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DC to AC Power Converter Topologies for Industrial 
drives and Grid tied applications

Prof. K. Gopakumar, DESE, Indian Institute of Science, Bangalore INDIA

1. Voltage source converters
Power electronic converters facilitate efficient control and conversion of electrical 

power, a requirement in almost all modern equipments and systems. Power loss is an 
unavoidable consequence of the energy conversion process. However, power electronic 
energy conversion provides the means to minimize these losses and achieve higher 
efficiency. This aspect of power electronic converters is very significant in the present 
world scenario characterized by the ever increasing demand for power on one side and 
the depletion in the available energy resources on the other side. The need of the hour 
is to minimize the power loss as the energy saved is equivalent to additional energy 
generated with the same resources. In the field of high power applications a small 
improvement in the efficiency is significant as it will result in substantial energy savings. 
Hence it is all the more important to improve the efficiency of energy conversion in high 
power applications. Advanced and sophisticated control is another requirement in many 
modern applications. The power electronic converters can be broadly classified into 
four  categories. They are: (i) DC to DC converters (ii) AC to DC converters (iii) DC to 
AC converters and (iv) AC to AC converters [1]. Major high power applications of these 
converters include high and medium- voltage drives, flexible AC transmission systems 
(FACTS), active power filters, reactive power compensation systems, renewable energy 
sources etc. [2]-[3]. The DC to AC converters are widely used in control of drives, which 
constitute around 60-65% of the total load on the electrical energy distribution systems  
[4]. There are basically two types of DC to AC converters namely the voltage source 
inverters (VSI) and the current source inverters (CSI). Though the current source 
inverters (CSI) have significant presence in certain high power applications, the voltage 
source inverters (VSI) are now dominating the field of DC to AC conversion, due to 
their inherent advantages like relatively simpler circuit configurations and emergence of 
semiconductor devices whose performance and characteristics meet the requirements 
of the VSI topology. 

2. Two-level voltage source converters
The traditional DC to AC voltage source converters are known as two level inverters 

as they switch between two voltage levels. The power can be made to flow in both the 
directions and hence it can work as rectifier as well as inverter. Hence a better name for 
the circuit is voltage source converter. 
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Figure 1. Two-level voltage source inverter feeding a motor       

In two level inverter the A-phase can be connected to the postive terminal of the 
DC voltage by switching on the switch SA ‘( SA1 ‘ is off) and to the negative terminal by 
switching off SA ‘ (SA1 ‘ is on). The respective phase-A pole voltage is shown in Fig. 2a and 
its harmonic content is shown in Fig.2b. To get the fundamental sinusoidal component, 
it is easy to say that we can remove all the harmonics by putting a filter. But in practise 
a filter to remove all the harmonics in Fig.2b is impractical because we need very bulky 
filters and cost of it alone will be much higher than the inverter and its control.

 Figure 2a. Output pole  voltage waveform Figure 2b.Harmonic spectrum
 

But the effect of the harmonic voltages can be controlled in the output current 
waveform, by using the pulse width modulation( PWM) technique known as the sine-
triangle PWM. Here a sine wave called the modulating wave( which is proportional 
in amplitude and in phase  with the output fundamental wave to be generated from 
the inverter)is compared with a fixed amplitude high frequency triangle waveform 
to generate the gating signals. Same triangle wave is compared with sine waves 
representing the out fundamental wave of the three phase outputs, to generate the 
gating signals for the inverter. When the sine wave is greater than the triangle wave 
(carrier wave) in each phase, the top switch is ON and the bottom switch is OFF. When 
the amplitude of sine wave form is less than the triangle then the top switch is OFF and 
the bottom switch is ON. This way the original square wave of Fig.2a is chopped with  
a high frequency  and the typical output pole voltage of a phase is shown in Fig.3a.
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Fig 3a. Pole voltage waveform  
( Sine-triangle Comparison)

 Fig3b. Harmonic spectrum  
(Sine-triangle  Comparison)

From Fig.3b it can be noted that the higher amplitude harmonics are centered 
around the carrier frequency and its side bands. So if the frequency of the triangle wave 
is very high compared to the sine wave (modulating wave) then the impedance offered 
to these harmonics from  an inductive load will be higher and hence amplitude of these 
harmonic currents will reduce considerably with increase in the carrier wave frequency. 
But this will result in high switching frequency for the output chopped waveform. For 
high power applications an increase in switching frequency means increase in switching 
losses and decrease in efficiency. So, high switching frequency PWM are not used in 
high power applications, with two level inverters. The two-level inverters are widely 
used in low voltage, low power  application. However, for high power, medium- and 
high- voltage  applications, it suffers from the following disadvantages. 
1. Harmonic distortion of the output voltage is high and hence filters  will have to be used  

at the output in many applications, especially  when the switching frequency is low. 
2. The switching frequency has to be high to reduce the size of the  filter. High switching 

frequency will cause increase in switching  loss. It may be difficult to achieve high 
switching frequency in high  voltage applications due to the device limitations.

3. Because of high frequency switching between two voltage levels, the  dv/dt will be 
very high. This will result in doubling of voltages at  the motor terminals due to the 
phenomenon of reflection.  

4. Significant amount of conducted and radiated EMI will be  generated and special filters 
will have to be provided in many  applications to mitigate the harmful effects of EMI.  

5. Two-level inverters generate substantial amount of common mode  voltages that 
cause mechanical failure of the motor. 

6. The voltage stress on the devices is high. In high voltage  applications many devices 
will have to be connected in series which  normally causes voltage sharing problems 
among the devices and  additional circuitry will have to be provided for equalizing 
the  voltages.The problems of the two-level VSI in high and medium voltage 
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applications,  listed above, are either completely solved or mitigated to a great extent 
in  multilevel power converters. The next section describes the concept of  multilevel 
power conversion and the prominent topologies of multilevel converters

3. Multilevel inverters
Multilevel voltage source converters Multilevel power converters are being increasingly 

used for high power medium and high- voltage applications like high power AC drives, 
active power filters, reactive power compensation, HVDC transmission, FACTS devices 
etc [5]-[6]. The term ‘level’ means number of steps in the pole voltage waveform with 
respect to an internal reference point. Multilevel power converters have many significant 
advantages compared to the traditional two-level converters. Multilevel inverters 
are capable of producing output voltage with low harmonic distortion at reduced 
switching frequency. Since the switching is between smaller voltage levels, the voltage 
stress on semiconductor switches is reduced, in addition to the reduction in dv/dt. Low 
electromagnetic interference, reduced common mode voltage, higher efficiency etc. 
are the other advantages of the multilevel power converters compared to their two-level 
counterparts. By increasing the number of levels, nearly sinusoidal waveform can be 
obtained from a multilevel inverter and hence expensive and bulky filters can be avoided, 
in many applications. Figure.4 shows the schematic diagram of one leg of a three-level 
inverter along with the pole voltage waveform.

 Fig.4a Schematic diagram of one leg of a 3-level VSI and Fig.4b the 3-level PWM output with reference 
waveform.

 Fig.4a can be considered as a single pole 3-way switch which connects the pole to 
‘3’ different voltages depending on the position of the switch. It can be seen from Fig.4b 
that for the 3-level, there are 3 steps in the pole voltage waveform and the maximum 
instantaneous error between the desired sinusoidal voltage and the actual voltage is now 
reduced to half (Vdc/2) compared to the two-level inverter depicted in Fig.2a. This will 
significantly reduce the harmonic distortion thereby improving the quality of the output 
voltage. One leg of a general n-level inverter and the pole voltage waveform for n = 9 
are shown in Fig5. It can be considered as a single pole 9 way switch which connects 
the inverter pole to ‘9’ different voltage magnitudes. As the number of levels increases, 
the number of steps in the pole voltage waveform increases and the maximum 
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instantaneous error between the reference waveform and the actual waveform decreases 
resulting in drastic reduction in the harmonic distortion. A comparison of the pole 
voltage waveforms given in Fig-4b and  5b also reveals how the dv/dt reduces as the 
number of levels increases. In general, in an n-level inverter, the pole voltage can 
assume any one of the ‘n’ voltage levels as switching takes place. A number of multilevel 
converter topologies have been proposed, since the introduction of the concept of 
multilevel power conversion in late 1960’s, [6]-[7]. 

 Fig.5a Schematic diagram of one leg of an n-level VSI and Fig.5b the PWM output with reference 
waveform (for  n=9).

Among these, three converters namely the neutral point clamped (NPC) inverter, 
the flying capacitor (FC) inverter and the cascaded H-bridge (CHB) inverter are known 
as conventional multilevel converters. The three-level NPC topology proposed by 
Nabae, I. Takahashi, and H. Akagi, in 1981 [8] is one of the most popular multilevel 
voltage source inverters in the industry. The power circuit diagram of a three-level NPC 
is given in Fig.6

 Fig.6 Power circuit diagram of a three-level NPC inverter
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In this topology, the DC link voltage is split into a number of small voltage level using 

series connected capacitor banks. In the three-level NPC inverter shown in Figure-1.5, 
the middle point O of the two dc-link capacitors C1 and C2 is defined as the neutral-
point. If Vdc is the DC link voltage, with respect to the neutral point ‘O’, the inverter pole 
voltage can assume three levels namely +Vdc/2, 0 and –Vdc/2, if C1 and C2 are selected 
in such a way that the voltage across them are equal. In addition to the extra active 
switches, the presence of two diodes in each inverter pole makes this topology different 
from the traditional two-level inverters. Since these diodes clamp the switch voltage to 
the capacitor voltages (Vdc/2 if the capacitor voltages are balanced), they are known 
as ‘clamping diodes’. Thus compared to the two-level inverter, the maximum voltage 
stress on each switch is limited to half of the DC link voltage. The NPC topology can 
be extended to higher number of voltage levels at the output [9]-[10]. But as the voltage 
levels of the NPC topology is increased the power circuit complexity will also increase 
with the increasing levels and hence other than three level is not seriously considered for 
industrial applications.

 The flying capacitor (FC) multilevel inverter, introduced by T.A.Meynad and  
H. Foch in the year 1992, is another well-established topology, in which the floating 
voltages across the capacitors are used for generating different voltage levels [11]. The 
basic concepts, modeling and analyses of this topology are given in [12]-[14]. A three-
level flying capacitor inverter is shown in Fig.7.

 The performance of this topology greatly depends on the balancing of the capacitor 
voltages, as the load current flows through the capacitors. PWM techniques for 
balancing the flying capacitor voltages are given in [15]-[17]. An analysis of the voltage 
balancing dynamics of a three-phase flying capacitor converter is presented in [16]. 

Fig.7. A three level flying capacitor topology

As the number of levels in voltage increases, the FC circuit becomes complex, due to 
the substantial increase in number of capacitors. A three phase n-level flying capacitor 
based multilevel inverter requires 3*(n-2) capacitors of unequal voltage ratings or 
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3*(n-1)*(n-2)/2 capacitors of voltage equal voltage ratings of Vdc/(n-1), where Vdc 
is the DC link voltage. A method to increase the number of voltage levels by changing 
the ratio of the capacitor voltages in flying capacitor topology is reported in [18]. In this 
scheme since the switching devices have to withstand asymmetric voltages it is known 
as asymmetric flying capacitor inverter. However, in asymmetric flying capacitor inverter 
higher number of levels cannot be achieved in the entire modulation range due to the 
difficulty in balancing the capacitor voltages. Another disadvantage of asymmetric FC 
topology is that the number of voltage levels that can be achieved with capacitor voltage 
balancing depends on operating power factor. Hence this scheme is suitable only for 
certain applications.

 Cascaded H-bridge inverter (CHB) The cascaded H-bridge (CHB) multilevel 
converter, which employs series connection of H-bridge cells fed from isolated DC 
voltage sources, is another topology widely used in the industry. A five-level cascaded 
H-bridge inverter is shown in Figure-1.9. 

Fig.8 A five level cascaded H-bridge topology

The CHB topology is preferred in many high  voltage applications due to its modular 
structure and simple control  schemes [19]-[22]. This topology is free from issues like 
capacitor voltage  balancing. A major limitation of this topology is the requirement of 
multiple  DC voltage sources, as each H-bridge cell requires a DC source. This  topology 
is considered well suited for applications like PV systems, where  obtaining multiple 
DC sources is not a constraint [23] or applications  without active power conversion, 
like STATCOM [24]-[25]. However, when  conversion of real power is required, the 
difficulty in obtaining so many DC  sources may preclude the use of the CHB inverters, 
in many applications.  
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4. Hybrid Multilevel Inverter Topologies

Hybrid multilevel inverter topologies can be developed by combining conventional  
(two level inverter, NPC, FC and CHB) topologies [26]. In Fig.9a, a hybrid  five level 
inverter is formed by cascading a three level NPC with a H bridge fed by a charged 
capacitor. 

 
Fig.9a.A hybrid five level inverter topology            

by cascading three level NPC inverter and a CHB 
module

Fig.9b. A hybrid five level inverter topology by 
cascading a flying capacitor topology  and a CHB 

module           

This topology has the advantage of both NPC and CHB inverter topologies as   
it requires less number of clamping diodes compared to a five level NPC and less 
number  of isolated power supply compared to a five level CHB inverter. In Fig.9b the 
NPC is replaced with a Flying capacitor topology. The advantage of this topology is the 
single DC supply requirement [27].    The three phase configuration of the above hybrid 
five level inverter 

  Fig.10a. Three phase circuit of  hybrid five level inverter topology by cascading a flying capacitor  topology  
and a CHB module  is shown in Fig.10a.

The five pole voltage levels are 0, VDC/4, VDC/2, 3VDC/4, and VDC. All these 
five voltage levels are generated by the DC link along with the charged capacitor in each 
phase. These capacitor voltages can be controlled around the nominal value of VDC/4 
using the switching state redundancies   in each PWM cycle. A typical example is shown 
in Fig.10b and Fig.10 c below.
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 Fig.10b. The Vdc/4 capacitor voltage control

                 
Fig.10b. The Vdc/2 capacitor voltage control

 The out phase voltage, current and the capacitor voltages from an experimental 
results are shown in Fig.10c and 10d below, and it can be seen that the capacitors are 
tightly controlled using the switching state redundancies.

Fig.10c. The  motor phase voltage, current and 
capacitor voltages- steady state operation

Fig.10d. The motor phase voltage, current and 
capacitor voltage during transient condition

The same Power circuit configuration of Fig.10a can be repeated at the DC source 
side and the power can be directly taken from the grid with appropriate control for 
unity power factor operation at the front end side. The schematic of this unity power 
factor control from the frontend using the back to back five level  power converter 
scheme is shown in Fig.10e below. From fig 10e it can be noted that the DC link voltage 
is replaced by a capacitor. This is for generating the magnetising current for the motor 
and the real part of the power is directly taken from the grid. So with this back to back 
topology we have eliminated all the DC voltage requirements for generating a multilevel 
topology and the power is directly taken from the mains.
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Fig.10e. Five level back to back power converter for Induction motor drive

In this back to back topology all the DC power supplies are replaced by charged 
capacitors, which only gives the reactive power and regeneration of the power from the 
load side to the grids side is also possible in such a scheme. The motor phase voltage, 
current and the grid side voltage and current during a steady state operation is shown in 
Fig. 10f , below.

                           
Fig.10f. Grid voltage and current with unity power factor and the motor phase voltage and current with  

a lagging power factor 

The hybrid topology by cascading the flying capacitor topology with an H bridge 
can be further extended for generating more number of levels by cascading more 
number of H bridges. [28]–[29].

 Fig.10.g and Fig10h shows the power schematic of hybrid nine level and seventeen 
level inverter schemes for drives applications.
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Fig.10g. Three phase circuit of  hybrid nine level inverter Nine pole voltage levels are  -VDC/2, -3VDC/8, 

-2VDC/8, -VDC/8, 0, +VDC/8, +2VDC/8, +3VDC/8 and +VDC/2.

                             
                        Fig.10h. Three phase circuit of  hybrid seventeen level inverter The seventeen pole voltage 
levels are-0, VDC/16, VDC/8,3VDC/16, VDC/4, 5VDC/16, 3VDC/8, 7VDC/16, VDC/2, 9VDC/16, 

5VDC/8, 11VDC/16, 3VDC/4, 13VDC/16, 7VDC/8, 15VDC/16,VDC,
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Fig.10i. Machine phase  voltage, phase current and pole voltages of the hybrid seventeen level inverter fed drive.

    The Phase voltage, phase current and the capacitor voltages for a seventeen level 
inverter fed induction motor drive is shown in Fig.10i. It can be noted that the phase 
voltage profile ( VAN) is very close to a sine wave. This means as the number of pole 
voltage levels increases correspondingly the output phase voltage profile become very 
close to a sinusoidal wave. But it can be noted form Fig.10.h that as the number of 
cascaded H bridges increases, the value of the capacitor voltage feeding these bridges 
becomes lesser and lesser and in the end it will become closer to the device drops. So 
cascading more H bridges to increase the pole voltage levels is not a viable solution. This 
can be solved with stacking more basic inverter modules along with cascading. 

5.  Stacked Multilevel Inverter Topologies
A nine level inverter scheme with stacking the two basic five level structure of Fig.9b  

is  explained below [30].

      
 Fig.11a. shows the Power circuit for the proposed stacked nine-level inverter and its modulating signal for 

phase-A. The nine levels are 0, Vdc/8, 2Vdc/8, 3Vdc/8, 4Vdc/8, 5Vdc/8, 6Vdc/8, 7Vdc/8, Vdc
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From the modulating waveform( Fig.11a) shown above, it can be noted that the top 

five level structure is selected for PWM control, when  the modulating wave is positive  
(switch S9 is ON) and in the negative cycle of the modulating wave the bottom structure 
is selected( switch S9’ is ON).

           
Fig.11b. Modified power circuit to reduce number of switches for the proposed stacked nine-level inverter 

topology for phase-A

Fig11a can be further modified to reduce the number of device count, by making 
the cascading H bridge cell common to both the stacked cells, as shown in Fig.11b. The 
same structure will produce all the nine levels for the phase voltages, as the fig 11a., with 
reduced H bridge cells.

Fig.11d. 45 Hz operation, x-axis: 5ms/div. y-axis 1) 
VAn: 100V/div, 2) VAO: 100V/div; 3) _Vc3: 5V/div 

4) IA: 2A/div

Fig.11e. Modulating signals and the generated 
pole voltages by each of  the stacked cells45 Hz 

operation. 1) VAO: 100V/div, 3) Gating signal to 
selector switch: 50V/div, 5) VXO: 100V/div, 7) 

VZ0: 100V/div. x-axis: 10ms/div.
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Fig.11d shows the phase voltage, pole voltage, capacitor voltage and the phase 

current wave form for 45Hz operation and Fig.11e shows the Pole voltage waveform 
and the modulating wave forms along with the selector switch gating waveform and the 
part of the modulating wave for the upper part and lower part of the stacked cells. It 
can be noted from Fig.11e that the during the upper part of the modulating waveform 
the upper cell only works and for the lower part of the modulating wave the lower cell 
only works. This way each module works only for fifty percent of the fundamental 
cycle there by reducing the switching losses and increasing the efficiency of the overall 
inverter system.  The selector switch works with fundamental frequency. The proposed 
stacking concept can also be further extended for a 49 level structure by cascading the 
previously mentioned 17 level structure of Fig.10h. By stacking three such cells a 49 level 
inverter structure can be realised. Here also the H bridges can be made common for all 
the three main cells by a selector by appropriately cascading the H bridges after the three 
way  selector switch [31]. The proposed 49 level structure with reduced H bridge cells 
for the Phase-A are shown in Fig. 12a.

                     
  Fig.12a.Reduced device count 49-level inverter by making the CHBs common to the  stacked FCs for 

phase-A      

Fig.12b below shows the typical phase voltage, phase current and capacitor voltage 
for a steady state operation form an experimental set up.

(VAN), 3) Capacitor voltage (Vc1), 4) Phase currents (Ia) It can be noted that with 
more number of levels the output phase voltage will be very close to a sinusoid. The 
fig.12a can be further modified for a lesser DC Voltage requirement by reconfiguring 
symmetrical six phase induction machine with the same power rating, as a normal there 
phase machine [32]. The schematic of a six phase machine phase winding diagram are 
shown in Fig12c and Fig12d.
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Fig.12b. Steady state results. 1) Motor Phase voltage (VAn), 2) Inverter pole voltage

                Fig.12c. A symmetric six phase winding        Fig12d. Reconfiguring as a three phase winding.

     
Fig.12e.Reduced device count stacked 49-level inverter topology for phase ‘A’ by cascading an FC with three 

CHBs and stacking them using selector switches
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By using the winding pattern of Fig.12d, the DC link requirement for the inverter 

configuration of Fig12a can be further reduced and the inverter can be directly fed from 
batteries for EV applications. The same configuration can also be improved with less 
number of devices by cascading the part of the stacked  flying capacitor cells and make 
it common to all the three stacked main power cells, as shown in Fig.12e, below. The 
three DC sources can be reduced to Vdc/6 (instead of Vdc/3) if a six phase IM is used 
in a three phase winding configuration by connecting the 180 deg opposite windings in 
parallel configuration with appropriate polarity as shown in Fig.12d. This will reduce 
the DC link voltage requirement at front end because, for the same power output from 
a three phase IM and a six phase IM, a six phase machine needs only half the DC link 
voltage.

6. Voltage space vector structure of a three phase inverter
Table 1 shows the different switching states which the 2-level inverter (Fig.1) can 

take.  There are 8 possibilities as shown in the table. As already mentioned, the top and 
bottom  switch in a leg always operate in a complimentary fashion. ‘1’ indicates top 
switch in  a phase is ON and ‘0’ indicates top switch is OFF. Space vector modulation, 
unlike a  sinusoidal PWM, considers the three phases as one entity called as the space 
vector. A  space vector transformation is defined as in equation 1.1. When the operation 
of the inverter is 3-phase balanced, the phase voltages add up to zero and therefore it is 
possible  to transform the 3-phase quantities to equivalent 2-phase quantities as given 
in eqn.1. Using this transformation, the voltage space vector corresponding to each 
switching state can be plotted as shown in Fig.13.

V3 = Vao +Vbo + Vco (1)

Table-1. Inverter switching state combinations, pole voltages and voltage space-vectors
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Fig.13a. Voltage space vector diagram for the 2-level inverter

Fig13b. Three level inverter- voltage space vector 
structure

Fig13c. Five level inverter- voltage space vector 
structure

Fig 13 shows the voltage space vector structure of a two level three phase inverter. 
It can be noted that all the active space vectors (Table-1) are placed at the vertices of 
a hexagon and the Zero voltage vectors at the centre of the hexagon. The hexagonal 
structure is further divided in six equilateral triangles. For a machine to be excited with 
a sinusoidal voltage and current, we need a circular voltage space vector structure. An 
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average circular voltage space vector structure can be achieved by PWM techniques 
Here the reference circular voltage space vector is sampled at high frequency and the 
triangular sector is first identified in which  triangular sector the reference vector lies. 
Then the sampled vector is generated in a switched average( using volt-sec balance, in 
a sampling period) way by switching between the vertices of the triangular sector. For 
example in sector-1 the vertices, V1, V2 and V0 are switched for T1, T2 and T0 period 
such that T1+T2+T0=Ts.

In multilevel inverters the triangular sector will be further divided into small 
triangles and the size and the triangular size depends on the number pole voltage levels.

From fig13a, 13b and 13c, it can be noted that for the same radius of the polygon 
depends on the Vdc link amplitude), the maximum radius of the circular trajectory 
that can be inscribed within the hexagonal voltage space vector structure is 0.866 Vdc 
(Fig13a),resulting in a maximum phase peak fundamental of 0.577 Vdc for the motor 
phase voltage(limit of the linear modulation range). This is the limit of the linear 
modulation range. But the circular radius can be further increased (over modulation 
range) to get a maximum phase peak fundamental of 0.637 Vdc where the each inverter 
leg will operate in square wave mode (inverter six step mode operation) as in Fig2a. 
In voltage space vector sense the PWM operation will take the voltage space vector 
along the vertices of the hexagon where each vertex will be switched for sixty degree in 
a fundamental cycle of PWM operation of the inverter (Fig.13d). As the fundamental 
amplitude is increased above the linear modulation range, the low order harmonics will 
start appearing in the motor phase voltages as shown in Fig13e, below.

Fig13d Space Vector Structure generated by 
2-Level inverter showing the extreme modulation 

range at six step mod  operation

 Fig.13e.Harmonic components in the output phase 
voltage in over modulation region 
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7. Increasing the linear modulation range without the presence of 

low order harmonics
In a multilevel structure such as the five level scheme a boost in the pole voltage 

level is possible with addition of a charged capacitor voltage over the Vdc link voltage of 
Vdc [33]. For example if we can generate Vdc+Vdc/4= 5vdc/4in a five level inverter, the 
resulting space vector structure will be six level instead of five level, as shown in Fig13f, 
below. Fig13g shows the circular voltage reference vector trajectory at the extreme 
modulation range where the phase peak fundamental of the motor phase voltage 
is 0.637Vdc. In Fig.13g Up to 5th Level, the charging and discharging redundancy are 
available for all the capacitors. But for the

 space vector locations at 6th  level  generated by boosting the DC-link voltage by  
a charged capacitor of voltage Vdc/4, the capacitor will start discharging when the vector 
locations at the level 6 are used for PWM operation. But this can be balanced in PWM 
cycle by using the switching state redundancies at the fifth layer. This is possible because 
PWM timing in a sector for vectors forming the triangle from the fifth layer is more 
than that for the vector locations in sixth layer (Fig.13.g). This can be proved form the 
vector timing equations in a sampling interval shown in eqn.2

Fig13f. Six level space vector structure Fig13g.Refrence voltage vector trajectory at  the 
extreme modulation range

Vr 30*Ts=OL*T0+OR*T1+OS*T2 ;   T0=0.59Ts; T1=0.206Ts; T2=0.204Ts
    So,  Time T0 is greater than T1+T2,  T0+T1+T2=TS (sampling Time)                  (2)

	 For extended modulation range, by applying SV OQ machine phase voltage 
(A-phase) will exceed by 12.5%.
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	This can be avoided by modifying the extreme SV trajectory (shown by bold 

black line) and selecting vectors from this trajectory for PWM control.
	The PWM timings at the modified SV locations for operation with modula-

tion index more than 0.577 can be obtained by timing calculation, as before 
presented in eqn.2 

 The power circuit for the proposed scheme is shown in Fig.13h below [33]

Fig.13h. The proposed multilevel power circuit schematic for extending the linear modulation range

An open-end winding induction motor drive scheme is selected for this drive 
configuration, where the neutral is open and fed from another two level inverter from 
other side of the machine [33]. The motor phase voltage waveforms in the extended 
linear modulation range (for the proposed scheme) and from the conventional over 
modulation region are presented in Fig.13i and Fig.13j, below.

Fig13i. Motor phase voltage and current  
at the extended linear modulation range  

(base speed operation)

Fig.13j. Motor phase voltage and current from  
a  Conventional inverter at six  step mode operation 

( base speed)
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From Fig.13i, it can be noted that the same maximum phase peak fundamental 

can be achieved with the proposed technique to increase the linear modulation range 
without the presence of low order harmonics, when compared to the conventional 
method as presented in Fig.13j. 

But another very interesting technique is reported in literature to increase the linear 
modulation range of a variable speed drive system, with the suppression of low order 
harmonics, for the full modulation range [34]–[36]. These are mainly called polygonal 
voltage space vector based inverters with the polygonal voltage vector sides more than 
six, when compared to the conventional hexagonal structure.

8.Three phase inverter PWM technique with polygonal voltage 
vectors 
A 12isded (dodecagonal) voltage space vector structure is possible by feeding 

an open-end winding induction machine form two inverters fed by asymmetrical 
voltages as shown in Fig.14a and 14b [34]. Since the two inverter control are 
independent of each other a selective vector combination from both the inverter will 
result in a 12sided polygonal vector structure (Fig.14b).  The output phase voltage 
during the extreme 12 step mode is shown in Fig.14.c. The harmonic analysis of 
this waveform will show that all the 5th and 7th order harmonics (6m±1,m = odd)
are absent in the proposed 12dodecagonal scheme. The secondary DC voltage can 
also be replaced with a charged capacitor with appropriate magnitude and angle. 

  
Fig.14a. Power circuit for generating a 12 sided polygonal voltage space vector structure
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Fig.14b. Generation of the 12sided polygonal voltage vectors from inverters feeding an open-end winding 

induction motor drive with asymmetrical voltages

                              
Fig14c. Twelve step phase voltage waveform for extreme stepped operation with dodecagonal voltage space 

vector

 
Fig14d. Formation of a switched average12sided vector by feeding the second inverter with a charged capacitor.
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   Fig.14e. Generation and superimposition of the switched average vector from the secondary side, with 
the primary inverter vector

So that during PWM operation the main inverter will feed the real power and the 
secondary inverter will feed the reactive power so that the fifth and seventh harmonics can 
be eliminated from the primary inverter pole voltages to realise the 12sided polygon [34]. 

Fig14f. 40Hz operation. 1) phasevoltage, 2)  
Inverter-1 pole voltage, 3) inverter-2 pole  voltage, 

4) motor phase current

Fig14g. 50Hz operation. 1)phasevoltage, 
2) Inverter-1 pole voltage, 3) inverter-2 pole  

voltage,4) motor phase current

 Fig.14h.Harmonic spectrum-40Hz operation Fig.14i.Harmonic spectrum-50Hz operation
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It can be noted that the drive can go up to the square wave mode operation for the 

inverter-1 and phase voltage has a 12-step profile with the absence all the 5th and 7th 
order harmonics. The relative harmonic amplitudes are shown in Fig.14h and Fig.14i, 
for the 40Hz and 50Hz operation, respectively.

So with the PWM operation with a 12sded polygon will result in the absence of all 
the 5th and 7th order harmonics throughout the modulation range up to base speed of 
50Hz operation where the inverter-1 will be running with the pole voltages in square 
wave mode operation. Instead of two 2-level inverters (Fig14a),if we use two  the 
3-level inverter structures, then  the resultant space vector combination will generate  
a multilevel 12isded voltage space vector  structure as shown in Fig14j, below.

Fig14j. The three level power circuit combination and the resultant  multilevel 12sided voltage space vector 
structure

The motor phase voltage and current from the above power circuit combination is 
shown in Fig.14k and Fig.14l for 40Hz and 50Hz operation.

Fig14k. 40Hz operation.: 1) phasevoltage,  
2)  Inverter-1 pole voltage, 3) inverter-2 pole  

voltage, 4) motor phasecurrent

Fig14l. 50Hz operation: 1) phasevoltage,  
2)  Inverter-1 pole voltage, 3) inverter-2 pole  

voltage, 4) motor phasecurrent
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Since the PWM is done using voltage vectors placed at the 12 sided structure her 

also all the fifth and seventh harmonics will be absent throughout the modulation range 
up to square wave mode operation for the Inverter-1. The same inverter concept can be 
extended to multilevel 18sided, 24 sided and 30sided structures as explained below, for 
achieving nearly sinusoidal phase voltage waveform with less switching for the main real 
power delivering inverter-1. Here the secondary inverter acting as a switched capacitive 
filter for suppressing low order harmonics up to 13th suppression for the 18-sided 
scheme [35], 19th order suppression for the 24 sided scheme[36]. In all these schemes 
the main inverter will be delivering the real power and the capacitor fed secondary 
inverter will act as a switched capacitive filter for the low order harmonic suppression, 
throughout the modulation range.

Fig15a. Powercircuit for the 18sided polygon Fig.15b. nine concentric 18sided polygon

Fig.15c. 40Hz operation – multilevel 18sided 
polygonal based PWM

Fig.15d. 50Hz operation – multilevel 18sided 
polygonal based PWM 

Fig15a shows the schematic of the cascaded flying capacitor topology with capacitor 
fed H-bride for the multilevel 18-sided polygon generation. Fig15b shows the nine 
concentric 18sided polygonal voltage vector structure from this inverter scheme [35]. 
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The experimental results are shown in Fig.15c and Fig 15d, for the 40Hz and 50Hz 

operation, respectively.

Fig.15e.Harmonic spectrum-40Hz operation Fig.15f.Harmonic spectrum-50Hz operation

Fig16a.Powercircuit for the 24 sided polygon Fig.16b. twelve concentric 24sided polygon

In Fig.15c and Fg.15d the Inverter pole voltage waveform (trace-2) from the primary 
inverter is in quasi square wave form for the 40Hz operation and  a square wave in 50Hz 
operation. All the inverter switchings (trace-2) are transferred to the secondary inverter 
acting as a switched capacitive filter, eliminating all the low order harmonics, as shown 
in Fig.15e and 15f, from the phase voltages (trace-1 of Fig.15c and Fig.15d)  for the 40Hz 
and 50Hz operation.

The power circuit schematic for generating the multilevel 24-sided polygonal vectors 
for PWM control of a drive system is in Fig.16a and the 12concentric Multilevel voltage 
space vector structure form this power circuit is shown in Fig.16c. Here also a single 
DC link is used for the power circuit and the rest of the power supplies are capacitor fed 
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H bridges, acting as switched capacitive filters for low order harmonic suppression[36].  
In Fig.16a, the Vc1 capacitor voltage is 0.5Vdc, the HB1 capacitor voltage is 0.289Vdc 
and the HB2 capacitor voltage is 0.1345.The 12 layers of the multilevel 24sided polygonal 
vector points are switched average vector locations from the HB1 and HB2 three level 
structures [36]. The schematic of the switched average vector generation for the 24sided 
polygon is shown in Fig. 16c  and the  multilevel vector combination from the primary 
flying capacitor topology and the CHb1 and CHb2 (Fig.16a) are shown graphically  
in Fg.16.d.

              
Fig. 16c. Generation of a  switched average vector for the 12 sided polygon
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Fig.16d  Generation of the 12 concentric multilevel 24 sided polygonal vectors

                
 Fig.16e-36Hz operation (1) Phase voltage, (2) FC 

inverter pole voltage, (3) HB1 inverter pole voltage, 
(4) HB2 inverter pole voltage, (5) Phase current (IA)

Fig.16f. Harmonic spectrum at 36 Hz operation
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Fig.16g. waveforms at 50Hz operation Fig.16h. Harmonic spectrum at 50 Hz operation

Here also it can be noted that the primary Flying capacitor topology works in quasi 
Square wave mode and most the PWM switchings are transferred to the low voltage 
H bridges acting as switched harmonic filters and it effectively suppress the low order 
harmonics up to 19th order. These polygonal schemes can be considered as multilevel 
inverter schemes with harmonic suppression  using low voltage low size switched 
capacitive filters  for variable speed drives applications. Because of the Single DC power 
supply requirements these topologies can also be driven form directly from the grid 
using controlled rectifiers with unity power flow control from the grid.
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