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Abstract

Multilevel inverter (MLI) has been accepted to be very popular particularly in
high power applications. The different topologies of MLI are flying capacitor,
diode-clamped, and cascaded H-bridge inverter [1].This paper proposes on
cascaded MLI using only a single battery and capacitor as the dc sources in
order to generate a fifteen-level output. In this effort the scheme is proposed
that allows the use of a single battery as the first dc source with the remaining
n-1 dc sources being capacitors. The anticipated topology reduces the number
of dc sources and switching elements. Different modulation techniques can be
used for the MLI [2], but this paper highlighting on a unipolar Inverted Sine
Carrier Pulse-Width Modulation (ISCPWM) method reduces the number of
carriers with reduction in switching losses and, Total Harmonic Distortion
(THD). The performance evaluation of the proposed PWM method for three-
phase multilevel inverter is done using MATLAB/SIMULINK and switching
loss is determined and minimized total harmonic distortion.
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Introduction

A most important issue with multilevel inverter is eliminating the harmonics from the
output voltage. Multilevel inverter approach is a practical solution for reducing
harmonics. Different topologies have been reported in the literatures. The cascaded
multilevel inverter with separate dc sources can robust many of the needs of all
electric vehicles because it can use on panel batteries to generate a nearly sinusoidal
voltage waveform to drive the main vehicle traction motor. Normally, each phase of a
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cascaded multilevel inverter requires “n” dc sources for 2n+1 level. For many
applications, multiple dc sources are required demanding long cables and this could
lead to voltage unbalance among the dc sources. To reduce the number of dc sources
required for the cascaded multilevel inverter for distributed power generation, this
paper focuses on a hybrid cascade MLI(HCMLI) that uses only one dc source while
the other dc source is replaced by a capacitor to generate seven level equal step
multilevel output [3]. This structure is favorable for high power applications since it
provides higher voltage at higher modulation frequencies with a low switching
(carrier) frequency. It means low switching loss for the same total harmonic distortion
(THD). It also improves the reliability by reducing the number of dc sources.

Performance of the multilevel inverter (such as switching loss and THD) is mainly
decided by the modulation strategies. For the cascaded multilevel inverter there are
several well known sinusoidal pulse width modulation strategies [4].Compared to the
conventional triangular carrier based PWM, the inverted sine carrier PWM has a
better spectral quality and a higher fundamental output voltage without any pulse
dropping.

Hybrid H-Bridge Multilevel Inverter

The topology of the proposed hybrid multilevel inverter is shown in Fig. 1. The
proposed hybrid cascaded multilevel inverter includes a standard 3-leg inverter (one
leg for each phase) and H-bridge in series with each inverter leg. It can use only a
single DC power source to supply a standard 3-leg inverter along with three full H-
bridges supplied by capacitors. Traditionally, each H-bridge requires a DC power
source [5-7]. Inverted sine carrier PWM (ISCPWM) technique is used to produce a
fifteen level phase voltage.
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Figure 1: Topology of a three-phase cascaded H-bridge inverter

The topology presented in this paper employs a single dc source per phase to
generate an equal step seven level output. The proposed inverter consists of two H-
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bridges per phase as shown in Fig.2. The main H - bridge (H;) is connected to a dc
source of value V4. and the second bridge (H;) is connected to a capacitor whose
value is maintained at 0.5Vg4.. By appropriately opening and closing the switches of
H1, the output voltage v; can be made equal to -V, 0, or +V similarly the output
voltage of H2 can be made equal to —0.5Vy, 0, or 0.5V, and the cascaded output is
shown in Fig.3. Therefore, the output voltage of the converter can have seven possible
values 1-5Vdc, Vdc, O.SVdC, 0, '0~5Vdc, 'Vdc and '1-5Vdc-
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Figure 2: Topology of a hybrid multilevel inverter for one leg
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Figure 3: Output voltage waveform of seven level inverter

The DC source for the first H-bridge (H,) is a dc source with an output voltage of
Ve, while the dc source for the second H-bridge (H,) is a capacitor voltage to be held
at V4/2. The output voltage of the first H-bridge is denote by v; and the output of the
second H-bridge is denote by v, so that the output of this two dc sources cascaded H-
bridge multilevel inverter is v = v;+v,. By opening and closing the switches of H;
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suitably, the output voltage v; can be made equal to Vg, 0, or else -V4. when the
output voltage of H, can be made equal to Vg./2, 0, or else -V4./2 by opening and
closing its switches suitably. Therefore, the output voltage of the inverter may have
the values 3V4c/2, Ve, Vac'2, 0, -Vae/2, -Vae, -3Vae/2, which are seven levels. Table I
shows a waveform can be generated using the topology of Fig.2 By selecting the
nominal value of the capacitor voltage to be one half that of the dc source, the
nominal values of the levels are equally spaced. On the other hand, this is not
required. The criterion necessary for this capacitor regulating scheme is that (a) the
desired capacitor voltage is less than the dc source voltage, (b) the capacitor value is
selected large enough so that the variation of its voltage just about its nominal value is
small, and (c) the capacitor charging cycle is greater than the capacitor discharge
cycle.

Tablel: Output Voltages For Seven Level Hybrid Inverter

Angle v, v, V=V,+V,
0<0<0,_| 0 0 0
0,<0<6, | 0 | V. /2 \'

Vo |-VJ/2] V. /2
0,<06<6, [V.| O V.
0.<0<w2 |V, | VJ/2 ]| 3V /2

The anticipated unipolar control strategy replaces the triangular based carrier
waveform by inverted sine wave. The inverted sine pulse width modulation has a
enhanced spectral quality and a higher fundamental voltage compared to the
triangular based PWM. The application of unipolar PWM to inverted sine carrier
results in the reduction of carrier frequencies or its multiples and considerable
reduction in switching losses. The advantage of inverted sine and unipolar PWM are
combined to get better the performance of the hybrid multilevel inverter. The inverted
sine carrier PWM (Inverted SCPWM) technique uses the sine wave as reference
signal at the same time as the carrier signal is an inverted (high frequency) sine carrier
that helps to maximize the output voltage for a given modulation index. The pulses
are generated whenever the amplitude of the reference sine wave is greater than that
of the inverted sine carrier wave.

Switching Angles of Switches

Table II shows a waveform can be generated using the topology of Fig. 2. The
switching angles of the waveform will be adjusted to get the lowest output voltage
THD. If the nominal capacitor voltage is selected as V4./2, then one can calculate the
switching angles 0, 0,, and 0;. The Fourier series expansion of the (staircase) output
voltage waveform of the multilevel inverter as shown in Fig. 2 is
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Vae 1
v(wt) =2 - X - (cos(nB;) + cos(nb,)
n=1,3,5,...
+cos(nf3)) sin(nwt) ... ... (D)

Tablell: Switching States Of Seven Level Hybrid Multi level inverter.

Voltage | S | S | S | S [(S | S| S| S
3Vy4/2 | off | on | on | on | off | on | on | off
Ve off | on | on | on |off | on | on | on
Vi/2 | off | on | on | on | off | on | off | on
0V off | off | off | off | off | off | off | off
-V4/2 | on | on |off | on | off | on | off | on
Ve on | on |off | on | on | on | off | on
-3Vy4/2 | on | on | off | on | on | off | off | on

The given preferred fundamental voltage v;, one wants to decide the switching
angles 01, 0, and 05 so that eq.(1) becomes v(wt) = visin(wt). For three-phase systems,
the triplen harmonics in each phase no need to be canceled as they automatically
terminate in the line-to-line voltages. In this where there are three dc sources (one
battery and two capacitor sources), the need is to cancel the 5th and 7th order
harmonics as they tend to dominate the total harmonic distortion. The mathematical
statements of these conditions are

2 % (cos(nB;) + cos(nb,) + cos(nbs)) =vj ...... (2)

cos(50;) + cos(56,) + cos(563) =0 ... ... 3
cos(70,) + cos(78,) + cos(763) =0 ... ... (4)

This is a method of three transcendental equations in the three unknown 6, 6,, and
0s.

Fifteen Level H-Bridge Inverter

Fig. 4. Shows the topology of a fifteen level H-Bridge cascaded multilevel inverter
with three H-bridges. The output waveform is shown in Fig. 5. The dc source for the
first H-bridge (H;) is a dc source with an output voltage of V., the dc source for the
second H-bridge (H;) is a capacitor voltage to be held at V4./2, and the dc source for
the third H-bridge (Hs) is a second capacitor voltage held at V4./4. As in the seven
level H-Bridge inverter, the capacitor voltages are selected in this way so that the
difference between levels is the same. The output voltages of each of the H-bridges
are denote vj, vy, and vs respectively, so the output voltage of the fifteen level inverter
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is given by v = v| + v, + v3. Table III shows a waveform can be generated using the
topology of Fig.4
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Figure5: Output voltage waveform of fifteen level inverter

Tablelll: Output Voltages For Fifteen Level Hybrid Inverter

Angle 6 Vi Vo V3 | V=Vvitvs
0<6<6; | 0 0 0 0
6,<06<0, | 0 0 | Val4 | Val4

0 | Va/2 | -Va/d | Vg4
Vic | -Vae/2 | -Vac/4 Vi/4
0,<0<0, | 0 [ Va2 ] 0 Vao/2
Ve | -Vao/2 0 Vic/2
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0,<0<06, | 0 | Va/2 | Va/4 | 3Vq/4
Vic 0 -Va/4 | 3Vy/4
Ve | -Va/2 | Va/4 | 3Va/4
0,<0<0. | Vac| O 0 Ve

0.<0<0, | Vac| 0 | Va4 | 5V4l4
Vie | Va/2 | -Vao/4 | 5V4/4
0,<0<6, | Vo | Va2 | 0 6V /4
97 < 0 < /2 Vdc Vdc/ 2 Vdc/ 4 7Vdc/ 4

Harmonics

The switching angles of the waveform will be adjusted to obtain the lowest output
voltage THD. Harmonics are disagreeable current or voltage [8-9]. They exist at some
fraction or multiple of the fundamental frequency. The harmonics causes in three
ways are a) the application of a non sinusoidal driving voltage to a circuit containing
linear impedance. b) The application of a sinusoidal driving voltage to a circuit
containing non linear impedance. c¢) The application of a non sinusoidal driving
voltage to a circuit containing non linear impedance. The harmonics orders and
magnitude are depends up on the type of inverter and the control techniques for
example in single phase VSI, the output voltage waveform typically consists only of
odd harmonics. The even harmonics are not present due to the half wave symmetry of
the output voltage harmonics. For three phase VSI, in addition to the even harmonic
triplen (third and multiple of third harmonics) are also not present. The harmonic
spectra depend on the switching frequency and the control method.

PWM for harmonic reduction

PWM method is broadly used for eliminating destructive low-order harmonics in
input and output voltage. In PWM control technique, the inverter switches are turned
ON and OFF several times during a half cycle and output voltage is controlled by
varying the pulse width. At present, available PWM schemes can be broadly classified
as carrier modulated sinusoidal PWM (SPWM) and pre calculated programmed PWM
schemes. The inverters of the pulses are varied by changing the amplitude of the
sinusoidal wave form. In this process the lower order harmonics are eliminated. As
the switching for increases more harmonics can be eliminated.

Simulation Resultsand Analysis

Fig. 6(a) illustrates the phase to phase voltage waveform of a 7 level inverter. Steady
state phase to phase voltage is shown in Fig. 7(a) the high number of levels generated
by 15 level inverter can be clearly appreciated in the voltage. With increased number
of level nearly gets sinusoidal voltage waveform. Fig. 6(b) shows the line current of
motor with higher ripples. The instantaneous line current of motor fed by cascade
multilevel inverter at min THD is shown in Fig. 7(b).
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Figure 6: Hybrid multilevel inverter for 7 levels.
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(c) Harmonic spectrum (15 level)

Figure 7: Hybrid multilevel inverter for 15 levels.
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The ripple of the current decreases with higher number of levels. As a result, the
current waveforms become more sinusoidal. Fig. 6(c) and Fig. 7(c) represents the
harmonic spectrums for seven level and fifteen level of an inverter at the modulation
index 1. In Fig.8 the different THD values obtained for different modulation indexes.
It is noted that THD of voltage harmonics of seven level inverter is 17.7% as
compared to 6.3% that of fifteen level inverter. Thus power quality has improved
largely.

Fig.8 shows the different THD values obtained for different modulation indexes.
It is noted that THD of voltage harmonics of seven level inverter is 17.7% as
compared to 6.3% that of fifteen level inverter. Thus power quality has improved
primarily.
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Figure 8: Variation of THD with modulation index

Conclusion

An enhanced cascaded multilevel inverter configuration is proposed. The proposed
cascaded inverter design is to get the improved sinusoidal output compare with low
level inverters. The asymmetrical multilevel inverter is to achieve a high resolution.
The proposed technique to reduce the number of insulated supplies and to get better
the efficiency. The cascaded multilevel inverter system is used to get better the level
of inverter and reduces the harmonics and extends the design flexibility.
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