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Abstract-A novel H-bridge multilevel PWM converter topologgsed on a series connection of a high voltage ¢Hidte-
clamped inverter and a low voltage (LV) conventiocinaerter is proposed. A DC link voltage arrangetnfor the new
hybrid and asymmetric solution is presented to feameximum number of output voltage levels by pngag the adjacent
switching vectors between voltage levels. Hend#teen-level hybrid converter can be attained witminimum number
of power components. A comparative study has beeted out to present high performance of the psedaconfiguration
to approach a very low THD of voltage and curravtiich leads to the possible elimination of outpltef. Regarding the
proposed configuration, a new cascade inverteeigi@d by cascading an asymmetrical diode-clamipedrter, in which
nineteen levels can be synthesized in output veltagh the same number of components. To balaneeD@ link
capacitor voltages for the maximum output voltaggotution as well as synthesise asymmetrical DK dombination, a
new Multi-output Boost (MOB) converter is utilised the DC link voltage of a seven-level H-bridgedi-clamped
inverter. Simulation and hardware results basedliffierent modulations are presented to confirm taédity of the

proposed approach to achieve a high quality outpltage.
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[. INTRODUCTION
Multilevel power conversion has achieved wide atzeqe for its capability of high voltage, and hifficiency operation.

The most popular advantages of the multilevel iterecompared with the traditional voltage sourceeiter, are high
power quality waveforms with lower distortion, aadow blocking voltage by switching devices. As thanber of levels
increases the above advantages will be enhancegvieo, it can impose a significant expense of tlwdase in circuit
complexity which reduces the reliability and eféioty in such a converter. Three prominent fivedl@weerter topologies;
diode-clamped [1], flying capacitor [2], and cased®] are shown in Fig.1. An extensive comparis@tween the
multilevel topologies have been performed in [4}ténms of their applications, circuit modeling, nation techniques
and technical issues. Among these topologies, dascanfiguration has been attracted for medium lagt voltage
renewable energy systems such as photovoltaicalite modular and simple structure. Applicatiortted cascade inverter
for renewable energy systems is reviewed in [SH&jher-level can easily be implemented by addilegsical H-bridge
cells to this configuration. However, it needs #iddial DC voltage sources and switching devicespBsition of a cascade
converter using a single DC source and capacitopsdposed in [7] which can save the extra DC sssufor higher-level
converters, however, a capacitor voltage balaneilggprithm is required [8]. Typically, different tgp of multilevel
converters are utilised with the same rating of @@ link voltages and power devices due to modiylamnd simplicity of
the control strategy. Recently, asymmetrical mewdgl inverters with unequal DC source voltages Hzeen addressed in
literature [9-30]. Therefore, based on differentitshing states it is possible to achieve more \gatdevels on output
voltage by adding and subtracting DC link voltagesipared with conventional multilevel invertersiwihe same number
of components [9]. By doing so, output voltage wéhperior quality can be obtained with less cirauiid control
complexity and also, increasing the harmonic chargstic of the output voltage can decrease the efzthe filter. The
hybrid converters have been the main focus of iteeature with regard to asymmetrical configuratioh multilevel
inverters as they have shown their abilities anehgfths in medium and high power applications B, Diverse topologies
have been studied based on a variety of H-bridgeatked cells and DC voltage ratio to enhance thpubwoltage
resolution compared with the same DC voltage rafithe cells [12-30]. However, due to the differeoitage rate of
switching devices in hybrid configuration, it losés modularity compared with symmetrical cascaueeiters. Various
PWM strategies for symmetrical cascade invertett Wwigh and fundamental switching frequency havenbpresented
[14-16]. To reduce switching losses and improvedtweverter efficiency, hybrid modulations for cadeaonverters with
unequal DC sources is proposed which allows uséh@fslow switching device in the higher voltagelcelnd fast
switching devices in lower voltage cells [17-19].

Since more voltage levels correspond to the inangasumber of components, recent research in tieig has focused on a

series of connected multilevel converters in casdad-bridge structure [28-30]. The structure of dascaded multilevel
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inverter is demonstrated in Fig.2. Therein, configion consists ofi-level multilevel H-bridge cells (either diode-clped

or flying capacitor inverter) each with an isolafe@ source.

The number of cells depends on the desired outpiteige level which is synthesised by adding uphedl H-bridge cells
output voltage as/u(t)= Voura(t)+Vourdt)+Vous(t)+...+voun(t). In a system which utilises equal sets of DC sources
(Vae=Vac=Vac=...=V4en), the number of output voltage levelsNs (m-1) +1 where; N is the number of cascaded cells,
andm s the number of output voltage levels in each itewkel H-bridge cellsThe main advantage of this arrangement is
the simplicity to cascade several H-bridge cellsifieprovement of the output voltage resolution wigduced number of
components. However, capacitor voltage imbalandecamplexity of system can cause a critical prob¥emich should be
taken into account in this configuration eithergsidiode-clamped or flying capacitor topology [35]. To address this
limitation, isolated DC sources or alternativelyx#iary converters, can be used for capacitor agdt balancing.
Utilization of unequal DC sources on each seriegl@iclamped or flying capacitor cells can increagenumber of output
voltage for a given power circuit in Fig.2, withetiequivalent number of components. A different Bage ratio for H-
bridge cells is proposed to achieve the maximum bmmof output voltage levels. However, along withsgible
maximisation of obtainable output voltage levelsdzhon the voltage ratio of DC sources, the exigtesf adjacent
switching vectors to move from one possible voltégesl to another with only one switch change sticag considered.
Simultaneous switching of different switches is antimmense problem when there are just a feweshthappening over
one cycle, however, when switching between the djacant switching vectors occurs frequently in olatdon between
adjacent levels, it becomes a critical issue tosiase the switching losses.

In this paper, a general idea of cascading mudlld¥-bridge cells is used to propose different gurations using a
seven-level symmetrical and asymmetrical diode-pkanH-bridge converter supplied with a MOB convertascaded
with classical three-level inverters. The MOB cort@ecan solve the capacitor voltage imbalancelprotas well as boost
the low output voltage of renewable energy systeuth as solar cells to the desired value of thdeddamped DC link
voltage. DC voltage ratio of cells will be presehte obtain maximum voltage levels on output vadtagth adjacent
switching vectors between all possible voltage lewehich can minimize the switching losses. Usingiple-output DC-
DC converter offers asymmetrical DC link capacit@itage arrangement for the seven-level H-bridgedeliclamped
converter, in which nine voltage levels can be ioleté with the same number of components. Using symenetrical
diode-clamped converter in the proposed cascadéddge cells achieves four more voltage levels utpat compared
with symmetrical configuration. Performance of f®posed asymmetrical H-bridge diode-clamped imvehias been
verified by simulation and hardware results. Fipaivo different PWM methods based on predictiverent control have

been presented to validate the proposed approach.

Copyright (c) 2009 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs-permissions@ieee
Authorized licensed use limited to: QUEENSLAND UNIVERSITY OF TECHNOLOGY. Downloaded on March 30,2010 at 21:16:11 EDT from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

[I. SYMMETRICAL AND ASYMMETRICAL DIODE-CLAMPED CONVERTER(SDCCAND ADCC)

UsING MOB CONVERTER

A new DC-DC boost converter with multiple outputdiich can be used as a front-end converter to ibeshverter's DC
link voltage for grid connection systems based iodelclamped converter, is analysed in [35]. Ushig MOB converter,
the DC voltage across each capacitor can be adjustea desired voltage level, thereby solving thanmproblem
associated with balancing the capacitors’ voltagesuch converters. Authors in [11] presented a mewadulation
technique for a diode-clamped inverter when volsaggross capacitors are unequal. Fig.3 shows &ooation for an H-
bridge seven-level diode-clamped inverter jointhmtihe front-end MOB converter. An unequal DC linkamgement is
applied instead of identical DC link capacitor agies. The bottom capacitor’'s voltage is kept atéwhe level of other
capacitors during operation, so that configuratives asymmetrical behaviour with respect to the rakytoint
(Ve1=2V=2V.3). As shown in Fig.3, it is supposed that the loput voltage (E) is boosted Y. at the DC link of seven-
level diode-clamped H-bridge inverte¥yy). Therefore, in the SDCC configuration, DC linkpeaitors voltage ratio are
Ve.1=Veo=V.=V¢/3, however, in ADCC configuration, capacitors’ voltagae maintained &f.,=V¢/2, andV =V =Vy/4
(with respect to the neutral point).
According to the structure of the seven-level diottenped converter, there are four possible switglstates in each leg
of the inverter that can be derived from four stvitbmbinations to obtain different DC link voltalgeels. The "on" and
"off” switching states of each switch are defired“1” and “0”, respectively. Four switching state®ne leg of the diode-
clamped H-bridge inverter are distinguished by feuitching function states which are summarisedrable 1. For
example, (011) means that=B (off), S=1 (on), and $1 (on), which is defined as switching functiontst&”.
All possible switching states associated with défé output voltage levels in SDCC and ADCC corsfartare shown in
Table 2. Exploring the output voltage levels, nufiferent voltage levels can be generated in asymoaé DC link
arrangement based on different switching statesyhith two more voltage levels can be synthesisedutput voltage
compared with the symmetrical arrangement withstimae number of switching devices.
From the possible switching function states defimedable 1, Fig.4 shows the adjacency diagram@ES and ADCC
configurations. As shown, the adjacent vectorsaalable between all voltage levels in both camfégions, so that all
voltage levels can be achieved with one switch ghairlowever, non-adjacent switching transitionsrarpliired between
the following switching transitions in the ADCC dauration which are depicted by dashed lines i

e (20) and (31)

e (02) and (13)
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This transition requires two switch changes inABCC. To remove non-adjacent voltage vector in fdasivoltage levels,
when the controller increases the voltage levehfkQy/2 to 3V,/4, transition occurs from switching function state$)(®
(20). Then the controller uses switching functidates (10) for modulation betweéw/2 and 3Vy/4. Also, after the
occurrence of the transition froBV,/4 (20) toVy/2 (31), the controller uses state (21) for the matioh between/yy/2
and Vy/4. The same situation happens when the output wltagnegative. Therefore, these non-adjacent simgch

transitions occur only four times during one cycleis apparent that by aassuming that switchosgés is proportional to
the number of switching per cyglthe switching loss associated with the extra swiiglis negligible in the high switching

frequency. As a result, improved voltage wavefooaus be obtained using ADCC topology compared widicS topology
with the same number of components and almost saméer of switching.

Although the output voltage of the asymmetrical DR arrangement benefits from two more voltageelewvith the same
number of components compared with symmetrical B® arrangement, extra voltage rates should be f@idwo
switches in each leg of the inverter. Maximum wvgdtaacross switching components during differentawig states is
derived in Table 3 to have a comparison betweenvtiitage rating in the symmetrical and asymmetrio& link
arrangements. In the asymmetrical configuration, ttaximum voltage rating of switcheS @ndS;) in each leg i9/4/6
more than the switches in the symmetrical confitjonafor the same DC link voltage. By investigatithg voltage ratings,
maximum voltage rating of diodes {{and ;) decreased byy/12 andVy/6; however, the maximum voltage tolerated by
another two diodes (Pand 0.4) increased byyJ/12 andVy/6 , which shows that the maximum voltage acrossefidths
not been changed in both configurations.

The output voltage of the symmetrical and asymrmaltrsingle-phase diode-clamped inverters for theesaircuit
parameters is shown in FigBerein, in the DC-DC side, input voltadge) (s assumed ak00V; switching frequency of the
DC-DC converter f(,) is 10 kHz,L=2mH, andC,=C,=Cs;=1mF, while in the inverter side fundamental andtaving
frequencies aré&=50Hz,f,,=4 KHz, and the DC link of seven-level diode-clamhpeverter {yv) is boosted to 300 V using
a triple-output boost converter. Mid point voltaggulation for symmetrical and asymmetrical confagions forme=1and
PF=1 has been shown in Fig.5 (a). It is clear that MOB converter is able to boost the low input ag# for DC link
capacitors as well as balance the capacitors wt@athe desired level fon,=1 and pure resistive load which is impossible
in more than five-level single-phase diode-clampmublogy without an active front-end converter.drder to generate
output voltage, based on the duty cycle of switckies controller chooses the next suitable switglitmction state using
the adjacent vectors in Fig.4. To show the perforceaof the proposed structure for inductive lodd,5(b) illustrates the
DC link capacitor voltage control and output vo#aipr m,=1 andPF=0.5. In order to synthesising an equal DC link

capacitor voltage arrangement in the conventiooafiguration, while the total voltage of an inverf2C link is boosted at

5
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300V, mid point voltages\; andV,,+V,) are controlled at 100V and 200V. However, to hameasymmetrical DC link
configuration, mid point voltages are controlled.80 V and 225 V, respectively

A laboratory prototype of a symmetrical and asymioet seven-level H-bridge inverter has been immated to
practically verify the proposed configuration. Tloratory prototype has been tested for the falgwspecifications:
V=90 V, lourpeacd A, f=160Hz and,~=6 kHz under pure inductive load L=16mH. A predietiourrent control has been
developed in a V850E/IG3 microcontroller to forée foad current to follow the reference for the fitige seven-level
diode-clamped inverter with symmetrical and asymioait DC link arrangements. Switching states toggate the desired
voltage level based on the amount of current referés chosen by the microcontroller according d@a@ent switching
vectors. Output voltage and current of the symroaftriand asymmetrical seven-level diode-clamped rteveis
demonstrated in Fig.6. Regarding simulation andlare results, two more voltage levels can be ggited in output
voltage of ADCC configuration compared with SDCOnfiguration with using the same number of composentd
structure. Therefore, the seven-level H-bridge iitereperforms in the same way as a nine-level i@veiTo examine the
performance of the asymmetrical configuration, hamim spectrums associated with the output voltdgbeboth SDCC
and ADCC configurations are exposed in Fig.6. Caingeharmonic spectrums, better harmonic perforrmasobtainable
using the asymmetrical DC link arrangement for dicede-clamped converter. This achievement allowswa hand, an
improvement in output voltage harmonic charactiesstith a same number of components compared syithmetrical
seven-level H-bridge configuration, and on the ottend, a decrease in cost and complexity of ievdrardware layout

structure with the same output waveforms qualitypared with the symmetrical nine-level H-bridgedrter.

I1l. PROPOSEDMULTILEVEL HYBRID CASCADE CONVERTERS

One of the aspects of this paper is to select [p@timoltages for a topology based on a series aimmeof a symmetrical
and asymmetrical diode-clamped H-bridge cell wiitee-level H-bridge inverters to achieve a maximmumber of output
levels by preserving the minimum switching lossesnultaneous switching of different switches is aoteal problem
when there are just few of them happening over oywe, however, repeatedly switching between theadg@cent
switching vectors is not acceptable, due to anease in switching losses and commutation noise.stdte of art in this
topology can improve the resolution of the outpoltage with minimum power components, while keepiing adjacent
switching vectors between all modulation voltageels. Fig.7 presents the schematic of this conéitijon for a two-cell
hybrid cascade converter. The MOB converter issetl to supply DC input voltage of diode-clampedtitevel H-bridge
cell to regulate capacitors voltages and provigedibsired voltage rate for the DC link capacitors.

To achieve maximum resolution in output voltagetlof N-cell proposed topology, DC voltage arrangeinstould be

considered as follows:
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_ Minimumvoltage levelof multilevel inverter (1)
VdCN - 2N—1

where, for proposed two-cell inverter in Fig.7, kave:

_ Minimumvoltage level of multilevel inverter )
Vde2 = 2

Based on this arrangement, the number of outptagellevels can be derived from Eq.1:

numberof output Ievels:ZN_1><(m+1)—1 3)

where,m is the number of output voltage levels of multdet-bridge inverters anl is the number of cells. Regarding
Eq.3, there are two possibilities to increase thimioable voltage levels in the proposed configanatOne solution is by
adding a classical three-level H-bridge invertewimich the number of voltage levels will be doubl&tiis imposes four
extra switches and one isolated DC source in regualafiguration of the system. Although implemeiaatof a three-level
inverter by a DC capacitor saves the isolated D@rc it still requires four extra switching dewd¢eextra DC link
capacitor and further effort on capacitor voltagéahcing [7, 8, 19]. Alternatively, the number aftput voltage levels
increases by raising the diode-clamped output geltavels, in which four extra switches, four cladpliodes and one DC
link capacitor are needed.

According to the ADCC configuration, using asymruetr configuration in diode-clamped DC link voltatgads to an
increase in the output voltage levels without iasieg the number of components in a diode-clampdudiddje structure.
Here, the realisation of the asymmetrical confitjorefor H-bridge diode-clamped inverters in theogposed hybrid
cascaded topology results in an increase in thebeuwf output voltage levels with the same numbieroonponents. This
issue will be comparatively discussed for two célidridge cascade connection with seven-level SCx@@ ADCC

configurations in the following sections.

A. Two-cell Cascaded H-bridge Converter with Seleset H-bridge SDCC

Fig.8 illustrates a fifteen-level cascade invert@assembled from one module of a HV symmetrical idd® seven-level
diode-clamped inverter and LV classical three-leddbridge inverter. Herein, the DC link voltage afdiode-clamped
inverter is boosted and regulated for the equal bgtMOB converter. To meet the Eg.2 where the DK Voltage of the
classical inverter is half of the lower level oétHiode clamped inverter, the DC link voltage @ tliode-clamped inverter
is regulated td/4.;:=6Vyc2 Using the MOB converter. Referring to Eq.3, fiftedifferent voltage levels can be achieved on
output voltage.

Possible switching states for both the seven-léibridge SDCC and three-level inverter with releivantput voltage

levels have been shown in Table 4. The adjacerttlsing vectors of the different voltage levels tioe proposed topology
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associated to switching states of H-bridge ceksdapicted in Fig.9. The first two digits of eaatitshing function states
are allocated to the diode-clamped inverter in seahTable 1 and the other two digits belong tottiree-level H-bridge
inverter switching function state which is “1” wh8np=0 andS,,=1 and “2” wherS;;=1 andS;4=1.

According to the adjacent switching vector diagrawitching transitions employ switches of only th¥ cell for
modulation between adjacent levels, so that ibssible to achieve different levels with just ométsh change, except for
in movement from a pair of modulated levels to heot Therefore, three extra switching transitialetplace in each half
cycle between non-adjacent voltage vectors. Foositipe half a cycle, extra switching occurs whhe toltage level is
changed fromV,d/6 (0021, 1121, 2221, 3321) ¥4/3 (1011, 1022, 2111, 2122, 3211, 3222)/2 (1021, 2121, 3221) to
2V4d3 (2011, 2022, 3111, 3122), abi¥y/6 (2021, 3121) td/4 (3011, 3022). Although these extra switching lossiis
be negligible in high switching frequency, usingoper PWM method can avoid any extra switchingsédgsin this

configuration.
B. Two-cell Cascaded H-bridge Converters with Sdeeal H-bridge ADCC

A higher number of levels can be easily obtainedgian asymmetrical diode-clamped inverter in thédéll as the MOB
converter can constrain capacitors’ voltage toedéft voltage rates. Fig.10 presents a proposkeddhgascade converter
where the bottom capacitor voltage in the diodeagled inverter is twice the other capacitors, so teaminimum voltage
level in this configuration i%,=V.s=V¢/4. TO meet the requirement of the Eq.2 to have maxinoutput voltage levels
with adjacent switching vectors, the DC link of tdede-clamped inverter is controlled ®§.;=8V4., using MOB
converter, in which the DC link voltage of the tiilevel inverter is half that of the lower voltagethe diode-clamped
inverter. According to the EQ.3, nineteen voltageels can be achieved using ADCC in multilevel litipe cell.
Furthermore, there is no need for a control stsategbalance the capacitors’ voltage as MOB reggldhe capacitors
voltage which reduces the complexity of the consydtem in a higher number of levels. Table 5 prisstéhe output
voltage level corresponding to the possible switglstates for both the seven-level ADCC H-bridgevester and three-
level inverters. As shown, using the asymmetriaaifiguration for diode-clamped topology in the H¥lI¢c the output
voltage has nineteen levels which is four levelgemntan the proposed cascade configuration with GB@nfiguration.
Therefore, increasing voltage levels of cascaddatithye inverter can lead to a better output voltqgality and reduction

or elimination of the output filter.

The adjacency of switching function states witharelgto switching states in Table 5 is shown in Figfor all output
voltage levels of the proposed topologyg shown, adjacency is available between all veltiegels and all the transitions
between adjacent voltage levels employs switcheslyfthe LV cell, except for moving from a pairmbdulated levels to

another. Since these transitions do not occur tegba four extra switching take place in each twile between non-

8
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adjacent vectors compared with a symmetrical candiion when the voltage level is changed frog8 (0021, 1121,
2221, 3321) t@V,/8 (2111, 2122, 3211, 32223V,d8 (2121, 3221) td/442 (1011 1022, 3111 3122V,/8 (1021, 3121)
to 6Vyd8 (2011, 2022), andVyd/8 (2021) toVy. (3023,3011). Utilisation of proper PWM strategyniscessary to achieve
high performance output voltage with respect tcaeelit switching vectors to minimise extra switchlogses in this
configuration.

IV. PERFORMANCECOMPARISON OFPROPOSEDHYBRID CONVERTERS UNDERMODULATION
SCHEMES

To study the operation of the proposed cascadeddgd converters, the PWM converter scheme has siemnlated using
Matlab software. The main electric components ef power circuit are given in Table 6. To confirne thalidity of the

system, a comparison study has been carried outforidge cascaded converters with symmetrical asyinmetrical

diode-clamped inverters. In order to achieve idmhtcomparison, equal parameters are consideretdfbr topologies.

Total DC link voltage of two cells is assumed a0¥7where the DC link voltage of the classical thtevel inverter is

39V for the fifteen-level converter and 30V in aatieen-level converter. To verify the fifteen-leaeld the nineteen-level
hybrid converters based on the Eq.2, the DC linkage of the symmetrical and asymmetrical diodengled converters
should be controlled at 231V and 240V respectivEherefore, DC like capacitor voltage should beutaigd to have an
equal ¥cl=V.=V.3) or unequalV.;=2V.=2V.3) DC link arrangement.

Different PWM techniques have been proposed fagleiphase and three-phase hybrid converters i dodieave a high
quality load voltage and low switching losses [33-3A simple and generalized time-domain duty cyctenputation

technique for the single-phase multilevel inverteais been extended for the hybrid converters ih [8fere the reference
voltage is achieved as the averaged value betwsenntarest output voltage levels of the converttowever, the

performance of the proposed method for hybrid caeve decreases compared with the cascade ineertiie calculations
increase. In addition, adjacent switching vectagehnot been considered for hybrid configurationctvitan increase the
losses. Current control is an essential part ofdwnerall control system which allows instantanecusrent waveform

control with high accuracy, as well as peak curpotection and overload rejection [38, 39]. A nopeedictive current

control based on adjacent voltage vectors has pexgoosed [38] for three-phase multilevel convertenich can easily be
applied for the multilevel with different voltagevels without significant changes in the contradteyn. In this paper a
general idea of predictive current control is a8l to generate the desired current for asymmetiich symmetrical H-
bridge cascaded configurations based on adjacetdismg vectors. According to Fig.8 or Fig.10, thiease output voltage

can be defined in terms of tR load component as follows:
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. di
Vout = Rigyt + L (;)tut +te (4)

iou= load current

Vou=phase voltage

R=load resistance

L=load inductance

e=back emf voltage

Since the aim of this PWM is to justify the perf@mnte of proposed cascade converters to synthdkigeltage levels,

pure inductive load has been studied as a load,(B=0). Thus, Eq.4 can be rewritten as followsaoheswitching period:

lout,n+1 ~lout,n

Vou = LoD 5)
sSw

where, iy n+1iS the amount of current in the next switching eyel,.., is the present current, afd, is the switching
period. Therefore, form the EQ.5, duty cycle tocéothe load current to track the reference curiretihe next switching

period can be predicted by:

d=1L | ref _iout,n (6)
VdcTsw

According Eq.6, the duty cycle can easily be cat®d by measuring the load current. Once the dudhe ©f all switches
has been calculated to generate the desired csiragtihe end of each switching cycle, the dutyeydl switches can be
defined based on the amount of total duty cyclenfien.7.

Defined voltage levels based on duty cycle for fifiteen-level and the nineteen-level proposed hylmonverters are

shown in Table 7.

0<Sd L
. < <
T (n-)
1 n-1 2
-9 3% G-y 0

(n-2) _n1-
G A

where, n is the number of non-negative voltagelteper leg and”z_ldj is a sum of duty cycles of all switches per leg.
1

Based on the defined voltage levels in each switchdycle, the controller identifies relevant switah states of the
particular voltage level regarding adjacent switghivectors to minimise switching losses. Howevecoading to the
adjacent switching vectors graph for the fifteeveleand nineteen-level converters (Fig.9 and Figftigre are some non-
adjacent switching states that occur in some veltagels, in which extra switching losses appliesathieve desired
voltage levels. Based on the controller’'s decisianthese points to change the voltage levels,different methods have

been proposed to achieve the proper switchingsstate
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A. With Extra Switching
In the first method, switching states are choseraghieve different voltage levels regardless ofaeeljcy between

switching transitions. As is depicted for one naljgaent point in Fig.12, to increase the voltagemfVy./6 to V4.3 in
the fifteen-level or fromVy.#/8 to Vy./4 in the nineteen-level converter, the switchingction states should be changed
from (3321) to (3222). Then the controller use2@2and (3212) for modulation between those voltagels. Therefore,
one extra switching transition happens due to rdjaegnt vectors. The same situation happens foottier non-adjacent
transitions which happen twelve times in the fiftdevel converter and sixteen times in the ninefegal converter in
each fundamental cycle.

Although it is possible to achieve sequenced veltagel by locating the duty cycles in the middieeach switching cycle,
extra losses should be paid. Extra switching eaddiermined by following equation:

Extra switching transitionx Fundamerdl frequency 8)

Extra switchingo=
gt Switching frequency

Fig.13 shows the extra switching in terms of switghfrequency. As shown, total extra losses willnegligible in higher
switching frequencies. Fig.14 illustrate outputtagk for the fifteen-level and the nineteen-lewdbrid converters with
extra losses method &~=5 KHz, respectively. Output waveforms are nearhusoidal and current tracks the reference
current accurately. THD of output voltage has besoulated as follows:
> (Vo)

n=2

THD = ©)

1
However, to have a harmonic current distortiondgctveighted total harmonic distortion (WTHD) oftput voltage has
been compared for symmetrical and asymmetricalitiydimverters based on Eq.10.

LY/

> (-M)?

= n
WTHD="2 7 (10)

Vi
THD of output voltage and current waveforms for @sweitching frequency sideband of the proposed llylsascade
converter with the symmetrical and asymmetricabldiclamped converter in terms of different switghfrequencies are
depicted in Fig.15. Corresponding to Fig.13 andlbjgas the trend of THD and extra losses is deicrgdn higher
switching frequencies; the THD of the hybrid congemwith ADCC is almost 1.7% less than the symmatrbne. As
shown in Fig.15, once the switching losses areigibig in high switching frequencies, the WTHD dfet proposed
configuration decreases either for the fifteendewa nineteen-level. However, configuration witle asymmetrical diode-
clamped H-bridge shows better harmonic characiesistompared with the configuration with symmetritkbridge
converter. Based on proposed cascaded configuratigitches in the high voltage multilevel cell wakthe fundamental
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frequency, while switches of low voltage cell waxith the switching frequency. Enhanced harmonicratizristics are
expected for asymmetric configuration as the nunatb@utput voltage in configuration with symmettickode-clamped is
lower than asymmetrical configuration.

B. Without Extra Switching

In order to avoid any extra switching a second wetio select the proper switching states is propp@gsch is shown as a
non-adjacent voltage vector in Fig.16. Thus, tongeavoltage level fronVy./6 to Vy+/3 in the fifteen-level and from
Vq4c/8 to Vyei/4 in the nineteen-level converter switching tramsisi occur from (3322) to (3222). Then the contraliges
(3222) and (3212) for modulation between thoseagdtlevels. By doing so, no extra switching hagpgenincrease the
voltage levels. However, the voltage will jump thewels by choosing these switching function staldeerefore, twelve
jumps of these voltage levels occurs in the outmitage of the fifteen-level inverter as it has lweenon-adjacent
switching transitions in each fundamental frequedtye same scenario happens for the nineteeneteld inverter as it
has sixteen non-adjacent switching vectors in egcle. Setting the pulse width based on defineg dytle in the middle
of the switching cycle gives an opportunity to abtapper voltage levels with a jump and without axgra switching
losses. However, a number of asymmetrical pulstemest occur in each fundamental frequency (tweilwes in fifteen-
level and sixteen times in nineteen-level invertand worse THD is expected for this PWM method gared with
previous one. Fig.17 demonstrates the output veltagveforms afy,=5 KHz in the proposed hybrid cascade converter
with SDCC and ADCC configurations, respectively.

To compare the quality of the waveforms of hybras@ade converter with symmetrical (fifteen-level)l asymmetrical
(nineteen-level) diode-clamped inverters, THD andH® for one side band of the switching frequencytlod output
voltage according to Eq.9 and Eq.10 are illustratelig.18. Although, the quality of output waveiws is less than PWM
strategy with extra switching due to the numberoltage jump, configuration with ADCC H-bridge pides better
quality waveforms. In higher switching frequencias,the number of voltage jumps is negligible, harim characteristics
of output waveforms are improved.

The diversity of two methods either in the casélbiD of voltage and current or extra switching Ias$e negligible in
higher switching frequency (more than 8 KHz), whitiows the high performance of this proposed methoachieve
more voltage levels with minimum power componemid #osses. Nevertheless, in low switching frequebaged on
different application proper PWM method can be elmas order to have a better quality or minimunséssrespectively.
To study the effect of the DC link variation on feemance of the proposed converters, two differggles, 5% and 10%
of the DC link voltage, have been taken into actdaniiboth modulation techniques for the inductigad at the switching

frequency of 10 KHz. In the fifteen-level converteith the extra switching, the THD rose to 7.2% &8% at 5% and
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10% ripples, respectively. However, in the ninetkesel converter it is increased to 5.82% and 8.3Mspectively. Also,
in the modulation without the extra switching, fidD of the output voltage for the fifteen-level s@nter at 5% and 10%
ripples reached to 7.91% and 8.22%, respectiveijevitn the nineteen-level converter were at 6.8% &%b, respectively.
It can be concluded that, even by considering DR lipple, the THD of the output voltage in the posed hybrid
converter with ADCC is still less than the convemgth SDCC configuration either with or withoutetfextra switching
modulation techniques.
According to simulation results,
« Using ADCC instead of SDCC in the proposed hybedoade converter can generate four more voltagdslav
output voltage which leads to better harmonic ottaréstics with the same number of components arittising.
By means of the first method of PWM (with extra ®hing) although better total harmonic distorticemde
achieved compared with the second PWM method (witegtra switching), extra losses should be paid.
« The effect of extra losses or THD between the fired second method in higher switching frequenceigible
so that it shows the high performance of proposgedlbgy in this switching of such frequencies. Hoer in low

switching frequencies the first or second methosvatching could be selected based on differentiegpons.

V. CONCLUSION

This paper has presented the diode-clamped mugtilevbridge cell cascaded with three-level convamdl inverters to
increase efficiency of converters with high outpattage resolution. A novel DC link voltage ratimyproposed for the
multilevel diode-clamped and three-level H-bridgeerters to improve the output voltage and curgesatiity by preserving
the adjacent switching vectors between all voltagels. The MOB converter has been applied as didCsupplier of a
diode-clamped inverter to boost and regulate tipacitors’ voltage to the desired DC link rates.ndsihe MOB converter,
a new cascade inverter is verified by cascadinghasstrical seven-level H-bridge diode-clamped inerNineteen-level
performance was achieved, which has more voltagedeas well as lower voltage, and current THD eatihan using a
symmetrical diode-clamped inverter with the samefigaration and equivalent number of power compdsieRredictive
current control was conducted to show the perforaaf the proposed method. In this case, two diffemethods for the
switching states selection are proposed to minireigeer losses or THD of voltage in hybrid convesteNovel H-bridge
cascaded cells can decrease the complexity ofalamd cost of the system as well as diminish oraee the output filters

when the configuration will be extended for moréliitige cells.
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