS. To illustrate, when the 
reference voltage is located in region 2 of sector I, then the 
nearest vectors to the reference voltage are V1, V7, and V2, as 
shown in Figure 3. The next equations explain the relationship 
between times and voltages. 

 

 #$% 	+  '$( +  )$* = 	 ,-.$/													(1) 

 

 

 

 

 

 

 

 

 
Fig. 3: Voltages in Vector I and their times 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Where Ta, Tb, and Tc are the times for V1, V7, and V2, re-
spectively. The equations for the calculation of times for sector 
I are given in Table 2. The times can be calculated for sectors II 
to VI by using the equations in Table 2 with multiple of sub-
tracted from the actual angular displacement such that the 
modified angle falls into the range between zero and π/3. 

The modulation index m5 can be expressed as follows: 
 

m5 = 	√3	
V���
V6

																																				(2) 

 

4 THE SWITCHING STATES BY USING 

SWITCHING SEQUENCES 
 

By considering the use of sequence directions and switch-
ing transitions, shown in Figure 4, region segments for each 
sector can be driven. Figure 5 shows how thirteen segments 
for region 1 in sector I can be driven. It is obvious that region 1 
sector 1 has six segments in a counterclockwise direction and 
seven segments in a clockwise direction to generate thirteen 
segments, which are given in the first row in Table 4. 

These segments can be drawn manually, as can be seen in 
Figure 6, which gives the rotation of the voltage vector around 
region 1 sector I. As will be shown from the simulation results, 
each region will generate one step on the positive side and one 
step on the negative side, which will increase the number of 
levels in order to reduce total harmonics distortion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sector Switching Segments 

 1 2 3 4 5 6 7 8 9 10 11 12 13 

I 
      `P2V

�

 
     

-1-1-1 0 -1 -1 0 0 -1 0 0 0 1 0 0 1 1 0 1 1 1 1 1 0 1 0 0 0 0 0 0 0 -1 0 -1 -1 -1 -1 -1 

II 
           

-1 -1 -
1 

0 0 -1 -1 0 -1 0 0 0 1 1 0 0 1 0 1 1 1 0 1 0 1 1 0 0 0 0 -1 0 -1 0 0 -1 -1 -1 -1 

III 

            

-1 -1 -
1 

-1 0 -1 -1 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 1 1 0 1 0 0 0 0 -1 0 0 -1 0 -1 -1 -1 -1 

IV 
            

-1 -1 -
1 

-1 0 0 -1 -1 0 0 0 0 0 1 1 0 0 1 1 1 1 0 0 1 0 1 1 0 0 0 -1 -1 0 -1 0 0 -1 -1 -1 

V 
           

-1 -1 -
1 

-1 -1 0 0 -1 0 0 0 0 0 0 1 1 0 1 1 1 1 1 0 1 0 0 1 0 0 0 0 -1 0 -1 -1 0 -1 -1 -1 

VI 

             

-1 -1 -
1 

0 -1 0 0-1-1 0 0 0 1 0 1 1 0 0 1 1 1 1 0 0 1 0 1 0 0 0 0 -1 -1 0 -1 0 -1 -1 -1 
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TABLE 4 
 THIRTEEN SEGMENTS OF REGION 1 FOR ALL SECTORS 
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Fig. 4. Sectors, their regions, and switching sequence for three-level 
SVPWM inverter 

 

 

 
 
 
 
 
 
 

Fig. 5. Thirteen segments’ configuration for region 1 sector I 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Switching sequence of thirteen segments for  
Vref in sector I region1 

 
By considering the vectors’ expressions in Table 3 and the 

direction of each region in Figure 4, the same strategy can be 
used to determine region segments for each region in each 
sector. Table 4 shows thirteen segments of region 1 for each 
sector, Table 5 shows nine segments of region 2 for each sec-
tor, Table 6 shows seven segments of region 3 for each sector, 
and Table 7 shows seven segments of region 4 for each sector. 

Tables 4 to 7 can be utilized to draw switching sequences 
for each region in each sector. Figure 5 shows thirteen seg-
ments for region 1 in sector I, Figure 7 shows nine segments 
for region 2 in sector I, Figure 8 shows seven segments for re-
gion 3 in sector I, and Figure 9 shows seven segments for re-
gion 4 in sector I.  

 

TABLE 5  
NINE SEGMENTS OF REGION 2 FOR ALL SECTORS 

S 
Switching Segments 

1 2 3 4 5 6 7 8 9 

I          

0-1-1 00-1 10-1 100 110 100 10-1 00-1 0-1-1 

II          

00-1 -10-1 01-1 110 010 110 01-1 -10-1 00-1 

III          

-10-1 -100 -110 010 011 010 -110 -100 -10-1 

IV          

-100 -1-10 -101 011 001 011 -101 -1-10 -100 

V          

-1-10 0-10 0-11 001 101 001 0-11 0-10 -1-10 

VI   12V
�

       

0-10 0-1-1 1-10 101 100 101 1-10 0-1-1 0-10 

 
TABLE 6 

NINE SEGMENTS OF REGION 3 FOR ALL SECTORS 
Switching Segments 

S 1 2 3 4 5 6 7 

I        

0-1-1 1-1-1 10-1 100 10-1 1-1-1 0-1-1 

II  14V
�

      

00-1 11-1 01-1 110 01-1 11-1 00-1 

II
I 

       

-10-1 -11-1 -110 010 -110 -11-1 -10-1 

I
V 

       

-100 -111 -101 011 -101 -111 -100 

V        

-1-10 -1-11 0-11 001 0-11 -1-11 -1-10 

V
I 

       

0-10 1-11 1-10 101 1-10 1-11 0-10 

 
TABLE 7 

NINE SEGMENTS OF REGION 4 FOR ALL SECTORS 
Switching Segments 

S 1 2 3 4 5 6 7 

I        

00-1 10-1 11-1 110 11-1 10-1 00-1 

II        

-10-1 01-1 -11-1 010 -11-1 01-1 -10-1 

III        

-100 -110 -111 011 -111 -110 -100 

IV        

-1-10 -101 -1-11 001 -1-11 -101 -1-10 

V        

0-10 0-11 1-11 101 1-11 0-11 0-10 

VI        

0-1-1 1-10 1-1-1 100 1-1-1 1-10 0-1-1 
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Tables 4 to 7 can be utilized to draw switching sequences 
for each region in each sector. Figure 5 shows thirteen seg-
ments for region 1 in sector I, Figure 7 shows nine segments 
for region 2 in sector I, Figure 8 shows seven segments for re-
gion 3 in sector I, and Figure 9 shows seven segments for re-
gion 4 in sector I. Thirteen segments for region 1 in sectors II to 
VI, nine segments for region 2 in sectors II to VI, seven seg-
ments for region 3 in sectors II to VI, and seven segments for 
region 4 in sectors II to VI can be drawn, as the same way had 
been used for sector I. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. Switching sequence of nine segments for Vref in sector I region 2 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. Switching sequence of seven segments for Vref in sector I region 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Switching sequence of seven segments for Vref in sector I region 4 

 
5 SIMULATION RESULTS 

The specifications system feeds a passive load for R=1Ω 
and L=0.01H. A switching frequency of 2.5kHz was used in 
the model. The DC link voltage of the clamped diode three-

level inverters was taken as 700V. Simulation results were tak-
en for the specifications system above. The inverter was simu-
lated and improved by employing switching status in Tables 
4, 5, 6, and 7 for SVPWM control. The simulation results of 
three phase current, line to neutral voltage, and line to line 
voltage by MATLAB were recorded. Figures 10 to 12 show 
three phase voltages, three phase to phase voltages, and three 
phase current, respectively. 

 

Fig. 10: Simulation results for three phase to neutral voltages 
 
 

 
 

Fig. 11. Simulation results for three phase to phase voltages 

 
 
 
 
 
 
 

 

Fig. 12. Simulation results for three phase output current 
 

Figures 13 and 14 show the voltage Va (phase voltage) and 
the voltage Vab (phase-to-phase voltage). As mentioned be-
fore, because of following a control based on a new region 
segment configuration method, the number of voltage steps 
can be increased by one on the positive side and one on the 
negative side.  

 

 
Fig. 13. Simulation results for output voltage phase for phase a 

 

To verify the efficiency and quality of the proposed 
SVPWM using all region segments in each sector, some transi-
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ent tests have been carried out. For the first test, step down 
was executed in the modulation index from 1 to 0.5 at time 
20*(1/60) and then step up was executed in the modulation 
index from 0.5 to 1 at time (23*(1/60). It is interesting to show 
the impact on phase to neutral voltage and current and phase 
to phase voltage. 

 
 
 

 

 
 
 

 
Fig. 14. Simulation results for output voltage phase to phase voltage (Vab) 

 

Figures 15 to 17 show the response of phase to neutral 
voltage, phase to phase voltage, and phase current, respective-
ly. For step down for the modulation index, it is obvious that 
the maximum values for all quantities are decreased in order 
to follow the new reference, which is 0.5. The number of levels 
for phase to neutral levels was decreased from 7 to 5 levels per 
cycle as expected and as can be seen in Figure 15. Phase to 
phase voltage levels were decreased from 5 to 3 levels per cy-
cle as expected and as can be seen in Figure 16. Figure 17 
shows the response of the output phase current, which is real-
ly fast and reaches the expected value, and it was decreased 
smoothly without any oscillations. 

 

Fig. 15. Simulation results for output phase to neutral voltage response for 
step down and up in the modulation index 

 

For step up for the modulation index, it is obvious that the 
maximum values for all quantities are increased to the original 
values in order to follow the new reference, which is 1. The 
number of levels for phase to neutral voltage levels was recov-
ered again from 5 to 7 levels per cycle as expected and as can 
be seen in Figure 13. 

 
 
 
 
 
 
 

 
 

Fig. 16. Simulation results for output phase to phase voltage response for 
step down and up in the modulation index 

 

 

 

 
 

Fig. 17. Simulation results for output phase current (ia) response for step 
down and up in the modulation index 

 

Phase to phase voltage levels were also recovered again 
from 3 to 5 levels per cycle as expected and as can be seen in 
Figure 14. Again, Figure 15 shows the response of the output 
phase current, which is really fast and reaches the expected 
value, and it was increased smoothly to the original value 
without any oscillations. The recovery time is almost zero se-
conds, comparable with the other type of multilevel inverter 
using the same procedure. The stability should not be affected 
by the switching frequency. In Figures 13 and 14, the output 
phase to neutral voltage and phase to phase voltage response 
is very fast, and the current waveform in Figure 15 is very 
smooth due to the high equivalent switching frequency that 
was used by utilizing all switching cases in Tables 4 to 7. Fig-
ures 13 to 15 prove the efficiency of the proposed SVPWM 
using all region segments in each sector where all the quanti-
ties do not contain any oscillations. 

For the second test for the proposed SVPWM using all re-
gion segments in each sector, a step load was executed at 
(20*(1/60)) seconds, driving from the inverter the double of 
the current. It is interesting to show the impacts on all the var-
iables of the inverter, including phase current, phase voltage, 
and phase to phase voltage. Figure 18 shows the response of 
the phase to neutral output voltage. Even though the load was 
increased 100%, the output phase to neutral voltage is still 
stable without any disturbance or oscillations, which leads to 
phase to phase output voltage not having any impacts, as can 
be seen in Figure 19. 

 
 
 

 
 
 
 

Fig. 18. Simulation results for output phase to neutral voltage response for 
a load step 

 

Figure 20 shows the response of the output current. Since 
the load was increased 100%, the peak value is increased from 
100A to 200A, which remains without significant disturbances, 
and the recovery time is almost one cycle (0.01667 seconds), 
which gives an indicator that the current has fast response. 
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Fig. 19. Simulation results for output phase to phase voltage response for 
a load step. 

 
 
 

 
 

 
 

Fig. 20. Simulation results for output three phase current response for a 
load step. 

 

6 CONCLUSION 
 

This paper provides a comprehensive analysis on the three-
level diode clamped inverter. A number of issues were inves-
tigated, including the inverter configuration, operating princi-
ple, and space vector and modulation (SVM) techniques. The 
performance of the three-phase three-level twelve-switch in-
verter has been explained and improved by employing all 
switching statuses for the SVPWM control scheme. The use of 
three-level inverters reduces the harmonic components of the 
output voltage by increasing the number of levels compared 
with the two-level inverter at the same switching frequency. 
The switching sequence for each region in each sector has been 
explained in details, which were utilized in the designed and 
implemented diode clamped three-level inverter to realize the 
requirements and feed the R-L load by the required values of 
voltage and frequency. Also, some derivations, such as thir-
teen segments of region 1 for each sector, nine segments of 
region 2 for each sector, and seven segments of region 3 for 
each sector for the three-level inverter, which have never been 
mentioned before, were derived, and the switching sequence 
for each region in each sector was determined. Simulation re-
sults with different tests for the proposed technique were also 
presented. Step down and step up tests in the modulation in-
dex, as well as a load step test, were simulated. All quantities 
including phase current, phase voltage, and phase to phase 
voltage did not contain any oscillations with the two tests 
used. The transient responses for the step load and step modu-
lation index were fast and did not lead to system instability for 
all quantities. 
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