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Abstract

DC to AC power conversiois a key technology in the modern-sgt of generation,
transmission, distribution and utilization of electric powenong the various schemes of
prevalent invertershemulti-level inverters havbeen innovated as necessary dmstefit
DC to AC deviceswith a wide range of application¥hey have been in the focus for
decadedecause of interesting features, such as-bigility output voltagegperation in

high voltage/power, low stress on switchets,

While the conventionamulti-level inverter topologies have proveto be a viable
alternative in a wide range of higlowermediumvoltagehigh-voltage applications, there
has been an active interestlre evolution of newer topologies. Reduction in overall part
countas compared to thenventionatopologies has been an important objective. In this
thesis two novel fivelevelinverter topologies with reduced number of active switches are
proposed, which are callglde Sx-Switch Five-Level Active-NeutratPoint-Clamped (6S
5L-ANPC) andthe SvenSwitch Five-Level Active-NeutratPoint-Clamped (7SbL-
ANPC) inverters respectivelis compared with the conventional eigiwitch (8S) 5k
ANPC inverters, the 6SL-ANPC reduces two active switchdhe 7S5L-ANPC inverter
aims to solve thdlying-capacitor voltage drop problem of the &3 -ANPC inverter

operating in reactive power condition.

The operating principles of two novel topologies are preserited.loss comparison
results betweenthe 6S5L-ANPC/7S5L-ANPC and the conventiona8S-5L-ANPC

inverters show the proposed topologies can achieve the same perfornzendhe



conventional8S5L-ANPC inverters in high power applications with the reduction of

active switches.

In addition, a new DC-link capacitor voltage balancing techniquéor 5L-ANPC
invertersis proposedo achieve better dynamic response andlying-capacitor voltage
ripplesin steady stateverthe conventional metho@he proposed DC capacitor voltages

balancing methodan be applied tall 5L-ANPC inverters.

Finally, three differebhhybrid modulation methods are proposededuce or eliminate
the flying-capacitor voltage dropf the 6S5L-ANPC inverterunder reactive power
operation Simulation modelsand experimental prototypese developed teerify the
effectiveressof the proposedopologies, DCcapacitor voltagebdalancing stratggand

hybrid modulation methods.
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Chapter 1

| ntroducti on

1.1 Background

The research of this thesis focuses on thel@vel inverter topologies, which belong
to the multilevel inverter family. To begin with, it is very important to know what the
inverter is and why the multevel inverters are widely used@his section inbduces the

inverter and the mulievel inverters.
1.1.1Introduction of Inverter

A power inverter is an electronic device or circuitry that changes direct current (DC) to
alternating current (AC)It plays an important role in variable frequency drives, air
conditioning, uninterruptible power supplied, induction heating, -higtage DC power
transmission, electric vehicle drives, active power filters, flexible AC transmission systems
and DC powesource utilizations such as batteries, solar panels and fudlige[ly. With
the advent of recent power electronics devices, digital controllers, and sensors, the role of
power inverters is also envisaged awknowledged in frontiers such as futuristic smart

grids and greater penetration of renewable energy sebasesl power generation.
1.1.2Introduction of Multi -Level Inverters

The increase of the world energy demand has entailed the appearance of new power
inverter topologies and new semiconductor technology capable to drive all needed power
[5]7[9]. A continuous race to develop highaitage and highecurrent power
semiconductors to drive high power systems still goes on. In this way, tHueiestion
devices are suitable to support high voltages and currents. However, currently there is

1



tough competition between the use of classic power inverters topologies uskvgpléagie
semiconductors and new inverter topologies using medultage devicesThe multt

level inverters built using mature medigpower semiconductors are fighting in a
development race with classic inverters using fggtver semiconductors that are under
continuous development and are not mature. Nowadays-lenxeti inverters ge a good
solution for power applications because they can achieve high power using mature

mediumpower semiconductor technolof0]i [20].
As compared to the twievel inverter, the mukievel inverters offer many advantages:

1. The multtlevel inverters hae lower THD as comared with the twdevel inverter.
Fig. 1.1 shows the topologies of a twevel and a fivdevel inverters and
waveforms of their output voltages\y. As can be obseed, the fivelevel inverter
has better output performance over d&eel inverter under the same switching
frequency. Therefore, the mulével inverters require smaller output filter inductor
to achieve the same output current ripple. For example, & gHloutput filter
inductor Lrier is designed for a twievel inverter, then with the same switching
frequency and output current ripple, the output filter inductor value for defixet

inverter is only a quarter which is 2.5 [H.
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Fig. 1.1. Comparison results between tlevel and fivelevel inverters in terms of output

voltage Vho. (@) Twolevel inverter. (b) Fivdevel inverter.

2. The multtlevel inverters have lower dv/dver twalevel inverterFromFig. 1.1, it
is observed that: for twitevel inverter, thdridgevoltageV ao is switched between
+V4d2 and-V4d2 (where \cis the irput DC voltage), so the voltage variation value
qv is equal to \c; while for five-level inverter,it hasfive output voltagdevels:

+V4d2,+Vdd4, 0,-Vad4 and-Vqd/2, andthe staircase output waveform indicates the



Qv is Vad4 which is only a quarter af for two-level inverter. The lower dv/dt

results in the reduction of losses, improving the system efficiency.

3. The multtlevel inverters have lower voltage stress of semiconductor devices than
that of twelevel inverter. For tw-level inverter, as shown iRig. 1.1, the voltage
rating for switches Tand T is Vqc; while for five-level inverter, switches with only
V4d4 voltage rating areetected for T-Ts. Consequently, by using mulgvel
inverter topologies, a higholtage output waveform can be obtained with Jow
voltage rating devices, which is why the nuéivel inverters are often used in

medium and higtpower applications.

Becauseof the advantages for mulével inverters, they have received increased
interest both in the academic and industrial fields. After discussing the advantages-of multi
level inverters, it is important to get familiar with some basic rtelel inverter
topologies. In the mid970s, Baker and Banister published a patent of inverter topology
producing the multlevel voltage from various DC voltage sources. The topology consists
of singlephase Hbridge inverters connected in series. It is known as casctadigige
(CHB) inverte21]i [23]. n H-bridge cells can generata 2 1 output levels. For example,
the five-level CHB inverter requires two-Hridge cells connected in series, as shown in

Fig. 1.2
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In 1980, a modified muHievel topology was also introduced by Baker. The thegel

and fivelevel versions are presented kig. 1.3 (a) and (b), respectively. This type of

topology can generate mulével output from a single DC source with clamping diodes

connected to the neutral point O, which is called the neptiiat-clamped (NPC) inverter

[24]i [26].
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Fig. 1.3. NPC type multievel inverters. (a) Threkevel inverter. (b) Fivdevel inverter.

Multi-level inverter can also be achieved by introducing a fhgiagacitor (FC), which
was introduced in the 1990s by Meynard, Foch and Lavievidke €he thredevel version
and fivelevel version of FC type inverters are showrkig. 1.4 (a) and (b), respectively
[27]1[31]. The NPC, FC and CHB type mulével inverters were widely researched in the
past few decades and were referred to as the classiclevdtinverters. More detailed

analysis of these three topologies will be presented in Chapter 2.

From the introduction of three types of the classic meltel inverters, it can be
observed that, as the number of output voltage levels increases, more davices
switches, DC capacitors, clamping diodes for NPC type, flgaqgacitors for FC type and
independent DC sources for CHB type) are required, which means more complicated

control method is needed. This is the main challenge for-heuki inverters
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Fig. 1.4. FC type multilevel inverter. (a) Thre&evel inverter. (b) Fivdevel inverter.

1.2 Organization of Thesis

The multilevel inverters have demonstrated many advantages tbheetwaclevel
opponent such as higher efficiency, lower voltage stress devices and lower THD. However,
the increased number of devices is the main challenge. The motivation of the thesis is to
reduce the number of active switches for fieeel invertersThe thesis is organized in

following chapters.

Chapter 1 gives an introduction about the reason why the thesis focuses on the multi
level inverters: the advantages of mHidtel inverters over the twievel inverters, the

drawbacks and challenges of nnével inverters.

Chapter 2 reviews three types of the classic rteNtl inverter topologies and one of

the most popular hybrid mulkevel inverters the activeneutratpoint-clamped (ANPC)



inverter. The modulation methods for mu#tvel inverters ee also discusseth addition,
the DCIlink capacitor voltage balancingmethodsfor five-level ANPC invertersare

reviewed

Chapter 3 proposes aSwitch FivelLevel ActiveNeutratPointClamped (6S5L-
ANPC) inverter. As compared with the conventionaéfievel inverters which need eight
active switches, the 65L-ANPC inverter reduces two active switches. The comparison
resuls between the 6SL-ANPC inverter andhe conventiona8-switch (8S)5L-ANPC
invertersshowthat the 6 5L-ANPC inverter has theasne or even higher efficiency over
the 8S5L-ANPC inverters in high power applications. AKVA PV grid-connected

experimental prototype is built to verify the effectiveness of the proposed topology.

Chapter 4 proposes aStvitch 5L-ANPC (7S5L-ANPC) inverter to solve the FC
voltage drop problem of the &8.-ANPC inverteroperating in reactive power condition
The 7S5L-ANPC can operate at any power factor conditiiteout FC voltage dropnd
achieves the same performance as the conventiorRalL-BNPC inverters. fie current
stress of theeventh switclandthe modulation method fohe 7S-5L-ANPC inverter under
reactive power factocondition are discussed. Finallhe simulation and experimental

resultsverify the effectiveness of the proposed togy and modulation method.

Chapter 5 proposes a nddC capacitor voltage balancingmethod for 5SEANPC
invertersoperating under unity power factor conditioAs compared with thexistingDC
capacitor voltages balancing method which has ddungdrequency (120 Hz) FC voltage
ripples in steady state, the proposed method uses the average DC capacitor voltage to
determine the FC reference voltage to balance the DC capacitor voltages, resulting in the

FC voltagewith no rippledn steady state.fe analysis and simulation/experimental results



show that the proposed method has better dynamic response and lower output current
harmonic distortion in steady state over #éxéstingmethod. The proposed DC capacitor

voltages balancing method can be aapto any 5SLEANPC inverter topologies.

Chapter 6 proposesdiree different hybrid modulation methods tbe 6S-5L-ANPC
inverterto decrease or eliminate theC voltage dropn reactive power zoneg&) hybrid
modulationwith +1 level and1 level 2) hybrd modulationwith 2 level and 0 level, and
3) hybrid modulation with +2 level and-2 level. Based on the analysis and
simulation/experimental results, a comprehensive comparison among three hybrid
modulation methods in terms of output performarte€, voltage ripple/drop,reactive
power capability andoutput current zergrossing sensing capabilitis made. The
comparison results show thatbrid modulation with 2 level and 0 level is the best due to
the lowest output current THD, no FC voltage ripple irctiga power zones andaximum

power factor operating capability.

Chapter 7 concludes the thesis with closing remarks, and presents possible topics for

future work.



Chapter 2

Literature Revi ew

2.1 Introduction

In Chapter 1, three types of classic migirel invertertopologies (NPC, FC and CHB)
are briefly introduced. This chapter gives a detailed review of the conventionalevalti
inverter topologies and modulation methods. In Section 2.2, three classielaweilti
inverter topologies are studied and a comprsivencomparisommongthree topologies
in terms of devices number, device voltage stress and features is made. Section 2.3 reviews
the hybrid multilevel inverter topology: the actiweeutralpointclamped (ANPC)
inverter. Section 2.4 discusses the modohastrategies for muHievel inverters. Section
2.5 presents the D{hk capacitor voltage balancing issue for the figeel (5L) ANPC

inverters. Section 2.6 draws the conclusion for Chapter 2.
2.2 Review of Three Classic MultiLevel Inverter Topologies

TheNPC, FC and CHB muHievel inverter topologies could be considered now as the
classic multilevel topologies that first made them into real industrial products during the
last three decades. After that, dozens of variants and newlewdltiinverter hag been
proposed in literature. Most of them are variations to the three classiclenelti
topologies, or hybrid between them. Therefore, it is important to give a detailed review of

these three classic mulével inverter topologies.
2.2.1Neutral-Point-Clamped Inverter

The neutrapoint-clamped (NPC) invertas also called diodelamped inverter. It was

first used in a threevel (3L) inverter[32], which isshown inFig. 2.1 (a). In this circuit

10



the DGbus voltage is split into three levels by two sedesnectedC capacitorsCdc1
and Gco. The middle point of two DC capacitors O is defined as the aleuaint. The
bridge voltage Yo has three statesVad2, 0,-V4d2. For+V4d2 voltage level switches
T1and T need to be turned ofgr O voltage level T2 and Tz need to be turned on; afat
-V4d2 voltage level Tzand Ta need to be turned olhekey components that distinguished
the 3L-NPC from a conventional twievel inverter are Dand D, which clamp the switch
voltage to half the Ddink voltage For example: wheniland T turn on, D balances out
the voltage sharing between @and Ts with T3 blocking the voltage acrossi&cand T
blocking the voltage acrossi& But for two-level inverter, each switch must withstand
the DCIlink voltage.Because the NPC inverter effectivehcreased the voltage levels

without requiring precise voltage mhing, the circuit topology prevailed in the 1980s.

Coa==
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T2 I—Fil'[er Grid _ e) 2 J A I—Filter A Grid

=V D
d%7 X z.sj

| D. G Ts Crilter
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De J T7
Con T
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Fig. 2.1. Neutratpointclamped multievel inverter topologies. (a) Thréevel. (b) Fivelevel.
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Fig. 2.1 (b) shows a fivdevel (5L) NPC inverter in which the D@nk consists of four
capacitors, @1, Cdacz, Ciacz and Gesa For DGlink voltage W, the voltage across each
capacitor is \J/4, and each active switch will be limited to one DC capacitor voltage level
V4d4 through clamping diodes. There are five switch combinations to syntheskteviale

voltages across A and O:
1) For Vao =+V4d2, turn on all upper switches. T Ta.
2) For Vao = +V4d4, turn on three upper switchesiTT4 and one lower switchsT
3) For Vao =0, turn on two upper switches T T4 and two lower switchessT Te.
4) For Vao =-V4d4, turn on one upper switchy &nd three lower switches T Ty.
5) For Vao =-V4d2, turn on dllower switches §1 Ts.

Although each active switch is only required to block a voltage levelqgfi,\the
clamping diodes have different voltage ratings for reverse blocking voltage. Take diode D
as an examplevhen lower switchesell Tgturn on, B needs to block three DC capacitor

voltages 3\MJ4. Similarly, the voltage stress fosBnd Dy is Vad2 and Q is Vad4.

The problem of NPC muHievel inverter: a the voltage level goes up, the number of
clamping diodes increasexponentially The diode reverse recovery of these clamping
diode will introduce high loss and become a major design challenge wvdiigige high
power applicationdn addition the voltage across eaBfC capacitor should be balanced
by extra control to ensure the poweratity at output. The complex system structure and

the imbalance®C voltage obstruct the implementation of high level numbers.

2.2.2Flying-Capacitor Inverter

12



The flying-capacitor (FC) inverters are using independent capacitors to clamp the device
voltage to oe capacitor voltage level. The inverterRig. 2.2 (a) provides a threkevel
output across A and O:A¥ = +V4d2, 0,-Vad2. For+Vad2 voltage level switches Tamd
T2 need to be turned on; fev 442 voltage level Tz and Ts need to be turned on; and for
voltage level O, either pair (JTs) or (T2, T4) needs to be turned ofhe voltage across FC
Cic is controlled to be half the D@k voltage Wi/2: FCis charged when and Tz are

turned on, and is discharged wherahd Ts are turned on.
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EV%_ Cfc: TZLFilter Grid gvdcgo‘ :_j AT4 :iltei Grid
Cicd Ts Crilter
Cao - Cia= J
- T
] T7
Cioa—
- J Ts

(@ (b)

Fig. 2.2. Flying-capacitor multievel inverter topologies. (a) Thréevel. (b) Fivelevel.

Fig. 2.2 (b) shows &L-FC inverter.The voltage rating for each DC capacitor is/¥.
There are threeCsrequired to clamp the device voltage to one capacitor voltage level
Vcter = 3Vad4, Veiee = Vad2, Veis = Vad4. The voltage synthesis the 5L-FC inverter
has more flexibility thanSL-NPC inverter. The bridge output voltagead/can be

synthesized by the following switch combinations:
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1) For Vao =+V4d2, turn on all upper switches T Ta.

2) For Vao = +V4d4, there are three combinations:
a) Ty, T2, Tzand Ts are on: Mo = Vcde + Veda T Veiea = Vad4 + Vad4 1 Vad4.
b) T», T3, Taand Ts are on: Mo =-Vcdas i Vedet + Verer = -Vad4 T Vad4+ 3Vad4.

c) Ty, T3, Taand T are on: Mo = Vede + Veda T Veter + Vi = Vad4 + Vad4 1

3Vad4 + Vad2.
3) For Vao = 0, there are six combinations:
a) Ty, T2, Tsand Te are on: Mo = Vcde + Veda T Veree = Vad4 + Vad4 1T Vad2.
b) T3, T4, Tzand Te are on: Mo =-Veda T Vedes + Vere2 =-Vad4 T Vad4 + Vad2.

c) Ty, T3, Tsand T are on: Mo = Vcde + Veda T Veter + Vere2 T Vs = Vad4 +

Vad4i 3Vad4 + Vad2T Vad4.

d) Ty, T4, Teand Tz are on: Mo = Vcde + Veda T Veter + Veres = Vad4 + Vad4 1

3Vad4 + Vyd4.

e) T2, T4, Teand Tg are on: Mo =-Vcdasa T Veda + Veter T Vere2 + Verea = -Vad4 T

Vad4 + 3Vud4 T Vad2 + Vad4.

f) To, T3, Tsand Tsare on: Vo =-Vecda T Veds + Verer T Veiea =-Vad4 T Vad4d +

3Vad4 i Vada.
4) For Vao =-Vad4, there are three combinations:
a) T1, Ts, Tsand T are on: Mo = Vcde2 + Veda T Veter = Vad4 + Vad4 1 3Vad4.

b) Ta, Te, Tzand Tg are on: Mo =-Veda T Vedos + Veiez = -Vad4 1 Vadd+ Vad4.
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c) T3, Ts, Tzand Tgare on: Mo =-Veda T Vedu + Veree T Veiea =-Vad4 T Vad4d +

Vad2T Vad4.
5) For Vao =-V4d2, turn on all lower switchessT Ts.

Capacitor voltage balancing is an important issue for FC invieeigauseahe inverter
can only generate the exact output voltage value when capacitor voltages are balanced. In
the preceding output bridge voltage synthesis description, the capacitopositive sign
are in discharging mode, while those with negative sign are in charging mode. By proper

selection of capacitor combinations, it is possible to balance the capacitor charge.

The problem of FC muklievel inverter: as the voltage level gags a large number of
FCsare requiredo clamp the voltage. Also, the modulation method to keep voltage of
each capacitor balanced is becoming more complicatbi. topology also requires

initialization of the FC voltages.
2.2.3Cascaded HBridge Inverter

Different from the NPC and FC typéise cascaded Hdridge (CHB) inverters based
on the seriesonnectiorof singlephase inverter with separate DC soufg. 2.3 shows
a 5L-CHB inverterwith two H-bridge cells.To generate the same output voltage as
compared with NPC and FC inverters, the DC voltage for eaohdge is \4/4. Each H
bridge generatethree voltagdevels +Vq4d4, 0 and-Vqd/4. If two cells are connected in

series, the output voltage will swing from ¢X2 to-V4d2 with five voltagelevels.

The problems of CHB muHevel inverter: as the voltage level goes moyeH-bridge
cells areneeded.The requiredsolated DC sources have to be fed from ptssting

isolation transformers, which are more expensive and bulky,
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Fig. 2.3. Fivelevel cascaded Hridgeinverter.

2.2.4Comparison Results

With the analysis of three classic mu#vel inverters (NPC, FC and CHB), a
comprehensive comparison among three topologies foildixad versionin terms of the
number of devices, voltage stress of devices, specific reagant, controlissuesand

control complexity is made. The results are showhahble2.1.

In terms of the number of deviceall threefive-level topologies requireight active
switches; the 5INPC requires additional six clamping diodes; theF8l. needs additional
three FCs. Both 5INPC and 5EFC require four DC capacitors, while 8LHB requires
two DC capacitors with two isolated DC sourcHsese numbers are goaferences since
the research of this thesis aims at reducing the numbactofe switches for fivelevel

inverters.
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Table2.1. Comparisonresultsof NPC, FC andCHB typefive-level inverters

Neutratpointclamped

Flying-capacitor

Cascaded Hbridge

(NPC) (FC) (CHB)
+ +
K#m
Cya = Cya==
D% Kz
p, JKFT
Topology Cio=— & & Coo=
D, J T,
Ve O Ds 2 Ve 2
6 0.5 2 K&Ts 5
Ciam 2 Cos=m
Jﬁ} Te
D& K& T,
Conn Coun =
_ IS A
Number of 4 DC capacitors 4 DC capacitors 2 DC capacitors
devices + 8 activeswitches + 8 active switches + 8 activeswitches
+ 6 diodes + 3FCs +2 DC sources
Cac T Cuor: Vad4 Coc1 T Caos: Vad4d
Voltage Ti7 Tg Vad4 Ti7 Tg Vad4d Cua and Ge: Va4
stress D and O Vad4 Crer: 3Vad4 Tii Ts: Vadd
Ds and D;: V442 Crc2: Vad2
D, and B;; 3V4d/4 Cres: Vad4
Sp_ecmc Clamping diodes Clamping capacitors Isolated DC sources
requirement
(i:SOSnJreOSI Voltage balancing Voltage setuandbalancing Power sharing
Design . . High (Input transformer)
complexity Low Medium (Capacitors) Low (PV applications)

For industrial applicationsl) the 3L-NPC is a popular choice because of a simple

transformer rectifier structure, with a lower device count and less number of capacitors.

Although the NPC structure can be extended to higher number of levels, these are less

attractive mainly because thfe lossestroduced by clamping diode®) the CHB is well

suited for highpower applicationg1-50 MW) because of the modular structure that

enables higher voltage operation with classic-lmitage semiconductors. For industrial
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application, the sevelevel to seventeelevel CHB inverters are commonly used. The high
number of levels enable the reduction in the average device switching frequency (< 500
Hz), allowing air cooling and lower losses. However, it requires a large number of isolated
DC sourceswhich have to be fed from phashifting isolation transformers, which are
more expensive and bulk$) Compared to NPC and CHB, the FC inverter has found less
industrial penetration, mainly because higher switching frequency is necessary to keep
capaciors properly balanced (e.g. greater than 1200 Hz). This switching frequency is not
feasible for highpower applications, where usually is limited in a range of BOD Hz.

The FC voltage initialization is another issue which limits its industrial pergatrati
2.3 Review of ActiveNeutral-Point-Clamped (ANPC) Inverter

From Section 2.2, it can be concluded that each classiclendliinverter topology has
its own advantages and disadvantadgecause of thatnany new multievel inverter
topologies have beengposedo overcome some disadvantageshefclassic multilevel
inverters[33]i [37]. However, not so mangf themhave made their way to the industry
yet. Among thenewertopologies that currently have found practical applicationdjtlbe
level active-neutal-point-clamped (5LANPC) inverteris one of the most popular hybrid
multi-level inverter topologiesand has received increased attention over the J@8lis

[52].

As shown inFig. 2.4 (a), the 5LANPC combines a threlevel NPC leg with a three
level FC power cell connected between the internal NPC switching d¢sRIeE5]. In
Section 22, it is observedthat the5L-NPC and5L-FC split the DGClink into four
capacitors, but the 5ANPC splits the D@ink into only two capacitors. Therefore, the

control complexity to balamcthe DC capacitor voltages is reduced. In additas,
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comparedvith 5L-FCwhich requires three FCthe 5.-ANPC inverter only needs o,

so the control complexity to balance the FC capacitor voltages is also refigced! (b)

and (c) showothertwo commonly used 5/ANPC inverter topologies. Three SANPC
inverter topologies ifrig. 2.4 are named Type I, Il and 11l 5ANPC inverters respectively.
Among three 5EANPC inverters, Type | has the lowest switching loss and Type Il has the
lowest conduction loss. Therefore, for applications with high switching frequency, Type |

has the highest efficiency; and Type Il is the best choice for low switching frequency

applications.

— Ck

Fig. 2.4. Configurations of three 5ANPC inverters. (a) Type 1. (b) Type Il. (€ype IlI.
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The DClink voltage is \4, and two DC capacitor voltages are clamped g2/ The
FC voltageis controlled tobe V4d/4. For 5L-ANPC inverters, lere areeight switch
combinations to synthesize fikevel voltages across A and Dake Type II5L-ANPC

inverter as exampie
1) For Vao = +V4d2, turn on & and . (State A)
2) For Vao = +V4d4, there are two combinations:
a) Tiand Bare on: Mo = Vc1i Vie = Vad21 Vad4. (State B)
b) Ts, Tsand T2 are on: ko = Vic = Vad4. (State C)
3) For Vao =0, there are two combinations:
a) Ts, Tsand Tz are on: Mo = 0. (State D)
b) T7, Tsand T are on: ko = 0. (State E)
4) For Vao =-Vdd4, there are two combinations:
a) Tz, Tsand Tz are on: Mo = -V = -Vad4. (State F)
b) T2and Tz are on: Mo =-Vca2 + Vic=-Vad2 + Vud4. (State G)
5) For Vao =-V4d2, turn on & and Ta. (State H)

Fig. 2.5 shows the detailed operation of eight switching states of Type-ANIRC
inverter. As can be observed, there are three pairs of redundant switching states (B, C), (D,
E) and (F, G). Similato FC type, the redundancies can be usd@lancehe FC voltage.

For example, when output mantis positive the FC is charging during state B and is
discharging during state ®@roper selection of redundant switching states can balance the

FC voltage So,the 5.-ANPC combines the robustness of NPC with the flexibility of FC.
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Fig. 2.5. Eight switching states of Type 1l 5ANPC inverter.



Due to the reduced costs, volume and @rdomplexity, the 5SEANPC inverter has
gained increasing attention recently and is already commercially used for industrial
applicationg[56], [57]. In [56], 5L-ANPC inverter was applied on the grid side for a 6
MVA wind power system. Ifi57], it was applied to medium voltage variable spered

which are rated at-6.9 kV input voltage and 0-2 MVA output power.

It should be noted that for SNPC, 5L-FC, 5L.-CHB and existing 5tANPC inverter
topologies, eight active switches are used. It would be more desirable if more active power

switchescan bereduced which is the motivation of this thesis.
2.4 Reviews of Multi-level Inverter Modulation Methods

Multi-level inverter modulation and control methods have attracted much research and
development attention over the last two decades. They are aingeterating a stepped
switched waveform that best approximates an arbitrary reference signal with an adjustable
amplitude, frequency, and phase fundamental component that is usually a sinusoid in
steady state. This section mainly discusses two modulatethods which are commonly
used for multilevel inverters: the Phasghifted (PS)PWM andthe LevelShifted (LS)

PWM.

For raditional PWMfor a twalevel inverter, one sinusoidal reference voltage signal is
compared with one carrier signal whichuisually a triangle wave and whose frequency
represents the switching frequendye comparison resutiontrok each power switcko
achieve the desired output voltage be extended for multlevel inverter topologies,
multiple carriersare usedo contrd each power switch of thaverter Therefore, they are
known as multicarrier PWM methd88], [59]. Both PSPWM and LSPWM belong to

multicarrier PWM methods.
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2.4.1PhaseShifted PWM Method

The PSPWM uses a number of carrier signals whiah @t phaseshifted accordingly
[60]i [62]. For multicell topologies, like FC and CHB, each carsigmalcan be asociated
to a power cell to be modulated independentgke 5L-FC inverter aan example.As
shown inFig. 2.6, the 5L-FC inverter has four pairs of complementary controlled switches
(T1, Tg), (T2, T7), (T3, Te) and (T, Ts). Each switch pair has its own triangular cagrier
which is 90" phaseshifted to eachother The reference is compared with four carrier
signals resultingin the switching state for each switch pair: when reference is above
carrier, the upper switch is turned on and the bottom switch is off; when reference is below
carrier, the uper switch is turned ofindthe bottom switch is on. For example, when the
reference is above all four carrier signals, then all upper switches are on, genetating V
+V4d2. Since each switch pasturned on and off with equal duty cycle, the average

current will be zero if load current is smooth, resulting in the naf@aloltage balancing

A —— Reference Signal

Carrier Signals

T

T2

05|\ j "

+V 42}
+VZC/4 5 Hﬂ

Ta

TS Lf\\ler

0
-Vadl4

Vad2t . —L_—_—_F R

Fig. 2.6. PSPWM modulation strategy for 5EC inverter.

Con T
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Because the duty cycles of each switch pair for FC and edwidge cell for CHB are
identical, the power is evenly distributed among the cells across the entire modulation
index. Therefore, the PBWM is the only real commercial modulation scheme used in
CHB and FC.One drawback of this method is the switching pattern is fixed so it lacks

flexibility.
2.4.2Level-Shifted PWM Method

The carriersignalscan also be arranged with shifts in amplitude relating each carrier
signalwith each possible output voltagevé® generated by the inverter. This strategy is
known as levekhifted(LS) PWM. The LSPWM applied toafive-level inverter arranges
four carrier waveforms of same amplitudiedfrequency into contiguous bands that fully
occupy the linear modulation rang® single sinusoidal reference is then compared with

each carrier to determine the switched output voltages fanvieeer.

Depending on the disposition of the carriers, they can be in phase dispositj¢h/{RD
[63], where all carriers aredphase; phase opposition disposition (F@WM [64], where
the carriers above the reference zero point are out of phase with those below zeld by 180
and alternate phase opposition disposition (APGWM [65], where the alternate carrier
waveforms are phase shifted by ?mong three LSPWM methods, the PIPWM is

now wellaccepted as achieving the lowestputvoltageharmonicdistortion

Thediagram ofPD-PWM methodfor Type 11 5L-ANPC inverter is shown ifig. 2.7.

Here are the operatimginciples

1) When the reference is greater than all the carrier signals, the inverter is generating

Vao = +V4d2.
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2) When the reference is less than the uppermost carrier and greater than all other

carriers, the inverter is generatingd/~= +Vad4.

3) When the reference is less than the two uppermost carriers and greater than the two

lowermost carriers, the inverter is generating ¥ 0.

4) When the reference is greater than the lowermost carrier anth&sall other

carriers, the inverter is generatingd/= -Vad4.

5) When the reference is less than all the carrier signals, the inverter is genegating V

=-Vy4d2.

Carrier Signal
Reference Signal

.

T

-0.5
-1

Wal2l i
+Vd0/4 _’J_’I_I_I_H
0

el L

Fig. 2.7. PD-PWM modulation strategy for fievel inverters.

As compared with PEWM, the PBPWM has more flexibility. For example, for 5L
ANPC inverter, with LSPWM, the redundant switching states can be selected béti
is agood advantagevhile with PSPWM, the switching pattern is fixed. In additional, the

LS-PWM is reported to have better output harmonic profile thaRPWR$/.
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Compared with twdevel inverters, the multilevel inverters have many additional
degrees of freedom: more voltage levels, switchinig stavoltagdevel redundancy, and
space vector redundancy, which are not always fully exploited by ebased PWM
schemes. Because of this, new modulation strategies are developed such as-Selective
HarmonicElimination (SHE) PWM[66]i [69], Space VectoModulation (SVM)[70]i
[75] and tybrid modulation techniqueg6]. Since the modulation methods used in the
thesis are multicarridbased PWM (PEPWM), these methods will not be reviewed in

detail.
2.5DC-Link Capacitor Voltages Balancing Issue for 5LANPC Inverters

Three capacitors are usedtire 5L-ANPC inverters two DG-bus capacitors and en
FC. To generate the precise fiveltagelevels, it is important to keep voltages D€
capacitors balanced. As mentioned in Secf2d the FC voltage can be balanced by
appropriate selection of the redundant switching states. To balance ilak@@pacitor

voltages, many DC balancing techniques haven been proposed in literature.

In [77], [78], the technique of zersequence voltage injection is used to balance the
DC-link capacitor voltagesThe zeresequence voltage does not influence the output line
voltage and current. It leatisdifferent pulse patterns atigendifferent neutrajpoint (NP)
current. InFig. 2.8, the NP currenitye is defined as the current through the red line. So the
idea is by injecting the zergequence voltage into the reference voltage to achieve the
demanded NP curremthich balancs the NP potential[77] uses the PBPWM strategy
with zeresequence voltage injection. The main problem for this methtteicalculation
and selection of zersequence voltage is very complex and the switching frequency is not

constant for outside switches(T T4 as shown irFig. 2.8) with PD-PWM. The zere
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sequence voltage injection using-P®B/M is proposed ifi78]. However, the calculation
of zerasequence voltage is still complicated. Another limitation Fer teresequence

voltage injection technique is that it can only be used in {ph@se applications.

C =

Neutral
Ve Point

Fig. 2.8. Definition of neutral point curremr for 5L-ANPC inverter.

A control strategy based on SelectidarmonicElimination (SHE) PWM is proposed
[79]i [81] and the voltage across the FC is balanced by swapping the switching patterns.
The swapping of the switching patterns depends upon the polarity of the output current,
the polarity of the FC voltage, and the polarity of the fundamentatdimeutral voltage.
The DClink capacitor voltage is regulated by adding or subtracting a relatively small pulse
to the switching pulse signals. This method is very suitable for the high power and low
switchingfrequency applications. However, the voltage ragiah ability is not strong due

to the low switching frequency and the capacitor voltage riggiegh.

In [82]i [86], theSVM modulationis used to generate fislevel output and balance the

voltages of DGink capacitors and FQror five-level SVM method, there are 125 space
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vectors in total for output voltage synthesis. Each space vector represents one possibility
of switch combimation, and each space vector has diffeiptcton DC capacitor and FC
voltages variationN85]anal yzes all the space vectoroés
capacitor voltages and divides them into categories of triangles. Every category has its own
principles to choose the vector sequence and compute the vector durations based on the
DC capaitor voltage difference. The key problem of this methodhis complicated
calculationprocessIn addition, same abe zerosequence voltage injection method, the

SVM balancing technique can only be used in tipiease application.

Referencg87] designed a DAink capacitor voltage balancing technique baseBbn
PWM method for singleohase applicatiorlhe basic idea isybchanging the FC reference
voltage to change the DC capacitor voltages shown inTable2.2: if the FC reference
voltage is set higher in the positive grid cycle, then more state B will be selected to charge
the FC, which will also further decrease the upper DC capaaittage \t1. In [87] , the
FC reference voltage is selected to folloaf the upper DC capacitor voltaye:/2 during
the positivegrid cycleand then to follovhalf the lower DC capacitor voltayk:-2/2 during
the negativegrid cycle The problem of this method ke FC voltage will havelouble
line-frequency(120 Hz)ripplein steady statevhich will increase the outpaurrentTHD.

In addition, thedynamic response of regulating BN@k capacitor voltages is not desirable.

Table2.2. Impact of+V4d4 and-V4d/4 VoltageLevel States on DCapacitors and FC

Voltagesfor 5L-ANPC Inverters

Switching State [ Impact onVc: | Impact onVez | Impact onVise
B (+Va/4 voltage leve) | Discharge No change Charge
C (+Vad4 voltage level | No change No change Discharge
F (-Vad4 voltage level | No change No change Discharge
G (-Vad4 voltage level [ No change Discharge Charge
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Based on the literature review in this section, it can be concluded that most of the
existing DGbalancing techniques are only suitable for tkphase applications; while for
singlephase case, the existing technologies have many problems such as hgtag€
ripple, slow dynamic response. With the increased demand of gihgte 5LANPC
inverters on industrial applications such as low/medium power P\tcgndection
systems, the research on f@lancing technique for singfghase applicatioto addres

above problems very important.
2.6 Conclusion

In this chapter: first, three classic m#ivel inverter topologies (NPC, FC and CHB)
are reviewed, and a comparisamongthem in terms of number of devices and features
are provided to let readers know wlhiae challenges of these topologies are. Then, one of
the most popular hybrid muiltevel inverter topologies the 5L-ANPC inverter is
introduced. The ANPC topology combines the advantages of NPC and FC with reduced
costs, volume and control complexifihe motivation of this thesis is to reduce the number

of devices of 5LANPC inverter.

This chapter also discusses tammmonlyusedmodulation methods for multevel
inverters in details which are HSVM and LSPWM. In addition, the D@ink capacitor
voltage balancingnethodsfor 5L-ANPC invertersare reviewed The literature review
shows potential research can be done regarding the modulation method to balance both
DC-link capacitor and FC voltages for ANPC inverters, especially for singhhase

applications.

29



Chapter 3

Si-Xwi t c H elviev e-Mecu ti rveel Point Clamped

3.1 Introduction

For the existing 5tANPC inverter topologies, at least eight active switches are required
(which are called 8SL-ANPC). And from the viewpoint of industrial applicatiagnyould
be more desirable if the cost of the system can be reduced. The motivation of the research
is to reduce the number of active switches. For Photovoltaic (PV) application, the output
current and grid voltage are generally in phase, so some oiveeaatrent paths in the
existing 8S5L-ANPC inverter can be removed. Based on thiSjaSwitch FiveLevel
Active-Neutral Point Clampe(S-5L-ANPC) inverter is proposed. Compared to the 8S
5L-ANPC inverters, the proposed topology requires only six active semiconductor
switches, and the cost can be reduced. In addition, with the-Bisgsssition (PD) PWM
method applied to the proposed-BISANPC inverter, the system can operate in both

active and reactive power conditions.

This chapteris organized as followsSection 3.2 describes how to derive the5hS
ANPC inverter topology from the existing &&-ANPC inverter;Section3.3 presentshe
operating principles of the proposed 6S5L-ANPC inverter Section 3.4 makes a
comparison between the conventionatBSANPC and the 6SL-ANPC inverters in
terms of device voltage stress, switching frequency and efficiency; Section 3.5 discusses
the PD-PWM method for the 6SL-ANPC inverter Section 3.6 provides a design method
for the FC capacitance under active and reactive power condifeetpn3.7 and 3.8

presents the simulation aea@perimental results and Secti®®is the conclusion.
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3.2 Derivation of the 6S5L-ANPC Inverter

The 5L-ANPC inverter is a good choice for PV applications because of its improved
efficiency, reduced harmonic distortion and lower dv/dt as compared with tHetalcor
threelevel inverters. The configuration of TypeBi&-5L-ANPC inverter is redrawn iRig.

3.1. First, the DGink voltage from PV array is defined asiivThe DClink consists of
two capacitors (¢ C), whose voltage are rated at half of DC voltaged2). A flying-
capacitor (&) is required to provide one quarter of DC voltage/4). Five outputvoltage
levels +\4d2, +Vud4, 0,-Vad4 and-Vyd2 (which are defined as +2, +1, €, and-2

respectively) are achievdry summing thé-C voltage and D&ink capacitor voltage

L 4
+
T,
=
C. —— | |
D,
PVIV ©
d
Cgﬁ Lfilter
T, % ()
C, == 7\ Grid
Lig! ~
D6 D4

Fig. 3.1. Configuration of Type Il 8&L-ANPC inverter.
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ForPV grid-connection application, theverteroutput currenis required to be in phase
with grid voltage In other words, the system is operating under unity power factor
condition: Power Factor ( PFDpetweenouwpst@urrent 1, wf

and voltage. In this situatippome of theeactive current pasiare no longer needed.

Fig. 3.2 shows all eight switching states (A to H) of Type IFBSANPC inverter:
state A: Vaio = +V4d2 (+2 voltage level); states B and Giov= +Vad4 (+1 voltage level);
states D and E: Ab = 0 (Ovoltage level); states F and Gad/=-Vdd4 (-1 voltage level);
and state H: Yo =-V4d2 (-2 voltage level). The red highlighted line in all eight switching
states represents the output current flow path under unity power factor condition (PF = 1),
and the arrow represents the current flow direction. As can be observed, two active
switches ¥, Ts and two body diodesd)Ds are not used in all eight switching states, which
means they can be removed. After the simplificatonpvelsix-switch 5L-ANPC (6S
5L-ANPC) invertertopologyis derived, as shown iRig. 3.3. The 6S5L-ANPC inverter
topology can only be derived from Type Il -88-ANPC inverter beause of its
configurational unigqueness. It cannot be derived from Type |, Type Ill and otHet-8S

ANPC inverter topologies.
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(a) State A +Vyd2 (b) State B +V4/4

(d) State DO

Ds

(e) State EO

N\
(g) State G-Vy4/4 (h) State H-V 442

Fig. 3.2. Active current patlfior eight switching states of Type Il &h-ANPC inverter.
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Fig. 3.3. Configuration of the proposed &&-ANPC inverter.

In Fig. 3.3, six active power semiconductor switche#/'IDk-T4/D4 with body diode and
Ts, Te without body diode) and two discrete diodes,(Dgs) are needed to generate five
voltage levels. The outswitches (T/D1-T4/Das) operate at switching frequency and inner
switches (F, Ts) commutate at line frequency. Additionally, the current paths including T
and Ts also flow through the fast recovery diodes, which can only achieve unidirectional
current flav. Thus, the selection of inner switches, (Tls) can be IGBT without antiparallel
diode, reducing the system cost. In contrast to the conventiorall-83BPC inverters
which need eight active switches and other types ofléivel inverters which requir@ore
devices, the proposed @&-ANPC inverter uses only six active switches and two discrete

diodes.
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3.3 Operating Principles of the 6S5L-ANPC Inverter

The 6S5L-ANPC inverter consists of eight switching states that generatdefred
voltage levels at theutput based on capacitor voltages, as showmainle 3.1. The
waveform of bridge voltage A6 is shown inFig. 3.4. The Phas®isposition (PD) PWM

is used as modulation methddhe detailed modulation will be discussed in Section 3.5.

Table3.1. SwitchingStates, OutputVoltage andmpact on the FC Voltagef the 6S5L-

ANPC Inverter

Switching Switch number Outputvoltage Flying capacitor &
state T | T2 | T3 | Ta|Ts | Te level lout> 0 lout< 0
A 1/1]0/0]0]12 +2 -- --
B 1/0/1/0]0]1 +1 Charge | Discharge
C 0/]1]0|0]|]0]1 +1 Discharge --
D 0/0]J]1]0]|]0]1 +0 -- --
E 0/j1/j0|]0f1]O0 -0 -- --
F 0/]0]1]0]1]0 -1 - Discharge
G 0O/1]0]1]|1]0 -1 Discharge| Charge
H 0O/0jJ1]1]1]0 -2 -- -
A ———— Carrier Signal

o ANV
7 ANV ‘
A

-0.5
-1

+Vaddr L }State BC i,VA(b
O ; .
T State DE4 JL

Vad4 State FG<"~ A‘ H [j —J— -
Vad2| State H < — L

Fig. 3.4. Thewaveform of bridge voltage A for 6S5L-ANPC using PBPWM modulation.
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Table 3.1 lists the switch combination information of eight switching states and the
impact of eight switching states on the FC voltage variation. For example: in state B,
switches T, Tsand Ts are tuned on, the inverter is generatingo= +Vad4; G is charging
when load currerity: > 0 andis discharging whemn: < 0. In state C, it is only valid faeut

> 0 and it will not work foriout < O.

In addition, fromTable 3.1, it is observed that there are three pairs of redundant
switching states (B, C), (D, E) and (F, G). Each pair of redundant switching states is
generating the same output vgkalevel: states B and C are generatifigvoltage level;
states D and E are generating 0 voltage level; states F and G are gerkratitage level.

The # voltage level redundant switching states have opposite impact on the FC voltage
variation. For gample, when load curremndy: > 0, FC is charging during state B and is
discharging during state C; when load curigik 0, FC is discharging during state F and

is charging during state G. This leads to the possibility of regulating the FC voltage to
constant value\(a/4). The sign of load current and deviation sign of FC voltage from its

reference value are required to decide which redundant switching state to be selected.

Fig. 3.5 shows eight different switching states (state A to H) and current paths (red line

shows the active current path and green line represents the reacterpath).
1) For Vao = +V4d2, the I@d current is through1iD1 and T/D-. (State A)
2) For Vao = +Vq4d4, there are two combinations:

a) The load current is throughy/D1 and Ta/D3, charging FC whel,: > 0 and

discharging FC wheny: < 0. (State B)

b) The load current is throughsPTe and T, discharging FC. (State C)
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(a) State A: +2 voltage level (b) State B: +1 voltage level

(e) State E:0 voltage level (f) State F=-1 voltage level
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(g) State G:1 voltage level (h) State H:2 voltage level

Fig. 3.5. Eight switching states for 6d_-ANPC inverter. (a) State A: +2. (b) State B: +1. (c

State C: +1. (d) State D: 0. (e) State E: 0. (f) Staté.Kg) State G:1. (h) State H:2.

3) For Vao =0, there are two combinations:
a) The load current is throughgPTe and I». (State D)
b) The load current is through:DT's and D. (State E)
4) For Vao =-Vdd4, there are two combinations:
a) The load current is through,TTs and Dy, discharging FC. (State F)

b) The load current is through/D2 and Ta/Ds, discharging FC whenu:> 0 and

charging FC wherut < 0. (State G)
5) For Vao =-Vd4d2, the load current is through/ID3 and Ta/Da. (State H)

In Fig. 3.5, it is observed that among eight switchsigtes four states (C, D, E, and F)
allow unidirectional current flovbecausehe load currentiow path includes thdiscrete
diode. Therefore, appropriate selection of switching states under reactive power operation

is very important, which will be discussed in Section 3.5.
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3.4 Comparison Between the 6SL-ANPC and the 8S5L-ANPC Inverters

To better illustrate the advan@of the 6S5L-ANPC inverter, it is important to make
a comparison between the-68-ANPC inverter and the 85L-ANPC inverters in terms

of device voltage rating, switching frequency and efficiency.
3.4.1Device Voltage Stress and Switching Frequency Comparison

Table 3.2 showsthe voltage stress and switching frequency of deviceth&B8S-5L-
ANPC and three 8SL-ANPC inverters. fLne andfs represent the rie frequency and
switching frequency respectively. The configurations of Type I, Il and Il are shokig.in

2.4 (a), (b) and (c), respectively.

Table3.2. Voltage Stress and Switching Frequnecy of Devices fesl68NPC and

Three 8S5L-ANPC Inverters

Type | Type lI Type IlI

Device |_8SSL-ANPC 8S5L-ANPC 8S5L-ANPC 6SSL-ANPC

Voltage | Switching | Voltage | Switching | Voltage | Switching | Voltage | Switching

Stress | Frequency| Stress | Frequency| Stress | Frequency| Stress | Frequency

fs for half fs for half fs for half

To/Dy | 0.25Ve fs 0.75Vee | jine cycle 0.75V | jine cycle 0.75Ve | jine cycle

fs for half fs for half fs for half

Ta/Da | 0.25Vec fs 0.75Vee | jine cycle 0.75V | jine cycle 0.75Ve | jine cycle
T5/D5 0-5Vdc fLine O-5Vdc fLine 0-25Vdc fLine O-5Vdc fLine
T6/D6 0-5Vdc fLine O-5Vdc fLine 0-25Vdc fLine O-5Vdc fLine
_ fs for half fsfor half Not Not

7 0.5Vee fuine 0.25Vee | jine cycle 0.25V | jine cycle | needed| needed
_ fs for half fsfor half Not Not

Ts 0.5Vee fuine 0.25Vee | jine cycle 0.25V | jine cycle | needed| needed

_ fs for half fsfor half fs for half

D 0.5Vee fuine 0.25Vee | jine cycle 0.25V | jine cycle 0.25V | jine cycle

_ fs for half fsfor half fs for half

Ds 0.5Vee fuine 0.25Vee | jine cycle 0.25V | jine cycle 0.25V | jine cycle
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3.4.1.1Comparison Results with Type | 8&5L-ANPC Inverter

Compared to Type | 85L-ANPC inverter, the voltage stress af1 and Ta/D4 for the
6S5L-ANPC inverter is increased to 0.7&VYwhich means a higher voltage rating device
should be selected for these two switches. However, the switching loss of theleyives
are generated in the same way as that in TypeSL8SNPC inverter. For example /D1
will carry the load currenty at turn on and block the voltage levels of 0.25f turn off
in the positive output voltage cycle. On the other hand, for TypeSL3SNPC inverter,

T1/D1 and Ta/D4 are switched on and off at high frequericfor the whole grid cycle; for
the 6S5L-ANPC inverter, T/D1 and /D4 are only operating dtigh frequency for half
line period and turned off for the other half line period, so the switching loss of these two

devices will be lower (approximately half of switching loss in Type-68SANPC).
3.4.1.2Comparison Results with Type Il 8S5L-ANPC Inverter

Conpared to Type Il 8&L-ANPC inverter, the voltage stress of devices in th&B6S
ANPC inverter is the same as that of Type IFESANPC inverter, and two active

switches ¥ and Tg are reduced.
3.4.1.3Comparison Results with Type Il 5L-ANPC Inverter

Compared td@ype Ill 5L-ANPC inverter: the difference between the®SANPC and
Type 1l 8S5L-ANPC is the voltage stress 0§/Ds and Te/Ds in Type 11l 8S5L-ANPC
inverter is reduced to 0.2%Y However, the conduction loss of Type 1l1-86-ANPC

topology is higherwhich will be given in the following part.

3.4.1.4Device Voltage Stress and Switching Frequency Comparis@ummary
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Based on the comparison results, it is concluded that: the difference betwben 6S
ANPC and Type | 8&L-ANPC is voltage rating and switching freency of &/D1, Ta/Da;
the difference between &8.-ANPC and Type Il 8&L-ANPC is there is no7and T for
6S-5L-ANPC inverter; the difference between-665-ANPC and Type 11l 8&L-ANPC is

voltage rating of ¥Ds and Te/Ds, and there is no7land T for 6S-5L-ANPC inverter.
3.4.2Conduction Loss Comparison

The conduction loss comparison can be performed considering the number of connected
devices in series when they are on, as showmaiole 3.3. The number in the table

represents the number of conducting devices connected in series.

Table3.3. Conduction Loss of 68L-ANPC and Three 8SL-ANPC Inverters

Switching Type 185 Type 1185 Type 1l 8&

State 5L-ANPC 5L-ANPC 5L-ANPC 6S5L-ANPC

A |iouw>0| Ty, To, T5 | 3 T, T 2 Ty, T2 2 To T2 >
(+2) [1ow<0|D1, D, D5 [3| D1, D> 2| Di,Dp [2]| DiDp |2
B |iou>0| Ty, T5,D3 |3 T1, D3 2 T1, D3 2 T4, D3 2
(+1) [1ow<0| D1, D5, Ts 3| D1, Ts [2| D1, Ts _|2| DiTs |2
C |iou>0]| T2, T7,Da | 3| T2, Te,Ds | 3| T2, Ts, Tg, De | 4| T2, T, Ds | 3
(+1) | iout<O| D2, D7, T4 | 3| D2, Ds, Ts | 3| D2, Ds, Ds, Ts | 4| Not needed
D |iou>0]| T7, D3, Da|3| D3 T, Ds| 3| D3, Ts, Ts, De | 4 | D3, Ts, Ds ‘ 3
(O) |iout<O| D7, T3, Ta | 3| T3, Ds, Ts | 3| T3, Ds, Dg, Ts | 4| Not needed
E iout>0 T1, T2, De | 3| T2, T7,Ds | 3| T2, Ts, Dg, D7 | 4 Not needed
(0) |iou< 0| D1, D2, To |3 D2, D7, Ts | 3| D2, Ds, Ts, T2 | 4| D2, Ts, D7 [ 3
F lout>0| T1,D3,Ds | 3| D3, T7,D5| 3| D3, Ts, Dg, D7 | 4 Not needed
(-1) | iout<O| D1, T3, Te | 3| T3, D7, Ts | 3| T3, D5, Te, T7 | 4| T3, T5, D7 | 3
G |iow>0|T2,D4,Ds|3| T2Ds |2 T2Ds  |2] TaDs |2
(D) [1ow<O0| Do, Ta, Ts [3| Do, Ta |2] DoTa 2| DpTa |2
H |[iout>0| D3, D4, Dg| 3| D3, Ds |2 D3, Da 2| DsD: |2
(-2) [Tow<O| Ta, Ta, Ts | 3| Ts,Ta |2| TaTa |2| TsTa |2

3.4.2.1Comparison Results with Type | 8&5L-ANPC Inverter

For Type | 8S5L-ANPC inverter, three devices are always connected in series to carry
the load current for all eight switching states; for theS&SANPC inverter: during the
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switching states A, B, G and H, the output current is going through only twoedevi
Therefore, compared to Type |-8&-ANPC topology, the conduction loss of the-BIS
ANPC inverter during these four states is reduced by 1/3, and the whole conduction loss is

approximately reduced by 1/6.
3.4.2.2Comparison Results with Type Il 8S5L-ANPC Inverter

Since the voltage rating of all devices for theESANPC and Type Il 8%L-ANPC
inverter is the same, the conduction loss ob6SANPC inverter is the same as that of

Type Il 8S5L-ANPC topology.
3.4.2.3Comparison Results with Type Il 8S5L-ANPC Inverter

During the switching states A, B, G and H, the conduction loss of #@8\NPC and
Type Il 8S5L-ANPC inverter is the same. During the switching states C, D, E and F, three
devices are needed to conduct the output current for Ha&-FNPC invertemwhile Type
lll requires four devices. Therefore, compared to Type IH58SANPC inverter, the
conduction loss of the 69L-ANPC inverter during four states C, D, E and F is reduced

by 1/4, and the whole conduction loss is approximately reduced by 1/8.
3.4.2.4Conduction Loss ComparisonSummary

With above analysis, it is concluded that the conduction loss of thel @SNPC
inverter is the same as that of Type IFBSANPC inverter, and is lower than Type | and

Type 1l 8S5L-ANPC inverters.
3.4.3Switching Loss Compari®n

Table 3.4 shows the switching loss in terms of switching states commutations. For

example: during the switching state transition from state A t: & fUrned off and Bis
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turned on wherot> 0; th e
t he
are the same, then their switching losses during this switching state transition will be the

samne.

Table3.4. Switching Loss of 6&L-ANPC and Three 8SL-ANPC Inverters

vol tage

v ar paad Ok averbotlvOa2bMWiaed oV

s wi t ¢ hiiawgrhecefone,if thenparangeters ofd@nd I for four topologies

Switchin Type | 85| Type Il 85| Type Il 8S

State SLLANPG | 5LANPG | SLANPC | 6SSLANPC | @V | @l

A B iout>0 T, D3 T, D3 T, D3 T, D3 0.25Vyc | iout

(+2) @A (+1) | iow<O | Do, Ts D2, Ts D2, Ts D2, Ts 0.25Ve | iout
A C iout>0 T1, Dy T1, Dg T1, Dg T1, Dg 0.25Vyc | iout

(+2) @A (+1) | iow<O | D1, Ta Dy, Ts Dy, Ts Not needed | 0.25Vc | iout
B D iout>0 T1, Dy T1, Dg T1, Dg T1, Dg 0.25Vyc | iout

(+1) @A (0) | iow<O | D1, Ta Dy, Te Dy, Te Not needed | 0.25Vec | iout
C D iout>0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vyc | iout

(+1) @A (0) | iow<O | Do Ts D2, Ts D2, Ts D2, Ts 0.25Ve | iout
F E iout>0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vyc | iout

('1) a A (O) iout< 0 D2, T3 D2, T3 D27 T3 D27 T3 0-25Vdc iout
G E iout>0 T1, Dy Da, T7 Da, T7 Not needed | 0.25Vqc | iout

(1) aA 0) iou< 0 Dy, Ty T4, Dy T4, Dy T4, Dy 0.25Vye | iout
H F iout> 0 T1, Da D4, T7 Dy, T7 Not needed | 0.25Vqc | iout

(-2) aA (-1) | iow<O Dy, T4 T4, D7 T4, Dy T4, Dy 0.25Vyc | iout
H G iout>0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vyc | iout

(2) aA (1) [iwm<O Dy, T3 Dy, T3 Dy, T3 Dy, T3 0.25Vie | iout

3.4.3.1Comparison Results with Type | 8&5L-ANPC Inverter

As mentionecearlier, for the 65L-ANPC inverter, the devices/D: and Ta/D4 have
to block 0.75\ voltage for a period of time in which they are not conducting current.
However, the switching loss of these two devices are generated in the same way as in Type
| 8S-5L-ANPC inverter. FromTable 3.4, it is observed that for all switching state
transitions, the device voltage change is 0&%nd the switching curréns the load
currentiout. Therefore, if the device selection for thee HSANPC and Type | 85L-
ANPC is the same, then the switching loss for two topologies will be identical. If higher

voltage rating of /D1 and T#/D4 are selected for the &d.-ANPC topology, then its
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switching loss will be slightly higher than Type |-8&-ANPC inverter due to the

increased turon energy for higher voltage rating device.
3.4.3.2Comparison Results with Type Il and Ill 8S-5L-ANPC Inverters

According to Table 3.4, it is observed that, due to the same switching state
commutations, the switching loss of the BISANPC inverter is the same as that of Type

Il and Il 8S5L-ANPC inverters.
3.4.3.3Switching Loss Comparison Summary

Based on the conduction loss comparison results, it is concluded that the switching loss
of the 6S5L-ANPC inverter is slightly lower than that of Type [-88-ANPC inverter,

and it is the same as that ofpkyll and 11l 8S5L-ANPC inverters.
3.4.4Conclusion

With the loss analysis results, it is concluded that: 1) Compared to Typell-88IPC
inverter, the conduction loss of the-66-ANPC inverter is lower, but its the switching
loss is slightly higher. Therefey in high power condition whose switching frequency is
low, the 6S5L-ANPC inverter has higher efficiency over Type FBISANPC inverter; 2)

The efficiency of the 65L-ANPC inverter is the same as that of Type HBSANPC
inverter; 3) Compared to Typd 8S-5L-ANPC inverter, the efficiency of the &3.-
ANPC inverter is higher because its conduction loss is lower than that of Type3L-8S
ANPC topology. For high power factor application, such as PV application, #-6S
ANPC topology is a good chadecause it achieves the reduction of two active switches

and the same performance as the conventionr&l8SNPC inverters.
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3.5Modulation Strategy for the 6S5L-ANPC Inverter

This section describes the modulation strategy for th&L6BNPC inverter. The
modulation diagram for the 88_-ANPC inverter under reactive power operation is shown
in Fig. 3.6. ThePhase Disposition (P¥all carrier signals are in phgdeWM schemes

used.

Reactive power zone Active power zone

Z4 : Z1

\

/ - |
||I|||“““““m"||lll = e )

“u il Ml @ Camiersinga “1
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Fig. 3.6. PD-PWM modulatiorfor the 6S5L-ANPC inverter

In Fig. 3.6, the reference voltage signal (red curve) is compared with four carrier signals
(green curves), generating the five voltage levels. In aaditiuring aompletegrid cycle,
four operatingzonescan be identified based on the polarities of the output current and
reference voltagein Z1 and Z3 which are called reactive power zones, the reference
voltage and output current are in the oppositection; in Z2 and Z4 which are called

active power zones, the output current and reference voltage are in the same direction.
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It should be noted that both 0 voltage lessltchingstates D and Baveunidirectional
current path. The selection of thesetstates is based on thpelarity of output current.
So, from i to t, the load current is positives( > 0) and state D is selected; frogrtd t,

and & to g, the load current is negativie < 0) and state E is selected.

Among the redundant statevhich generatel voltage levels, states C (+1) and-E)(
also belong to the states with unidirectional current path. These two states can only be used
when output voltage and current are in the same direction. Therefore, in reactive power
condition, wken output current and voltage are in the opposite direction, only state B can

be used to generate +1 voltage level and state G be used to geheaddtiege level.
3.5.1Modulation in Z1 [from t ¢ to t4]

During this period, the output voltage level varies betweervatthge leveland 0
voltage level For +1 voltage level generation, only state B can be used because the output
voltage and current are in the opposite direction. Therefore, the FC voltage is
uncontrollable and is always discharging. For 0 voltage level generation, state E is selected
becauseot< 0. So, the system operates in the sequence of state B, state E, state B, state E

(B, E, B, E), as shown iRig. 3.7.
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Modulation
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0

\Output
+2A Current
+1 B B B B
ElIE] |E

0 It t,

Fig. 3.7. PWM Modulation in Z1.

3.5.2Modulation in Z2 [from t 1 to t4]

From t to t and & to 1, the inverteiis also generating +1 voltage level and 0 voltage
level. Both redundant +1 voltage level switching states B and C can be used, which gives
an opportunity to regulate the FC voltage. When the actual FC voltage is lower than the
reference value, state Bsglected to charge the FC; when the FC voltage is greater than
the reference value, state C is selected to discharge the FC. When generating 0 voltage
level, state D is selected. Consequently, the switching state sequence in this region is (B,

D, C, D).

From t to 3, the inverter is generating +2 voltage level and +1 voltage level. State A is

used to generate +2 voltage level. Both states B and C are used to generate +1 voltage level
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and balance the FC voltage. So, the switching state sequence in this region is (A, B, A, C).

The modulation in Z2 is shown Fig. 3.8.

A 2
Modulation
‘ Reference
m A\ output
=TT \/ Current
0 —>

DL\ A AAAAAA
|

C B ClIBILC]|B

il

Fig. 3.8. PWM Modulation in Z2.

3.5.3Modulation in Z3 [from t 4 t0 ts]

The output current during to ts is positive. Therefore, state D is selected to generate 0
voltage level and state G is selected to genetat®ltage level. The circuit rotates in the

sequence of (D, G).
3.5.4Modulation in Z4 [from t 5 to tg]

In Z4, the load current and reference voltage l@th negative. State E is selected to
generate 0 voltage level and state H is selected to ger2natéiage level. Both states F
and G are used to generatevoltage level and balance the FC voltage. So, dusitegtd

and t to ts, the inverter is gnerating 0 andl voltage levels and the switching state
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sequence is (F, E, G, E); frostd t7, the inverter is generating and-2 voltage levels and

the switching state sequence is (F, H, G, H).
3.6 Flying Capacitor Design

The role of FC in the 6SL-ANPC inverter is to provide #1 output voltage levels. In
addition to the modulation method which keeps the FC voltage balanced, selection of FC
capacitance value which limits its voltage ripple is of equal importance to achieve a stable
output voltage levelThis section gives the parameter design of FC under unity power
factor condition (PF = 1) and reactive power operating condition (PF < 1). A design

example will also be given.
3.6.1Unity Power Factor Condition (PF = 1)

Under unity power factor condition (PF = 1), the FC design is decided by its voltage
ripple. As discussed in Section 3.5, the FC voltage can be controlled at switching frequency
since the FC can be charged and discharged by adjacent switching periodthélere,
charging time is used to calculate the FC voltage ripple. The modulation index M is
assumed to be greater than 0.5 in consideration of high voltage utiliZago8.9 shows
the PBPWM modulation diagram of the &3 -ANPC inverter at PF = 1 during the
positive grid cycle. +2, +1C and +1D #g. 3.9 represent +2, +1 charging and +1

discharging voltage levels respectively.
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Fig. 3.9. 6S5L-ANPC modulationilmosi ti ve grid cycle. (a

FromFig. 3.9, it is observed that the charging time of FG4d in one switching ycle

(Ts) can be written as

'?Tcharge = 2M SianS :ZI\/Ifﬂ (NI Sin q § )
S
2(1- M sing)
fS

(3-1)
Tcharge = 2(1 -M Slnq )TS

— — ——

ing %
(\/Is,lnq2

wheregi s the switching frequency (3Lditcans t he

be observed that when ™M A sind O 0.5,
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increasing function; when M A sind O 0.5,

charging ime will reach its peak valuesssvhen M A sind = 0. 5.

During the FC charging timecdargs  t he FC v ol f@glee calcalatedat i on
using

_[nfc I_pk Sin chI"arg e

DV,
C C

(3-2)

fc fc

P @ is the FC electric charge variation apdi$ the peak value of output current. By

combining(3-1) and(3-2), the FC voltage ripplep \i: can be calculated as

) al
ieDVfc = pfk Msin’g (M sing %)
\: fc 'S (3'3)
1
T
|

DV —2lpk( Msing sihg M sin qli
©C,f 2

fc 'S

Based or{3-3), it is concluded thap . is a variable related tbe reference phase angle
d The maximum value ap \: will determine the FC capacitance valuge 8y calculation,
it is obtained that th&C voltage ripplep i reaches its maximum valup Ve_max Wwhen

sinf = 1/(2M). Therefore, the capacitance value of E¢can be calculated as follows

Cp=——— ;
© 2pv, .. fM (3-4)

fc_max

Based orn(3-4), it is concluded that, in unity power factor condition (PF = 1), once the
peak load currentd, switching frequencysf modulation index M and the required peak
to-peak FC voltage ripple vad oo\ max are determined, the required FC value can be

calculatedby (3-4).
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3.6.2Reactive Power Condition (PF < 1)

For the 6S5L-ANPC inverter operating in reactive pew condition, due to the
limitation of redundant switching states selection, the FC voltage cannot be regulated in
reactive power zones Z1 and Z3Fig. 3.6. According to the analysia Section 3.5it is
observedhat FC is continuously discharging in reactive power zones. Thuselbeted
FC capacitancealue should be large enoughkeep he voltage drop withianacceptable
range (e.g. 5% of the average FC voltage). As showigir8.6, due to the symmetry, the
FC voltage drop iiZ1 is the same as Z3. Therefore, the FC voltage drop in Z1 is used for
the FC designFig. 3.10 shows the PBPWM modulation diagram of the &3 -ANPC
inverter in reactive power condition (PF < 1) during the positive grid cycle, and 0 and +1D
in Fig. 3.10represent 0 and +1 discharging output states.

M 4
+1

+0.5

T

A NN

0 +1D 0 +1D 0 +1D 0 +1D

Fig. 3.10. 6S5L-ANPC modulation in positive grid cycle under reactive power operating

condition.
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FromFig. 3.10, it is observed that in Z1he output voltage varies between +1 voltage
level (state B) and 0 voltage level (state E). The FC discharging tus&4d) during one

switching cycle igyiven by

T _ 2M sing
discharge — f—s (3-5)

During each discharging per ircisdhe pradiceof FC e |

load currenioutandFC discharging time dlscharge

2M sing 2MI , sirfq
fS fS

[ngc :ioutTdischarge 1:kaIr]q (3_6)

To calculate the total electric charge of FC in Z1, the number of switching eyitles
Z1 is required, which is given by

J fs
Zp fLine

n= (3-7)

where fine represents the line frequency (60 Hz). Takationshipbetween FC value

Ce, FC vol tiaagandr epe oV iisthenobtammedg e @Q

N 4
a DQy 2,{7f|_sme
Cfc —n=l — 2MI pk a SinZ (znp fLine (3_8)
DVfc ch_drop fS n=1 fS

From(3-8), it can be concluded that, to calculate the required FC vadue @active
power condition, the peak load current valuerhodulation index M, switching frequency
fs, the required FC voltage drop valge_dropand the number of switching cycles in one

reactive power zone are needed.
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3.6.3Design Example

This part willgive a design example. For the PV gcohnection system withkVA
power level: first, the grid voltage in North America is 110V rms @ 60Hz; then, to
guarantee the high voltage utilization ratio, the modulation index M should be higher than
0.75; in thiscase, the input DC voltage is commonly selected as 400V so that the
modul ation index M = 110 * 42.Consi¢ebngthat 0. 77
high FC voltage ripple will result in the increased voltage stress of the switches, the FC
voltage ipple is usually restricted within 5% of its average value. For this design example,
the peakto-peak FC voltage ripple is restricted within 2% of the average FC voltage value
(100V) which i2V. Then, according t8-4), the calculated FC value is 275pF. In addition,
if the inverter i s operat i acgordingito(38fthee 0. 9

calculated FC voltage drop value is 3.6V.
3.7 Simulation Verification

To verify the effectiveness of the FBWM strategy for the 6SL-ANPC inverter
which is discussed in Section 3.5 as wadl the FC design in Section 3.6, computer
simulation by MATLAB/Simulink has been carried out. The simulation is conducted in the
case of the design example in Section Bl& system parameters are showiable 3.5.

The calculéed FC value is 275F and 310pfpart number: 947C311K102CBM$
selectedto restrict the FC voltage ripple withirRV. In the simulation model, the
components (e.g. switches, inductor) are-itwal, the quivalentseriesresistanc€ESR)

of components are taken into consideration.

To evaluate the impact of high FC voltage drop on the output current harmonics, another

simulation using smaller FC value to achieve higher voltage drop is done. The high FC
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voltagedrop will increase the voltage stress of the devices. Considering the device voltage
rating margin, the maximum FC voltage drop is usually limited within 20% aitbeage
FC voltage value which is 20V. According(®8), the calculated FC value is 56F if the

FC voltage drop is |imited to 20V when PF

Table 3.5. System Parameters

Power 1 kVA Grid voltage (RMS)| 110 V @ 60 HZ
DC-link voltage 400 V Output filter inductor 1.6 mH
Flying capacitor | 310nF and 561 Power factor 09and1l

DC-link capacitor 2000n¥ Switching frequency 15 KHz

3.7.1Simulation Results in Larger FC Value Case

First, the FC with 310pF value is used for simulation tEgj. 3.11 gives the simulation
results in unity power factor condition (PF = Ejg. 3.11 (a) sows the fivelevel inverter
output voltageFig. 3.11 (b) shows the FC voltage. It is observed that the FC voltage is
balanced in Wo/4 which is 100V A small section of FC voltage waveformkig. 3.11 (b)
is zoomed in to show the voltage ripple. The measured-foegadak FC voltage ripple in
thiscase is 1.8V (= 1.8V/100V = 1.8%), which is close to the result in FC design section.
Fig. 3.11 (c) shows the gd voltage and inverter output current, which are in phase. The
output current is sinusoidal waveig. 3.11 (d) shows the measured output current THD

which is 1.57%.
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current spectrum.
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Simulation verification is also carried out under reactive power condition (PF= 0.9,
capacitive).Fig. 3.12 shows the \aveforms ofinverter output voltage;-C voltage, grid
voltage output currenaand THD of output current. IRig. 3.12 (b), it is observedhat the
FC voltage drop is 3.4V in reactive power zones, which is etswistent with the
calculation result in Section 3.6.8ince the FC voltage drops occur in the region where
the output current is near its zeswssing point, and the duty cyclegioé output signal in
this region are very small, so the FC voltage drop has less impact on the output current

THD, which is still 1.57%.

With the results inFig. 3.11 and Fig. 3.12, it is concluded that with the PBWM
method applied to the 88_-ANPC inverter, the inverter can operate in both active power
condition and reactivegwer condition. In high power factor condition PF = 0.9 and with
large FC value, the FC voltage drop is small and the output current THD is same as that in

unity power factor conditioPF = 1
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3.7.2Simulation Results in Smaller FC Value Case

To evaluate the impact of FC voltage drop on the output current harmonics, simulation
is also conducted under smaller FC value condition. The FC capacitance is selected as 56
nF according to equatiof3-8) which will cause 20% FC voltage drdpig. 3.13 andFig.
3.14 show the simulation results in unity power factor (PF = 1) and regmbwer factor

(PF = 0.9, capacitive) conditions respectively.

As can be observed Fig. 3.13 (b), the peako-peak FC voltage ripple in unity power
factor condition (PF = 1) is increased to 10.3V, which is close to the calculated value 10V
according tq3-4). The output current THD is still 1.57%, as showfig. 3.13(d). Under
PF = 0.9 (capacitive) condition, the FC voltage drop is increased to 20V, as shégn in
3.14(b), which verifies the FC design procedures. The output current TIRIG.i8.14 (d)
is increased from 1.57% to 1.66%. Based on this, it can be concluded that when the FC
voltage drop is increased, it will increase the output current THD. In the case of 20% FC

voltage drop in PF = 0.9 condition, the increased output current THD istaloleep

The previous simulations are done in capacitive reactive power conditions. Due to the
symmetry, same conclusions can be drawn when the inverter is operating in inductive
reactive power conditions. The simulation results in both active and reactixe factor
conditions with different FC values verify the effectiveness of the proposed topology and
show that the 6SL-ANPC inverter can operate in high power factor condition (PF = 0.9)
with similar output current THD as compared with that in unity @ofactor condition (PF

=1).
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3.8 Experimental Results

To verify the feasibility and advantages of 6&5L-ANPC inverterand its modulation
strategy a 1kVA singlephase 6SL-ANPC inverter gridconnected experimental
prototype is designed and tested, as showigr3.15. The system includes power cirgui
DSP and FPGA control board, DC source, output filter and measurement instruments. The
control board employs a combination of the Texas Instruments TMS320F28335 DSP chip
and the Altera Cyclone IV EP4CGX22 FPGA card to provide powerful-tireal
mathematal calculations and control functionBhe function of DSP is sampling the
output current and grid voltage value, calculatimgoutputreferencevalueusingthe Pl
control moduleThe reference signaltiiensent to FPGA and is compared with taerier
signals to generate the gate sigral each switchThe specifications for experiment are

identical to the ones used in simulation section, which are shoWwabia 3.5.
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Fig. 3.15. Experimentaprototype

Fig.3.16andFig. 3.17 show the experimeatresultsunderunity power factor condition
(PF =1). Fig. 3.16 shows inverter output voltage, FC voltage, grid voltage and output
current:channel 1 is theutputbridge voltagechanneR is 110Vrwms grid voltage; channel
3 is theFC voltage which is balancedt 100/; channel 4is the outputurrent which is

sinusoidal and in phase with grid voltagée measured output current THD is 1.6%.
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Fig. 3.16. Experimentatesultsat PF =1. waveforms of inverter output voltage (CH1), FC

voltage (CH2), grid voltage (CH3) and output current (CH4)

In addition to the FC voltage and AC current waveforfig, 3.17 also shows the
voltages of two Ddink capacitors: channel 1 is lower Blidk capacitor voltage and
channel 2 is upper Ddink capacitor volage. The measured pettkpeak FC voltage

ripple is 2.1V (= 2.1V/100V = 2.1%) and BDiihk capacitor linefrequency voltage ripple

is 12V (= 12V/200V = 6%).
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Fig. 3.17. Experimentatesultsat PF =1: waveforms of lower D@ink capacitor voltage

(CH1), upper Ddink capacitor voltage (CH2), FC voltage (CH3) and output current (CH4

The 6S5L-ANPC inverter operating in reactive power condition (PF = 0.9, capacitive)

is also testedrig. 3.18 andFig. 3.19 show the experimeatresults

In Fig. 3.18, channel 1 shows the fixagtep waveform of bridge voltage. Channel 3
shows the FC voltage waveform. As can be observed, the continuous FC voltage drop is
4V (= 4VI/100V = 4%). The grid voltage channel 2 leads the inverter output current in
channel 4 by 25 degrees because of 0.9 system power factor. In this condition, the inverter
still produces good quality current waveform. The measured THD value of output current

is still 1.6%.
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Fig. 3.18. Experimentalesultsat PF = 0.9¢apacitive) waveforms of inverter output voltage

(CH1), FC voltage (CH2), grid voltage (CH3) and output current (CH4)

Fig. 3.19 shows two D@ink capacitors voltages, FC voltage and output curaéemF
=0.9 (capacitive)The DCIlink capacitors voltages waveforrseto oneat PF = 1 The

measured peato-peak DCIlink capacitor ripple voltage is 11.4V (= 11.4V/200V = 5.7%).
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3.9 Conclusion

the conventional 85L-ANPC inverter, it uses onlgix activeswitches The results of
comparison between the ®&-ANPC and the conventional &3.-ANPC invertersshow

that the 6S5L-ANPC invertershas lower conduction loss and thus higher efficiency than
Type | and Type 11l 8&L-ANPC inverters in high power conati and its efficiency is

the same as that of Type Il BANPC inverter. The PBPWM modulation strategy for the
6S5L-ANPC inverter under reactive power operation is discussed. The equations to
calculate the FC capacitance value in active and reactive ponditions are provided.

The effectiveness of the @& -ANPC inverter is verified by simulation and experiment.
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Chapter 4

Sev-8gwi t cH evied e-Mecu ti rveel Point Cl ampec

4.1 Introduction

In Chapter 3, the 6S5L-ANPC inverter is proposed, and from loss analysis it is
concluded that it can achieve the same performance or even higher efficiency over the
conventional 8&L-ANPC inverters in high power applications. However, it is suitable for
high power factor applications such as PV applications (PF > 0.9) because when PF is low
the FC voltage drop is large. Bolve this problenqa 7-Switch 5.-ANPC (7S5L-ANPC)

inverter is proposed in this chapter.

This chapter is organized as follows: Set#b2 introduces how to derive the proposed
7S5L-ANPC inverter from the 6SL-ANPC inverter topology; Section 4.3 describes the
operation of 7SL-ANPC inverter; Section 4.4 makes a comparison betweebL7S
ANPC, 6S5L-ANPC and the conventional &8.-ANPC topologies in terms of device
voltage stress, switching frequency, conduction loss, and switching loss; Section 4.5
discusses the current stress of the seventh switch; Section 4.6 presents the modulation
method for the 7SL-ANPC inverter under reactiveower factor condition; Section 4.7

and 4.8 give the simulation and experimental results and Section 4.9 is the conclusion.
4.2 Derivation of the 7S5L-ANPC Inverter

The configuration of the 6SL-ANPC inverter is redrawn, as shownFiy. 4.1 (a). As
can be observed, the current pathstweenO and P and betweenO and Q are
unidirectional. Because of this, the switching states with these two current paths (states C,

D, E and F) do not have reactive current path, resulting in the uncontrollability of FC
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voltage in the region where output voltage andrent are inthe opposite direction
Therefore, to improve the reactive power capability of thes6&NPC inverter, the

current paths between O and P and between O and Q must be bidirectional.

Ci 5
Vdc

PV¢

C. S

Ci 5

Vdc

PV%

Cy 5

(© (d)

Fig. 4.1. Derivation of the proposed #.-ANPC inverter topology. (a) Circuit 1. (b) Circuit

2. (c) Circuit 3,(d) Proposed topology.

To do that: first, the body diodes of active switchearid Ts are added (Pand I¥), as
shown inFig. 4.1 (b). By doing so, the current pathstween A and P and between B and
Q become bidirectional. The next step is to make the current paths between O and A and
between O and B be bidirectional. One way is to replace the discrete dicales I3 with

active switch which has arnparallel diode which is the Type Il 8&L-ANPC inverter.
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Another way is to build the connection between A and B and make the current flow from
B to A, as shown irFig. 4.1 (c). By doing so, the current paths between O and A and
between O and B become bidirectional. For example, the current cafrélomA to O
through DO, and carmalsoflow from O to A through @ and the built connection. The
connection can be achieved by a singiéve switch . Finally, a novel7-Switch 5L-

ANPC (7S5L-ANPC) inverter topology is derived, as showrFig. 4.1 (d).

It should be noted that two discrete diodesadd Iy function as the body diode of
switch T7 to limit the reverse voltage, so the selection ottdan be IGBT without anti
parallel diode, reducing the system cost. In addition, witltuFrent stress analysis in
Section 4.5, it can be concluded thag tturrent through 7Tunder unity power factor
condition is zero, and under high power factor condition, the reactive current flows through
T+. Therefore, a low current rating switch can be selected-fonder high power factor

condition, so the cost can be further reduced.

In contrast to the 6SL-ANPC inverter, the 7SL-ANPC inverter adds additional
active switch andan operate in any power factor condition without FC voltage. dog
as comparedvith the 8S5L-ANPC inverters, the 7SL-ANPC achieves the same
performance with one active switch reduction. These are the advantages of3he 7S
ANPC inverter. The following section will discuss the detailed opergtiitgiple of the

7S5L-ANPC inverter.
4.3 Operating Principle of the 7S5L-ANPC Inverter

Same as all 5IANPC inverters, the ZSL-ANPC inverter has eight switching states to
generate five output voltage levels: +2, +1;10and-2. Eight switching states are named

as staté\ to stateH. Table4.1 lists all eight switching states and their impact on FC voltage
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variation. For example: in state B, switchas Tz and T are turned on, and the ienter is
generating Mo = +Vud4; G is charging when load curreittis positive and discharging
whenioutis negative. The waveform of bridge voltage\s shown inFig. 4.2. The Phase
Disposition (PD) PWM mettd is used as modulation method, which will be discussed in

detail in Section 4.6.

Table4.1. SwitchingStates, OutputVoltage andmpact on the FC Voltagef the 7S5L-

ANPC Inverter

Conduction state of active | Output

Svg;?gng switch voltage I.:Iylng capac.:ltor [ (;?ar;[gu(;:]:u_c;n
T | T2 | Ts|Ta| Ts| Te | T7 level lout> 0 lout< O
A 1]11/]0]0]0]12]0 +2 - - No
B 1/0(12]0|]0|1]0 +1 Charge | Discharge No
C 0|1]0|0|0]1]1 +1 Discharge| Charge Yes
D 0/0|]1/]0|]0]1]1 +0 - - Yes
E 0100|101 -0 - - Yes
F 0|0|1|0|1]0]1 -1 Charge | Discharge Yes
G 0|1/0|12]1]0|0 -1 Discharge| Charge No
H ojo0[1]1]1]0]|0 -2 - - No
A ——— Carrier Signal

N AAVAVAAVAVAVAYAYATAWR

/

-0.5
i PO
a2l “saed
*Vad4d « >State BC ) x Vag
0 T State DE4 JL / J J >
Vedd State FG< "~ ‘H'Lj T
Vad2]| State H «—> e

Fig. 4.2. The waveform of bridge voltageay of the 7S-5L-ANPC inverter.
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From Table 4.1, it is observed that two pairs of redundant 1 voltage level switching
states (+Voltage levelstateB andstateC) and {1 voltagelevel: stateF andstateG) have
impact on FC voltage retation. For example, whemt > O, state B and state F are
chargingthe FC, and state C and state G are discharfjie§C. Therefore, to balance the
FC voltagethe sign of output curremd,: and the actual value of FC voltage are required

to decide which redundant switching state to be selected

Fig. 4.3 shows the circuit diagram afl eight switching states and bidirectional current
paths (red solid linehowstheactive current patandgreen dashed lirghows the reactive

current path
1) For Vao = +V4d2, the load current is through/D1 and T/D-. (State A)
2) For Vao = +V4d4, there aréwo combinations:

a) The load current is throughi/D1 and /D3, charging FC wheliby: > 0 and

discharging FC whenut < 0. (State B)

b) The active load currento(: > 0) is through I, Ts and T, discharging FC; and
the reactive load curreniyf: < 0) is through B, Ds, T7 and D, charging FC.

(State C)
3) For Vao = 0, there are two combinations:

a) The active load current is through,O06 and yand the reactive load current is

through &, Ds, T7 and D. (State D)

b) The active load current is through,05s and Dy and the reactive load current is

through B, T7, Ds and To. (State E)
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(a) State A: +2 voltage level

(b) State B: +1 voltage level

Da Do
v  Ds | Tofl Dz
o | , . A
5._ T7 T7 jl;' ;
i De T3J D3
Nl Nl -I- - I -----
4 or \ 7
D ~ ]
Ds Dy 2

(e) State E:0 voltage level
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(f) State F-1 voltage level



(g) State G:1 voltage level (h) State H:2 voltage level

Fig. 4.3. Eight switching states for the Bh-ANPC inverter. (a) State A: +2. (b) State B: +1

(c) State C: +1. (d) State D: 0. (e) State E: 0. @esF:-1. (g) State G:1. (h) State H:2.

4) For Vao =-Vdd4, there are two combinations:

a) The active load currento(: < 0) is through 3, Ts and Dy, discharging FC; and
reactive load currentd: > 0) is through I, T7, Ds and I3, charging FC. (State

F)

b) The load current is through/D2 and Ta/Ds, discharging FC whenu:> 0 and

charging FC wherut < 0. (State G)
5) For Vao =-Vd4d2, the load current is through/ID3 and Ta/Da. (State H)

For the 7S5L-ANPC inverter, the number of voltage levels carnoeeased by adding
the cascaded twievel inverters. The -fevel topology is shown ifrig. 4.4. For nlevel
topology, the number of active switches + 2, and the number of FCs isi(8)/2. The
ratio of FC voltagestohalf DCi nk v ol t a gie3)/2i (ai 12 FoexampleA A: ( n
for 7-level topology, 9 active switches and 2 FCs are needed, and the voltage rating of each

FC is Vcic1 = V4d3 and \eic2 = V4d6.
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Fig. 4.4. Extension of voltage levels based orSISANPC topology (7Aevel topology).

4.4 Comparison Between 7SL-ANPC, 6S5L-ANPC and 8S5L-ANPC Inverters

In this section, a comparison among five-BNPC inverter topologiesn terms of
device voltage rating, switching frequency, conduction loss and switching loss is made.
These five 5EANPC inverters are 7SL-ANPC, 6S5L-ANPC and Type I, II, Il 8Sb5L-

ANPC inwverter topologiesThe configurations of Type I, Il and Il 83_-ANPC inverters

are shown irFig. 2.4 (a), (b) and (c), respectively.
4.4.1Device Voltage Stress an&witching Frequency Comparison

Table4.2 showsthe device voltage stress and switching frequency for five types-of 5L
ANPC inverters.fune and fs represent the line frequency and switching frequency

respectively.
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Table4.2. Voltage Stress and Switching Frequnecy of Device3$asL-ANPC, 6S-5L-

ANPCand Type |, II, 11l 885L-ANPC Inverters
Type 18S5L-ANPC | Type Il 8S5L-ANPC | Type Il 8S5L-ANPC 6S-5L-ANPC 7S5L-ANPC
Device | Voltage | Switching | Voltage | Switching | Voltage | Switching | Voltage | Switching | Voltage | Switching
Stress | Frequency| Stress | Frequency| Stress | Frequency | Stress | Frequency| Stress | Frequency
fs for half fs for half fs for half fs for half
T:Ile 025Vdc fS O75Vdc ”ne CyCIe 075Vdc ”ne CyCle 075Vdc ”ne CyCle 075Vdc |ine CyCle
T2/D2 | 0.25Vie fs 0.25Vuc fs 0.25Vic fs 0.25Vuc fs 0.25Vc fs
Ta/D3 | 0.25Vuc fs 0.25Vuc fs 0.25Vc fs 0.25Vuc fs 0.25Vic fs
fs for half fs for half fs for half fs for half
T4/D4 025Vdc fS O75Vdc ”ne CyCIe 075Vdc ”ne CyCle 075Vdc ”ne CyCle 075Vdc |ine CyCle
TS/DS 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 0.5Vdc fLine
TG/DG 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 0.5Vdc fLine
fs for half fs for half Not Not
T7 0.5Vdc fLine 025Vdc ”ne CyC|e 025Vdc Iine CyC|e needed needed 025Vdc fS
fs for half fs for half Not Not Not Not
Ts 0.5Vae fline 0.25Vee | |ine cycle 0.25Vee | |ine cycle | needed| needed | needed | needed
fs for half fs for half fs for half fs for half
D7 0.5Vdc fLine 025Vdc ”ne CyCIe 025Vdc ”ne CyCle 025Vdc ”ne CyCle 025Vdc “ne CyCle
fs for half fs for half fs for half fs for half
D8 0.5Vdc fLine 025Vdc ”ne CyC|e 025Vdc Iine CyC|e 025Vdc Iine CyC|e 025Vdc |ine CyCIe

4.4.1.1Comparison Results with Type | 8S5L-ANPC Inverter

The voltage stress ofi/D; and Ti/Ds for the 7S5L-ANPC inverter is increased to

0.75Vu, which means a higher voltage rating device should be selected for these two

switches. However, the switching loss of these two devices are generated in the same way

as that in Type | 8SL-ANPC inverter. For example /D1 will carry the output current
iout @t turn on and block the voltage levels of 0.25M turn off in the positive grid cycle.
On the other hand, for Type | &.-ANPC inverter, T/D1 and Ta/D4 are switched on and

off at switching frequencys for the whole grid cycle; while for the proped topology,

T1/D1 and /D4 are only operating & for half line period and turned off for the other half

line period, so the switching loss of these two devices will be lower (approximately half of

switching loss in Type |1 8SL-ANPC). The propertiesf devices ¥/D>, T3a/D3, Ts/Ds and

Te/Ds for two topologies are the same. Additionally, for Type4RBSANPC topology, the
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voltage stress of 71D7 and Te/Ds is 0.5V, operating at line frequency; for ti&-5L-
ANPC inverter the voltage stress of/Ts 0.25Vy., operating at switching frequency, and
the voltage stress ofand By is also 0.25¥c, operating at switching frequency for half

grid period.
4.4.1.2Comparison Results with Type Il 8S5L-ANPC Inverter

The devices voltage stress of the JISANPC is the ame as that of Type Il 89L-
ANPC topology. The difference is: for Type II-8&-ANPC topology, switches7land Tg
are operating at switching frequency for half line cycle; for th&[-ANPC inverter, there

is no Ts, and T is operating at switching fregacy for whole line cycle.
4.4.1.3Comparison Results with Type Il 8S5L-ANPC Inverter

The properties of devices/D1 to T4/D4 of the 7S5L-ANPC inverterare the same as
that of Type Il 8S5L-ANPC inverter The differences are 1) the voltage stress of line
frequency devices sfDs and Te/Ds for Type 1l 8S5L-ANPC inverter is 0.25%; for the
7S5L-ANPC inverter, the voltage stress of these two devices isi) BMor Type 111 8S
5L-ANPC topology, switches7land Tg are operating at switching frequency for hgifd
cycle; for the 7S5L-ANPC topology, no §is used, and 7is operating at switching
frequency for the wholgrid cycle. However, the conduction loss of Type IIIBISANPC

topology is higher, which will & given in the conduction loss comparison part.
4.4.1.4Comparison Results with 6S5L-ANPC Inverter

The only difference between FHh-ANPC and 65L-ANPC isthat the7S5L-ANPC
inverter has additionalctive switch ¥. The voltage stress o, s 0.25\4c and it isturned

on and off at switching frequendgr the whole grid period.
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4.4.1.5Device Voltage Stress and Switching Frequency Comparis@ummary

Based on the comparison results, it is concluded that the main difference between 7S

5L-ANPC and Type | 85L-ANPC is volage rating and switching frequency of 0,

T4/Ds and F; the difference between 78.-ANPC and Type Il & Ill 8S85L-ANPC is T

and Tg; the difference between 78.-ANPC and 6S5L-ANPC is T7.

4.4.2Conduction Loss Comparison

The conduction loss comparison carpeeformed considering the number of connected

devices in series when they are on, as showmainle 4.3. The number in the table

represents theumber of conducting devices connected in series.

Table4.3. Conduction Loss ofhree 8S5L-ANPC, One 6SL-ANPC and One 7SL-

ANPC Inverters

Switching | Type I18S5L- | Type lI8S Type Il 8S5L-
State ANPC 5L-ANPC ANPC OSSL-ANPC | 7SSL-ANPC
A louwt>0| T1, T2, Ts | 3 T, T2 2 Ty, T2 2 T1, T2 2 T1, T2 2
(+2) | iow<O0 | D1, D2, D5 3| Dy, Dy |2 D1, Dy 2| D,D, |2 Dy, D 2
B |iow>0] Ty, T5,D3 | 3 T1, D3 2 T1, D3 2 T1, D3 2 T1, D3 2
(+1) iowt<O | Dy, Ds, T3 | 3 Di, T3 2 Dy, T3 2 Di, T3 2 Di, T3 2
C |iow>0| T, T2, Dy | 3| T2, Te,Ds | 3| T2, Ts, Tg, Ds | 4| To, Te, Ds | 3 To, Ts, Ds 3
(+1) iowt<O | D2, D7, T4 | 3| D2, De, Ts | 3| D2, Ds, Dg, Ts | 4 Not needed | D, De, T7, D7 | 4
D |iou>0]| T7,D3,Ds | 3| D3, Te,Ds | 3| D3, Ts, Ts, Ds | 4 | D3, Te, Ds | 3 D3, Ts, Ds 3
(0) o< 0 D7, T3, Ta | 3| T3, Ds, Ts | 3| T3, Ds,Dg, Ts | 4 Not needed Ts, Ds, T7, D7 | 4
E lout>0| Ty, T2, Ds | 3| T2, T7,De | 3| T2, Ts5, Ds, D7 | 4 Not needed | T, Ds, T7, Ds | 4
(0) | iow<O0| D1,Do, Te | 3| Do, D7, Ts | 3| D2, Ds, Ts, T7 | 4 | Do, Ts, Dy | 3 Dy, Ts, Dy 3
F iout>0 T1,D3,Ds | 3| D3, T7,Ds5 | 3| D3, Ts, Ds, D7 | 4 Not needed D3, Ds, T7,Ds | 4
(-1) | iou<O| Dy, T3, Te | 3| T3, D7, Ts | 3| T3, Ds, Ts, T7 | 4| T3, Ts, D7 | 3 Ts, Ts, Dy 3
G lout>0 | T2, D4, Dsg | 3 T2, Dy 2 T2, Dg 2 T2, Dy 2 T2, Dy 2
('1) lowt<O | Dz, Ta, Tg | 3 Dy, Ta 2 Do, T4 2 Dy, Ta 2 Dy, Ta 2
H iout>0 | D3, Dg, Dg | 3 D3, Dy 2 D3, Da 2 D3, D4 2 D3, Dy 2
(-2) | iowt<O| T3, T4 Ts | 3 Ts, Ta 2 Ts, Ta 2 Ts, Ta 2 Ts, Ta 2

4.4.2.1Comparison Results with Type | 8S5L-ANPC Inverter

For Type | 8&5L-ANPC inverter, three devices are always on during all eight switching

states; while for th@S-5L-ANPC inverter. during the switching states A, B, G and H, the
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output current is going through only two devices. Therefore, as comparedypih 8S
5L-ANPC inverter, the conduction loss of theS5L-ANPC inverter during these four
states is reduced by 1/3. On the other hand, for tRBLZSNPC inverter, during the
switching states C, D, E and F, the current flows through three devices veheuatpiut
current and vibage are in the same directjaand it passes through four devices when the
output current and voltagare in the opposite directiowith the proposed 0 voltage level
switching states selection which will be discussed in Sectidntide output current can
always flow through three devices during the 0 voltage level switching states D and E. But
in the region where the output current and voltage atteeiopposite directigrihe output
current must go through four devices during thvoltage level switching states C and F.
For high power factor applications, such as PV applications (PF > 0.9), the region where
the output current and volta@re in the opposite directicmsmall, and the output current

in this region is also smdblecause the region is near the current-zenssing point, so in

this case the conduction loss of thesAISANPCinverterduring these four switching states

is close to that of Type | 85L-ANPC inverter, and the total conduction loss of th@5L-

ANPC inverterunder high power factor condition will be lower than that of Type-bBS

ANPC inverter(approximately reduced by 1/6).
4.4.2.2Comparison Results with Type Il 8S5L-ANPC Inverter

As compared with Type Il 8SL-ANPC topology: 1) the conduction loss of fH&5L-
ANPC inverter during states A, B, G and H is the same as that of Typ&U-38IPC; 2)
the conduction loss of the 7&.-ANPC topology during switching states C, D, E and F is
close to that of Type Il 85L-ANPC topology under high power factor catiweh, and it is

higher than that of Type Il 85L-ANPC topology under lower power factor condition. So,
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the total conduction loss of th&s-5L-ANPC inverterunder high power factor condition

will be close to Type Il 8&L-ANPC topology.
4.4.2.3Comparison Resultswith Type Il 8S-5L-ANPC Inverter

As compared with Type Il 8S5L-ANPC topology: 1) during states A, B, G and H, the
conduction loss of the 7SL-ANPC inverter is the same as that of Type [FSANPC,;
2) during states C, D, E and F, four devices are on for Type-BIL8SNPC inverterwhile
for the7S5L-ANPC inverter three devices are on when output current\asitage are in
same directionand four devices are on when output current and voltage e apposite
direction Therefore, under high power factor condition (PF > Ot conduction loss of
the7S5L-ANPC inverterduring the four states C, D, E and F is reduced approximately by
1/4 compared to Type Il 85L-ANPC inverter, and the total conduction loss is reduced

approximately by 1/8.
4.4.2.4Comparison Results with 6S5L-ANPC Inverter

The difference between 78.-ANPC and 6S5L-ANPC is: for 6S5L-ANPC, four
switching states C, D, E and F have no reactive current path; 6L-ANPC, all eight
switching states have-blirectional current path. So, in unity power factor condititve

conduction loss of two topologies is the same.
4.4.2.5Conduction Loss Comparison Summary

With above analysis, it is concluded that the conduction loss of tkHal -FANPC
inverteris influenced by system power factor: for high power factor applications such a

PV applications, the conduction loss of the5sASANPC inverteris close to that of Type

80



Il 8S-5L-ANPC inverter, and is lower than that of Type | and Type IllI-BSANPC

inverters.

4.4.3Switching Loss Comparison

Table 4.4 shows the switching loss in terms of switching states commutations. For
example: during the switching state transition from state A to stateiBtdrned off and

Dsis turned on whernyt >

S Wi

are the same, their switching losses during this switching state transition will be the same.

t chi

ng

0;

t he

v ol t axped Dvaee bdtha0R25v@amd oV

It Ul herefore, tif thepdaramesers of dnd I for five topologies

Table4.4. Switching Loss offhree 8S5L-ANPC, One 65L-ANPC and One 7SL-

ANPC Inverters

Type | | Typell | Type lll
Switching State 8S5L | 8S5L | 8S5L | O>2 | TS5 gy | gl

ANPC | ANPC ANPC
A a A B iout>0 | To, D3 T2, D3 T, D3 To, D3 To, D3 0.25Vyc | iout
(+2) (+1) | i< 0| Dy, T3 Do, T3 Dy, T3 Dy, T3 Dy, T3 0.25Vyc | iout
A aA C iout>0 | Ty, Dg Ti, Ds T1, Ds T1, Ds T1, Ds 0.25Vyc | iout
(+2) (+1) iout< 0 | D1, Ts D4, Ts Dj, Tg Not needed| Di, T7, D7 | 0.25Vqc | iout
B aA D iout>0 | Ty, Dg Ti, Ds T1, Ds T1, Ds T1, Ds 0.25Vyc | iout
(+1) (O) iout< 0 | D1, Ts D4, Ts Dj, Tg Not needed| Di, T7, D7 | 0.25Vqc | iout
C aA D iouwt>0 | To, D3 T2, D3 T, D3 T, D3 T, D3 0.25Vyc | iout
(+1) (O) |iou<O0| Dy, T3 Do, T3 Dy, T3 Dy, T3 Dy, T3 0.25Vyc | iout
F aA E iouwt>0 | To, D3 T2, D3 T, D3 T, D3 T, D3 0.25Vyc | iout
(-1) (O) i< 0| Dy, T3 Do, T3 Dy, T3 Dy, T3 Dy, T3 0.25Vyc | iout
G A A E iout> 0 T1, Da D4, T7 Dy, T7 Not needed D4, T7, Dg 0.25Vyc iout
(-1) (O) |iowt<O| D1, Ta| Ta Dy | T4 Dy T4, D7 T4, D7 | 0.25Vac | iout
H A A F iout> 0 T1, D4 D4, T7 D4, T7 Not needed D4, T7, Ds 0-25Vdc iout
(-2) (-1) | iowt<0 | D1, Ta | T4 Dr T4, D7 T4, D7 T4, D7 0.25Vuc | iout
H 3 A G iout>0 | To Ds T2, D3 To, D3 T2, D3 T2, D3 0.25Vyc | iout
(-2) (-1) | iowt< 0| Dy, T3 Do, T3 Dy, T3 Dy, T3 Dy, T3 0.25Vyc | iout

Forthe7S5L-ANPC inverter, it is observed that for four switching states commutations
(Bto D, CtoD, Gto E and H to Rwo devices are switched aff when the output

current and vitage are in the same directiashile three devices are switched ofiAvhen

the output current and voltage ardhie opposite direction
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4.4.3.1Comparison Results with Type | 8S5L-ANPC Inverter

For the 7S5L-ANPC inverter, the devicesi/Di1 and T#/Ds need to block 0.75
voltage when they are not conducting current. However, the switching loss of these two
devices are generated in the same way as Typ&L8S\NPC inverter. FronTable4.4, it
can be observed that for all switching state transitions, the device voltage variation is
always 0.25\c and the switching current is always. Under high power factor conditipn
if the device selection for the 78.-ANPC and Type | 8&L-ANPC is the same, then the
switching loss othe 7S-5L-ANPC topology will be close to that of Type |- 8&-ANPC
topology. If higher voltage rating devices are selected fidiTand T#/D4 in the 7S-5L-

ANPC topology, then its switching loss will be slightly higher than that of Type | due to

the increased turan energy for higher voltage rating device.
4.4.3.2Comparison Results with Type |l 8S5L-ANPC Inverter

Based onTable4.2, it is observed that the device voltage stress of thBLZSANPC
inverter is the same as that of Type IFBSANPC inverter And under high power factor
condition the switchrg loss of the 7SL-ANPC inverteris slightly lower than that of Type
I 8S-5L-ANPC topology because for 78.-ANPC inverter, 3 switches need to be turned

on/off for switching states commutations (B to D, G to E) in reactive power zones.
4.4.3.3Comparison Resuls with Type Il 8S-5L-ANPC Inverter

According toTable4.4, it is observed that the switching loss of Type Il and Il is the
same. Therefore, it carlsa be concluded that under high power factor condition the
switching loss of the 7SL-ANPC topology is slightly lower than that of Type 111 -&%-
ANPC topology because for 78 -ANPC inverter, 3 switches need to be turned on/off for

switching states comatations (B to D, G to E) in reactive power zones.
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4.4.3.4Comparison Results with 6S5L-ANPC Inverter

The difference between 78 -ANPC and 6S5L-ANPC is: for 6S5L-ANPC, four
switching states C, D, E and F have no reactive current path; SL-ANPC, all eight
switching states have-blirectional current path. So, in unity power factor condition, the

switching loss of two topologies is the same.
4.4.3.5Switching Loss Comparison Summary

From the switching loss comparison results, it can be concluded that the swibsking
of the 7S5L-ANPC is slightly higher than that of Type |- &&-ANPC inverter, and close

to that of Type Il and Type Il 8SL-ANPC inverters under high power factor condition.
4.4.4Conclusion

The analysis developed in this section shows that the efficigithe proposed #5SL-
ANPC topology is influenced by the system operating characteristics and device selection.
For high power factor applications (PF > 0.9), it can be concluded that: 1) compared to
Type | 8S5L-ANPC topology, the conduction loss ottiAS-5L-ANPC inverteris lower,
but the switching loss of theS5L-ANPC inverteris slightly higher. Therefore, for high
power applications whose system switching frequency is low, tHg 7ANPC will show
higher efficiency over Type | 85L-ANPC inverter 2) the efficiency of the 7SL-ANPC
inverter is close to that of Type Il &3.-ANPC inverter; 3) compared to Type Il &&-
ANPC inverter, the efficiency of the 78.-ANPC inverter is higher because its conduction
loss is lower than that of Type Il 83.-ANPC topology; 4) the efficiency of 7SL.-ANPC
inverter is close to that of 6&.-ANPC inverter. Consequently, for high power factor

applications such as PV grabnnection systems, the -BR-ANPC inverter is a good
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choice because it reduces one activéch and displays similar or even better efficiency

performance as compared to the BSANPC inverters.
4.5 Current Stress Analysis of T

FromTable4.1, it is noted that during four switching states (C, D, E and F), the load
current may pass through additional switct(the green dashed lineskig. 4.3 (c) - (f)),
resulting in the increased conduction loss. In addition, the selection of redundant states may
lead to different current through,.TTherefore, to decrease the conduction ksd T
current stress, it is important to optimize the modulation strategy for tig -ANPC
inverter. This section mainly discusses the optimal selection of switching states to reduce
the T7 current stress. Among the four switching states in whichahe ¢turrent may flow
through T, state D and state E are 0 voltage level, state C is +1 voltage level and state F is
-1 voltage level. Two kinds of current are defined: same direction current represents the
current whose direction is the same as that ¢fuduvoltage; reverse direction current

represents the current whose direction is opposite to that of output voltage.
4.5.1Selection of OVoltage Level Switching States D and E

It is observed that ifrig. 4.3 (d) and (e), the red solid current path is only passing
through two active switches and one discrete diode without additign&lctording to
this, it can beconcluded thaswitching state D should keelectedwvhenload current is
positiveiouwt> 0, andstate Eshould beselectedvheniou: < 0. This O voltage level switching
state combination will lead to zere durrent during the 0 voltage level states, reducing the

conduction losses.

4.5.2Selection of 1Voltage Level Switching States C and F
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The redundant 1 voltage level switching states are important to reduce the ripple voltage
of FC. Therefore, + 1 voltage level state C aridvoltage level state F are still needed in
the region where the output cumteand voltage are ithe opposite directiorven if the

reverse direction current will pass throughithis region.
4.5.3T7 Current Stress Analysis

With the above analysis, it is concluded that proper selection of O voltage level
switchingstateD and statd= can eliminate the 7Icurrent in O voltage level intervals. For
+1 voltage level state C antl voltage level state F, under unity power factor condition,
no current will pass throughzTbut under reactive powerperation the reverse direction

currentwill go through T during these twswitchingstates, which is inevitable.

A comparisoramongfour cases is made to verify the proposed 0 voltage level switching
states selection: Case 1: state D is used for positive output current and state E is used for
negative output current which is the preferred one; Case 2: state E is used for positive
output current and state D is used for negative output current; Case 3: state D is used for
the whole grid cycle; Case 4: state E is used for the whole grid cycle. Four cases are listed

in Table4.5.

Table4.5. 0 Voltage Level Switching States Combinations

C 0 voltage level switching state us| 0 voltage level switching state us
ase . :
wheniou:> 0 wheniou < 0
1 D E
2 E D
3 D D
4 E E

First, thegrid voltage is defined asg;
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v, =V, sin(mt) (4-1)

whereVy is the peakvalueof grid voltage and is angular frequency. The modulation

index is defined as M which can be calculated by:

V

M =% _
V, /2 (4-2)

Under reactive power condition, there is a phase shift between output current and
voltage, which is defined ds In the case of capacitive power factor condition, the output

currentioyt is:
iout =1 kair‘(Mt +/) (4_3)

wherelpk is the peak value of output current. Then the power factor (PF) can be defined

as.
) U B
PF=cos(07 ) =cos/ (5 ¢ (4-4)

In case 1, the reverse direction curreiit pass through Tduring the lvoltagelevel

switching stateC andstateF, as shown iffrig. 4.5.

Ik e — — -~

Pid Vg
A/
ka_ \
4N
- /
lout
(i uy

Fig.4.5. Tz current in case 1.
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The red and blue curves Fig. 4.5 represent the load curreit: and grid voltagevy
respectively. The red arshowsthe current through7I Therefore, the 7peak current in

this case+pk_1is determined by the peak valof reverse direction current:
IT7 pk_1 =1 kainj (4_5)

Case 2 isoppositeto case 1Fig. 4.6 shows the load current paith O voltage level
switching state® andE in case 2It is observed that the load current path is always flowing

through T during 0 voltage level switching sé&t Fig. 4.7 shows the Tcurrent in case 2.

State HO level) is used whelig,> 0 State D(0 level) is used wheliy< 0

Fig. 4.6. Load current paths during twovdltage level switching states D and E in case 2.

ka ﬁ___ -——
-V,
ka_2 - — L A// ¢}
N
lout
u d L

Fig.4.7. Tz current in case 2.
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It can be observed that the eak current isleterminedy the peak load current value
during 0 voltage level switching states (the peak value in the red aFeg #h7). Then,

the Tz peak current valukr7pk 2in case 2 can be calculated by

%él Lsing + g M >08nd / + c%)
I+, k2| (4-6)
. M ¢ 05pr M >0.nd/ Jq%
The phase anglécan be calculated by equation:
.1
M sing = > (4-7)
=arcsin 1,
g =arcsi w (4-8)

Here is the explanation of equati@h6): When modulation index M < 0.5, the -B&-
ANPC inverter is only generating three output voltage levels: +1, Glarfso, the peak
load current value during 0 voltage level switching staté lvei equal to the peak load
current valueg. Since the Tpeak current in caselzzpk 2is determinedy the peak load
current value during 0 voltage level switching statedys@ 2= lok. Whenphase anglé
+d> "/ 2, t he p e ak thé rednadea idrig. 0.7 vallrbé equahbtdl,i 0 1 n

lT7pk_2= lpk.

Fig. 4.8 shows the ¥ current in case 3 arfig. 4.9 shows the Tcurrent is case 4. As
can be observed, the peak current value in case 3 and case 4 is the same as that in case

2:

IT7 pk_2 =1 T7pk_3 *

T7pk_4 (4-9)
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Fig.4.9. T7 current in case 4.

According to(4-5), (4-6) and(4-9), a comparison of 7fpeak current among four cases
with different modulation index M is made. The comparison results pe@k current in
four cases with M = 1 is shown iig. 4.10. As can be observed, under unity power factor
condition (PF = 1), there is no; Current in case 1 while in other three cases the peak T
current value is 50%f peak output currengd When PF = 0.9, the peak Qurrent in case
1 is only 43% of peak output current while in other three cases the current stress is increased
to 82% of output current. When PF = 0.5, the peakufrent in case 1 is 86% of peak
output current and in other three cases is the peak output current. When PF = 0, the peak

T7 current in four cases is the pealue ofoutput current.
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Fig. 4.10. Comparison of Tcurrent stress in fours casd4=1).

Fig. 4.11 shows the comparison results when M = 0.78. When PRhkele isno T;
current in case 1 and in other three cases the peakrént is 66.7% of peak output current
lok. When PF = 0.9, the peak durrent in case 1 is 43% of peak output current and in other
three cases this value is increased to 92% of peak output current. When PF = 0.5, the peak
T7current in case 1 is 86% péak output current and in other three cases is the peak output

current. When PF = 0, the peakclurrent in four cases is the peak output current.
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Fig. 4.11. Comparison of Tcurrent stress in fours cases{®78).
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Fig. 4.12 shows the comparison results when M = 0.45. In this case, the inverter is
generating thre&evel output voltage, so the Turrent stress in casedds always equal to
output current. For & 1: when PF = ihere isno T current; when PF = 0.9, the peak T
current is 43% of peak output current; when PF = 0.5, the pealiriient is 86% of peak

output current; when PF = 0, the pealcilirrent is the peak output current.
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© o oo
O N MO OO FP N

T, Current Stress
(Percentage of))

0O 01 02 03 04 05 06 07 08 09 1
Power Factor (caB

Case 1 Case 2, 3,4

Fig. 4.12. Comparison of Tcurrent stress in fours cases (M=0.45).

With above analysis, it can be concluded that the 0 voltage level switching states
selection in case 1 can achieve the lowestufrent stress angero current through 7T

during 0 voltage level switching states.
4.6 Modulation Strategy for the 7S5L-ANPC Inverter

This section discusses the modulation strategy for thBLZSNPC inverter under
reactive power condition. The modulation diagram of thesZ&NPC inverter using
PhaseDisposition (PD) PWM under reactive power condition is showRigi4.13. As
can be observed, the reference signal (redssidal curve) is compared with four carrier

signals (green triangular waves) to generate the gate signals of seven switches. The power
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factor i s cosl, and t

he

phase

s hi

ft

bet weer

cur ve) i s (UfouroBaasingzonesara identtied according to the polarities of

output current and the reference sigmdien the reference voltage and output current are

in the opposite directigrihe inverter is entering the reactive power zones Z1 and Z3; when

the reference voltage and outputr@nt are in the same directiotne inverter is in the

active power zones Z2 and Z4.

Reactive power zone

Active power zone

A

Z1l Z2 I Z3| Z4 1z1l
| [ . Iin)
| I —— Modulationreference ||
| I ——  Output current AL
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. _____ |
VadAr T ) o
| I [
Vel2b - e HGH e

Fig. 4.13. PWM modulatiorfor the 7S5L-ANPC inverter

4.6.1Reactive Power Zone Z1 [from § to tq]

In Z1, the output voltage is switched between +1 and 0. Foit@gelevel, switching

state E is selected due to the negative output current. Rasitefelevel, both redundant

switching states B and C are requitealance the FC voltage. So, the inverter operates

in the sequence of state B, state E, state C, state E (B, E, C, E), as shaya.ia.
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Fig. 4.14. Modulation in reactive power zone Z1.

4.6.2Active Power Zone Z2 [from t to t4]

From t to t and & to &, the output voltage is still switched betweenveltagelevel
and Ovoltagelevel. The difference is the output current is positive, so switching state D is
selected to generate 0 voltage level. Both redundanbhdgelevel states (B, C) are used
to regulate the FC voltage. When the actual FC voltage is lower than its reference value,
the switching state B is selected to charge FC; when it is higher than the reference value,
switching state C is selected to discharge FC. So, the inverter is opendtiegsequence

of state B, state D, state C, state D (B, D, C, D).

From ¢ to 3, the inverter generates +®ltagelevel and +1voltagelevel. State A is
used to generate Adltagelevel. The redundant switching states B and C are used to
balance the F@oltage. Consequently, the switching states sequence of state B, state A,
state C, state A (B, A, C, A) is used in this region. The moduldtamramin active power

zone Z2 is shown ifkig. 4.15.
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Fig. 4.15. PWM Modulation in active power zone Z2.

4.6.3Reactive Power Zone Z3 [from i to ts]

In reactive power zone Z3, the output voltage is negative and the awtpantis
positive. The inverter is switched betwedrvoltage level and 0 voltage lev&lwitching
state D isselected because of the positive output curiém redundant stat€sand G are
used to generatel voltagelevels and balance the FC voltage, so the switching state

operates in the sequence of state F, state D, state G, state D (F, D, G, D).
4.6.4Active Power Zone Z4 [from & to tg]

In this region, the output currentriggative, so switching state E is selected to generate
0 voltage level; state H is used to generdteutput voltage level; the redundant states F
and G are used to generafevoltage level and balance the FC voltage. Consequently,

during & to ts and ¥ to t, switching state sequence state F, state E, state G, state E (F, E,
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G, E) is selected for 0 antl voltage level generation; frogito t7, switching state sequence

state F, state H, state G, state H (F, H, G, H) is selectelldaod-2 voltage l@el generation.

4.7 Simulation Verification

To verify the effectiveness and advantages of the proposed topology and to verify the

T7 current stress reduction with the proposed modulation strategy, computer simulation by

MATLAB/Simulink has been carried oufable4.6 shows the simulation parameters. The

power level is 1 KW. Te grid voltage is 110V RMS@ 60Hz. To guarantee the high voltage

utilization ratio,the modulation index M should be higher than 0.75; in this case, the input

DC

vol tage

s commonly

s el

ected as

400V

200 = Q775 which is higher than 0.7%he FC value is selected as 310 (part number:

947C311K102CBMS) to limit the switching frequency FC voltage ripple within 2V (2V /

100V = 2%). The peato-peak switching frequency output current ripple is usually

selected as 15% 20% of the peak output current value and 20% is selected, and the

calcubted output filter inductor value is 1.6mH.

Table4.6. System Parameters

Grid Voltage 110V
Power LkVA (RMS value)| @ 60 Hz
DC-link 400 V Output Filter 1.6 mH
Voltage Inductance
FC 310nF | Power |4 0.9 0.5and0
Capacitancg (947C311K102CBMS]  Factor
bC 2000nF each Switching | g5y,
Capacitance Frequency

Simulation is conductednder 4 conditiost conditionl is unity power factor operation

(PF = 1);condition2 is reactive power operation (PF = 0&)ndition3 is reactive power
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operation (PF =.8); and conditiort is reactive power operation (PF = @dditionally, a
comparisonramongfour different 0 switching states combinatiolssmade to verify the
propogd modulation can achievke lowest current through+T FourO switching states

combinationcases are listed ifiable4.5.
4.7.1Simulation Results When PF= 1

Fig. 4.16 gives the simulation waveforms under unity power factor condition (PF = 1)
Fig.4.16 (a) shows the fivdevel inverter bridge voltage and FC voltage. It is observed that
FC voltage is balanced at 100V (a quarter of 400\AIIDK voltage).Fig. 4.16 (b) 7 (e)
show the gd voltage, inverter output current angclrrent in four cases (casé ). The
grid voltage and output current are in phase. The output current is a sinusoidal wave and
the measured THD value in this case is 1.57%. The measured output current peak value is
12.8A. The T current waveforms in for cases are consistent with the above theoretical
analysis. It can be clearly observed that in caskete isno current flowing through 7T
and in other three cases a maximum 8.2A current (= 8.4A/12.8A = 64%) is flowing through
T7. Therefore, it can beoncluded that theé voltagelevel switching states selection in case

1 is the optimal selection.
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Fig. 4.16. Simulation resultat PF = 1 (a) Output voltage and FC voltage. {b)current in

case 1. (c) 7current in case 2. (d)yTurrent in case 3. (e);Eurrent in case 4.
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4.7.2Simulation Results When PF = 0.9

Simulation is also conducted under reactive power condition (PF = 0.9, capacitive) to
show the F current stress. Waveformsiaterter output voltagd;C voltage, grid voltage

output current, andzIcurrent in four casesre shown irFig. 4.17.

Fig. 4.17 (b) to (e) show the output current, grid voltage andurrents in foucases
Themeasurd output current THD is still 1.57%n case 1, ashown inFig. 4.17 (b), it is
observed that only reverse direction current is going through switduring 1 voltage
level switching state C and stateafd the measured; Turrent peak valug this cases
5.5A (= 5.5A/12.8A = 43%)In case 2as shown irFig. 4.17 (c), not onlyis the reverse
direction current flowing through-Tduring 1 voltage level switching state C and state F,
but also thesame direction current is passing throughdiiring0 voltage level switching
state D and state, Bothe T; current peak value is increased to 11.7A (= 11.7A/12.8A =
91%). Similarly, in case 3 arwhse4, the measured current peak value @sol11.7A (=

11.7A/12.8A = 91%)which is undesirable.
4.7.3Simulation Results When PF = &

Fig. 4.18 gives the simulation resulés PF = 05 (capacitive)Compared to condition at
PF = 1,the measured-Icurrent peak valuen case 1is increased fronb.5A to 11A (=
11A/12.8A =86%), as shown irFig. 4.18 (b). For case 2, case 3 and case 4, the peak T
current is the peak output current which is 12.8A. The simulation results in this condition

are consistent with the analysis in Section 4.5.
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Fig. 4.17. Simulation resultat PF = 0.9capacitive). (a) Output voltage and FC voltage. ()

current in case 1. (c)yEurrent in case 2. (d);Turrent in case 3. (e); Eurrent in case 4.
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Fig. 4.18. Simulation resultat PF = 05 (capacitive). (a) Output voltage and FC voltage. (b)

current in case 1. (c)7Turrent in case 2. (d);Turrent in case 3. (e);Turrent in case 4.
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4.7.4Simulation Results When PF =0

Fig. 4.19 gives the simulation results under extreme situation: PF = 0. As can be
observed, the peak value of durrent in four cases is always equal to the peak value of
output current which is 12.8AFrom the waveforms of T7 current in four cases, it is
observed that the conduction time ofiif case 1 is the shortest. Therefore,dabeduction
loss of T7in case 1 is the lowesAll the simulation results are consistent with the previous
analysis ad verify the proposed topology is capable of operating um@eimumpower

factor condition.

The previous simulations are done in capacitive reactive power conditions. Due to the
symmetry, same conclusions can be drawn when the inverter is operatingictivied
reactive power condition®Vith simulation results under active and reactive power factor
conditions, it is concluded that the-B&-ANPC inverter achieves the same performance
as the conventional 85_-ANPC inverters, and the proposed modulatioategy results

in the lowest ¥ current stress and thus the lowest conduction loss.
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Fig. 4.19. Simulation resultat PF = Q (a) Output voltage and FC voltage. (b)clrrent in

case 1. (c) 7current in case 2. (d)yTurrent in case 3. (e);Eurrent in case 4.
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4.8 Experiment Verificatoin

A 1 kVA single-phase 7SL-ANPC inverter gridconnected laboratory prototype is
built to verify the proposed topology and modulation method. For the control circuit, a
combination of the Texas Instruments TMS320F28335 DSP chip and the Altera Cyclone
IV EPACGX22FPGA card is used to provide precise mathematical calculations and real
time control functions. The experimental parameters are identical to the ones used in

simulation section, which are shownTiable4.6.

Theexperimentalvaveformsunderunity power factor condition are shownHig. 4.20

andFig. 4.21.

The inverter output voltage, grid voltage, FC voltage and outpuriuof the 75L-
ANPC inverter are shown from top to bottonHig. 4.20. The grid voltage is 110V RMS
at 60Hz. The modulation index is around 0.7Be FC voltage is balanced at 100V. The
measured peato-peak FC voltage ripple is 2.1V (= 2.1V/100V = 2.1%0he output
currentis sinusoidaland in phase with grid voltag&éhe measured output current THD is

1.6%.

In addition to FC voltage and AC curtemaveformsFig. 4.21 also shows the voltages
of two DClink capacitors: channel 1 shows the lower-IM& capacitor voltage waveform
andchannel Zhowsthe upper Ddink capacitor voltage waveform. As can be observed,
both DC capacitor voltagémvea linefrequency60 Hz)fluctuationsince during half grid
cycle only one DC capacitor is providing the energy to the output. The measalco-
peakDC-link capacitor voltage ripple is 12V (= 12V/200V = 6%). The balanced FC and

DC-link capacitors voltages verify the modulation method in active power condition.
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Fig. 4.20. Experimentalresults at PF = 1: inverter output voltage (CH1), grid voltage (CH2

FC voltage (CH3) and output current (CH4).
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Fig. 4.21. Experimentalesults at PF = 1: lower DC capacitmitage (CH1), upper DC

capacitor voltage (CH2), FC voltage (CH3) and output current (CH4).
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The experimental verification is also done in reactive power factor situation. To be
consistent with simulation results, the power factor is selected to be 0.9 (capde€igve).

4.22 andFig. 4.23 show the experimenta¢sults

Fig. 4.22 showsthe waveformsf bridge voltage, gridioltage, FC voltage and AC
current ofthe 7S5L-ANPC inverter. In this case, the measured gegieak FC voltage
ripple is reduced to 1.9V (= 1.9V/100V = 1.9%). The grid voltage lags the output current
by 25.8 degrees. The inverter still produces goalitypcurrent waveforh The measured

THD value of output current is 1.6%.
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Fig. 4.22. Experimentatesults at PF = 0.&4pacitive) inverter output voltage (CH1), grid

voltage(CH2), FC voltage (CH3) and output current (CH4).
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Fig. 4.23 shows the waveforms dfvo DC-link capacitors voltages, FC voltage and
output currentat PF = 0.9 (capacitive)Same as the waveforms of BN@k capacitors

voltagesat PF = 1 the measured ped&-peak DClink capacitor ripple voltage is 11.4V

(=11.4V/200V = 5.7%).
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Fig. 4.23. Experimentatesults at PF = 0.Zépacitivg: lower DClink capacitor voltage

(CH1), upper Ddink capacitor voltage (CH2), FC voltage (CH3) and output current (CH4

To testify the effectiveness of, Turrent stress analgsithe experimental verification
when PF = 0.9PF = 0.5and PF = (capacitive)in four cases is done. Thexperimental
resultsat PF = 0.9 (capacitive) are shownHig. 4.24 to Fig. 4.27 respectively. As can be

observed, the 7lcurrent stress in case 1 is the lowest, which is consistent withdhgsis

in Section 4.5 and simulation results.
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Fig. 4.25. Waveform of T current in modulation case 2 (PF = @8pacitive.
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Fig. 4.26. Waveform of T current in modulation case 3 (PF = @8pacitive.
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The experimentakesults in condition PF =.B (capacitive) are shown iRig. 4.28 to
Fig. 4.31 respectively. Similarly, it is observed ththe conduction time of7Tin case 1 is
the shortesso thatthe conduction loss of7Tin case 1 should be the lowgesthich is

consistent with the analysis in Section 4.5 and simulation results.
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Fig. 4.28. Waveform of T current in modulation case 1 (PF 5,&apacitive.
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Fig. 4.29. Waveform of T current in modulation case 2 (PF 5,&apacitive.
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Fig. 4.30. Waveform of T current in modulation case 3 (PF 5,&apacitive.
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Fig. 4.31 Waveform of T current in modulation case 4 (PF 5,&apacitive.

Theexperimentatesults in extreme condition PF = 0 (capacitive) are shoWwigia.32
to Fig. 4.35 respectively. Similarly, it is observed titae conduction time of7lin case 1
is the shortesso thatthe conduction loss of71in case Ishould bethe lowest which is

consistent with the analysis in Section 4.5 and simulation results.
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4.9 Conclusion

In this chapter, a #SL-ANPC inverter topology has been proposedolve the FC
voltage drop problem of the &13.-ANPC inverter operating in reactive power condition
As compared with the conventional -88-ANPC inverer, it requires seven active
switches for single phase and a low current rating switch can be selected for the seventh
switch under high power factor operating condition. The operating principles are presented.
The detailed comparison between-9ISANPC, 65-5L-ANPC and three 8S-5L-ANPC
inverter topologies in terms of voltage stress and efficiency is made. The modulation
strategy of the 7SL-ANPC inverter under reactive power operation is discussed.
Computer simulation and experiment based on a single AHas& prototype have been
carried out in unity power factor condition and reactive power condition. The effectiveness

and advantages of the -B&-ANPC topology and modulation method are demonstrated.
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Chapter 5
DCLi nk CapaciBtadranMadnigaigeu & CwiVoh ¢ atg e

Ri ppl e-AN®C bPhverters

5.1 Introduction

As compared with 5INPC and 5LFC inverters whose DB8us consists of four DC
capacitors connected in series, the/AAWPC inverters use only two DC capacitors, so it is
easier to balance the DC capacitoltages. However, keeping two DC capacitor voltages
balanedis still an important issue for SANPC inverters. From the literature review of
the existing DC capacitor voltages balancing techniques for thRANBRC inverters
discussed in Chapter 2, it cdre concluded that most of the existing ‘b&lancing
techniques are only suitable for thglease applications; while for singbhase case, the
existing technologies have many problems such as high FC voltage ripple and slow
dynamic response. With the meased demand of singtdase S5EANPC inverters on
industrial applications such as low/medium power PV -gddnection systems, the
research on D®alancing technique for singfghase application with better performance

is very important.

Among the DC cagcitor voltages balancing methods for singlase applications,
referencg87] designed a method based on-PIYM method. However, in steady state,
there are double linFequency (120 Hz) ripples in FC voltage. The detailed revietvisf
method will be presented in Section 5.3. To achieve FC voltétyeut ripplesin steady
state, a new DC capacitor voltage balancing technique is proposed in this chapter. The

proposed method can be applied to any®PC inverter topologies.
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For thesimulation and experiment in Chapter 3-®SANPC inverter) and Chapter 4
(7S5L-ANPC inverter), the proposed DC capacitor voltages balancing method is used to

keep DC capacitor voltages balanced.

This chapter is organized as follows. In Section 5.2,pteciple of DC capacitor
voltage balancing is discussed. In Section 5.3, the problem of the conventional DC
capacitor voltage balancing meth[&Y] is presented. Section 5.4 discusses the proposed
DC-link capacitor voltages balancimgethod. Section 5.5 and 5.6 give the simulation and

experimental results and Section 5.7 is the conclusion.
5.2 Principle of DC Capacitor Voltages Balancing

First, as can be referred to Table 3.1 and Table 4.1, f&NIRC inverter topologies,
they all haveeight switching states: one +2 voltage level state A, two +1 voltage level
states B and C, two 0 voltage level states D and E;Xwoltage level states F and G, and
one -2 voltage level state HDifferent 5L-ANPC inverter topologyhas different
configuration, but the connection of thrempacitorstivo DC capacitorsCi;, C; and one
FC Gc) to circuit in each switching state is the same. The impact of all eight switching
states on the voltages of three capacitors (two DC capacitpf® @nd one FC ) are
shown inFig. 5.1. This applies to any 85L-ANPC, 7S5L-ANPC and 6S5L-ANPC

inverters.

116



State A +2
C.. Discharging,

L g

C1

il
<O'7T

o

o
5

State C+1
Ci. Discharging|,

&

State EO
Disconnect

4_
‘J>
ol

State G-1
C, Discharging,  &: Chargind®

vl ™
L

o

State B +1
C.. Dischargind, ¢: Charging®

State DO
Disconnect

O G A—wé
State F-1

Ci.. Discharging,

@)

&

State H-2
C, Dischargind,

2 f’g
1.

9

Fig.5.1. Impact of eight switching states of ZANPC inverters on the voltages of DC
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The flexibility of the 5SL-ANPC inverters lies in the redundant switching states. The
redundant +1 voltage level antivoltage leel switching states can be used to balance the
DC capacitor voltages. According og. 5.1, the impact of +1 voltage level state date
C and-1 voltage level sta F, state G on the voltages of two DC capacitors and one FC is

listed inTable5.1.

Table5.1. Impact of +1 and1 VoltageLevel States on DC Capacitors and FC Voltages

Switching Statg Impact onVc: | Impact onVez [ Impact onV
B (+1) Discharge No change Charge
C (+1) No change No change Discharge
F(-1) No change No change Discharge
G (-1) No change Discharge Charge

To illustrate how to balance the DC capacitor voltages, the unbalanced condition is
defined first: \&1is higher than ¥, sothe objectiveis to decrease M and increase .
There is some relationship betweale DC capacitor voltages arnte FC voltage, which

will be described below:

To decrease &4 more state B is used and less state C is s positive grid cycle
(Vgria > 0). In this way, G will discharge more and the FC voltage will increase in the
positive grid cycle. What does it meas that MM leads to 8, so the FC reference
voltage can be set higher in the positive grid cycle téeaehthis olpective. There is no

way to directly control 2 during the positive grid cycle.

To increase ¥2: more state F is used and less state G isingdbe negativegrid cycle
(Vgria < 0). In this way, G will discharge less and the FC voltage will decrease in the

negative grid cycle. What does it meas that .8 leads to ¢, so the FC reference
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voltage can be set lower in the negative grid cycle to achieve this objective. Similarly, there

is no way tadirectly control \&1 during the negative grid cycle
Consequently, the voltage difference between two DC capacitors will decrease.
5.3 Problem of the Existing DC Capacitor Voltages Balancing Technique

As different from the 5tANPC inverters in threphase pplication, there are line
frequency (60 Hz) ripples in two DC capacitor voltages in sipglese applicatiorfig.
5.2 showsthe waveforms ofwo DC capacitor voltageVci and 2 for singlephase 5k
ANPC inverters. In the positive grid cycledM > 0), the inverter is generating +2, +1 and
0 voltagelevels.Based orfFig. 5.1, it is observedhat the upper DC capacitor & always
discharging when ¥4 > 0; at the same time, the lower DC capacitpis€harged by input
DC source to keep the input DC voltagedmaled, so ¥ is increasing. Similarly, during
the negative grid cycle @fa < 0), Vc2 is decreasing while M is increasing. In steady

states, both ¥1 and 2 are balanced atgd2 with 60 Hz voltage ripples.

According to Section 5.2, it is concludedtlihe DC capacitor voltages balancing can
be achieved by changing the FC reference voltage. For the DC capacitor voltages balancing
method in[87] (to simplify this, it will be called theexisting DC capacitor voltages
balancing method), the FC reference voltage is selaaellow the DC capacitor
voltages: the FC reference voltage is selected to folleM2\during the positive grid cycle

(Vret > 0) and then to follow ¥2/2 during the negative grid cycle gv< 0).

V.. /2 V. >
Vfc ref :\F . e (5-1)
- Tchlz Vgrid <0
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The waveforms of the FC reference voltage % and the actual FC voltages\are
shown inFig. 5.2. Because of the linrequency (60 Hz) ripples in Ddnk capacitor
voltages so even in the balanced condition, the FC reference voltager Will have
double linefrequency (120 Hz) ripples, and at every zerassing point of Y there will
be a step voltage change i Wr. The 120 Hz FC voltage ripples will increase the total

peakto-peak FC voltage ripple, increasing the output current harmonic distortion.

- + - + -
(1) VCl /-\ /\ Vdc/2

2 Veo

L
o v N N

Y2
o v \II\ AN AN AN

N
®) Vic I\
NJ

™.,

00167 00251 00334 00418 > 'me(s

Fig.5.2. Voltages of capacitors drreference for singiphase 5EANPC inverters. (1) Upper
DC capacitor voltage M. (2) Lower DC capacitor voltagecy (3) Grid voltage Vrid. (4) FC
reference voltage ¥/ s usng the existingDC balancing method. (5) The actual FC voltage '

using theexistingDC balancing method.
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5.4 DC Capacitor Voltages Balancing Technique without FC Voltage Ripple

To solve the problem of 120 Hz FC voltage ripples in Section 5.3, a novel DC capacitor
voltage balancing technique without FC voltage rippleraposed. The design procedures

will be presented step by step.
5.4.1Average DC Capacitor Voltage Calculation

For theexistingDC capacitor voltages balancing method, the FC reference voltage is
changed in real time: it always follows half of the DC capacititage. Considering the
DC capacitor voltage will not change too much during half grid cycle, its average value
during half grid period can be used to determine the FC reference voltage in the next half

grid cycle.

To calculate the average DC capacitottagé value in half grid periodyé voltage of
one DC capacito¥ci (or Vc2) is sampled at every switching cycle during that half grid
period. Then, the average value:\av (or Vc2 ay) can be calculated which is the sum of

each sampled valuecY n (or V2 n) divided by the number of switching periods in half

grid cyclen:
é VCl_n
VCl_av = n
.ar.]. ch (5-2)
VCZ_av = n

Once this average value is calculated, it can be used to determine teéeFgDce

voltage in thenext half grid cycle, which will be discussed in the following part.

5.4.2Implementation of DC Capacitors Voltage Balancing without FC Voltage Ripple
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To achieve Ddink capacitor voltage balancing without FC voltage ripple: first, the

output reference voltagégsal Vieris defined as:

\Y/

ref

=M Sin(W[) (5-3)

M is the modul ation index and ¥ is the
< 180, the inverter is operating in the positive grid cy@Igrid > 0). During this time, the
upper DC capacitor voltagecYis sampled and its average valuer \Mvis calculated:

é VCl n
- 5-4
VC 1 ( )

1 av

n

Vc1 nis the sampled upper DIk capacitor voltage value at every switching period,
andn is the number of switching period in the positive grid cycle. Then the FC reference

voltage in the next negative grid cycle W+ is set to be:

V
Vfc_ref—:£+\D
3 (5-5)
:f-k% VCl_av:
As can be observed, a correction value

obtained by a positive gain fact@rmultiplied by the error between the average DC
capacitor voltage value &/ avand the reference DC capacitor voltage valug¢2v The
selection ok will be discussed in Section 5.4.3. According to the principle of DC capacitor
voltages balancing in Secti 5.2, itcan beconcluded that, if ¥1 > Vco, the FC reference
voltage should be set lower in the negative grid cycle. And {8B): if Vc1> Vco, then

Vciav> Vad 2, anlk* (\Mpy2 - ¥c1 a) is a negative value sindeis positive.
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Therefore, the FC reference voltage in this negative grid cyeles\i's lower than /4,

which is consistent with the principle of DC capacitor voltages balancing in Se@ion 5

Similarly, whenl8® < ¥ B6(°,the inverter is operating in the negative grid cycle

(Vgria < 0). The lower DC capacitor voltage-Ms sampled and its average value\vis

calculated:

a VCZ_n
— 1

2_av

v, (5-6)

n

The calculated ¥ avis then used to determine the FC reference voltage in the next

positive grid cycle ¥ _ref+:

fc_ref+ 4 2 C2_av) (5_7)

According(5-5) and(5-7), the FC reference voltage generator diagram is showigin
5.3. The FC reference voltage value will change every half grid cycle. And in balanced

condition,it will be aconstantvaluewhich is Vgd4.

n -
VC2_n —> VCZ_av + » k L + )Vfc_ref+
a
n -
VCl_n_) VCl_av + » Kk + + )Vfc_ref-
T Vae + 1V,
2 4

Fig.5.3. The FC reference voltage generator diagram.
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5.4.3Selection of Gain Factork

From (5-5) and(5-7), it is observed that different value of g&ifeads to different FC

reference voltage. The larders, the further the FC reference voltage is away fraigvV

To illustrate the impact déon the DC voltages balancing performartbe,unbalanced
condition is defined first: ¥1 > Vca. So, theobjectiveis to decrease M and increase k.
According to the analysis in Section 5.2: in the positive grid cycle, the FC reference voltage
is set b be greater thawqd/4, somore state B (discharge:@nd charge &) is used and
less state C (dischargec)Cis used based ohable5.1. For differentk, the FC reference
voltage is different, and the number of state B and the number of state C used for
modulation are also differentable5.2 shows the impact of differelton DC capacitor

voltage &1 in the positive grid cycle.

Table5.2. Impact of Different Gaitk on DC Capacitor Voltage &/ In the Positive Grid

Cycle When 1> Vc2

Conditions
kis lower | knominal k is higher
FC reference voltag Lower Nominal Higher
Number of state B| Minimum Nominal Maximum
Number of state C| Maximum Nominal Minimum
Impacton @ Discharge lesy Discharge| Discharge mor¢

FromTable5.2, it is observedf kis increased, thEC reference voltage will be higher,
and G will discharge more so that the balancing process is faster. In other words, the higher
the gaink is, thefaster the dynamic response is. Howekerannot be selected too high
since a small DC capacitor voltage disturbance will lead to a large variation of FC reference

voltage.
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According to above analysis and simulation/experiment testing, th& géimthevalue
1.5 is a good value. Hegrethe selection criteria. If ¥ = 400V, in balanced condition,
each DC capacitor voltage will be 200V. For 10% DC capacitor voltage difference which
is 200 A 0.1 &5amB-y), theEC referencevajtage anrrection value
eV wi | Ik which m&a@s déing the DC capacitor voltages balancing process the FC
vol tage wil |l &Ko ForbL-ANBC ifvarters, the voltage rafing of some
devices (e.g. JandTsfor 6S/7S/Type |, II, 11l 8&L-ANPC inverters)s the voltage across
the FC. Therefore, in consideration of the device voltage rating margin (usually 20% to
30%), 30% is selected and the calculdtéxi1.5. If the DC capacitor voltage difference is
higher than 10%f average FC voltage valua saturation block can be add® the FC

reference voltage generator to limit the maximum FC voltage regulation value.

Since the FC reference voltage value is changed every half grid cycle, the response is

very slow, so the stability analysis of the proposed metithdhot bediscused.
5.5 Simulation Verification

To verify the effectiveness of the proposed DC voltages balantiethpod the
simulation has been done. The proposed method is applied to-ANBLC inverter
topologies and in the simulation the-B5-ANPC inverter is used. Theystem parameters
are shown imable5.3. The output power level is 1 KWhE grid voltage is 110V RMS@
60Hz. To guarantee the high voltage utilization ratio, the modulation index M should be
higher than 0.75; in this case, the ihpC voltage is commonly selected as 400V so that
the modulation index M = 110 * a2 [/ 200 =
is selected as 310pF (part number: 947C311K102CBMS) so that the HE vgdfage can

be limited within 2% of the avage FC voltag€100V) which is 2V.The peako-peak
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switching frequency output current ripple is usually selected as-153%0 of the peak
output current value and 20% is selected, and the calculated output filter inductor value is

1.6mH.

Table5.3. System Parameters

Power 1 KW | Grid voltage (RMS)| 110 V @ 60 HZ
DC-link voltage | 400V | Output filter inductor 1.6 mH
Flying capacitor | 310nF Gain factork 1.5

DC-link capacitor| 2000nf | Switching frequency 15 KHz

5.5.1Simulation Results without and with the DC Voltage Balancing

To demonstrate the importance of DC capacitor voltages balancing for {ABIBC
inverters, a comparison between the system with and without the proposed DC balancing

method is made.

Case 1: twdC capacitors €and G have different capacitance valuei (€2200F,
C> = 18007F). Both DC capacitors have been prechatge200V.The results are shown
in Fig. 5.4. Fig. 5.4 (a) shows thevaveform ofoutput voltage an&ig. 5.4 (b) shows the
waveforms ofDC capacitors and F@oltages It can beobserved that, becausgo DC
capacitor values are differenhe system has DC capacitor voltage divergence problem if
not controlled:the lower DC capacitor voltagecY is increa;ig and the upper DC
capacitor voltage ¥: is decreasg. When t = 0.3s, it is observed thaith DC capacitor
voltages have around 20V shift from 200V. At this moment, the proposed DC balancing
technique is wd. Then, thalifference between twbBC capacitor voltages is decreased.

At about t = 0.65s, the DC capacitor voltages are balanced and the system is in steady state.
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Case 2: two DC capacitors @nd G have the same capacitance value 2600ut have
different initial voltages (¥ = 190V, Vc2 = 210V). The results are shown ifrig. 5.5. It
can beobserved that, if the initial voltages of two DC capacitors are different, the system
alsohasDC capacitor voltage divergence problem if not controlled: the lower DC capacitor
voltage \&2 which has lower initial voltage valuis getting lowerand the upper DC

capacitor voltag&/ci1 which has higher initial voltage valug getting higher When t =
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0.3s, itis observed thBbthDC capacitor voltagehave arounds5V shift from 200V.With

the proposed DC balancing technicamplied at this momenthe DC capacitor voltages
difference is decreased. Here the saturation block is added to the control method to limit
the maximum FC voltage regulation value within 30% of average FC vohageout t =

1s, the DC capacitor voltages are balanced and the system is in steady state.
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DC capacitor voltages and FC voltage.

From the simulation results above, it can be concluded that the proposed DC capacitor
voltages balancing method can achieve DC capacitor voltagesibglanc
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5.5.2Simulation Results using The Proposed Method wh Different Gain k

Simulation is also carried out to show the results with differentlgas shown irrig.
5.6. The condition istwo DC capacitors €and G have different capacitance value, (€
220nF, C> = 18007F), and lmth DC capacitors have been prechditge200V.At t = 0.3s,
the proposed DC capacitor voltages balancing method is Bggdb.6 (a) shows the
simulationresultwhenk = 1; Fig. 5.6 (b) shows the result witk = 1.5;andFig. 5.6 (c)
shows the result witk = 2. Ascan be observed, different gain fackdeads to different
dynamic response: the recovery time wkenl is 0.7s; the recovery time whker 1.5 is
0.35s; the recovery time whérr 2 is 0.25s. The recovery time whies 1.5 is only half
of that wherk =1, and is 0.1s longer than that when 2. According tothe previougain
k selectionSection 5.4.3if consideration of the 30% device voltage rating margimd
simulation resultsk = 1.5 is good enough to guarantee dynamic responsand device

voltage rating margin
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5.5.3Comparison between TheExisting Method and The Proposed Method

To demonstrate the proposed DC capacitor voltages balancing method is better than the
existingDC capacitor voltage balancing method, a comparison betweeaxigtengDC
balancing method and the propose method is mabe.test condition is:two DC
capacitors ¢and G have different capacitance value, (€2200, C, = 1800F), and

both DC capacitors have been prechdrige200V.

First, the dynamic response of two methods is tested. Fromt = 0s to t = 0.3s, no DC
capacitorvoltages balancing method is used; after t = 0.3s, the DC balancing method is
used. The results are showrFig. 5.7. Fig. 5.7 (a) shows the waveforms of three capacitor
voltages using thexistingmethod. It is observed that after using éxéstingmethod at t
= 0.3s, the voltage difference between two DC capacisadecreasedt about t = 1s, the

DC capacitor voltages are balanced and the system is in steady state.

Fig.5.7 (b) shows the waveforms of three capacitor vasagsing the proposed method.
It is observed thathe systementers thesteady statavhent = 0.65s sothe dynamic
response of the proposed method is faster thaexiséngmethod.The recovery time of
the proposed methad around 0.35s while for thexisting method this value is around

0.7s.

131



Before Control After Control
250 I ! T ! T T ! ! !

ch?x

200

150 ------- B é ......... ; .......... é ......... Dooot ”.é .......... ;._._”é ........ -

Voltage(V)

100

50!
0

250

200

150

Voltage(V)

100

Recover®

| | i i l i i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(b) Time (s)

50 i

Fig. 5.7. Waveforms of three capacitor voltages,Wec2 and . in transient state with
different DC capacitor voltages balancing methodsEgtingDC capacitor voltages

balancing method. (b) Proposed DC capacitor voltages balancing method.

The comparison between two techniques in steady state is also madie sesdilts are
shown in Fig. 5.8 (with the existingmethod) and~ig. 5.9 (with the proposed method)
respectively. IrFig. 5.8 (b), it is observed that in balanced condition, the FC voltage has
120 Hz ripple. The measured peakpeak FC vtiage ripple is 7.4 V (= 7.4 V/100 V =

7.4%). And the measured output current THD is 1.79%, which is skayvb.8 (d).
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Fig. 5.9 shows the simulation results in steady state using the proposed DC capacitor
voltages balancing method. Froaig. 5.9 (b), it is observed thathe FC voltage is a
constant value in steady state, and the measuredigp@alak switching frequency FC
voltage ripple is 1.8 (= 1.8 V/100 V = 1.8%). Without 120 Hz ripples in the FC voltage,
the output currentharmonic distortion is improved: the measured output current THD is

reduced to 1.57%, as shownHig. 5.9 (d).

From the simulation results, it can be concluded fhathe DC capacitor voltages
balancing is important for 5ANPC inverter; 2) the proposed DC capacitor voltages
balancing technique is better than thasting capacitor voltages method because of the
faster dynamic responsey 120HzFC voltageipple ard lower output harmonic distortion

in steady state.
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steady state. (a) Output voltagle) Voltages of three capacitors. (cjivoltage and output

current. (d) Output current spectrum.
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5.6 Experiment Verificatoin

The experimental verification of the proposed DC capacitor voltages balancing
technique effectiveness is done on the 1 KW5ESANPC inverter experimental
prototype. The experimental parameters are identical to the ones used in the simulation

section, whibt are shown ifable5.3.

A comparison between thexisting DC balancing method and the proposed DC

balancing technique is made. First, the dynamsponse of two methods is tested.

Fig.5.10shows the dynamic response with éxéstingDC capacitor voltages balancing
method. Initially, the lower DC capacitor voltage Maround 210V) is higher than the
upper DC capacitor voltagée: (around 190V). After about 300 ms (around 18 grid cycles),

two DC capacitor voltages are balanced, and the system is in steady state.
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Fig.5.10. Experimental results with thedsting DC capacitor voltages balancing technique
under unbalanced DC capacitor voltages condition: Output voltage (CH1), lower DC cag

voltage (CH2), FC voltage (CH3) and upper DC capacitor voltage (CH4).

Fig. 5.11 shows the dynamic response with the proposed DC capacitor voltages
balancing method. The initial condition is the same: the lower DC capacitor volgage V
(around 210V) is higher thahe upper DC capacitor voltageMaround 190V). It can be
observed that after about 160 ms (around 9 grid cycles), two DC capacitor voltages are
balanced. Based on the resultsFig. 5.10 and Fig. 5.11, it can be concluded that the

proposed DC capacitor voltages balancing technique has better dynamic response over the

existingmethod.
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Fig.5.11. Experimental results with the proposed DC capacitor voltages balancing techn
under unbalanced DC capacitor voltages condition: Output voltage (CH1), loneadaCitor

voltage (CH2), FC voltage (CH3) and upper DC capacitor voltage (CH4).

Fig. 5.12 to Fig. 5.15 show the comparison results in steady staig.5.12 and Fig.
5.13 show the experimental waveforms using éxéstingDC balancing method. IRig.
5.12, it is observedrat there are 120 Hz ripples in FC voltage. The measuredpqaak
FC voltage ripple is 8.8 V (= 8.8 V/100 V = 8.8%). The measured output current THD is
1.8%. InFig. 5.13, two DClink capacitor voltages are balanced. The measuredifkC

capacitor voltage ripple is 12 V (= 12 V/200 V = 6%).
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Fig.5.12. Experimental results with thexistingDC voltage balancing technique in steady

state: Output voltage (CH1), grid voltage (CH2), FC voltage (CH3) and output current (C
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Fig.5.13. Experimental results with thexistingDC capacitor voltages balancing technique
steady state: Lower DC capacitor voltage (CH1), upper DC capacitor voltage (CH2), FC

voltage (CH3) and output current (CH4).
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Fig. 5.14 and Fig. 5.15 show the experimental waveforms using the proposed DC
capacitor voltages balancing techniqueFig. 5.14, it is observed that with the proposed
method, the FC voltageas no double linfrequency ripplesn steady state. The measured
peakto-peak FC voltage ripple is reduced to 2.1 V (= 2.108/V = 2.1%). The measured
output current THD is 1.6%, which is lower than that usingettistingmethod (1.8%). In
Fig. 5.15, the measured DAk capacitor voltage ripple is unchanged, which is 12 V (=

12 V/200 V = 6%). The experimental results are consistent with the simulation results.
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Fig. 5.14. Experimental results with the proposed DC capacitor voltages balancing techn
steady state: Output voltage (CH1), grid voltage (CH2), FC voltage (CH3) and output cu

(CH4).

140



Tek Prevu

Lower DGlink capacitor voltag¢50V/div] v
I . : -

R
=

P L TR L et —— L

Qppbr DClink capaclitor voItag&SOV div]/'

st -

x FC voltage[50V/div]

|1 it Fak i i s |

O S

B

B gt _
L Output currenf20A/div] . . % C

@ soov 2 @& so0v & 2004 )[4.00m5 MZS.OMS/S M 2 2.00\/}

1M points

Fig.5.15. Experimental results with the proposadthodin steady site: Lower DC capacitor

voltagdCH1), upper DC capacitor voltage (CH2), FC voltage (CH3) and output c(tridd).

5.7 Conclusion

In this chapter, a new DC capacitor voltages balancing method f8NBRC inverters
is proposedwhichcan be applied to any 5ANPC inverter topologied=irst, the principle
of how to balance the DC capacitor voltages ofNPC invertes is discussed. After that,
the problem of thexistingDC capacitor voltages balancing methodesiewed which
will lead to the 120 Hz FC voltage ripple in steady state. To eliminate this double line
frequency FC voltage ripple in steady state, a n@\cBpacitor voltages balancing method
is proposed. The average DC capacitor voltage is used to determine the FC reference
voltage. The FC reference voltage is changed every half grid cycle. Then, the detailed
analysis and design of the proposed methodogigeed. Thesimulation/experimentesults
show that the proposed method has better dynamic response and lower output current

harmonic distortion in steady stabver theexistingmethod.
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Chapter6 Hy br i d Modul at i on-5BANPaC € gny efrare i

6.1 Introduction

One contribution of the thesis is proposing the5S8SANPC inverter topology, and
from the loss analysis it can be concluded that th616BNPC inverter even has higher
efficiency over some of the conventional-BSANPC inverter topologies (Type | and
Type lll) for high power applications. However, with the PhBssposition (PD) PWM
method applied to the 6&_-ANPC inverter which is discussed in Chapter 3, the FC
voltage is not controllable when the output current and voltage are in the oppositergirect
and the FC is always discharging. This is because four switching states (state C: +1, state
D: 0, state E: 0, state F1) have no reactive current path. Chapter 4 proposes tbé-7S
ANPC inverter topology to solve this problem. In this chapter, thgdeid modulation

strategies for the 65L-ANPC inverter are proposed to solve this problem.

This chapter is organized as follows: Section 6.2 discusses the problem using the PD
PWM method for the 6SL-ANPC inverter; Section 6.3 presents the detailbiEfd hybrid
modulation methods for the @3.-ANPC inverter: 1) hybrid modulation with +1 level and
-1 level, 2) hybrid modulation with 2 level and 0 level, and 3) hybrid modulation with +2
level and-2 level; Section 6.4 and 6.5 give the simulation aneéergental results; Section

6.6 makes a comparison among three methods and Section 6.7 is the conclusion.
6.2 Problems Using PBPWM Method

To batter illustrate the problem mentioned in the introduction, the diagram-BV{¥D
modulation method used in Chapteis3edrawn, as shown ifig. 6.1, and the impact of

all eight switching states on FC voltage is showhable6.1.
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Fig. 6.1. Diagram of PBPWM modulatiorfor the 6S5L-ANPC inverter

Table6.1. Impact of Eight Switching States on the FC VoltaéS5L-ANPC Inverter

Switching Switch number Outputvoltage Flying capacitor &
state T To | Ts| Tal Ts| Ts level lout>0 lout< 0
A 1/]1/]0]0]0]1 +2 -- --

B 1101001 +1 Charge | Discharge
C 0/]1/]0]0]0]1 +1 Discharge --

D 0/|0|1]|]0|0]1 +0 -- --

E 0Oj|1/0|0]1]O0 -0 -- --

F 0/[0]1]0]|1]0 -1 - Discharge
G 0O[1]0]21]1]0 -1 Discharge| Charge

H ojoj1]1]1]0 -2 -- --

In Fig. 6.1, four operatingzonesare identified based on the polarities of the output
current and reference voltaga reactive power zones Z1 and Z3, the output current and
reference voltage are the opposite direction; in active power zones Z2 and Z4, the output

current and reference voltage are in the same direction.
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For the 6S5L-ANPC inverter, there are limitations of selecting four switching states C,
D, E and F since these four states havditecttional current flow path. According fag.
6.1 andTable6.1, in reacive power zone Z1, the load curreqk K 0 and the inverter is
generating 0 voltage level and +1 voltage level, so only state B (discharge FGwken
0) can be used to generate +1 voltage level and state E is used to generate 0 voltage level;
in readive power zone Z3, the load curregt > 0 and the inverter is generating 0 voltage
level and-1 voltage level, so only state G (discharge FC wigr> 0) can be used to
generatel voltage level and state D is used to generate 0 voltage level. Qendggthe

FC is always discharging and the FC voltage drops will occur in the reactive power zones.
6.3 The Hybrid Modulation Method for the 6S-5L-ANPC Inverter

From the analysis in Section 6.2, it can be concluded that, by using HRMRD
method, the FC ialways discharging in reactive power zones Z1 and Z3. In other words,
if the 6S5L-ANPC inverter is switched between 1 level and 0 level in Z1 and Z3, then
there is no charging path for the FC. To provide the charging path for the FC, the hybrid
modulation can be used, which means inverter can switch between +1 levél land| or
between 2 level and O level or between +2 level @nlgvel in Z1 and Z3. To find the

optimal solution, detailed evaluations of three hybrid modulation methods are given below
6.3.1Solution Using Hybrid Modulation with +1 Level and-1 Level

The first hybrid modulation solution is: the 6&-ANPC inverter is switched between
+1 level and1 level in Z1 and Z3. In Z1, the load curresit < 0. FromTable6.1, it is
observed that only state B can be used to generate +1 voltage level, but both state F and
state G can be used to generdt@oltage level. Since state B is discharging the FC when

iout< 0, so state G which is charging the FC whgi< 0 can only be used to balance the
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FC voltageln this way, the FC will be charged and discharged alternatiViel/switching
sequence in Z1 will be state B, state G, state B, state G (B, G, Bn@arly, in Z3, the
switching sequence is also (B, G, B, G). The diagram of hybrid modulation with +1 level

and-1 level is shown irrig. 6.2.

Reactive power zone Active power zone

Z4

—— Modulationreference
——  Output current
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—N—
\
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0 AL '
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+Vad 2‘ C

\

Fig. 6.2. Diagram of hybrid modulation with +1 level aridlevel.

It should be noted that for hybrid modulation, the carrier signal in Z1 and Z3 is changed.
In this case, the amplitude of carrier signal in Z1 and Z3 is doubled. Since the inverter is
switched between +1 level antl level instead of 1 level and O levéigtoutput current
THD in Z1 and Z3 is increased. But for PV application (PF > 0.9), the output current THD
does not change too mublecausen reactive power zones the output current is near its

zeracrossing point and for high power factor condition ta&ctive power zone is small.

One limitation of this method is that it can only be used for high power factor conditions

when modulation index M is high. For example, if the amplitude of the reference signal in
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reactive power zones Z1 and Z3 is higher tBa which means the inverter needs to
generate the output voltage higher than 1 voltage lewgl4)Min reactive power zones,

then the hybrid modulation with +1 level aridevel cannot be used because the maximum

output voltage with +1 level and level modulation is ¥d4. For modulation index M =

1, the amplitude of reference signal reach
the power f at(tcoaslGanglC. §i6)=. 3I0n this case, t
level and-1 level can ont be used when PF > 0.86. When M = 0.775 which is used in
simulation and experiment in Chapter 3, it can be calculated that the hybrid modulation

with +1 level and1 level can be used when PF > 0.76.
6.3.2Solution Using Hybrid Modulation with 2 Level and O Lewel

Another hybrid modulation solution is to use 2 level and 0 level switching states in
reactive power zones Z1 and Z3. The feature of this modulation is that, during 2 level and
0 level switching states, the load current is not flowing through the FZhén words, the
FC is not used in 2 level and 0 level switching states. Therefore, the FC voltage is held

constant in Z1 and Z3. The detailed modulation strategy is:

In Z1, the inverter is switched between +2 level and O level. State A is used tagenera
+2 voltage level and state E is used to generate 0 voltage levelisicd. So, the

switching states sequence in Z1is (A, E, A, E).

In Z3, the inverter is switched betweghlevel and O level. State H is used to generate
-2 voltage level while ste D is to generate 0 voltage level singe> 0. So, the switching

states sequence in Z3is (H, D, H, D).

The diagram of hybrid modulation with 2 level and 0O level is showign6.3.
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Fig. 6.3. Diagram of 2 level and O level hybrid modulation.

As can be observed: in this case, in addition to the amplitude, the positanrief
signal in Z1 and Z3 is also changed. Since the inverter is switched between 2 level and 0
level instead of 1 level and 0 level, the output current THD in Z1 and Z3 is increased. But

for PV applications (PF > 0.9), the output current THD does rangidatoo much.

In addition, as compared with hybrid modulation with +1 level dndevel, hybrid
modulation with 2 level and 0O level can be used in full PF conditions since with 2 level and
0 level modulation the inverter output voltage can be any voltalge from 0 to WJ/2 in
reactive power zones. Therefore, in this aspect, hybrid modulation with 2 level and O level

is better than hybrid modulation with +1 level addevel.
6.3.3Solution Using Hybrid Modulation with +2 Level and -2 Level

The third hybridmodulation solution is to use +2 level aiadlevel switching states in

reactive power zones Z1 and Z3. The feature for this modulation is that the FC is not used
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during +2 level and?2 level switching states, leading to the constant FC voltage in Z1 and

Z3, which is similar to hybrid modulation with 2 level and 0O level.

There are no redundant switching states for +2-aralitput levels, so in both Z1 and

Z3 the switching states sequence is always (A, H, A, H), as showig. ig.4.
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\/
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Fig. 6.4. Diagram of hybrid modulation +2 level aritilevel.

As compared with hybrid modulation with +1 level aiidevel, and hybrid modulation
with 2 level and 0O level, the dv/dt for hybrid modulation with +2 level ghéevel is
increased from M to 2Vye. Consequently, its inductor current ripple in reactive goow
zones will be higher than that using the first two hybrid modulation techniques. In addition,
in terms of keeping FC voltage constant in reactive power zanashieves the same
performance as hybrid modulation with 2 levetl @nlevel Therefore, itan be concluded

that hybrid modulation with +2 level and level is worse than hybrid modulation with 2
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level and O level. Because of this, the hybrid modulation with +2 levePalestel will not

be evaluated in simulation and experimental sections.
6.4 Simulation Verification

To verify the effectiveness of proposed hybrid modulation methods, the simulation is
carried out. To be consistent, the system parameters are the same as the ones used in

Chapter 3, which are shownTable6.2.

Table6.2. System Parameters

Power 1kVA | Grid voltage (RMS)| 110 V @ 60 Hz
DC-link voltage | 400V | Output filter inductor 1.6 mH
Flying capacitor | 310nfF Power factor 0.9

DC-link capacitor| 2000nf | Switching frequency 15 KHz

To make a comparison, the simulation verificatiodasein three caseql) the PD
PWM method which is used in Chapte{3}hybrid modulation with +1 level and level;

and(3) hybrid modulation with 2 level and 0 level.
6.4.1Simulation Results Using PBPWM Method

Fig. 6.5 gives the simulation results using the-PB&/M methodat PF = 0.4capacitive.
Fig. 6.5 (a) shows the waveform of bridge volta§&. 6.5 (b) shows the FC voltagEig.
6.5 (c) shows the waveforms of output current and grid voltage. As can be observed, in the
reactive power zones where output current and grid voltage are in the opposite direction,
the inverter is switched between 1 and O voltage levels, and the FC voltage is
controllable and is always decreasing. The measured value of the FC voltage drop is 3V,
which exceeds the FC switching frequency voltage ripples whose peak value is 1.5V so
that the total peako-peak FC voltage ripple is increased to 4.5\§. 6.5 (d) shows the

measured output current THD which is 1.57%.
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6.4.2Simulation Results Using Hybrid Modulation with +1 Level and-1 Level

To make a comparison with the FAWM method, the simulation using hybrid
modulation with +1 level and. level in the cases of PF = 0.9 (both capacitive and inductive)
is carried outFig. 6.6 shows the simulation results in capacitive conditiorkitn 6.6 (a),
it is observed that the inverterssvitched between +1 and output levels when output
current and grid voltage are in the opposite directiofign6.6 (b), the FC voltage drops
arestill observed in reactive power zones. This is because, for example, in positive grid
cycle, when inverter is switched between +1 level-aridvel, it needs to generate positive
output voltage, so the duty cycle of +1 level switching state (statesé&hatige FC) will be
greater than that oflL level switching state (state G: charge FC). Consequently, the FC
discharging time is longer than its charging time, leading to the FC voltage drop. However,
compared to PBPWM method, the F@oltagedrop is redued from 3V to 0.7V which is
within the FC switching frequency voltage ripples whose peak value is 1.9Vg.16.6

(d), the measured output currentDkhcreases a little bit which is 1.69%.

Fig. 6.7 shows the simulation results using hybrid modulation with +1 levellalalel
in the case of (PF = 0.9, inductive). It is observed that the simulated results in both inductive
and capacitive power factor cases are close to each other: the measurdidgeCdvops

in inductive power factor case is also 0.7V and the output current THD is also 1.69%.

Based on the results Fig. 6.6 andFig. 6.7, it can be concluded that by using hybrid
modulation with +1 level andl level, the FC voltage drop is reduced and less than the
switching frequency FC voltage ripples. Consequently, tital t+C voltage ripple is
decreased and is the same as the conventior8L3INPC inverter topologies. The

effectiveness of hybrid modulation with +1 level atidevel is verified.
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As discussed in Section 6.3.heolimitation ofhybrid moduléon with +1 level andl
levelis that it can only be used for high power factor conditions when modulation index M
is high. For modulation index M &.775which is used irthe simulation andexperiment,
it can be calculated th#tis methodcan be used when PF > 0.B®, another simulation

verification at PF = 0.8 is done. The results are shoviaigrs.8 andFig. 6.9.

Fig. 6.8 shows the simulation results in capacitive conditionhis casethe FC voltage
drop inreactive power zone is 1.5V, as showirig. 6.8 (b), so the total peato-peak FC

voltage ripple is still 3VIn Fig. 6.8 (d), the measured output current THD i83%.

Fig. 6.9 shows the simulation resulits inductive conditionThe measured FC voltage
drop in reactive power zone is also 1.5V, as showkign6.9 (b), and the total peato-
peak FC voltage ripple is 3V. The measured output current THD is the same as that in

capacitive condition which is 1.73%, as showifig. 6.9 (d).
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(inductive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output currel

Output current spectrum.
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6.4.3Simulation Results Using Hybrid Modulation with 2 Level and O Level

This section shows th@mulation results using hybrid modulation with 2 level and 0
level in the cases of PF = 0.9 (both capacitive iaductive) Fig. 6.10 shows the results
in capacitive condition. As shown kig. 6.10 (a), the inverter imow switched between 2
and 0 output levels when output current and grid voltage are in the opposite direction. As
mentionedn Section 6.3.2during 2 level and 0 level switching states, the FC is not used.
Therefore, inFig. 6.10 (b), it is observed that the FC voltage is held constant in reactive
power zones. Ifig.6.10(d), it is observed that the output current THD is improved a little

bit (1.66%) as compared to hybrid modulation with +1 level-aridvel (1.69%).

Fig. 6.11shows the simulation results in inductive PF = 0.9 condition. Similarly, the FC
voltage is a constant value in reactive power zones and the output current THD is the same

as the value in PF = O(®apacitivé case.

Based on the simulation resultskig. 6.10 andFig. 6.11, similar conclusion can be
drawn: by using hybrid modulation with 2 level and 0O level, the FC voltage drop in reactive
power zones where the grid voltage and output current are in the opposite direction is
eliminated (from 3V to OV) as compad with that using the RPWM method.
Consequently, the total FC voltage ripple is reduced. The effectiveness of hybrid

modulation with 2 level and 0O level is verified.
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To demonstrate the advantage of hybrid modulation with 2 level and O level operating
in low PF condition, the simulation in the cases of PF = 0.5 (both capacitive and inductive)
are also carried out. The difference between PF = 0.5 and PF = at®I= 0.5, the
inverter also needs to generate the output voltage which is higher #arf400/4 = 100
V) in reactive power zones; while at PF = 0.9, the peak value of output voltage in reactive

power zones is less thard4.

Fig. 6.12 shows the results in capacitive condition.HAiy. 6.12 (a), the inverter is
generating 2 and O levels in reactive power zones:idn6.12 (b), the FC voltge is
constant at 100V in reactive power zones. The output current THD is increased to 1.76%
because the reactive power region is larger and the output current ripple in the reactive

power zones is higher than that usingP@M method.

Fig. 6.13 shows the results in inductive condition, which are close to the results

capacitive conditionThe output current THD in this case is also 1.76%.

Based on the results in PF £0it is concluded that hybrid modulation with 2 level and
0 level always keeps the FC voltage constant in reactive power zones so that the total FC
voltage ripple is always equal to the switching frequency FC voltage ripple, which is the

same as the conrgonal 8S5L-ANPC inverter topologies.
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Fig. 6.12. Simulation results using hybrid modulation with 2 level and 0 level at PF = 0.5
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6.5 Experimental Results

To verify the effectiveness of the proposed hybrid modulation strajegiekVA
singlephase 6%L-ANPC inverter gridconnection experimental prototype is designed
and tested. The specifications for experiment are identical to the ones used in simulation

section, which are shown Trable6.2.

To obtain the consistency, the experimental verification is carried out in three(déases:
the PDPWM method which is used in Chapter(3) hybrid modulation with +1 level and

-1 level; and3) hybrid modulation with 2 level and 0O level.
6.5.1Experimental Results Using PBPWM Method

Fig.6.14 gives the experimental results using-P/M methodhat PF =0.9(capacitive.
Same as the simulation results, theSASANPC inverter is generating 1 and O voltage
levels when the output current and grid voltage are in the opposite direction. Additionally,
the measured F@oltagedrop in reactive power zones is 3V whies the same as the

simulation result. The measured output current THD which is 1.6%.
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Fig. 6.14. Experimental results using PBAVM method at PF = 0.9 (capacitive): waveforms

output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and output current (CH4).

6.5.2Experimental Results Using Hybrid Modulation with +1 Level and-1 Level

The experimental verifications using hybrid modulation with +1 level-aneével in

the cases dPF = 0.9 (both capacitive and inductive) are carried out. The results are shown

in Fig. 6.15 (capacitive condition) anBig. 6.16 (inductive condition) respectively.

In Fig. 6.15, it is observedhat the inverter is switched between +1 ahdoltage levels
when output current and grid voltage are in the opposite direction. For the FC voltage
waveform, it is observed that FC voltage ripple is reduced. The effectiveness of the

proposed hybrid modation method is verified. The measured output current THD is 1.7%,

which is close to the simulation result.
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Fig. 6.15. Experimental results using hybrid modulation with +1 level-drlevel at PF = 0.9

(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3)

output current (CH4).

Fig. 6.16 showsthe experimental resulet PF = 0.9inductive condition. Similar to

the experimental result capacitive conditionthe FC voltage ripples is decreasaad he

measured output current THD is 1.7%.

Based on the experimental resuttisFig. 6.15 and Fig. 6.16, it is observed thaboth
simulationand experimental results are close to each other. Therefore, the consistency

between simulation and experiment is achieved. The effectiveness of hybrid modulation

with +1 level and1 level is verified.
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Fig. 6.16. Experimental results using hybrid modulation with +1 level-dridvel at PF = 0.9
(inductive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) ar

output current (CH4).

The expementalresultsusing hybrid modulation with +1 level antllevel in the cases
of PF = 08 (both capacitive and inductive) are showrFig. 6.17 (capacitive conditin)

andFig. 6.18 (inductive condition) respectively.

In capacitive reactive power condition, as showrign 6.17, the measured pedk-
peak FC voltage ripple is 3V which does not exceed the switching frequency FC voltage

ripple. The measured output current THD is@4, which is close to the simulatioasult.
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Fig. 6.17. Experimental results using hybrid modulation with +1 level-dridvel at PF = @.
(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid wl(@g3) and

output current (CH4).

Fig. 6.18 shows the experimental resuéts PF = 8 (inductive condition. Similar to
the experimental result inapacitive conditionthe measured peato-peak FC voltage

ripple is3V, and he measwed output current THD is 15%.

Based on the experimental resuttsFig. 6.17 andFig. 6.18, it is observed that both
simulationand experimental results are close to each other. Therefore, the consistency
between simulation and experiment is achieved. The effectiveness of hybrid modulation

with +1 level and1 level is verified.
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Fig. 6.18. Experimental results using hybrid modulation with +1 level-dridvel at PF = @.
(inductive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) ar

output current (CH4).

6.5.3Experimental Results Using Hybrid Modulation with 2 Level and O Level

Fig. 6.19 shows the experimental results using hybrid modulation with 2 level and 0
level in capacitive power factor (PF = 0.9) condition. From the waveform of the inverter
output voltage, it is observed that the-®BSANPC inverter is now generating 2 and 0
outputlevels when output current and grid voltage are in the opposite direction. And from
the FC voltage waveform, it is observed that the FC voltage is a constant value in reactive
power zones, which is consistent with the simulation results. The measuraticautpnt

THD in this case is 1.68%.
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Fig. 6.19. Experimental results using hybrid modulation with 2 level and 0 level at PF =0
(capacitive): waveforms of output voltage (CH1{;, ¥oltage (CH2), grid voltage (CH3) and

output current (CH4).

Fig. 6.20 shows the experimental results using hybrid modulation with 2 level and 0
level in inductive load power factor (PF = 0.9) condition. Similarly, the FC voltage is a

constant value in reactive power zones and the output current THD also 1.68%.

Similarly, from the experimental results kig. 6.19 andFig. 6.20, it is observed that

both simulated and experimental results are close to each other.
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(CH2), grid voltage (CH3) and output current (CH4).

To demonstrate the advantage of hybrid modulation with 2 level and O level operating

in lower PF condition, the experiment in the cases of PF = 0.5 (both capacitive and

inductive) are also carried out.

Fig. 6.21 shows the results in capacitive condition. Phase shift between the output
current and grid voltage is 50rhere is no FC voltage ripple/drop in reactive power zones.

The measured output current THD is increased to 1.8% due to the increased current ripples

in reactive power zones.
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Fig. 6.21. Experimental results using hybrid modulation with 2 level and 0 level at PF =0
(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3)

output curren{CH4).

Fig. 6.22 shows the results in inductive power factor (PF = 0.5) condition. Similarly,
there is no FC voltage ripple/drop in reactive power factor condifioe measured output

current THD is also 1.8%.

Based on the experimental results using hybrid modulation with 2 level and 0 level in
both PF = 0.9 and PF = 0.5 conditions, it is concluded that . @8\NPC inverter using
hybrid modulation with 2 level @O level can operate at low PF condition with no FC

voltage ripplen reactive power zones.
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Fig. 6.22. Experimental results using hybrid modulation with 2 level and 0 level uedetive
power operatioffPF = 0.5, inductive): waveforms of inverter output voltage (CH1), FC vol

(CH2), grid voltage (CH3) and output current (CH4).

6.6 Comparison among Three Hybrid Modulation Methods

With the previous analysis and the simulation/experiment verifications, a
comprehensive comparison among three hybrid modulation techniques is made. The

results are shown ihable6.3.

In terms of output performance: among three modulation methods, hybrid modulation
with +2 level and2 level generates the highest output current THD due to the highest dv/dt.
In addition, from the simulation and experimental resultss dbserved that the output
current THD by using hybrid modulation with 2 level and 0 level (1.66% in simulation and

1.65% in experiment) is better than that using hybrid modulation with +1 level dewkl
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(1.69% in simulation and 1.7% in experimeritherefore, among three methods, hybrid

modulation with 2 level and 0 level achieves the lowest output current THD.

Table6.3. Comparison amonghreeHybrid ModulationMethods

Name of Hybrid modulation Hybrid modulation Hybrid modulation
modulation with with with
method +1 level and1 level 2 leveland O level | +2level and2 level
Do not require :
accurate output N.O FC vqltage ripple No FC voltage ripple
pu in reactive power - -
current zerecrossing 7oNnes in reactive power
sensing capability . zones
Advantages Maximumpower factor

operating capability

Lowest output current

THD among three
methods

Maximumpower factor
operating capability

Low output current
THD

Operating in high
power factor
condition
Low FC voltage
drop in reactive
power zones

Require accurate

output current zero

crossing sensing
capability

Highest output curren
THD among three
methods

Disadvantag

In terms of FC voltage ripple/drop: from the analysis, it is concluded that, by using
hybrid modulation with 2 level and 0 level and hybrid modulation with +2 level-2nd
level, the FC is not used during 2 level and 0 level switching states so that vodtdfe
is a constant value in reactive power zones. However, for hybrid modulation with +1 level
and-1 level, the FC charging state and discharging state are used alternatively in reactive
power zones, resulting in the FC switching frequency voltagéespand even FC voltage
drop because the duty cycle of FC discharging state is higher than that of FC charging state.
Nevertheless, the FC voltage drop is much less than that usifig\AD method.In
conclusionin terms of FC voltage ripple/drop, hybricddulation with 2 level and 0 level,

and hybrid modulation with +2 level ar@ level are better.
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In terms of reactive power capability: from Section 6.3.1, it is concluded that hybrid
modulation with +1 level an€ell level cannot operate in low PF conditibacause the
inverter switched between +1 level ardidievel cannot generate the output voltage higher
than 1 level (MJ/4). For hybrid modulation with 2 level and O level, and hybrid modulation
with +2 level and-2, they can be used in any PF conditiofiserefore, in the aspect of
reactive power capability, hybrid modulation with 2 level and 0 level, and hybrid

modulation with +2 level ane? level are better.

In terms of the output current zecoossing sensing capability: for hybrid modulation
with +1 level and-1 level, the switching states used in the reactive power zones Z1 and Z3
(state B and state G) havedirectional current path (similar results for hybrid modulation
with +2 level and2 level); while for hybrid modulation with 2 level and 0 é&vit uses 0
level switching states D and E which only have unidirectional current path. Because of this,
hybrid modulation with 2 level and 0 level will require more accurate @&rssing sensing
capability: only when the output current/grid voltagechess its zerarossing point can
the hybrid modulation begin; but for hybrid modulation with +1 level dntevel, and
hybrid modulation with +2 level ané level, the hybrid modulation can start before the
zerocrossing point. So, in the aspect of sgsteafety, hybrid modulation with +1 level

and-1 level, and hybrid modulation with +2 level ardlevel are better.

With all the aspects considered, it can be concluded for hybrid modulation with 2 level
and O level is the best choice due to the lowesiuwilcurrent THD, no FC voltage ripple
in reactive power zones anthximumpower factor operating capability, but it needs more

accurate zergrossing sensing capability.
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6.7 Conclusion

In this chapter, three different hybrid modulation methods foi5I68\NPC are
proposed to decrease or eliminate the FC voltage drop in reactive powerl)dmgsid
modulation with +1 level anel level, 2) hybrid modulation with 2 level and 0 level, and
3) hybrid modulation with +2 level an@ level. First, the problem of g PD-PWM
method for the 6SL-ANPC inverter in reactive power condition is discussed. Then the
operation of three hybrid modulation methods is presented in detail. Simulation and
experimental verifications of hybrid modulation with +1 level ahtevelat PF = 0.9 and
hybrid modulation with 2 level and 0 levat PF = 0.9 and 0.5 are given. Based on the
analysis and simulation/experimental results, a comprehensive comparison among three
hybrid modulation methods in terms of output performarke, voltageripple/drop,
reactive power capability aralitput current zergrossing sensing capabilisymade. The
comparison results show thagbrid modulation with 2 level and 0 level is the bewbice
due to the lowest output current THD, no FC voltage rippleeactive power zones and

maximumpower factor operating capability.
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Chapter 7

Summary and Future Wor ks

7.1 Summary

The fivelevel ActiveNeutratPointClamped (5EANPC) inverter combines the
advantages of flyingapacitor (FC) type and neutabint-clamped (NPClype multt
level inverters ands already commercially used for industrial applicatioriss thesis is
working on reducing the number of active switches foABPC inverter topologies. The

thesis has four contributions:

In Chapter 3, the-8witch (6S) 5SLANPC inverter topology is proposed. As compared
with the conventional 8witch (8S) 5LANPC inverter topologies, the éd.-ANPC
inverter reduces two active switches. In addition, from device voltage stress, device
switching frequency and loss analysiszan be concluded that tl&5L-ANPC inverter
has the samer higher efficiency over the 85.-ANPC inverter topologies in high power
applications. The simulation and experimental results demonstrate the effectiveness of the

6S-5L-ANPC inverter topology.

In Chapter 4, the-8witch (7S) 5EANPC inverter topology is proposed to solve the FC
voltage drogproblemof the 6S5L-ANPC inverter operating in reactive power condition.
By adding additional active switch, the -B&-ANPC inverter can operate ataximum
power factor conditionwithout FC voltage droplhe current stressnalysisof the newly
added switch Tshows the T current stress for ZSL-ANPC operating in high power
factor condition (PF > 0.9) is smallhe simulation and experimental results destate

the effectiveness of the 78.-ANPC inverter topology.
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In Chapter 5a new DC capacitor voltages balancing methodlidsL-ANPC inverter
topologiesis proposedThe existingDC capacitor voltages balancing methwsdouble
line-frequency (120 HzFC voltage ripple in steady stafEo eliminate this double line
frequency FC voltage ripple in steady stéte, proposed DC capacitor voltages balancing
method uses thaverage DC capacitor voltagedetermine the FC reference voltage. The
FC referene voltage is changed every half grid cycle. The analysis and
simulation/experimental results show that the proposed method has better dynamic
response and lower output current harmonic distortion in steady state owistieg

method.

In Chapter 6 three different hybrid modulation methodse proposed to decrease or
eliminate the FC voltage drogf the 6S-5L-ANPC inverter operatingn reactive power
condition (1) hybrid modulation with +1 level and level,(2) hybrid modulation with 2
level and O level, an@3) hybrid modulation with +2 level arnv® level. Three hybrid
modulation methods can provide the FC charging path in reactive power Ebeessults
of comparison among three methods in termsuiputcurrent harmonic distortigri-C
voltage ripple/dropreactive power capability anoutput current zergrossing sensing
show thathybrid modulation with 2 level and 0 level is the bespicedue to the lowest
output current THD, no FC voltage ripple imotive power zones andaximumpower

factor operating capability.
7.2 Future Works

This thesis mainly discusses the singlase application of the @3.-ANPC and the
7S5L-ANPC inverters and their corresponding modulation methods. Their performance

in threephase application has not been evaluated yet.
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For threephase application, tH&pace Vector ModulatiorS¢/M) is commonly used as
modulation methodsince it conveniently provides more flexibility (e.g. redundant
switching state sequences and adjustable duytyles) to optimize the switching
waveforms From the analysis of the @&.-ANPC inverter, itis observed that there are
limitations of selecting +1 and. voltagelevel switching state: when output currégt >
0, state F which generatekvoltagelevd cannot be used; when output current< O,
state C which generates ¥dltagelevel cannot be used.hiErefore, when synthesizing the
reference vector, attention should be paid to the selection of space vectors. A special SVM

modulation strategy shoultk designed for the 6&_-ANPC inverter

There is literature published about how to balance thdifiKGcapacitor voltage using
SVM strategy. However, due to tlparticularity of the 6S5L-ANPC inverter topology,
these techniques might not work for the-®HSANPC inverter. Thereforepotential
research can be done regardihg DCIlink capacitor voltage balancing method using

SVM for the 6S5L-ANPC inverter.

In Chapter 5, the DC capacitor voltages balancing method using-Blsgsssition (PD)
PWM modulation method is proposéithe DC capacitor voltage balancing principle is by
changing the FC reference voltage to change the DC capacitor voltages. FesRiftede
(PS) PWM modulation, changing the FC reference voltage can be achieved by changing
the duty cycles of redundant 1 voltage level switching states. Therefteefipl research
can be done othe PSPWM modulation. In addition, evaluation of the propad<DC
capacitor voltages balancing method used in tpteese S5LEANPC inverters is another

future work.
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