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Abstract- In recent years, the use of multilevel inverters 

due to their many advantages such as high harmonic 

quality has been increased significantly. The present 

article reviews the structure and operation of two types of 

such inverters called Neutral Point Diode Clamped and 

hybrid inverters along with the description of switching 

methods of each inverter based on pulse width modulation 

concept. Through comparing the results from harmonic 

quality view, advantages and disadvantages of each of 

these transducers with respect to each other and 

themselves in various switching conditions are discovered. 

Then a new method for controlling the 27 level hybrid 

inverter has been proposed in which pulse width 

modulation is no longer needed. In this method, the 

resulting waveform will have the desired total Harmonic 

Distortion and the closest form to the ideal sinus. 

 

Keywords: Neutral Point Diode Clamped Inverter, 

Sinusoidal pulse width Modulation, Phase Shifted Pulse 

Width Modulation, Total Harmonic Distortion. 

 

I. INTRODUCTION 

Electrical networks are faced with the challenge of 

interfering harmonics due to the increasing use of 

inverters. Increased use of such transducers requires 

providing more efficient ways to weaken the harmonic 

components. Using multilevel inverters instead of two 

level inverters is a method of improving the periodic 

waveform through increasing the output voltage steps. 

This method provides a better waveform and almost solves 

the problem. There exist various types of multilevel 

inverters, which can provide certain number of voltage 

steps in the output. 

Obviously, greater number of output steps results in 

smoother variation of the waveform with respect to time 

and it would have a greater resemblance to the continuous 

waveform. Accordingly, two common types of multilevel 

inverters called Five-level Neutral Point Diode Clamped 

Inverter and 27-level hybrid inverters can be introduced 

each of which providing different harmonic quality based 

on their switching method. The most common switching 

technique is sinusoidal pulse width modulation technique. 

In this method instead of having a constant output in 

period of each level, the level is sequentially sampled by 

comparing high frequency triangular signal and sinusoidal 

reference signal. The other method similar to the previous 

technique is the shifted pulse width modulation in which 

multiple triangular carriers are used, each of which is 

unique to a particular level. The method presented in this 

paper is based on tracking the reference signal. The 

inverter output will track an ideal sinusoidal waveform 

without using a carrier signal. The present paper describes 

the result of applying the mentioned methods on these 

inverters. Through comparing the harmonic results of 

output waveforms for each method, a proper vision for the 

corresponding topic will be provided. 

 

II. FIVE-LEVEL NEUTRAL POINT DIODE 

CLAMPED INVERTER 

 

A. General Structure 

The structure of this inverter is shown in Figure 1. The 

input DC voltage is divided into equal sections using even 

number of capacitors. The voltage of each section is 

transferred to load in a proper time using the corresponding 

switch. The required equipment for realization of this 

structure are: 

1: Number of Capacitors

2( -1): Number of Switches

( -1)( - 2): Number of neutral point diode clamp

m

m

m m







 (1) 

where, m is the number of desired output levels. So in order 

to have five-level inverter, 4 number of capacitors, 4 

number of switches and 12 number of diodes are required. 

The applied reverse voltage that diodes must endure on 

each branch determines number of diodes in that branch. 

According to Figure 1, reverse voltage on a branch with 

three diodes is 3 times greater than a branch, which has 

only one diode. This is also true for a two diode branch [4]. 

 

B. Control Method 

Switching pattern of the inverter is shown in Table 1. 

Numbers 1 and zero indicate the on and off states of the 

switch respectively. The resulting output waveform from 
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simulation of Table 1 pattern with and without PWM is 

illustrated in Figures 2 to 4. The restriction of this structure 

is that the number of clamp diodes is a quadratic function 

of the output levels. Therefore, to achieve a greater number 

of steps, the number of clamping diodes experiences an 

unacceptable increase and restricts the use of this structure 

for waveforms with more steps and smoother variations. 

 

 
 

Figure 1. Structure of a five-level inverter with cutting diode 

 

To create the desired pulse width modulation in this 

type of inverters, four-carrier signals are compared to 

reference signals. Consequently, the reference signal is 

divided into five separate sections as shown in Figure 3 

and each section is sampled with its own carrier. 

Considering the fact that sinus has slow variations around 

the angles near 90 and its odd multiplies, the carrier 

frequency for these areas can be chosen lower than the 

angles near zero and integer multiplies of 180 [4]. 

 

 
 

Figure 2. Simulation result of five-level cutting diode inverter 

 

 
 

Figure 3. The pulse width modulation method for five-level Neutral 

Point Diode Clamped Inverter 

 

 
 

Figure 4. Simulation result of five-level Neutral Point Diode Clamped 

Inverter 

 
Table 1. Switching patterns for achieving desired voltage levels in 

five-level cutting diode inverter output 1 
 

Vout S1 S2 S3 S4 S1 ́ S2 ́ S3 ́ S4 ́

Vdc/2 1 1 1 1 0 0 0 0 

Vdc/4 0 1 1 1 1 0 0 0 

0 0 0 1 1 1 1 0 0 

-Vdc/4 0 0 0 1 1 1 1 0 

-Vdc/2 0 0 0 0 1 1 1 1 

 

 
 

Figure 5. 27-level hybrid inverter structure 

 

III. 27-LEVEL HYBRID INVERTER 

 

A. General Structure 

Another structure that can be proposed for increasing 

the number of voltage steps in the output is the 27-level 

hybrid inverter. This type of inverter, which is depicted in 

Figure 3, uses three DC sources with voltage ratio of 1/3/9 

[5]. This inverter is composed of three distinct parts, each 

of which can viewed as a three-level inverter and has the 

ability of producing positive, negative and zero polarities 

in their output. Table 2 illustrates the different types of 

switch arrangements for producing these polarities and 

their voltage. Finally, each of these polarities will appear 

on the output of each H-bridge cell. 

The load voltage is generated by the algebraic 

summation of these voltages. Table 3 shows by which 

pattern a 27-level output voltage can be achieved [5]. 

Based on the mentioned arrangements in Tables 2 and 3 

the control unit changes the switch states in equal time 

periods. Regarding the number of voltage steps dv/dt will 

decrease significantly compared to the 5-level inverter. 

The output of simulation has been illustrated in Figure 6. 
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Table 2. Polarity on each side of the 27-level hybrid inverter according 
to the turned on switches 

 

Polarity Active Switches Voltage Output 
P S11, S14 +1 Vdc 

V1 Z S12, S14 0 
N S12, S13 -1 Vdc 
P S11, S14 +3 Vdc 

V2 Z S12, S14 0 
N S12, S13 -3 Vdc 
P S11, S14 +9 Vdc 

V3 Z S12, S14 0 
N S12, S13 -9 Vdc 

 
Table 3. Generation of 27 voltage levels through combining different 

polarities of each part in 27-level hybrid inverter 
 

V3 V2 V1 Vout V3 V2 V1 Vout 

P P P +13 N N N -13 
P P Z +12 N N Z -12 
P P N +11 N N P -11 
P Z P +10 N Z N -10 
P Z Z +9 N Z Z -9 
P Z N +8 N Z P -8 
P N P +7 N P N -7 
P N Z +6 N P Z -6 
P N N +5 N P P -5 
Z P P +4 Z N N -4 
Z P Z +3 Z N Z -3 
Z P N +2 Z N P -2 
Z Z P +1 Z Z N -1 
Z Z Z 0 - - - - 

 

B. Investigation of Pulse Width Modulation Methods 

for 27-Level Hybrid Inverters 

Two common methods of switching for mentioned 

inverters are sinusoidal pulse width modulation and phase 

shifted pulse width modulation [6, 7]. In addition, there 

exist a new method for controlling the inverter switching 

which will be described comprehensively. 

 

 
 

Figure 6. Simulation result of 27-level hybrid inverter 

 

B.1. Sinusoidal Pulse Width Modulation 

In order to preserve maximum modulation advantage 

in sinusoidal pulse width modulation technique, the 

amplitude of the triangular carrier signal is assumed to be 

identical with the reference signal amplitude. The control 

unit not only controls the required switch arrangements for 

achieving each of the 27 levels but also based on PWM 

principles and through comparing the reference and carrier 

signals defines the switching times for each level. The p 

criterion is defined as: 

02

cfp
f

  (2) 

where, fc is the carrier frequency and f0 is the reference 

frequency. Fourier coefficients of the output voltage can 

be calculated using the following equations: 

2

1

4 3
sin sin

4 4
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4

p
m m m

n m
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 (3) 

where, αm is the starting angle of the mth positive paired 

pulses, δm is the pulse length and Vm represents the desired 

output voltage level while applying  the mth pulse. 

According to Equation (3) as the carrier frequency 

increases the sinus argument in sigma term will decrease 

due to reduction of δm. In addition, the number of the 

summation terms for calculating Bn, which are also 

responsible for harmonics creation, are reduced. 

Therefore, it is expected that the total harmonic distortion, 

which is calculated by Equation (4), decrease as the 

frequency carrier increases. This reduction has been 

illustrated in section four of the paper. 

2

1 2

1
n

n

THD V
V





   (4) 

where, V1 is the amplitude of the main component and Vn 

is the amplitude of the harmonic number n.  

Figure 7 shows the modulation process of this inverter. 

In order to gain a better perception of the figure, lower 

carrier frequency is selected. However, final harmonic 

simulation results are based on high carrier frequency. 

 

 
 

Figure 7. Sinusoidal pulse width modulation for 13 positive and 13 

negative levels 

 

B.2. Shifted Pulse Width Modulation 

The shifted pulse width modulation technique requires 

equal number of carrier signals as output steps [7].  

Therefore, for the mentioned inverter, 27 carrier signals 

with identical frequencies are required. The carrier signals 

have the phase shift of βn with respect to the base carrier. 

In this case, for each level one of the carriers will take part 

in the modulation process. The β can be calculated from 

Equation (5). 

360

m
   (5) 

where, m is the number of output levels. 

Figure 9 shows two sample carrier signals. As can be 

seen, the phase difference between two triangular waves is 

equal to 6/43°. Other carriers will have the same phase 

shift with respect to the previous carriers. Therefore, once 

a level is started in the output, the carrier signal, which 

produces the corresponding PWM, will be started at the 

same time with zero phase delay. Thus, all levels will have 
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same state with respect to their carrier signal phase. The 

pulse width modulation will be symmetric for all levels 

and harmonic quality will further be improved. 

 

 
 

Figure 9. Two sample carrier waves by 5000 Hz 

 

 
 

Figure 10. The result of 27-level hybrid inverter simulation by shifted 

PWM 

 

C. A Novel Method for Controlling 27-Level Hybrid 

Inverter with Reference Signal Tracking 

The presented method for controlling the switching 

operation of a 27-level hybrid inverter in this section is 

about tracking the reference signal without comparing it to 

the carrier signal. In addition, this method uses α-β 

conversion. In this method, the angle θ of the three-phase 

system must be calculated at any instant so that the 

instantaneous value of the reference signal can be 

calculated and the reference signal will be synchronous 

with the output [7]. This can be achieved using PLL and 

conversion of three phase to two α-β phases. 

  Phase lock unit, preserves the initial phase angle 

during the system operation. Using α-β conversion, three-

phase system coordinates can be converted into a two 

phase system coordinates. The value of θ and 

instantaneous value of the reference voltage can simply be 

considered as the input information to the control unit. 

Then amplitude of the reference signal is divided into 13 

equal parts. Each of these parts constitutes an amplitude 

unit. So 13 voltage levels is created in each positive and 

negative half cycles and voltage difference between each 

of these levels and the next or previous levels is equal to 

an amplitude unit. 

At any given moment, the control unit compares the 

instantaneous value of the reference signal, which is 

calculated using α-β conversion to each of these 13 levels. 

Once it reaches a new level, control unit changes the 

arrangement of the switches to go to the next step based on 

Tables 2 and 3. Thus, unlike previous cases in which the 

rearrangement of the switches from one level to another 

was performed based on equal schedules, jumping to the 

next steps will occur at the instances which has a complete 

overlap with the sine wave. The α-β conversion is 

performed by the following equation: 

 

1 1
1

2 2 2

3 3 3
0

2 2

T

an bn cnV V V V V 

 
  

    
 

 
 

 (6) 

where, Van, Vbn and Vcn are the voltages of a three-phase 

system. 

After calculating the two-phase components, three 

phase system angle θ and the amplitude of the reference 

signal is obtained from the following equations: 

2 2V V V    (7) 

Therefore, the reference signal can be recovered if its 

amplitude and phase are known. Horizontal lines in           

Figure 11 represent the amplitude units. Once sinus wave 

passes each of these units, the output waveform will jump 

to the next level. Figure 12 shows one cycle of the output. 

 

 
 

Figure 11. A quarter of the full cycle of simulation output 

 

 
 

Figure 12. Simulation results for 27-level hybrid inverter with a new 
control method 

 

IV. INVESTIGATING OF HARMONIC RESULTS 

Figure 13 shows harmonic spectrum of the five-level 

Neutral Point Diode Clamped Inverter up to 127 for two 

cases of with PWM and without PWM. Magnification of 

figures are 5x which means that the main component is 5 

p.u. and it is drawn to 0.7 p.u. Comparing these two figures 

shows that the pulse width modulation results in 

attenuation of the lower-order components amplitude and 

amplification of the higher order harmonics. 

So in case of applying an appropriate high frequency 

filter, proposed PWM technique can be viewed as a proper 

method for switching. Figure 14 shows the harmonic 

spectrum of the 27 level hybrid inverter using sinusoidal 

pulse width modulation technique with carrier frequencies 

of 1, 3 and 5 kHz. In addition, it shows the phase shift pulse 

width modulation in carrier frequency of 5 kHz.  
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Represented results are for the first 31 harmonics and 

magnification of figures is again 5x. The main component 

has been drawn to 1.2 pu. Given the short period of each 

level in the output, higher carrier frequency results in 

further attenuation of the components and harmonic 

quality improvement. 
 

 
 

(a) 
 

 
 

(b) 
 

Figure 13. Harmonic spectrum of the five-level Neutral Point Diode 
Clamped Inverter, (a) With pulse width modulation, (b) Without pulse 

width modulation 

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 

 
 

(d) 
 

Figure 14. Harmonic spectrum of hybrid inverter with different 
switching methods, (a) Sinusoidal pulse width modulation with carrier 3 

kHz, (b) Sinusoidal pulse width modulation with carrier 1 kHz,  

(c) Pulse width modulation with shifted pulse carrier 5 kHz,  
(d) Sinusoidal pulse width modulation with carrier 5 kHz 

 

 
 

Figure 15. Output wave THD in hybrid inverter with different switching 

methods 

 

The best harmonic spectrum achieved belongs to 

shifted pulse width modulation. Further improvement is 

also possible if the new method presented for 27 level 

inverter switching is used. As can be seen from Figures 16 

and 17, if the new method is used, harmonic quality of the 

output will be improved and total harmonic distortion will 

be less than 2 percent. 

 

 
 

(a) 
 

 
 

(b) 
 

Figure 16. Comparing the harmonic spectrum of hybrid inverter in 
different switching methods, (a) Proposed method, (c) Shifted pulse 

width modulation 

With pulse width modulation 

Without pulse width modulation 

 

 

 

 

Sinusoidal pulse width modulation 
 

Shifted pulse width modulation 
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Figure 17. Output wave THD for hybrid inverter using new switching 
technique 

 

V. CONCLUSIONS 

Multilevel inverters by generating smoother variations 

in the output will further attenuate the disturbed harmonics 

on the grid side. It has been seen in this paper that different 

switching methods applied to two types of such inverters 

result in different harmonic qualities. Although the five 

level Neutral Point Diode Clamped Inverter has smoother 

changes compared to the simple 3- level inverter but it still 

requires a proper pulse width modulation to improve its 

harmonic spectrum. 

Investigating the switching methods for 27-level 

hybrid inverter indicated that in sinusoidal pulse width 

modulation technique as the carrier wave frequency 

increases, harmonic spectrum and total harmonic 

distortion are improved due to the faster sampling of the 

signal. However, since the single carrier signal performs 

asymmetric sampling for different layers, shifted pulse 

width modulation has been proposed. 

It was observed that due to the use of a separate signal 

carrier for each level, a symmetric sampling is performed 

for each level pair and output waveform has a better 

harmonic state even in comparison with the best single 

carrier sinusoidal pulse width modulation. In the novel 

switching method for 27-level inverter, the output 

waveform is so close to the ideal sinus wave that the total 

harmonic distortion coefficient is about 1 or 2 percent. 
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