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ABSTRACT: Multilevel Inverters (MLI) are suitable for high voltage and power applications because they can reduce
voltage stresses and harmonic contents. Generally cascaded hybrid MLIs uses sinusoidal PWM strategies to generate
multiple dc levels in the sinusoidal AC output for the reduced THD. In this paper 55 level Quasi Hybrid Cascaded
Multilevel Inverter (QHCMLI) is developed with sinusoidal PWM strategy using simulink model. The obtained results
are evaluated by the performance measures such as THD, root mean square, crest factor, form factor and distortion
factor for various modulation index and shows that the performance QHCMLI using POD PWM scheme is satisfactory.
QHCMLI is also designed with the proposed PWM strategy using reference signals generated by switching angle
method and the simulated outputs are validated by comparing the performance with the conventional PWM strategy
using the proposed PWM switching strategy the performance measure of PD, POD, and APOD is improved than the
previous methods for high modulation index.

KEYWORDS: Cascaded MLI, PWM, PD, POD, APOD, THD, RMS.
I.LINTRODUCTION

An effective and practical solution to reduce harmonics and to meet the increasing power demand is the multilevel
inverter. The most common MLI topologies classified into three types are diode clamped MLI, flying capacitor MLI,
and cascaded H-Bridge MLI. The hybrid and asymmetric hybrid inverter topologies have been developed according to
the combination of existing MLI topologies or applying different DC bus levels respectively [5]. The 3-level diode
clamped inverters, mostly a good solution for motor drive applications besides other multilevel inverter topologies.
However, it would be a limitation of complexity and number of clamping diodes for the diode clamped MLIs, when the
level exceeds three. The Flying Capacitor-MLIs are based on balancing capacitors instead of diodes and generate
multilevel output voltage waveform by capacitor clamping. To increase the number of output levels it requires more
number of capacitor thus increasing the complexity of considering DC-link balancing. Among the three types of
multilevel inverters, the cascade inverter has the least components for a given number of levels [3]. The cascade
inverters also allow using various pulse width modulation (PWM) strategies to control the inverter accurately .A high
magnitude sinusoidal voltage with extremely low distortion at fundamental frequency can be produced by connecting
the number of DC levels using progressive methods. In this paper Quasi Hybrid Cascaded Multilevel Inverter
(QHCMLI) is developed using various pulse width modulation (PWM) strategies.

I1.RELATED WORK

Cascaded type of MLI has the least components for [9] the number of levels selected than the other types of MLI. H-
bridges connected in series can be excited by several separate DC sources which may be fuel cell or PV cell. This leads
to the applications of MLI in the interface of renewable energy sources and also in applications including inductions
machine and motor drives, active rectifiers, filters, flexible AC transmission systems and static compensators. The
cascaded MLI allows various pulse width modulation strategies [4] including selective harmonic elimination PWM
(SHE-PWM), sinusoidal PWM (SPWM), space vector PWM (SVPWM) etc., The SPWM control method is very
popular as it reduces the distortion harmonics by using several level shifting options on carrier signal. In SPWM a
sinusoidal reference voltage waveform is compared with a triangular wave form to generate switching gate signals for
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the MLI [1]. The stepped sine PWM using several multicarrier signals [7] can also generate the pwm switching strategy
for the harmonic reduction. The binary mode of selecting the dc supply for each H-bridge can be used by the MLI to
increase the number of output levels to reduce the THD [6]. Binary type MLI with four H-bridges connected in series
can generate ac sine output with thirty one levels whereas for the same 4 H-bridges using equal dc sources can output
up to 9 levels. In this paper dc link sources for the four H-bridges connected in series use quasi method and it generates
up to 55 levels of MLI output. The advantage of quasi method is the achievement of higher number of output levels
without increasing the number of H-bridges.

111.QUASI HYBRID MLI

Fig. 1 shows the schematic of Quasi Hybrid Cascaded Multilevel Inverter (QHCMLI). QHCMLI consists of four
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Fig. 1 Quasi hybrid cascaded multilevel inverter

H-bridges connected in series with separate dc sources. The ratio of dc sources selected for each H-bridge can be

expressed as
E i=1
Vg = . 1
aci {2><3'_2E i>2 1)
E is considered as the unit DC link voltage and V. represents the DC link voltage of the ith H-Bridges. In a four-HBs
single phase
Via =E Vo =2E Vs =6E Viea =18E (2)
It consists of 8 active switching states to make the output voltage depending on the switching condition of the switches.
The output voltage of the ith H-Bridge is
VHi = Fivdci (3)
F; is the switching function. The value of F;is 1 or -1 or 0. Table I shows the relationship of the F;, Vy; and states of

switches. For the value 1, switches S;; and Si, are turned on and for zero, the switches S;; and S;; or Si; and Si4, need to
be turned on. Similarly for the value -1, switches Sj, and Sz are turned on
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Table I Relationship of switching function output voltages and state of switches

Fi Vi Siy Sip Siz Sia
1 Vdci 1 0 0 1
-1 -V 0 1 1 0
0 0 1 0 1 0
0 0 0 1 0 1

IV.BIPOLAR MODULATION CONTROL SCHEMES

In general multicarrier based PWM strategies single bipolar with sinusoidal reference are used in MLI to produce
switching patterns. The bipolar controlled sine signal is compared with fixed amplitude fixed/variable frequency
triangular carrier signal. The number of carrier signals required to produce m level output is (m-1). The entire carriers
having the fixed amplitude and fixed frequency are termed as (FAFF) and fixed amplitude and variable frequency as
(FAVF). The reference signal is continuously compared with the carrier signal and whenever the reference signal is
greater than carrier signal transient occurs from zero to one and otherwise one to zero is generated to form PWM.

m, =& (4)

f,

The frequency modulation index is where m; is the frequency modulation, f. is the carrier signal and f; is the reference
signal. The amplitude modulation for Phase Disposition (PD), Phase Opposition Disposition (POD) and Alternative
Phase Opposition Disposition (APOD) is

m, =2 (5)

(m-1)* A,
Where m, represents the amplitude modulation A, is the reference amplitude and A, is the carrier amplitude. The PWM
strategies are developed using MATLAB/SIMULINK. In this paper hybrid cascaded type MLI using quasi mode for dc
source selection is used to generate 55-level ac output.
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Fig. 2 Simulated Sine reference and multi-carrier signals for m, = 1, m¢ = 40 using FAFF PD PWM method
and m, = 1, ms = 44 for lower switches and m; = 40 for remaining switches using FAVF PD PWM method

The number of carrier signals used is 54 with 27 carriers on the positive side and 27 carriers on the negative side. A
sinusoidal reference signals with different m, is used to generate the switching patters for QHCMLI. Fig. 2 shows the
generated reference signal with FAFF and FAVF 54 number of carriers arranged in-phase at different dc levels called
as PD PWM method
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Fig. 6 Simulated Step reference and multi-carrier signals for m, = 1, m; = 40 using FAFF POD PWM method

Out of the above mentioned methods, half height method is selected for generating stepped sine reference because the
other methods do not generate sine shaped reference. When the function value increases to the half-height of the level,

the switch angle is set and thus better output waveform obtained. The main switching angles ay, a,.....

an are

determined where m represents the number of levels. Fig. 5, 6 & 7 shows the proposed stepped sine reference signal
compared with multicarrier signal using FFFAPDPWM, FFFAPODPWM and FFFAAPODPWM strategies.
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Fig. 7 Simulated Step reference and multi-carrier signals for m, = 1, m; = 40 using FAFF APOD PWM method

V. RESULT AND DISCUSSION

Fig. 8 shows the 55 level output of QHCMLI using FAFF and FAVF carrier signals and sine wave reference under PD,
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Fig. 8 One full cycle of 55 levels output voltage using FAFF and FAVF carrier signal and sine reference of QHCMLI

(a) PD PWM (b) POD PWM (c) APOD PWM

POD and APOD PWM methods. In the Fig. 8 (b) and (c) the MLI output using FAFF carrier experiences zero shift
error. Zero shift error is a non-zero amplitude value at t=0.01ms for a period of 0.02ms sine output. Zero shift error can
be eliminated by using FAVF carrier signals. Zero shift error occurs in FAFF POD and APOD PWM method.

Fig. 9 Sine reference based 55 levels output voltage of QHCMLI PD, POD and APOD PWM
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Fig. 10 Stepped sine reference based 55 levels output voltage of QHCMLI PD, POD and APOD PWM
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Fig. 9 & 10 shows the sine and stepped sine reference based 55 levels output voltage of QHCMLI PD, POD and
APOD.
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Fig. 12 FFT analysis of stepped sine referenced 55 levels output voltage using FAVF PD, POD, and APOD PWM
Fig. 11 & 12 represents the FFT analysis of sine and stepped sine reference based PD, POD and APOD.

Table Il performance evaluation of 55 levels QHCMLI

Sine PWM Strategy Proposed PWM strategy
PREAYE | Ma FAFF [at 2000Hz] FAVF [at 2200HZ] FAFF [at 2000 Hz]
PD | POD | APOD | PD | POD | APOD | PD | POD | APOD
1 | 212 | 210 | 222 | 212 | 209 | 222 | 146 | 146 | 146
. 099 218 | 249 | 216 | 217 | 219 | 216 | 243 | 256 | 244
%THD

0.98 | 2.23 2.30 2.17 2.23 2.30 2.17 2.81 2.94 2.67
097 | 223 2.19 2.15 2.22 2.19 2.14 2.80 2.88 2.58
1 189.7 189.8 189.3 189.7 189.8 189.3 189.8 189.8 189.8
Vaus 0.99 | 187.7 187.9 186.9 187.7 187.9 186.9 187.9 187.9 187.5
0.98 | 186.2 186.1 185.7 186.2 186.1 185.7 186 186 185.4

0.97 | 184.3 184 184 184.3 184 184 184.1 184.1 183.6
1 1.4138 | 1.4141 | 1.4147 | 1.4138 | 1.4141 | 1.4147 | 1.4141 | 1.4141 | 1.4141
CREST | 0.99 | 1.4139 | 14141 | 1.4141 | 14139 | 1.4141 | 1.4141 | 1.4146 | 1.4146 | 1.4139
FACTOR | 0.98 | 1.4141 | 1.4142 | 14136 | 1.4141 | 1.4143 | 1.4136 | 1.4145 | 1.4145 | 1.4142
0.97 | 1.4139 | 1.4141 | 14141 | 1.4139 | 1.4141 | 1.4141 | 14144 | 1.4144 | 1.4139

1 3162 INF INF 3794 INF INF INF INF INF
FORM 0.99 | 2681 INF INF 3128 INF INF INF INF INF
FACTOR | 0.98 | 4655 INF INF 4655 INF IBF INF INF INF
0.97 | 1843 INF INF 1843 INF INF INF INF INF
DISTORT] 1 13E-4 | 58E-5 | 1.1E-4 | 15E-4 | 5.8E-5 | 1.1E-4 | 2.3E-5 | 23E-5 | 2.3E-5
Soﬁ 099 | 3.2E-4 | 49E-5 | 25E-4 | 34E-4 | 47E-5 | 25E-4 | 34E-5 | 3.3E-5 | 1.6E4
FACTOR 098 | 1.0E-4 | 57E-5 | 1.6E-4 | 86E-5 | 5.7E-5 | 1.6E-4 | 49E-5 | 3.8E-5 | 2.8E-4

097 | 20E-4 | 82E5 | 1.1E-4 | 18E-4 | 82E-5 | 1.1E-4 | 42E-5 | 18E-5 | 1.7E4
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Table 11 shows the analysis of 55 levels QHCMLI for reduction in harmonics and DC bus utilization using the
performance indices say THD, Vrus, crest factor, form factor, Distortion factor. The performance measures are carried
out for different amplitude modulations ranging from 0.97 to 1.00 using different PWM methods. The performance
evaluations are also carried out with carriers under FAFF and FAVF. Carriers with FAVF are designed to enhance
exact zero crossing of the sinusoidal AC output at the middle value of the time period. Usage of FAVF carriers in POD
and APOD shows good improvement in the symmetric property of the MLI output over the MLI outputs shown in
Fig.8.Table Il highlights the better performance of the proposed method for maximum m, and the elimination of zero—
crossing error with FAFF carriers in POD and APOD PWM methods.

Table 111 performance evaluation of 55 levels QHCMLI for m, =1

Fogn':gﬁ::f(‘j‘:m % THD Vi CREST FORM | DISTORTION

: _ FACTOR | FACTOR FACTOR
modulation m, =1

AE PD 212 189.7 1.4138 3162 1.3E-4
using sine |_POD 2.10 189.8 14141 INF 5.8E-5
APOD 222 1893 1.4147 INF 1.1E-4
AV PD 212 189.7 1.4138 3794 1.5E-4
using sine |_POD 2.09 189.8 14141 INF 5.8E-5
APOD 222 1893 1.4147 INF 1.1E-4
FAFF PD 1.46 189.8 1.4141 INF 2.3E-5
using POD 1.46 189.8 1.4141 INF 2.3E-5
st«;?&ed APOD 1.46 189.8 14141 INE 2 3E-5

Table 111 indicates the achievement of reduced THD by more than 65% with the proposed PWM strategy when
compared with FAFF and FAVF carriers using sine referenced 55 levels QHCMLI. It also shows the high voltage
output rms value say 189.8V for less THD value 1.46% hence satisfying the needs of applications requiring both the
criteria of reduced THD and good DC bus utilisation.

VI. CONCLUSION

Table Il and Il shows that 55 level QHCMLI with m, = 1 using the proposed switch patterns could perform
satisfactorily for the applications requiring reduction of THD and good dc bus utilisation. The obtained results also
show the achievement of higher number of output levels with less number of H-bridges. The increase in the number of
output levels decreases the THD.
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