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Multilevel Inverters: A Comparative Study of
Pulse Width Modulation Techniques
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ABSTRACT— The multilevel inverter topology gives the advantages of usage in high power and high voltage application with
reduced harmonic distortion without a transformer. This paper presents a comparative study of nine level diode clamped inverter
for constant Switching frequency of sinusoidal Pulse width Modulation and sinusoidal Natural Pulse width Modulation with

switching frequency Optimal Modulation.

INDEX TERMS— Multicarrier Pulse Width Modulation, diode clamped inverter, Switching frequency optimal Pulse Width
Modulation, Sub-Harmonic Pulse Width Modulation, Constant switching frequency, Sinusoidal Natural Pulse Width Modulation,
Sinusoidal Pulse Width Modulation, multilevel converter, multilevel inverter Total harmonic distortion.

1 INTRODUCTION

ULTILEVEL Pulse Width Modulation (PWM) in-

verters have been gained importance in high per-

formance power applications without requiring
high ratings on individual devices, as static var compen-
sators, drives and active power filters. A multilevel inver-
ter divides the dc rail directly or indirectly, so that the
output of the leg can be more than two discrete levels. As
both amplitude modulation and pulse width modulation
are used in this, the quality of the output waveform gets
improved with low distortion. The advantages of multi-
level inverter are good power quality, low switching
losses, reduced output dv/dt and high voltage capability.
Increasing the number of voltage levels in the inverter
increases the power rating. The three main topologies of
multilevel inverters are the Diode clamped inverter, Fly-
ing capacitor inverter, and the Cascaded H-bridge inver-
ter [1][2]. The PWM schemes of multilevel inverters are
classified in to two types the multicarrier sub-harmonic
PWM (MC-SHPWM) and the Multicarrier switching fre-
guency optimal pulse width modulation (MC-SFOPWM)
[4][5]. The MC-SHPWM diode clamped multilevel inver-
ter strategy reduced total harmonic distortion and the
MC-SFOPWM technique for multilevel inverter strategy
enhances the fundamental output voltage [6]. This paper
considered the most popular structure among the trans-
formerless voltage source multilevel inverters, the diode-
clamped converter based on the neutral point converter
proposed by Akagea et al [1].
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Figure 1 Schematic Diagram of (a) Two level Inverter (b) Three Level
Inverter (c) N Level Inverter

Fig 2(a) shows the output voltage of a two level inverter.
Fig 2(b) shows the output voltage a three level inverter.
Fig 2(c) shows the output voltage of an N level inverter.
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Figure 2 Output Voltage of (a) Two Level Inverter (b) Three Level
Inverter (c) Five Level Inverter

3 DIODE CLAMPED MULTILEVEL INVERTER

For an N level (between the phase and the negative rail)
diode clamped inverter,
The number of levels in the line-to-line voltage waveform

2 MULTILEVEL INVERTER SCHEMATIC DIAGRAMS ~ Will be k=2N-1 _ _ (€3]

. . . The number of levels in the line to load neutral of a star or
Fig 1(a) shows a two level inverter. Fig 1(b) shows a three wye load will be p=2k-1 @)
level inverter. Fig 1(c) shows N level inverter. All the ca- The number of capacitors required, independent of the
pacitors comprises to a voltage of V. aumber of phase, is Neay=N-1 ) 3

While the number of clamping diodes per phase is
DclampZZ(N']-) (4)
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The number of possible switch states is

Nstates=MNPhases (5)
and the number of switches in each leg is

Sn=2(N-1) (6)

4 PWM METHODS FOR MULTILEVEL INVERTERS

The two basic approaches used to generate the PWM sig-
nals for multilevel inverters are
e Sub harmonic or Sub-Oscillation carrier based
PWM-modulating waveform comparison with
offset triangular carriers
e Space Vector PWM-space vector modulation
based on a rotating vector in multilevel space
and these are the extensions of traditional two level con-
trol strategies to several levels.
The two main advantages of PWM inverters in compari-
son to square-wave inverters are (i) control over output
voltage magnitude (ii) reduction in magnitudes of un-
wanted harmonic voltages. Good quality output voltage
in SPWM requires the modulation index (m) to be less
than or equal to 1.0. For m>1 (over-modulation), the fun-
damental voltage magnitude increases but at the cost of
decreased quality of output waveform. The maximum
fundamental voltage that the SPWM inverter can output
(without resorting to over-modulation) is only 78.5% of
the fundamental voltage output by square-wave inverter.
In this paper one more PWM techniques have been consi-
dered. The merits and demerits of these two PWM tech-
niques are compared under comparable circuit conditions
on the basis of factors like (i) quality of output voltage (ii)
obtainable magnitude of output voltage (iii) ease of con-
trol etc. The peak obtainable output voltage from the giv-
en input dc voltage is one important figure of merit for
the inverter.

Carrara considered different methods of disposing the
many carrier bands required in multilevel PWM.

Four alternative carrier PWM strategies with differing
phase relationships for a multilevel inverter [15] are as
follows:

1) In-phase disposition (IPD), where all the carriers are in
phase- Technique Al;

2) Phase opposition disposition (POD), where the carri-
ers above the zero reference are in phase, but shifted
by 180° from those carriers below the zero reference-
Technique A2;

3) Alternative phase opposition disposition (APOD),
where each carrier band is shifted by 180° from the ad-
jacent bands- Technique A3;

4) Phase Disposition (PD), all the carriers are phase
shifted by 2r1/(N-1) radians- Technique B.

PD strategy is used most frequently because it pro-
duces minimum harmonic distortion for the line-to-line
output voltage [13],[14],[15],[16],[17].

4.1 SubHarmonic Pulse Width Modulation SHPWM
Technique
In SHPWM technique the intersection of the triangular
carrier and the modulation wave determines the genera-
tion of the pulse. This requires a carrier of much higher
frequency than the modulation frequency. The generated
rectilinear output voltage pulses are modulated such that
their duration is proportional to the instantaneous value
of the sinusoidal waveform at the centre of the pulse; that
is, the pulse area is proportional to the corresponding
value of the modulating sine wave.
If the carrier frequency is very high, an averaging effect
occurs, resulting in a sinusoidal fundamental output with
high-frequency harmonics, but minimal low-frequency
harmonics.

4.2 Switching Frequency Optimal Pulse width

Modulation SFOPWM Technique

Steinke [12] proposed SFOPWM, a carrier based method
where addition of triplen harmonic to the fundamental
frequency Sinusoidal lowers the peak magnitude, thus
allowing operating in over modulation region. This in-
creases the inverter output voltage without compromis-
ing on the quality of the output waveform [3][4].
Equations (9) to (12) are used to obtain the modulating
wave.

Voffset: (maX (Va,Vb,Vc ) + mln (Va,Vb,Vc ))/2 (9)

Vasro = Va — Voffset (10)
Vsro = Vb — Vofset (11)
Vesro = Ve — Voffset (12)

The zero sequence modification made by the SFOPWM
technique restricts its use to three phase three wire sys-
tem; however it enables the modulation index to be in-
creased by 15.47% before over modulation or pulse drop-
ping occurs.

The amplitude modulation index and frequency modula-
tion index are given in (13) and (14) respectively.

Ma = Am 7/ (M-1)A; (13)
mf= f(;/fm (14)
Where m is the number of carrier waves also the level
of the inverter, required for pulse generation.

A sinusoidal and its modulated wave obtained from
(13), (14) are shown in Fig.3 for a modulation index of 1.

Figure 3 Single Phase Modulating Wave
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4.3 Sinusoidal Natural PWM and Sinusoidal PWM
Techniques

Operation of a multilevel inverter at low switching fre-

guency is the Sinusoidal natural PWM and alternately

sinusoidal PWM technique is operation at high switching

frequency.

5 ANALYSIS OF NINE LeEVEL Diobe CLAMPED
INVERTER

A three-phase nine-level diode-clamped inverter is shown
in Fig.4 [15][17]. Each phase is constituted by 16 switches
(eight switches for upper leg and eight switches for lower
leg). Switches Sa through S, of upper leg form comple-
mentary pair with the switches S,;' to Sss' lower leg of the
same phase. The complementary switch pairs for phase
‘A’ are (Sal, Sal’), (Saz, Saz’), (Sas, SaS’), (Sa4, Sa4’), (SaS, SaS’), (SaG,
Sa6), (Saz, Sar), (Sas, Sas’) and similarly for B and C phases
[11.[2].[3].[41.[5).[6].[7].[8],[17]. Clamping diodes are used
to carry the full load current.
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Figure 4 Circuit Diagram of 3 Phase Nine Level Diode Clamped

Inverter

Table 1 shows phase to fictitious midpoint ‘o’ of capacitor
string voltage (Vao) and line to line voltage (Vag) for vari-
ous switchings’.

TABLE 1
PoLE VOLTAGE AND LINE VOLTAGE OF A NINE LEVEL INVERTER
Sal Saz Sas Sa4 Sa5 Sae Sa7 Sa8 VAB VAO
1 1 1 1 1 1 1 1 Ve Ve
0 1 1 1 1 1 1 1 V4o/8 | 3Vy/4
0 0 1 1 1 1 1 1 | 2V4/8 | 2Vy /4
0 0 0 1 1 1 1 1 | 3Vy/8 | Vul4d
0 0 0 0 1 1 1 1 | 4Vy/8 0
0 0 0 0 0 1 1 1 | 5Vu/8 | -Vyl/b
0 0 0 0 0 0 1 1 | 6Vg/8 | -2Vuld
0 0 0 0 0 0 0 1 | 7V4/8 | -3Vuld
0 0 0 0 0 0 0 0 0 Ve

This paper provides analytical methods for the study,
performance evaluation, and design of the modern car-
rier-based PWM'’s, like bipolar and unipolar suboscilla-
tion carrier PWM methods which are widely employed in
PWM multilevel voltage-source inverter drives due to the

low-harmonic distortion waveform characteristics with
well-defined harmonic spectrum, the fixed switching fre-
guency, and implementation simplicity. Simple tech-
nigues for generating the modulation waves of the high-
performance PWM methods are described. The two novel
methodologies Natural Sinusoidal PWM and Sinusoidal
PWM for 3rd harmonic injected modulated wave called
SFOPWM using constant switching frequency are com-
pared[4],[5]. The one most important modulator charac-
teristics—the total harmonic distortion is analytically
modeled and compared for various carrier pwm methods
applied to a nine level Neutral point clamped or Diode
clamped inverter. Simulations of the controller and of the
inverter have been made in the MATLAB SIMULINK
environment.

A nine level inverter is simulated for a normal modula-
tion index of 0.8 and over modulation index of 1.1 at a
switching frequency of 450Hz for Sinusoidal natural
PWM and 1050Hz for Sinusoidal PWM technique.

6 SIMULATION RESULTS AND DISCUSSIONS

Table 2 show at normal modulation index of 0.8 im-
proved performance with reduced harmonic distortion is
observed with SPWM technique for Althrough B tech-
niques for nine level diode clamped inverter.

TABLE 2
LINE-LINE VOLTAGE AND THD FOR NORMAL MODULATION INDEX
SNPWM SPWM

Vab | THD | Vab | THD

Al | 4494 | 10.27 | 46.55 | 9.46

A2 | 4553 | 12.24 | 46.72 | 9.29

A3 | 4559 | 11.38 | 46.63 | 9.49

B 59.58 | 17.32 | 60.61 | 13.50

A table 3 show at over modulation index of 1.1 im-
proved performances with reduced harmonic distortion
is observed with SPWM technique for Althrough B
techniques for nine level diode clamped inverter.

TABLE 3
LINE-LINE VOLTAGE AND THD FOR OVER MODULATION INDEX
SNPWM SPWM

Vab | THD | Vab | THD

Al 65 7.89 | 65.67 | 6.89

A2 | 65.78 | 9.13 | 66.09 | 7.93

A3 | 65.84 | 855 | 66.02 | 7.42

B 66.49 | 16,51 | 67.1 | 13.39

Fig 5 to Fig 10 shows the pole voltage, line voltage and its
THD for normal modulation index of 0.8 for phase
disposition technique Al for SNPWM tecchnique with a
frequency of 450Hz and SPWM for 1050Hz frequency.
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Figure 5 0.8 A1 SNPWM Pole Voltage
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Figure 6 0.8 A1 SNPWM Line Voltage
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Figure 10 0.8 Al SPWM Line Voltage THD

Fig 10 to Fig 16 shows the pole voltage, line voltage and
its THD for over modulation index of 1.1 for phase
disposition technique Al for SNPWM tecchnique with a
frequency of 450Hz and SPWM for 1050Hz frequency.
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Figure 12 1.1 Al SNPWM Line Voltage
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Figure 13 1.1 Al SNPWM Line Voltage THD
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Figure 14 1.1 Al SPWM Pole Voltage
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Figure 16 1.1 Al SPWM Line Voltage THD

7 CONCLUSION

A third harmonic injected modulated wave is used to
generate the gating signals for a modeled nine level diode
clamped muiltilevel inverter. The technique SPWM has
shown improved performance over SNPWM technique.
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