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ABSTRACT

This paper proposes two methodologies that arendetd from the existing
Cascaded Multilevel Inverter Employing Three-Ph@isensformers and Single
DC Input topology. The proposed circuit configuoatican reduce the number of
switches required to convert the input DC powen IR€ power when compared
with traditional method. However Simulation resutsveals that the THD
variation of the proposed methods have no condiferahanges from the
existing one even though we reduce the number dftlses. To verify the
performance of the proposed approach, we implerderdemputer-aided

simulations using Matlab/Simulink.

KEY WORDS: Cascaded multilevel inverter, harmonics, switghiphase

angle control, three-phase transformers.
1. INTRODUCTION

Multilevel inverters can be divided into three @akable topologies: diode-
clamped, flying capacitors, and cascaded H-bridghs cwith separate dc
sources. In this paper, we propose a new topolagychscaded H-bridge

multilevel inverters which employs one single d@ub power source and
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isolated three-phase low-frequency transformerse Tlew topology can be
applicable to both single and three phase appdicati By the proposed circuit
configuration, a number of switching devices canrbééuced, compared with
traditional three-phase and single-phase multileweVerters employing

transformers and single DC input.

2. BASIC OPERATION CASCADED H-BRIDGE MULTILEVEL
INVERTER

One multilevel converter topology incorporatesceated single-phase H-
bridges with separate dc sources (SDCSs) [1],[[4%[10]. This requirement
makes renewable energy sources sucfuelscells or photovoltaic’s aatural
choice for the isolated dc voltage sources neeaedtHe cascade inverter
[81.[9]1,[15],[17]. Fig. 1 shows a single-phase sture of an m-level cascaded

inverter.

Figure 1 : Single Phase Structure of a Multi levetascaded H-Bridge Inverter
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Figure 2 : Waveforms and switching method of the 1-level cascaded inverter

EachSDCSis connected to single phase full-bridge, or H-bridge, inverter.
Each inverter level can generate three differertage outputsVy, 0, and
-Vy4, by connecting the dc source to the ac output bferiht combinations of
the four switches, $5,,S; and S . To obtain+Vy. switches $and S, are turned
on. Turning on switches,@nd S yields-V,.. By turning on $and $ or & and
S,, the output voltage is 0. The ac outputs of eackhefdifferent full-bridge
inverter levels are connected in series such that fynthesized voltage
waveform is the sum of the inverter outputs. Thmber of output phase voltage
levelsmin acascade inverter is defined by m = 2s+l, wheie the number of
separate dc sources (photovoltaic modules or fedk)c These multilevel
inverters are widely used in manufacturing facwrignd acquired public
recognition as one of the new power converter $§idddcause they can overcome
the disadvantages of traditional pulse width — ntaiion (PWM) inverters
[1]-{9].[16].

An example phase voltage waveform for an [Evel cascaded H-bridge
inverter with5 SDCSsand5 full bridges is shown in Fig.2 . The phase voltage
Van=VartVast Vast Vot Vs The conducting angles1,[12,113,014 and 05 can
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be chosen such that the voltage total harmonicorish is a minimum.
Normally, these angles are chosen sotascancel the predominant lower
frequency harmonics. For the 11-level case in Ejgthe %', 7", 11" and 1§’
harmonics can be eliminated with the appropriateiceh of the conducting
angles. One degree of freedom is used so that dgmitande of the fundamental
waveform corresponds to the reference waveform'plinrde or modulation
index [11].

3. CASCADED MULTI-LEVEL INVERTER EMPLOYING
THREE-PHASE TRANSFORMERS AND SINGLE DC INPUT

Fig. 3 shows a circuit configuration of thdulti-level inverter for
three-phase applications. It consists of one sikglenput source and several
low-frequency three-phase transformers [19]. Byngsithe three-phase
transformers, the number of transformers and thenve of system can be
reduced. Each primary terminal of the transfornsecannected to an H-bridge
module so as to synthesize gVzero, and —Yc. Every secondary of the
transformer is connected in series to pile the wulpvel up. Moreover, each
phase terminal is delta connected to restrain Hirel tharmonic component.
Fig. 4 shows a predigested representation of Figds3shown in Fig. 4, the
primary of each transformer is a three-phase amégeach secondary is a single-
phase terminal. Three terminal outputs are ser@mmected to generate the
voltage Vias. In this configuration, each phase can be expdesmependently,
and we call each phase multilevel inverter as isdlaH-bridge cascaded
multilevel inverter. In Fig. 3Va. Vi andVg mean the output voltages of the
H-bridge inverter connected to th8 ransformer. HereVay, Ve, andVeg are the

output voltages of the transformers in each phase.
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4. PROPOSED CASCADED H-BRIDGE MULTILEVEL
INVERTER

4.1 Circuit Configuration

Fig. 5 shows a circuit configuration of the progdsnultilevel inverter for
three-phase applications. It consists of one sikglenput source and several
low-frequency three-phase transformers. By usimgthinee-phase transformers,
the number of transformers and the volume of system be reduced. As a
result, the price of the system is deservedly ddwath primary terminal of the
transformer is connected to an H-bridge modulesstoaynthesize +)¢, zero,
and -\pc. Every secondary of the transformer is conneateseries to pile the
output level up. Moreover, each phase terminakitadconnected to restrain the

third harmonic component.

In Fig. 5Vaw Vi andVg, mean the output voltages of the H-bridge inverter
connected to th&" transformer. HereVa, Vs, andVg are the output voltages
of the transformers in each phase. Therefore, d@laionship between the input

and the output voltages of the three-phase tramséoiis given as

Vo . 2 -1 -1V,
Vo |=—=|-1 2 -1||v,

3 1
VCk -1 -1 2 Vck )(

Where T is the transformation ration/nl) between the primary and the
secondary of the transformer. If the input volté&gbalanced in three phases, the

sum of each phase voltage becomes zero.
Vait Voot Ver=0 (2)

From (1) and (2), the output voltage is expressed a

VCk Vck (3)
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Figure 5 : Proposed circuit diagram
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Figure 6 : Detailed view of proposed circuit

From (3), we can notice that each phase outptagelof the transformer is
given by the product of each phase input voltagd &mwn ratio of the
transformer. However, in the proposed circuit cgufation, it is often
unbalanced in three phases because the primahedfansformer is connected
to an H-bridge cell generating ¥, zero, and -Yc. It means that the output
voltage is balanced &ty = +Vpc, Vo =-Vpe, andVy = 0; however, wherv,,

Vo and Vg are all \hc, the output voltage is unbalanced. Therefore, the

proposed circuit relies on (1) instead of (3). Bgpma(1) has been expressed by
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the magnetic concept. For example, a formed fluthatprimary of phasea”
will be equally influenced on phasés’“and “c.” Assuming that the quantity of
the formed flux is two, the flux of both phasds$ and “c” becomes-1. By this

concept, we can include the unbalanced relatiortshif).

As shown in Fig. 6, the output voltage of flieposed multilevel inverter is
synthesized by the series-connected secondary eftrdmsformer outputs.

Hence, line voltage¥,gs, Vec, andVea can be given by

Ve Vs Var ¥V + o + Vo
Vec | =|Ves | = | Ve + Vg, + o + Vi
Vea Ves Ve + Ve, + o + Ve )

The aforementioned equation can be rewritten as

>
2
2

()

< < <

k
AS i 1V Ai
k
BS i :1V Bi
k
CS i :1VCi

4.2 Circuit Operation

The proposed cascaded multilevel inverter consi$ta series of single
phase half and full wave H-bridge inverter unithieTgeneral function of this
multilevel inverter is to synthesize a desired agé from single dc source. Each
inverter bridge can generate three different valtagtputs, +\, 0 and -\ by

connecting the dc source.

From Fig. 2, note that the duty cycle for leaxf the voltage levels is
different. If this same pattern of duty cycles s&d the level-1 inverter is cycled
on for a much longer than level-5 inverter .If d&iL inverter was switched on at
an angleo, , the switching angles of the remaining levelsnyerters must be
greater tham; henceo;> 0> o3> a4> as. Actually we use the full wave bridges

for polarity reversals. In this proposed circuityoone three phase transformer
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have full bridge inverters for its three winding$e switches §S,, S and S of
the inverter bridges were switched on and off tbtige alternate supply from the

input dc source. We can call this as Base thresgtransformer.

The same phase windings of the remainingsfoamers were directly
connected in parallel to the windings of the Babeed phase transformer
through two igbts. Based on the conduction peribthese two igbts the total
circuit operation can be divided into two modesei\hough the proposed
circuit can be operated in two modes the resuttatgut is same but differ in the
conduction period.

Mode-1 Operation

In the positive half cycle the ‘a’ phase windinfjthe base three phase
transformer gets connected to the input at an amglé\fter some time at an
anglea, the ‘a’ phase winding of the second transformdf gét connected to
the base transformer winding by switching on thbtdgin both ends. The
extinction angle for the second transformer will X80 -a, . At this angle the
two igbts were switched off so that it gets discaetad from the supply .In this
way the similar phases of remaining transformerd Wé connected and
disconnected at pre defined intervals.

In the negative half cycle the polarity of thé fshase winding will be
reversed in the base transformer. Again the simghases of remaining

transformers will get connected and disconnectexh fthe supply with the igbts.

In Full Wave Bridge two switches will conduct fone half cycle and
another two switches will conduct for other halfcley But in the proposed
circuit the switches connected in transformers rothan base transformer will
operate at double frequency. These switches witijerated in both the positive

and negative half cycles.
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Mode-2 Operation

In this mode the operation of the base transfoimeame as in mode-1.The
windings of the similar phases of other transfosmeill get connected with igbt
at one end and with anti parallel diode at othet. dhence the controlling is
needed at only one end per cycle because at tke etid the anti parallel diode
will conduct.

The mode-2 operation is a little bit superiontode-1 operation. Because in
this mode we use of the anti parallel diode theyerdducing the switching

frequency of the igbts.
4.3 Output Characteristic

Fig. 7 shows th&" phase input voltage of a three-phase transformettze
output voltage of thé phase. The switching frequency of the H-bridge itere
is equivalent to that of the fundamental frequer®yitching signals iB andC
phases are 120Qfhead of or behind the signal of tAegphase. Hence, a key to
control is a switching angle,. When ak number of transformers are used, the
control key becomes switching anglesas,, . . . ,ax, and the output voltage can
be adjusted by regulating the switching anglesingtibn and firing angles are

symmetrical on the basis af2; thus, the extinction angle is given as a,,

T - ay ...,mt— o Therefore, the control range of the switchinglarmgecomes
0<ox<ml2.
Val | val | |
Vi |_ Y |
val | -
Va
Tavne |
i;} F:r 1 33Vpe !
mE T
Vi a,'.—:—al;w. Vi A i ]
paii e e A

Figure 7(a) : 0<ay<n/6 Figure 7(b) :#/6 < a < #/3



32 A New Topology for Cascaded Multilevel Inverters vith Single DC Input

Vet []

T
-

23Wpe| )

e [ ] L

Vala, M:'r @ L | |
3

[]

Figure 7(c) : n/3<a < nl2

However, considering that it cannot be bedal in three phases, the output
voltage of the three-phase transformer will be meteed by combinations of
A-, B-, andC-phase voltages. There are three possibilitiehénoutput voltage

of the transformer based on the switching angles.

The switching patterns of each phase andubwoltage of the three-phase
transformer shown in Fig. 7 are a case when eaatrétio of the transformer is
set to one. The range of the switching angles 0 < ayx < /6 in Fig. 7(a)x/6 <
ax < 7l3 in Fig. 7(b), andr/3 < o < /2 in Fig. 7(c). In each range, the output
voltage of theA phase V) is symmetrical, and the Fourier progression af od

function can be written as

Vo =20 b, sin(né) (6)

n=1nk
Here, the constatt, is given as follows.

1)Case 1 0 <ay<al6:

e - :
HNoc | 2" [sin(ng)dg + >
3 ay SE

K 2
[sin(n@)do +2 [sin(no)de
T 3

m
—ay 3Hax

bnk =

3
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b, = Wicos(nak) (7)
nm

2)Case2 7/6 < ay < n/3:

2r_

El

@ 3. 2 7
IS|n(n6)d6+§ (lfksm(ne)dwga{sm(ne)de

—ay

Ny |1

b, =
nk T 3”

ay

w

3
b, = 4Vicos(na'k) (8)
nm

3)Case 3—a/3 < ay <al2:

2, s
_ AV |1 % 2%
by = =2 = jfm(ne)dmg;sm(ne)de
ak—g k
b, = 4Vicos(na'k) ©)
nsr
Heren=1,5,7,11, ...,1-=2, I It can be known that the results of the

Fourier progression in each range are all the sardé, is uniform in the range
of 0 <ax <x/2. It is tenable by using (10). The Fourier transfe of the primary

voltages of the transform#t,, Vi, andV are given as

Vg =27 by sin(nd)dd

Vo = Y7 by sin(né - 22” )do
Vg =3 7. by sin(ng + 2';” )do (10)
Here,n =1, 3,5, ..., 1 -2, 1 In (10), the coefficient®,, and V, are

half-wave symmetries. Hence, the odd function ister as
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b, = Noe_ cog( na,) (11)
nm

By using (1) and (10), the output voltage of fphase Ya) can expressed

as
Vi =7 b, sin(nd) - %x 37 _b,(sin(n8) + 25sin(n @) cos( 22” )
(12)
If n=309,...,301-2),3
Va0 (13)
f n=15711...,1-21
Vi =20 b, sin(ng) (14)

Consequently, the output voltayg, of the k" transformer occurs only
whennis 1, 5,7, 11, ..., 1 -2, andl. As a result, we can notice that the third

harmonic component does not appear in the thresepihaerter output.
4.4 Switching Function

In the proposed multilevel inverter, the outputtage can be expressed by
the sum of the terminal voltages of each transforbecause the secondary
terminals of the transformers are series connebtecgphase. Moreover, the
output voltage of each transformer is independénhe switching angle in the
range of O<ax <z/2. Thus, the output voltage is given as (15) wineed three-

phase transformers are employed in the proposetlaewel inverter.
= WVoc 15
V i —T(cos(nal)+cos(na2)+cos(na3)) (15)
m

Where 0Kay <oy <az<ml2.
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If the output voltage is controlled by swittg anglesx, a,, andas, it can
control the switching angles to synthesize the #&mental component,
eliminating special harmonic components. In (1§)¢bntrolling three switching
angles, the fundamental component can be generatélé two harmonic
components are eliminated. As mentioned earlierthird harmonic component
is not exited; the fifth and seventh harmonics taeed to be reduced and are
given as

3mn
4

cos( 5a,) + cos( 5a,) + cos( 5a,) =0
cos( 7a,) +cos( 7a,)+cos(7a,) =0

cos( a,)+cos(a,)+cos(aj)=

(16)

Here,m means the modulation index. From (16), we can fimat these
equations are nonlinear. They can be solved byeaative method such as the
Newton—Raphson [3], [11], [14]. It is impossible be solved by a real-time
calculation [3]. To solve this problem, the modidatindex is set from 0.1 to
1.0, and ten group switching angles are previonalgulated per 0.1 unit. The

calculated switching angles are listed in below

m al a2 a3
0.1 76.4 - -
0.2 61.9 - -
0.3 50.2 86.2 -
0.4 44.2 74.3 -
0.5 40.8 65.8 89.4
0.6 39.4 58.6 83.1
0.7 39.3 53.9 74
0.8 29.2 54.4 64.5
0.9 17.5 43.1 64.1

1 11.7 31.2 58.6
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5. SIMULATION RESULTS

Fig. 8 shows the variation of voltage levels, vehtre calculated switching
angles were used. Here, the dc input voltageXi6 100 V, and the turn ratio of
the transformer is set to one. In Fig.\By, VA, andV,; are A-phase output
voltages of each transformevy, V., and Vg are the input voltage of the
transformerV,sis the terminal voltage of thephase, anW,  is the reference

voltage.

At a modulation index of 0.9, the switchingyBen; of the first transformer is
17.5°, and the extinction angle is 162.5°, as showi,; of Fig. 8(a). In the
second transformer, the switching angleis 43.1°, and the extinction angle is
136.9°, as shown iV, of Fig. 8(a). The switching angle; of the third
transformer is 64.1°, and the extinction angle 1%5.2°, as shown iV,3; of
Fig. 8(a). We can find that the switching angle eafch transformer, at the

modulation index of 0.9, completely satisfies cake®, and 3 shown in Fig. 5.

At modulation index 1.0, the switching angle of the first transformer is
11.7°, and the extinction angle is 168.3°, as showxiy;, of Fig. 8(b). In the
second transformer, the switching angleis 31.2°, and the extinction angle is
148.8°, as shown iV, of Fig. 8(b). The switching angle; of the third
transformer is 58.6°, and the extinction angle 24.4°, as shown iV,; of
Fig. 8(b).

Fig. 9 shows variations of each switching anglemwthe modulation index
is changed from 0.1 to 1.0. It compares the swiighingles of each H-bridge,
obtained by using the Newton—-Raphson method, witise calculated by the
first linearization method using ten calculatedtshing angle values. As shown
in Fig. 9, both have similar switching angles, witha major difference between
them. Fig. 10 shows the total harmonic distorti®i) and distortion factor

(DF) of the output voltage. It compares actual skiig angles with calculated
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ones. It is shown that there are some differeness the modulation index of

0.2 and that, by adjusting this value, the probbam be solved.
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Figure 8(a) : Simulation Results for Modulation Index 0.9
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The proposed multilevel inverter was designedHteruse of grid-connected
photovoltaic/wind power generator, flexible alteing-current systems, and
other similar applications. The output frequencyhafse systems is usually fixed
to a grid frequency. Therefore, there is no problefen using the low
frequency transformers. However, for motor drivglagations with a variable
frequency control scheme, the proposed topologysha®e problems because of
the transformers on the ac side. In the experimi, proposed multilevel
inverter was designed to synthesize 13 output $evelve want to generate the
same number of output levels with conventional itewél inverters, we can
find that they need many components compared Withproposed schemes as

given in Table I.

Generally, the conventional multilevel investeuse a circulating switch
pattern in order to maintain the same ratio in clwititilization [3]. Therefore,
they employ switches which are equivalent in théage and current ratings.
Assuming that the magnitude of the output voltagesl output power are
equivalent, the voltage ratings of each switchde&rmined by the number of
series-connected switches. Consequently, we cathsayhe proposed method
is more advantageous in switch cost and system cmepared with the
conventional approaches because the proposed medhagduce the number of
switches. In addition, usually, these traditionalltitevel inverters employ a
three-phase low-frequency transformer at the ouguminal for a high-power
grid connection. In this point, the proposed cir¢opology has a valuable merit.
Considering that the output voltage is synthesiagdin accumulation of each
transformer output, it does not require an add#iamansformer for galvanic
isolation. Although the proposed scheme needs ttimee-phase transformers,
the cost and size will be slightly increased beeatise capacity of the
transformer is 1/3 of the transformer which is &iplto the conventional

method.
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Fig 11 shows the

modulation index m in Mode-1 operation and Figsh®ws the THD variation

in Mode-2 operation.

the proposed circuit iMatlab/Simulink . In both these cases the THD variation
is similar with modulation index m. So the proposeditilevel inverter can be
used effectively in both these modes. Eventhough dimulation results are

shown only for three phase systems the proposetoaietan also be used for

single phase systems

Angle (deg)
&

204

THD variation of the prombddulti level inverter with

Both these waveforms were gead by implementing

with single phase transformers

Proposed method

Figure 9 : Variation
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Table 1
Components traditional multilevel inverter Proposed

P employing 3-phase t/fs Circuit

Switch 36 24
Capacitor 1 1
Input DC Source 1 1
Output Transformer 3 3
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6. CONCLUSION

This paper proposed a cascaded multilevel invedamploying low-
frequency three-phase transformers and a singlenmiet power source with
reduced number of switches. All switching angles ba decided by using the
liberalization method in each area on the basth®@MNewton—-Raphson method.

Valuable advantages of the proposed approach ammatized as follows:

1. Efficient and economical circuit configuration tgnshesize multilevel

outputs by using three-phase transformers.
2. Increase of utilization rate and decrease of volume

3. Little transition loss of switch due to low switalg frequency and
reduced electromagnetic interference, which is itable for high-

voltage applications [3];

4. Removing high-order harmonics by using the libeadlon relay angle

control in each area on the basis of the NewtonhBap method.

5. This technique can also be used in single phassadaed multi-level

inverters provided the input source must be a sidglsource.
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