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Abstract: Thispaper deals with the study and analysivarious types of multi level inverter among whible five
level Flying Capacitor Multi Level Inverter (FCMLI) based on cpemsating devices like STATCC has been
analyzed in detail and the waveforms are stt.. This inverter is used for power oscillation dangpand voltag:
control of power systenin this paper various svching sequences and modulation index has beerest!
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1. INTRODUCTION:

The multilevel inverter was fir
introduced in 1975. The three level converters
the first multilevel inverter introduced. A multilel
converter is a power electronic system
synthesizes a desired output voltage from se'
levels of dc voltages as inputs. With an increas
number of dc voltage sources, the converter ot
voltage waveform approaches a nearly sinus(
waveform while using a fundamental freque-
switching scheme. The primary advantage
multilevel inverter is heir small output voltage
results in higher output quality, lower harmo
component, better electromagnetic computabi
and lower switching losses.

2. TYPESOF MULTILEVEL INVERTERS
The general structure of the multile®
converter is to sythesize a near sinusoidal volte
from several levels of dc voltages, typically ohtd
from the capacitor voltage sources. As the numb
levels increases, the synthesized output wavef@s
more steps, which produce a staircase wave
approaches desired waveform. Also, as more st
are added to the waveform, the harmonic distorit
the output wave decreases, approaching zero &
number of levels increases. As the number of le

increases, the voltage that can be spannec
summing multple voltage levels also increas

The multilevel inverters can be classifi
into three types
1. Diode<lamped multilevel inverte
2. Flying-capacitors multilevel inverte
3. Cascade multilevel invert

3 FLYING CAPACITORS MULTILEVEL
INVERTER (FCMLI)

Fig 1 shows a typical configuration of
five-level flying-capacitor inverter. It is evolve
from the twolevel inverter by adding dc capacitors
the cascaded switches. There are four compleme
switch pairs in each of the inverter legs. For eplay

the switch pairs in legare 51 , 5"1 ), (5: ,5": ), (
5; ,5"3 ) and 54 ,5"4). Therefore, only four
independent gate signals are required for

inverter phase. Ae flying-capacitor inverter can
produce an inverter phase voltage with five volt

levels. When switch<51,5:,55 and 54

conduct, the inverter phase volteV’4N is 4E, which
is the voltage at the inverteerminal A with respect
to the negative dc bus.
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Fig 1: configuration of a fiv-level flying-capacitor inverter

Similarly, withSs , Sz , andSz switched onVan .
It is noted that some voltagevels can be obtaine
by more than one switching state. The voltage |
2E, for instance, can be produced by six set:
different switching states. The switching st
redundancy is a common phenomenon in multil
converters, which provides a grelexibility for the
switching pattern design.

3.1 Modulation Schemes
Both phase- and lewdtifted modulatiot
schemes can be implemented for the multil
flying-capacitor inverters.Since the flyi-capacitor
inverter topology is derived fronthe two-level
inverter, it carries the same features as the-level
inverter such as modular structure for the switgl
devices. It is also a multilevel inverter, produgihe
voltage waveforms with reducedv/dtand THD.
However, the flyingsapacitor inverter has sor
limitations, including the following
1. A large number of dc capacitors w
separate preharge circuits. The invert
requires several banks of bulky dc capacit

each of which needs a separate-charge
circuit.
Comgex capacitor voltage balancing contt
The dc capacitor voltages in the invel
normally vary with the inverter operatil
conditions. To avoid the problems causec
the dc voltage deviation, the voltages on
dc flying capacitors should be tighi
controlled, which increases the complexity
the control schem

3. Due to the abov-mentioned drawbacks, the
practical use of the flyingapacitor
inverter in the drive system seems limi

4. FCMLI BASED STATCOM

This section describes the use of
STATCOM based on the fi-level flying capacitor
inverter for power oscillation damping and volt:
control of power system. The study is based ol
SMIB system with the STATCOM connected
Shunt at the midpnt of the transmission il
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Fig. 2 Block diagram of five-level FCMLI based STEBDM

A STATCOM is a device that can provide inverter output voltage is almost in phase with the
reactive power support to a bus. It is useful in  voltage of the ac system. Therefore, only reactive
improving the transient stability, power oscillatio power transfer occurs, whose quantity and sign

damping, voltage stability, and increase in power depend on the magnitude of the inverter output
transfer limit of the connected power system. It voltage vis-a-vis that of midpoint ac voltage. tifis

consists of a voltage source inverter connecteahto higher than ac voltage the

energy storage device on one side and to the power reactive power is supplied to the system and i it

system on the other side. A STATCOM can be lower the converter circuit absorbs the reactive
viewed as a controllable ac voltage source, which  power. The magnitude of the inverter output voltage
appears behind a transformer leakage reactance. The depends on the modulation index and the dc-link

active and reactive power transfer is caused by the voltage.
voltage difference across this reactance. Usutily,

4.1STATCOM control scheme

PI
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= Phase-locked v
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o
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Power flow or frequency
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AV er| tuating circuits (PFFYMAC)

VHH{"?‘-

Fig.3 Block diagram of the STATCOM control scheme
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There are many strategies to control the
operation of STATCOM such as PI control, pole
placement control and linear quadratic controlThe P
control scheme has been used here to study the
performance of the system.

In normal operation, for the voltage control
of a bus, the value of Vg depends on the desired
voltage profile at that particular bus; therefotiee
power flow or frequency variation measuring and
actuating circuits (PFFVMAC) are not needed. The
PFFVMAC block is needed when some feedback
signal is taken from the power system for improving
the transient stability of the system. There are
twoControl objectives in the STATCOM control: ac-
bus voltage control and dc-link voltage control.
Therefore, two internal control loops containingotw
PI1 controllers are used here. The dc capacitoagelt
is regulated around a reference value Mdbich is
kept fixed and is chosen considering the ratinthef
STATCOM. Since the output voltage of the inverter
and \,, should be in phase, a phase-locked loop
(PLL) is used that has,y as input and angle;@s
output. Ideally, for pure reactive power exchange
between the compensator and the line, the dc link
voltage should remain constant. However, the

capacitor discharges due to losses in switching,
snubber circuits, and in transformers. Therefooe, t
keep the capacitor voltage constant, some amount of
real power exchange is needed between the inverter
and the ac system.

The PI controller-1, with an input of the
error between Yref and \jand outputA  facilitates
this power exchange. If the inverter output voltége
made to lag the voltage of the ac system then the
active power flow is from the ac system to theide s
of the inverter charging the capacitor. The reverse
will happen when the corresponding phase relagon i
reversed. Another control loop (Pl contoller-2)
generates the modulation index.

The input to this Pl controller is the
difference between the reference rms valyg\and
the actual rms value of the voltagg, ¥t the point of
connection. Therefore, in the control system shown
Fig.4.2, one loop sets the angle of the injected
voltage to regulate the dc capacitor voltage wittike
other loop sets the modulation index to generage th
required voltage profile.

4.2 Basic Configuration of a Five-Level Flying Capacitor | nverter
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One phase leg of a five-level Flying capacitor inverter.
Fig.4. configuration of per phase diagram
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Fig.4 shows one phase of a five-level flying
capacitor inverter. In the figure each switgtos, and
s11t0s; consists of a power semiconductor switch and
an anti parallel diode. The pairs of the switcles ¢
41), (S2,S21),(S3,S31), and (s S41) are closed in
complementary manner. Thus, ifis ON,s; is OFF
and vice-versa. Each capacitor shown in the figsire
of equal voltage rating. Let us consider the grotip
capacitors in a single clamping leg as one equitale
capacitor and call them;QC,, C;, and G, . ThengG,
is the main dc-link capacitor, this is requiredbe
regulated externally. Therefore, either a battefy o
suitable rating is connected in place of (@r) C
without the battery connected across it is regdlate
around a reference dc-link voltage using the real
power exchange from the line. For a three-phase
4.3 Switching Scheme for a Five-Level FCMLI

inverter two more phases of the same construction
are coupled to the same dc-link.@C;, and G are
flying capacitors that provide the multilevel vajta
ability to the converter. The flying capacitors mfe
phase are independent from those of other phaises. |
the voltage ¥4 is Vg, then b, Ve, and \zare 3V
[ 4, Vgd2 , and \§J/4 , respectively. For any initial
state of clamping voltages the inverter outputagt
is given by
Van = 51(Ver = Vi) + 5a(Vie - Ves)
+83(Ves - Vo) + SiVeu = Ver /2.

—

Tablel switching scheme

8, 52 8 b [ 5 Cs Cy Van
ON ON ON ON NC NC NC + Vil 2
ON ON ON OFF NC NC +
ON ON OFF ON NC + -

- — - " + Va4
ON OFF ON ON + - NC

OFF ON ON ON - NC NC

OFF OFF ON ON NC - NC

OFF ON OFF ON — + —

OFF ON ON OFF - NC +

ON OFF OFF ON + NC - o
ON OFF OMN OFF + - +

ON ON OFF OFF NC + NC

ON OFF OFF OFF + NC NC

OFF ON OFF OFF — + NC V.4
OFF OFF ON OFF NC — + e
OFF OFF OFF ON NC NC —

OFF OFF OFF OFF NC NC NC — Va2

InTable and in (1), the switching states
SitoS, take the value 1 if the corresponding switch is
conducting and 0 otherwise. Based on (1), the &witc
combinations given in Table | are used to syntleesiz
the output voltage ¥, of phase-a with respect to the
neutral point n. Table | also indicates the stafethe
flying capacitors corresponding to the switching
combinations chosen. The neither state NC indicates
that the capacitor neither charges nor discharges i
this mode. The states +and - denote the chargidg an
discharging respectively of the corresponding
capacitors. The capacitor states (+and -) will rege
for the negative half cycle of the current The oaitp

voltage for an n-level inverter can similarly be

defined. In general, an n-level FCMLI requires(n-

1)pairs of power semiconductor devices and (n-
1)*(n-2)/2clamping capacitors per phase leg in
addition to(n-1) main dc bus capacitors providdd al

the capacitors are of equal value. The number of
capacitors can be reduced by sizing the capaditors

a single leg as an equivalent one.

The size of the voltage incesin
between two consecutive clamping legs defines the
size of voltage steps in the output waveform. The
voltage of the innermost clamping leg (e.ginCFig.

4) clamping the innermost two devices igJ/th-1).
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The voltage of the next innermost clamping leg will
be Vid(n-1)+ Vyd(n-1) =2V, /(n-1) and so on. Thus,
each next clamping leg will have the voltage
increment of \{/(n-1) from its immediate inner one.
The voltage stress across each capacitor gig(rv
1).The voltage levels and the arrangements of the
flying capacitors in the FCMLI structure assurettha
the voltage stress across each main device is same
and is equal to ¥(n-1) .

The line-to-line output voltagd the
inverter varies from +Y. to- Vg, and has (2n-1)

4.4 Modulation Scheme
=)

levels in the output, while the phase voltage arie
from +Vy4. to- V4. with n-levels. It can be seen from
Table | that the structure offers multiple switdin
combinations for \,-V4J/4,0 and- /4. Since such
redundancies are available, one can choose a
preferential switching state that will help in
maintaining the capacitor voltages constant.
However, the switching combination chosen affects
the current rating of the capacitors.

SRR
A

0466

0.472E 04796

(e

04864

04932

+0

i
[t

T Myt

4656 0.4728 04796

Time isech

0.48964

0.4932 0.5
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Fig.5Modulation scheme

There are the various strategies developed to
improve the output voltage and reduce the harmonics
sinusoidal pulse width modulation (SPWM) strategy
is employed here. In this method for an n-level
inverter, (n-1) carrier waves are compared with a
controlled sinusoidal modulating signal and the
switching rules for the switches are decided byrthe
intersections. The output signal of the comparator
resembles with the output voltage waveform of the
inverter and decides the voltage level that must be
generated at a particular instant. For a five-level
inverter, a modulating signal and 4 carrier waves a
required for each phase of the inverter as shown in
Fig. 3.4. The modulating signals of each phase are
displaced from each other by 120 degree. The phase
shift angle of the modulating signal, i«. depends
on the application requirements, The modulation
index my is given by

1, = A, /2A,.

where Ayjs the amplitude of the modulating
signal and A is that of one carrier wave (peak to
peak). Here, the carrier waves are taken to haasgh
displacement of 120 for smallest distortion in the
output and their frequency is taken ggimes to that
of the modulating signal, where, is a multiple of
three so that triplen harmonic cancellation takese
across the three-phase inverter load . The carrier
waves and the modulating signals are compared and
the output of the comparator defines the output
voltage waveform. It is assumed that the modulating
signal varies from +0.98to -0.98. The amplitudes of
the four carrier waves are from 0 to 0.5, 0.5 tanl,
the positive half cycle of the modulating signaida
from 0O to to-0.5, -0.5 to -1, in the negative raitle.
The modulating signal and four carrier waves are
compared in four comparators, on instantaneous
basis. The comparator output is +1when the
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modulating signal exceeds the carrier wave and zero
otherwise.

4.5 Phase Locked Loop

PLL stands for 'Phase-Locked Loop' and is
basically a closed loop frequency control system,
which functioning is based on the phase sensitive
detection of phase difference between the input and
output signals of the controlled oscillator (COheT

Freaparre)
st o o
g

Fr

Fig 6 shows the classic configuration phase
locked loop. The phase detector is a device that
compares two input frequencies, generating an éutpu
that is a measure of their phase difference (if, fo
example, they differ in frequency, it gives a pdio
output at the difference frequency)fifdoesn't equal
fvco, the phase-error signal, after being filtered and
amplified, causes the VCO frequency to deviate in
the direction offy. If conditions are right, the VCO
will quickly "lock" to fy maintaining a fixed
relationship with the input signal.

At that point the filtered output of the phase
detector is a dc signal, and the control inputhe t
VCO is a measure of the input frequency, with
obvious applications to tone decoding (used intdigi
transmission over telephone lines) and FM detection
The VCO output is a locally generated frequency
equal to fyy, thus providing a clean replica dfy,
which may itself be noisy. Since the VCO output can
be a triangle wave, sine wave, or whatever, this
provides a nice method of generating a sine wave,
say, locked to a train of pulses. In one of the tmos
common applications of PLLs, a moduiczounter is
hooked between the VCO output and the phase
detector, thus generating a multiple of the input
reference frequencyf,y. This is an ideal method for
generating clocking pulses at a multiple of the pow
line frequency for integrating A/D converters (dual
slope, charge-balancing), in order to have infinite

Fig 6 phase locked loop

Phase Locked Loop method of frequency synthesis is
now the most commonly used method of producing

high frequency oscillations in modern
communications equipment. Phase locked loop
systems to generate stable high frequency
oscillations.

[ Lalel|

Chatpai

NXFs

rejection of interference at the power-line frequen
and its harmonics. It also provides the basic
technique of frequency synthesizers.

5. CONCLUSION:

Thus the various types of multilevel inverter
have been studied and also the working of fivelleve
inverter has been analyzed. It is found that asemor
steps are added to the waveform, the harmonic
distortion of the output waveform decreases,
approaching zero as the number of levels increases.
The THD value has been compared for all the four
topologies. From that comparison, it can be seah th
the eleven level inverter has the least value dDTH
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