ABSTRACT

LI, JUN. Design, Control and Characteristics of Multilevel Active NPC Converters for High
Power Applications. (Under the direction of Dr. Alex Q. Huang.)

Active neutral-point-clamped (ANPC) converter is a new family of multilevel technologies,
which was originally proposed to solve the drawback of unbalanced power loss distribution
among the devices in conventional neutral-point-clamped (NPC) converters. The purpose of
this dissertation has been to further develop the design, topology, control and characteristics
of ANPC converters for high power applications, such as large wind turbine systems and

medium-voltage motor drive systems.

First, the concept of ETO Light NPC and ANPC Power Electronics Building Blocks (PEBB)
is proposed. The electrical design and the component physical arrangement are discussed for
the PEBBs. The methodologies for power loss calculation and thermal analysis of the PEBBs
are presented with detailed analytical equation derivations. The system configurations with
the proposed ETO Light PEBBs are identified for multi-MW wind turbine systems with AC
and DC transmission, respectively. The thermal performance of the ETO Light NPC PEBB

and ANPC PEBB is studied for the 5 MW and the 7 MW wind turbine cases, respectively.

Second, the fault tolerant capability of the 3L-ANPC converter is analyzed and the fault
tolerant control strategies are proposed to enable the continuous operating of the converter
under any single device open and short failure condition. The requirement on the fault
detection time is also discussed. Moreover, the fault tolerant operation of the 3L-ANPC

converter under multiple device failure conditions is studied. Simulation and experiment



results are provided for verification. Furthermore, the reliability comparison for 3L-NPC and
3L-ANPC converters is investigated. Finally, the control schemes are proposed for the 3L-
ANPC converter when it is applied on the generator side of a direct-driven permanent magnet
synchronous generator (PMSG) based large wind turbine system, which allows the wind
turbine to remain in service and continue providing active power under device failure

conditions. Simulation results verify the proposed methods.

Third, a new 9L-ANPC converter is proposed for the next generation PEBB technology for
power gquality improvement in high power applications. Its operating principles and control,
as well as floating capacitor voltage balance schemes are presented in detail. Simulation and
experiment results are provided for verification. The proposed 9L-ANPC topology is aso
compared with other conventional 9L converters and existing 9L-ANPC converters from
several aspects. The results indicate that the new 9L-ANPC converter shows better overall
performance. Finally, the proposed topology is applied on the grid side of a 6 MW wind
turbine system to achieve a filterless grid connection. Simulation results prove that the
harmonic limit of the utility standards can be satisfied even without using a grid passive
filter, which implies that the cost, efficiency, power density and reliability of the system can

be improved.

Last, a simplified space vector based current controller for any general N-level converter is
proposed. In this method, the mapping technique between the subhexagon of the N-level
converter and the hexagon of the two-level converter is used to identify the proper output

voltage vector to suppress harmonic current content in steady state and obtain fast current



response in transient state. The proposed current controller does not require the cal culation of
the back EMF voltage of the load, and the controller complexity is greatly reduced due to the
use of very simple lookup tables, thusit can easily be extended to any N-level converter. The

proposed current controller is explained and verified by simulation on a five-level ANPC

converter for motor drive applications.
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Chapter 1 Introduction

1.1 Power Electronics for Wind Energy

Over the last several decades, the worldwide istenerenewable energy sources (wind,
photovoltaic, geothermal and hydro) has risen thabf. A large number of power
generation systems based on renewable energy soareecurrently being developed and
installed, and energy conversion efficiencies a@dpimproved for the overall goal of GO
emission and our dependence on fossil fuels [1]p/ssent, wind power is one of the
country’s largest sources of new power generatmmpared to others penetrating the electric
grid. In 2009, with over 10,000 megawatts (MW) &iletd, wind power accounted for 39%
of all new generating capacity installed in U.S].[Zhe United States government has
expectations of generating 20% of its electricitgni wind power by 2030. This would
require the U.S. wind power capacity to grow fro;lGW (as of 2009) to more than 300

GW in 2030. This is pictorially shown in Fig. 1.3][
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Throughout the past 20 years, along with the newdwiurbine technologies being

brought to the market every five years, the sizéhefwind turbines has grown linearly and

has achieved reductions in life-cycle cost of epdf€OE), as illustrated in Fig. 1.2 [3]. The

motivation for developing larger turbines is to int#ee desire of improving energy capture

by extracting the stronger winds at higher elevetidHowever, there are some economic and

logistical constraints to this trend of the cong&dugrowth in wind turbine size, such as

transportation and physical installation.
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2015

The conventional fixed speed wind turbines wereedasn squirrel-cage induction

generators which were directly connected to thd.gHdowever, the controllability of the

wind turbines becomes more and more important alitly the increased power rating. In

contrast to the traditional fixed speed wind tugsinthe modern wind turbine technologies

employ power electronics converters to realizedabée speed turbine operation, which



brings many benefits including reduced mechanicaks on the mechanical components like
the shaft and gearbox, increased power capture, raddced acoustical noise. Power
electronics converters play a very important rolentegrating the wind power into power
systems with high efficiency. Moreover, they are ey components for meeting the grid
codes requirements, including the control of vadtafyjequency, active and reactive power,
fault ride-through capability, voltage and currbatmonics, etc.

Fig. 1.3 shows the possible technical solutions thedtechnological roadmap for wind
energy conversions, starting with wind power andvesting the mechanical power into
electrical power using different classes of gemmesaand full-scale or partial-scale power

electronics converters [4].
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For multi-MW wind turbines, the rotational speedtypically 10-15 rpm. The most
efficient way, regarding the weight of the systdam,converting the low-speed, high-torque
wind power to electrical power is to use a gearhoal a standard generator equipped with
power converters. However, the gearbox can be ®éitad by using a multi-pole generator,
which is referred to as a direct-driven genera@osmpared with a gearbox-coupled wind
turbine generator, a direct-driven generator hdsiaged overall size, lower installation and
maintenance cost, higher reliability, a flexiblentol method and quick response to wind
fluctuations and load variation.

Currently, the most popular configurations of valgaspeed wind turbine systems are the
partial-scale power converter with doubly-fed ingloie generator (DFIG) in Fig. 1.4 (a), and
the full-scale power converter with direct-drivearmanent magnet synchronous generator
(PMSG) in Fig. 1.4 (b). The main advantage of tiid® configuration is the lower cost due
to the use of a partial rating converter (aroundBOHowever, since the price of the
semiconductor devices and power converters has deeeasing, the latter configuration is
becoming more promising for multi-MW wind turbinesspecially for offshore wind farms.
Its main advantages include low maintenance reougirgé (no brushes and gearbox),
protection against gearbox stress due to grid gelteariation and wind turbulence, better
fault ride-through capability to meet grid codemghhefficiency and high power density due
to the rare earth magnet and concentrated polgrdesi PMSG, less moving parts, higher
reliability and reduced overall size and weight tlugearless drive train.

The power ratings achieved by today’'s multi MW wingbines are best handled at the

medium-voltage level (3.3/4.16/6.9/13.8 kV) insteafdthe low-voltage level (690 V). At



higher voltage levels, the current levels are Iovim@nce, power losses in the generator, the
converter and the cables in the system are minthize

As one of the most important medium voltage cormretechnologies, multilevel
converters have drawn increasing attention in #et decades, especially for the medium to
high power, medium voltage applications, such asomdrives and wind turbine systems.
Compared with traditional two-level converters, tibeel converters can effectively reduce
the harmonic content in the input and output vasags well as the EMI noise [6] [7]. These
features have great benefits for the grid conneatiche wind power generation.
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Grid
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Fig. 1.4 Two typical configurations of variable-sped wind turbines (a) DFIG (b) direct-driven PMSG

1.2 Multilevel Converters

Multilevel converters are considered today as tteesof-the-art power conversion
techniques for high power and power quality demagdipplications. The main advantages
of multilevel converters include higher voltage gigg capability using lower voltage
rating semiconductor devices, reduced dv/dt, loseenmon-mode voltages, reduced voltage

and current harmonic content, higher efficiency patential fault-tolerant capability.



1.2.1 Concept of Multilevel Converters

Multilevel converters include an array of semicoctdu devices and capacitive voltage
sources. By proper connection and control, they ganerate a multiple-step voltage
waveform with variable and controllable frequenphase and amplitude. The stepped
waveform is synthesized by controlling the swit@vides to connect the load to the different
capacitive voltage sources. Fig. 1.5 shows onegbéshe converters with two, three and
nine level output waveform [8]. The action of tresconductors devices is represented by
an ideal switch with several positions. A two-legehverter generates an output voltage with
two values (levels) with respect to the negativenteal (N) of the capacitor, while the three-
level converter generates three voltages, and soltos observed that two-level converters
can generate a variable frequency and amplitudeag®lwaveform by adjusting a time
average of the two voltage levels, which is usupbyformed with pulse-width modulation
(PWM) techniques. Multilevel converters have thééage level as another control degree of

freedom to generate the output waveform to obtaproved output waveform quality.
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Fig. 1.5 One phase leg of a converter with (a) twlevels (b) three levels and (c) nine levels



1.2.2 Topologies of Multilevel Converters

There are many ways to connect semiconductor dewnd capacitive power sources to
generate multilevel voltage waveforms. Over thergeaeveral multilevel converter
topologies have been introduced in the academic iaddstry settings [9] [10] [11].
Generally, these converters can be classifiedtimtocategories: multilevel converters with
single DC source and multiple DC sources. Eachgoaye includes several different
topologies, as shown in Fig. 1.6. The most widelgwn and used multilevel topologies are
neutral-point-clamped (NPC) [12], flying capaci{éiC) [13] and cascaded H-bridge (CHB)
[14]. The FC and CHB topologies are also known a#ioell converters (MCs) due to their
modular structure consisting of a number of smadtawrer cells.

More recently, some variations and combinationgheke basic topologies have been
proposed to improve the converter performance atidfg the requirements for particular
applications. Some examples include the following:

* The active NPC (ANPC) converter [15] produces aledd power loss and junction
temperature distribution among the semiconducteicéds in the converter. Therefore,
it enables a substantial increase in the maximutpubypower or switching frequency
compared to the traditional NPC converter.

* The modular multilevel converter (MMC) [16] is conged of a cascaded connection
of two-level flying-capacitor power cells (half-dge cells). This topology allows the
modular design concept, higher voltage operatiedyction in capacitor volume, and

better output waveform quality.
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Fig. 1.6 Categories of multilevel converter topolags
* The hybrid and mixed-level cascaded converters [18] [19] [20] [21] [22] are

different compared to the traditional CHB convestiad by equal dc voltage sources.
The hybrid converter, also called asymmetric coterehas an asymmetry in the dc
voltage sources. It generates more output voltayeld compared to the CHB
converter using less semiconductors devices anacttaps. Besides the H-bridge cell,
other power cells like the NPC or FC cells, cam &ls used in the cascaded converter,
thus various multilevel converters are derivedssifeed as mixed-level cascaded

converters.

1.2.2.1 Neutral-point-clamped (NPC) converter

The NPC converter uses series-connected capatitaliside the DC bus voltage into a
set of voltage levels. To generate maevel phase voltage, an NPC converter neads

capacitors on the DC bus. Fig. 1.7 shows a fivell&dPC converter. The DC bus consists of



four capacitors ¢ C,, G, and G with the voltage across each capacitor bafg4. Each

device voltage stress will be limited¥g/4 due to the presence of the clamping diodes.
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Fig. 1.7 Five-level neutral-point-clamped (NPC) coverter

To explain how the staircase voltage is synthesittezl neutral point is considered as
the output phase voltage reference point. Therdiageswitch combinations to synthesize

five level voltages acrossandn:

*  ForVa=Vy/2, turn on all upper switches-%.

ForVan = Vg4, turn on three upper switchesg-S, and one lower switch,S

ForVa,= 0, turn on two upper switches &d S and two lower switches;Sand S

ForVan = -V4d4, turn on one upper switcheg &d three lower switch;SS3'.

ForVan= -V4/2, turn on all lower switches;'SS,'".

Four complementary switch pairs exist in each ph&eS), (S2, &), (S3, '), and (S,
Sy). In a five-level NPC converter, although eaclvide is only required to block a voltage
level of Vy/4, the clamping diodes must have different voltaggngs for reverse voltage

blocking. For example, in Fig. 1.7, when lower @deg $-S,’ are turned on, P needs to



block 3vy/4. Similarly, D, and ' need to block ¥4/4, and B needs to block \&/4. If

each diode has the same voltage rating, then dadieties have to be placed in series. This
large number of diodes causes a limitation in thmiper of levels of the converter. More
than five levels might become impractical becausthe diode reverse recovery. Also, the
voltage unbalance in the dc-link capacitors maydpoe excessively large voltage on the
devices and cause device failure. Therefore, apegformed control of the dc-link capacitor

voltage balance is extremely important.

1.2.2.2 Flying capacitor (FC) converter

The FC converter uses a ladder structure of capadid clamp the device voltage to one
capacitor voltage level. To generateratevel phase voltage)-1 capacitors are needed on
the DC bus. Fig. 1.8 shows a five-level FC converits voltage synthesis has more
flexibility than a five-level NPC converter. Thevéi-level voltages across andn can be
synthesized by the following switching combinations
*  ForVa=Vy/2, turn on all upper switches-%.
*  ForVa = V44, there are three combinations. 1) S, S5, S': Van= Vu/2 of upper G
—Vuddof G; 2) S, S, S, &'t Van = Vud4 of G —Vy/2 of lower G; 3) §, S5, S,
Ss": Van = Va2 of upper G — 3Vy/4 of G+ 2V4/4 of G.

* ForVa, = 0, there are six combinations. 1) S, S, Sy": Van = Va2 of upper G —
Vo4 of G; 2) S, S, &', Sa”t Van = Vg4 of G —Vyd/2 of lower G; 3) S, S5, S,
S5": Van = V4o/2 of upper G — Vg4 of G + Vg4 of G —V/d of C; 4) S, S, &,

Ss": Van = Va2 of upper G — Vg4 of G + Vy/d of C; 5) S, S, &', S4's Van =

10



3Vud/4 of G — g4 of G + Vg4 of G —Vy/2 of lower G; and 6) $, S5, S, Sa™

Van = 3V4/4 of G —Vq4/4 of C, — V4 /2 of lower G.

» For voltage leveVy, = -Vy/4, there are three combinations. 1) §’, S)', S3’: Van =

Vuo/2 of upper G— g/d of G; 2) S, S, S3', S’ Van = Va4 of G — Vg2 of lower

Cs3) S, S, S3, Syt Van = 2Vgd4 of G —Vy/4 of G —Vyd/2 of lower G.

* For voltage leveVa, = -Vy/2, turn on all lower switches;'SS,.
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Fig. 1.8 Five-level flying capacitor (FC) converter

In the description above, the capacitors with pasisigns are discharged, while those

with negative signs are charged. By properly selgcthe capacitor combinations, it is

possible to balance the flying capacitor voltages.

Assuming the voltage rating of each capacitor & same as the devices, arevel

converter requires a total aht1) (m-2) / 2 flying capacitors per phase, in additiorfrte-1)

capacitors on the dc-link. The implementation & #C converters with higher number of

levels is limited due to the large number of cajmaisiconnected in series.
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1.2.2.3 Cascaded H-Bridge (CHB) converter

The CHB converter is based on the series connedaiom single-phase H-bridge
converter with separate dc sources, which may ba&radad from a battery, fuel cell, etc. Fig.
1.9 shows one phase leg of a five-level CHB comventith two cells in series. The phase
voltage is synthesized by adding the voltages geéeeby each cell. Assuming the dc source
voltages of the cells are the same and equalgdoeach H-bridge cell can generate three
output voltage levels, which includeVg and 0. This is achieved by connecting the
capacitors sequentially to the AC side throughedéht combinations of the four power

switches. The output AC voltage of the converteregafrom -2/4. to +2V4 with five levels.
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Fig. 1.9 Five-level cascaded H-bridge (CHB) convest
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Compared with NPC and FC converters, the major radge of the CHB topology is the
reduced number of capacitors and diodes to achiewesame number of voltage levels.
Moreover, the CHB topology provides the flexibilitp increase the power rating and
improve the waveform quality with increased optiom®btainable voltage levels due to the
modular structure. However, the necessity of midtigolated dc sources is the main

disadvantage.
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Instead of using the same dc input voltages foh é&bridge cells, a proper selection of
voltage asymmetry between the cells can produderdift combinations of voltage levels
and eliminate redundancies. This type of cascadesester is named the asymmetric CHB
converter [17]. As shown in Fig. 1.10, an asymmaeirthe voltage ratio of 1:3 for a two-cell

CHB converter leads to a nine-level waveform.
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Fig. 1.10 Asymmetric cascaded converter with voltagratio of 1:3 for the two H-bridge cells

The asymmetric CHB converter can achieve the samygub voltage quality with less
hardware. However, the maximum blocking voltagéhef devices will limit the value of the
permitted dc source. In this topology, it is alsssble to use high-frequency PWM for one
cell, while the other cell switches at a lower rder example, in Fig. 1.10, the bottom cell,
with a higher dc input voltage, can use GTOs or T§Cand operate at its fundamental
frequency. The top H-bridge cell, with a lower dput voltage, can use IGBTs and switch at
a PWM frequency to smooth the waveform [23].

Another alternative for reducing the number of asetl dc sources while generating the

same number of voltage levels is to use a singleepsupply as the first dc voltage source,

13



and replace the remaining dc voltage sources \a#tihg capacitors. The voltage balance of
the floating capacitors can be achieved by usirgy rédundant switching states of the

converter [24].

1.2.2.4 Generalized multilevel converter

Fig. 1.11 shows a five-level generalized multiles@hverter [25]. The existing multilevel
converters, like the NPC and FC converters, caddseved from this topology. Since this
converter is composed of a number of basic twolleedls, it is called the P2 multilevel
converter. The voltage of each switching deviceddj and capacitor 84/4. Using the
same pyramid structure of the P2 converter, newltgpes can be derived by replacing the
two-level cells by three-level NPC or FC cells.

One feature of the generalized multilevel convelrdhe floating capacitor voltage self-
balance capability regardless of load charactesistHowever, compared with other
multilevel converters, it requires more devicespdeis and capacitors, which limits its

applications in practice.
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Fig. 1.11 Five-level generalized P2 multilevel coevter
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1.2.2.5 Mixed-level cascaded converter

For high voltage high power applications, it is gibte to use NPC or FC converter cells
to replace the H-bridge cells in a cascaded coew§6]. The main purpose is to reduce the
number of isolated dc sources. This type of emgrgmultilevel topology is called the
mixed-level cascaded converter. Fig. 1.12 showisetlevel mixed-level cascaded converter
incorporating the three-level FC converter as thsid cell. It is obvious that the NPC
converter can also be used as the basic cell. Wuyseparate dc sources are needed for this
converter. In contrast, for a nine-level CHB coneesimilar to Fig. 1.9, four separate dc

sources are required.
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Fig. 1.12 Nine-level mixed-level cascaded convertasing three-level FC cells
In [27], another mixed-level cascaded converter praposed, which combines the three-
level NPC converter and the single-phase H-bridgeverter, as illustrated in Fig. 1.13. The
NPC converter can generate the same number of towtfiage levels as the single-phase H-
bridge topology. However it only uses one commorsalarce for all three-phases, instead of

separate sources for each H-bridge it replaces. dthiénk voltages of the converter are
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configured in a 3:1 ratio (half of NPC dc-link vadte versus H-bridge dc-link voltage). This
leads to a reduction of the required number ofaaees, from six to four, for a three-phase

nine-level cascaded converter in Fig. 1.10.
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Fig. 1.13 Nine-level mixed-level cascaded convertetith three-level NPC and H-bridge converters

1.2.2.6 Multi-pulse converter

This type of converter synthesizes the output gelthy connecting the output of a
number of standard three-phase, two-level conwettaough transformers. A complicated
transformer circuit is required to create the nheNel voltage waveform and increase the
voltage and power rating. Fig. 1.14 shows an 18uhultilevel converter [28]. In order to
add the converter output voltages together, th@utsitof the three modules need to be
synchronized with a separation of 12@tween each phase. For example, obtaining a three-
level voltage between outpudsandb, the voltage is synthesized Wy = Vaib1 + Vbia2+ Va2
b2. The phase betwedn and a2 is provided byas and bz through an isolated transformer.
With three converters synchronized, the voltagasi, Vbi-a2 andVa2s2are all in phase. Thus,

the output voltage level is simply tripled.
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Fig. 1.14 An 18-pulse converter

1.2.2.7 Modular multilevel converter (MMC)

This converter, proposed in the early 2000s [16F received more attention in recent
years especially with HVDC applications [29] [3®asically, the MMC is composed of a
number of single phase, two-level half-bridge caterecells by connecting them in series.

Inductors are usually needed within each leg fotgmtion during transitory short circuits.
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MMC | | MMC || MMC || MMC MMC || MMC || MMC | | MMC -
module | | module | | module | | module | module | | module | | module | | module
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~|<2E
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Fig. 1.15 Five-level modular multilevel converter
Fig. 1.15 shows a five-level MMC topology. The phdeg is divided into two equal arms,
which can generate equal number of positive anctheglevels at the AC output. In each
MMC module, the two switches can connect or bypessapacitor to the total capacitor

array of the leg so as to generate a multilevelef@wn. Since the capacitors in each module
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are floating, the voltage balance control is reegiif31]. The advantages of the MMC are its
modularity and scalability for the expansion to Hag voltage and higher power and its

unnecessity to use high voltage dc-link capaciforseries-connected capacitors).

1.2.2.8 Active neutral-point-clamped (ANPC) convert er

One major drawback of the 3L-NPC converter is thequal power loss distribution
among the semiconductor devices in the converteighwlimits the maximum output power
and switching frequency. In [15], it shows that thermal design of a 3L-NPC converter is
mainly determined by the four operating points give Table 1-1. This issue can be solved
by connecting an additional active switch in palatb each NPC diode in the 3L-NPC

converter, deriving the new three-level active NBfology, as shown in Fig. 1.16.

Table 1-1 Operating points of a 3L-NPC converter vih maximum unequal device power loss distribution

Power factor| Modulation inde Most stressed sendogtor devices
Case 1 1 (inverter) 1.15 Outer switches
Case 2 1 (inverter) 0 NPC diodes
Case 3 -1 (rectifier) 1.15 Anti-parallel diodesootter switches
Case 4 -1 (rectifier) 0 Inner switches

Va2 ==

Va2 ==

Fig. 1.16 Three-level active neutral-point-clampedANPC) converter
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The output voltage levels and the switching staffea three-level ANPC converter are
given in Table 1-2.

Table 1-2 Three-level ANPC converter output voltagdevels and switching states

Switching Sequence
Tl T2 T3 T4 T5 T6

Output level

+ (Vad2)
0 (0U2)
0 (0U1)
0 (OL1)
0 (OL2)
— (Vad2)

O|lo|lr|lOo|lO|F
Olo|O|r|r|F
PiRr|lRrlolo|O
Rlo|o|r|o|o
Rlo|lOo|r|rR|O
Olk|lkr|lo|lo|F

With the clamping switches, extra switching staes created to generate the “0” output
level allowing the output current to go through thpper or lower clamping path. This allows
for an improved distribution of the device condantiosses. Moreover, the communications
to or from the new states “0U2”, “OU1” “OL2” and EQ” determine the distribution of the
device switching losses. For example, during tharoatation from “+” to “0U2”, the phase
current commutates to the upper path of the netagal First, F is turned off, then Tis
turned off and finally ¥ is turned on after a dead time. During the comtrauia T,
experiences switching losses. During the commutdtiom “+” to “OL1”, the phase current
commutates to the lower path of the neutral tagiriguthis commutation, j;Tremains in the
on-state. 7 is turned off and Jis turned on after a dead time, andekperiences switching
losses. Table 1-3 shows the distribution of theiaeswitching losses for all commutations
[15]. With the additional active NPC switches, tmduction losses and switching losses of
the semiconductors devices can be adjusted by tigp@s proper zero switching state.
Therefore, a substantial increase in the maximutputypower and switching frequency can

be achieved.
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Table 1-3 Device switching losses in the three-ldhactive NPC converter

[ T [0 [ T [0 [ To [ Ds [ Ta [ s [ Ts [ Ds [ Ts | D
Positive phase current

J V
v v

+<0U2
+<0Ul
+<0L1 V
+e0L2 | W
0U2—-
OUle-
OLle-
OL2e-

< | <2

2| <
2|

< | <
< | <2

Negative phase current

+ <—0U2
+ o0UL
+—0L1 N
+e0L2 v
0U2e-
OUle-
OLles- S S
OL2>- S S

< | <
< | <]

< | <]

\/

=
<

Recently, a five-level ANPC converter has beenohiiced in [32], which combines a
three-level ANPC leg with a three-level FC cell neoted between the internal ANPC
switching devices, as shown in Fig. 1.17. The ff@atapacitor voltage is controlled tg}4
using redundant switching states. Adding more Fi ¢e the five-level ANPC converter
enables the converter to reach a higher numbesveld easily. Moreover, since the DC link
is a 3L-NPC structure, the voltage balancing issti¢he dc-link capacitors for an NPC
converter with higher number of levels can be agdid

Three-level and five-level ANPC converters have nbesiccessfully introduced to
industry in the last five years. PCS8000, a thezell ANPC converter with back-to-back
configuration, is applied to the AC excitation &ystfor pump storage plants, covering a

power range from 20 to 200 MVA [33] [34]. The ACREX a five-level ANPC converter
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product introduced by ABB recently [35], is basedHV-IGBT technology. It aims at lower
power MV drives, and is available from 0.4 to 1 M\WAted at 6 to 6.9 kV in a back-to-back

configuration.

T T

Fig. 1.17 Five-level active NPC converter

1.2.3 Applications of Multilevel Converters

Multilevel converters are considered as the stét&aart solution for medium voltage,
high power applications today. Several major martufars have commercialized NPC, FC
and CHB converters with different control methods\arious applications. Particularly, the
NPC topology has been widely used in the high-poWw@drives like pumps, fans, mills, and
so on [36] [37]. The back-to-back configurationtiké NPC topology is used in regenerative
conveyors for the mining industry [38] and griderfaces for renewable energy sources like
wind power [39] [40]. On the other hand, FC coneesthave found their place in the market
for high bandwidth, high switching frequency apations, such as medium-voltage traction
drives [41]. CHB converters have been successtaiymercialized for very high power and
power quality demanding applications up to a raoig@l MVA due to the series expansion

capability. This topology has also been reported dotive filter and reactive power
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compensation applications [42], electric and hylwaéthicles [43] [44], photovoltaic power
conversion [45] and uninterruptible power supp[#8]. A summary of multilevel converter-

driven applications is illustrated in Fig. 1.18 [11
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Fig. 1.18 Applications of multilevel converters

1.3 Motivation and the Dissertation Outline

Among various multilevel converters, active neupaint-clamped (ANPC) converter is
one of the most emerging multilevel technologiearréntly, the main research topics on
ANPC converters include loss balancing algorithmey converter topologies and control
schemes. Some research and work on ANPC convdrsars been reported. However,
further explorations are still needed on the newology, control, features of ANPC
converters as well as the promising applicationdnuiustry areas. The purpose of this

dissertation is to further develop the design, togy control and characteristics of
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multilevel ANPC converters in high power applicaso such as large wind turbine systems
and high power motor drive systems.

Based on the flow of the contributions, this dits@wn is divided into six chapters:

In Chapter 2, the concept of ETO Light NPC and ANP@ver Electronics Building
Blocks (PEBB) is proposed. The electrical desigd #rermal analysis of the PEBBs are
presented with detailed analytical equation deiovest The component physical arrangement
of the ETO Light stack is also discussed to achteeeoptimal stray inductance. The system
configurations with the proposed ETO Light PEBBs atentified for the MW-level wind
turbine systems. The thermal performance of the HIight NPC and ANPC PEBBs is
studied for the 5 MW and 7 MW wind turbine systemespectively.

In Chapter 3, the fault tolerant capability of Ble-ANPC converter is analyzed for the
single device open and short failure conditionstfiThe control strategies are proposed to
enable the continuous operating of the 3L-ANPC eoter under any single device failure
condition. The requirement of the fault detectionet is also discussed. Furthermore, the
fault tolerant operation of the 3L-ANPC convertardar multiple device open and short
failure conditions is studied. Both simulation ageriment results prove the fault tolerant
ability of the 3L-ANPC converter. A comprehensiwdiability comparison for the 3L-NPC
and 3L-ANPC converters is investigated. The resshisw that the 3L-ANPC converter has
higher reliability than the 3L-NPC converter for toodrive applications. For grid-connected
applications, the reliability of the 3L-NPC and BINPC converters is almost the same for
single and multiple device open failure conditioR®wever, for single and multiple device

short failure, the 3L-NPC converter has higheratglity than the 3L-ANPC converter.
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Finally, the control schemes are proposed for thdRPC converter when it is applied on
the generator side of a direct-driven PMSG basegelavind turbine system. Besides the
better loss balancing in devices, the fault toleraoility of the 3L-ANPC converter also
allows the wind turbine to remain in service andtowe providing real power under device
failure conditions. The simulation results are pded to verify the proposed control schemes
for a 5MW wind turbine system.

In Chapter 4, a new 9-level ANPC converter is pegabfor the next generation PEBB
technology for power quality improvement in highway applications. The new 9-level
ANPC converter combines the 5L-ANPC PEBB and HBBBether to generate a 9-level
waveform. The converter operating principles andtad, as well as the floating capacitor
voltage balance scheme are presented in detailhyibréd converter concept, which employs
different types of power devices, is discussedttiernew 9-level converter. Simulation and
experiment results validate the proposed convedecept. The new 9-level ANPC topology
is also compared with other conventional 9-levehvasters and existing 9-level ANPC
converters from several aspects. The results shatthie new ANPC converter shows better
overall performance. Finally, the proposed 9-lesaverter is applied on the grid side of a 6
MW wind turbine system to achieve a filterless grahnection. The simulation results prove
that the harmonic limit of the utility standardsnche satisfied even without using a grid
passive filter, which implies that the cost, effiecy, power density and reliability of the
wind turbine system can be improved.

In Chapter 5, a simplified space vector-based atircentroller for any general N-level

converters is proposed. In this current controlle mapping techniques between the
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subhexagon of the N-level converter and the hexajahe two-level converter is used to
identify the proper output voltage vector to sugpgrearmonic current content in steady state
and obtain fast current response in transient .sMt@eover, due to the existence of the
redundant switching states in the N-level convertee optimum switching state and
switching sequence can be selected to meet thefispaantrol requirements, such as the
floating capacitor voltage control, power lossesabee in the devices, and so on. The
proposed current controller does not require theutation of the back EMF voltage of the
load, and the controller implementation is greailyplified due to the use of very simple
lookup tables, therefore it can be easily extentte@ny general N-level converter. The
generalized procedures of the proposed currentraltart for any N-level converter are
summarized. The current controller is explained andulated on a five-level ANPC
converter in a motor drive system, and the simafatesults prove its correctness.

In Chapter 6, the conclusions for this dissertattwa drawn and the future work is

proposed.
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Chapter 2 Electrical Design and Thermal Analysis of

ETO Light Power Electronics Building Blocks (PEBB)

2.1 Electrical Design of ETO Light PEBBs

2.1.1 Emitter Turn-off (ETO) Thyristor

The emitter turn-off (ETO) thyristor is one of thetate-of-the-art high power
semiconductor devices, which are suitable for tpglwver and high frequency applications.
By optimally integrating the commercial GTO thyost power MOSFET and a specially
designed control circuit, the ETO thyristor has #uvantages of fast switching speed, low
on-state voltage drop, and high current turn-ofbadality. The latest version of the ETO
thyristor (Gen-4 ETO) is much more reliable anckligent. It has some unique features
including its built-in voltage, current and temgdera sensors, control power self-generation
capability, and true optical controlled turn-on d@aoch-off [47]. Fig. 2.1 shows the simplified

equivalent circuit and a photo of a 4500V/4000A &daTO thyristor.

? Anode

P+ J3
N

GTO 12
P J

Gate N+ E—— s~
=h pe N
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(@) (b)

Fig. 2.1 Gen-4 ETO thyristor at 4.5kV/4kA (a) simpified equivalent circuit (b) photo
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2.1.2 ETO Light PEBBs
2.1.2.1 Configuration of the ETO Light PEEBs

The circuit diagrams of the proposed ETO Light NPEBB and ANPC PEBB are shown
in Fig. 2.2 and Fig. 2.3, respectively. These PERBs be used in various frequency
converters like STATCOMs, MV drives and wind powenverters.

In the proposed PEBBSs, the switching devices ane4ETOs. The anti-parallel diodes,
the NPC diodes and the clamp circuit diodes are A& recovery diode 5SDF 10H4502.
The snubber inductor L is used to limit the di/dtuan-on of the ETOs, and the RCD clamp
circuit is used to limit the overvoltage at turri-of the ETOs. The snubber and clamp circuit

are placed at both the positive and negative DCobtise ETO Light PEBBS.
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Fig. 2.3 Circuit diagram of ETO Light ANPC PEBB
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2.1.2.2 Electrical parameters of the ETO Light PEBB s’ components
Based on the voltage rating of the ETOs and diaithesproposed ETO Light PEBBs are

designed for a nominal line-to-line output RMS agk of 3.3 kV.
The relationship between the DC bus voltegeand the line-to-line output RMS voltage
Vi1, rmsiS given by:
Vi -1, ms = 0.6120MN [Wac (2-1)
Here, ‘m” is modulation index ranging from 0 ~ 1.15.
According to (2-1), the required minimum DC bustagk is:
Ve, mn =3.3KV /(1.15¢< 0.612F 4689 (2-2)
Finally, V4 is selected to be 5 kV, which allows a 6% DC bakage margin for better
dynamic characteristics.
To determine the parameterslgfR andC for the snubber and clamp circuit, the design

rules are given below [48]:

L = (Vac/ 2)/ (di / dt) 2-3)
C= (L1~-13)L (2-4)
R= (06~11)JL/C (2-5)

Here,di/dt is the anti-parallel diode decay rate of the @atesturrent, and according to
the datasheet [49], the maximwindt of the diode SSDF 10H4502 is 650u4/

Finally, the parameters are determined to be L&Y C=5.2uF and R=0.65Q. The
simulation waveforms of the clamp capacitor voltagd the clamp circuit reset time at 2 kA
peak current test condition are shown in Fig. 2<lseen, the peak clamp capacitor voltage

is around 3.34 kV and the clamp circuit reset timmaround 14s.
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Fig. 2.4 Simulation waveform of the snubber and clap circuit of ETO Light PEBBs at | pea=2 kA
(a) clamp capacitor voltage (b) clamp circuit resetime

2.1.2.3 Design of ETO Light stack
Each of the proposed ETO Light PEBBs is composedhde stacks. The electrical

circuit diagram and component physical arrangemétite ETO Light NPC stack and ETO
Light ANPC stack are shown in Fig. 2.5 and Fig. 2eBpectively.

Considering the cost, reliability and compact duite, a heat pipe based air cooling
system is used to remove the heat from the propB3€x Light stack. The use of heat pipes
allows us to avoid the drawbacks of conventionaiewaooling system, such as the need of
good electrical isolation, elaborate pipes and heathangers maintenance. The power
density and reliability of the ETO Light PEBBs alkso improved by using less pipes and
components. A customized heat pipe with 2.2 kW Ineatoval capability is used for ETO
Light PEBBs. Fig. 2.7 shows a photo of the ETO itgr with double-side heat pipe cooling.

The main components of the ETO Light NPC stacksANBC stacks are summarized in

Table 2-1.
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Fig. 2.6 Circuit diagram and component physical arangement of ETO Light ANPC stack

Fig. 2.7 Photo of ETO device with double-side heaipe cooling
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Table 2-1 Main components of the ETO Light Stacks

Number of components
ETO Light stack Diode 5SDF ]
Gen-4 ETO 10H4502 Heat pipe
NPC stack 4 6 12
ANPC stack 6 6 14

For the component arrangement of the ETO Lightkstane basic principle is to obtain
optimal and useful stray inductance. The experintest results of the ETO-based half-

bridge are shown in Fig. 2.8 (a).
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Fig. 2.8 Component physical arrangement for optimahnd useful stray inductance (a) experiment test
results of ETO-based half-bridge (b) two solution$or the component arrangement of ETO Light stack

When the load current commutates from the ETO taleli the induced voltage on the
loop inductance in series with the diode will belegd to the ETO together with the diode
forward recovery voltage. This voltage can causmer@ain amount of negative current to
flow through the ETO. If any attempt is made tantan the ETO during that period, the ETO
may fail due to the junction breakdown. The revecserent through the ETO is not

completely avoidable, however its amplitude antldan be reduced by proper component
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arrangement to increase the loop inductance iresavith the ETO and decrease the loop
inductance in series with the anti-parallel diode.

By studying all the possible component arrangemmathods, two solutions for the
ETOs and their anti-parallel diode arrangemensawavn in Fig. 2.8 (b), and are finally used

in the proposed ETO Light NPC and ANPC stacks.

2.2 Power Loss and Thermal Analysis of ETO Light PEBBs

In this section, the methodologies for power lasd thermal analysis of ETO Light NPC

and ANPC PEBBs are presented. The detailed anallgguations are derived.

2.2.1 Methodology for Power Loss Calculation of ETO Light PEBBs

2.2.1.1 Power loss characteristics of the devices

The device power losses consist of switching loss @nduction loss. Switching loss
includes turn-on loss and turn-off loss. Due touke of the di/dt inductor, ETO turn-on loss
is small and can be neglected.

Under junction temperature of 125°C, the turn-afemgy per pulse at 2.5kV DC bus
voltage and the on-state voltage of Gen-4 ETOhaws in Fig. 2.9, are expressed by:

Eot(1)=ax| +b=0.00411 + 0.2; (2-6)
Vor(I) =cx | +d =0.0014x | + 1. (2-7)
Here,Eq (1) is the ETO turn-off energy in Joulg, (1) is the ETO on-state voltage in

Volts, andl is the current in Ampere.
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Fig. 2.9 Experiment test curve of Gen-4 ETO poweroks characteristics at junction temperature of 125°
(a) turn-off energy per pulse at 2.5kV DC bus voltge (b) on-state voltage

Similarly, under junction temperature of 125°C, thewer loss characteristics of the

diode 5SDF 10H4502 are expressed by [50]:

Esitcning(1) =ex1 + f =0.0001& 1 + 0.¢ (2-8)
Von(1) =gx1 +h=5.674010" x| + 2.30 (2-9)

Here, Esuitching (I) is the diode turn-off energy in Joule including ttiode’s turn-off

energy and reverse recovery eneigy.(l) is the diode on-state voltage in Volts.

2.2.1.2 Analytical power loss equations of ETO Ligh  t PEBBs
First, the assumptions for the power loss caloutatf ETO Light PEBBs are that 1) the

sine-triangle PWM is used,; 2)d31armonic voltage is injected; 3) switching freqeyems 10
times larger than fundamental frequency.

The reference voltage and load current are expidsse

Viet = micosim )—% mlcos(8t (2-10)

| = lamp @OS@' )= lamp EbOSWt —¢ (2-11)

Here, m is modulation index|am, is the load current amplitudey is the fundamental

angular frequency is the load current phase angle gnd the load impedance angle.
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The switching los®s,and conduction losB..ng Of ETO thyristor are expressed by:

2
Pou = fMGiDonﬁ(l)Eﬂa (2-12)
2
1 2m
Peong = [0 Oj | [Ver(1 ) ID(a) Gty (2-13)

The total power losB|.s 0f ETO thyristor is:
Ploss = Psw + Pcond (2-14)
Here,fs, is the device switching frequency,is the load current phase angle, ranging
from 0 ~ Z, andD (a) is the device switching duty cycle. Similarly, ti®de power losses

can be calculated by the same method.

1. Analytical power loss equations for ETO Light NPC FEBB

The modulation signals, output phase and linefte-lioltages are shown in Fig. 2.10.
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Fig. 2.10 Modulation and voltage waveforms of ETO Ight NPC PEBB

Due to the symmetric structure of NPC topology, #iwgtching loss, duty cycle and
conduction loss of Sand S are the same. The conclusion is also true forrgplag@s of

devices (S& Sz, D1 &Dy4, D> &D 3, Ds & DG).
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According to (2-12) ~ (2-14), the switching loss#s5;, S, D1, D, and B are given by:

Psv_s1= fSNG217T|:aDampEGl+ cosp) + b[ﬁn—|¢|)] (2-15)
Psv_s2= fm%[aﬂampml— cosp) + bl | (2-16)
Psv_p1= fMBZ%T[eDampEﬂl— cosp) + f []MH (2-17)
Psv_p2=0 (2-18)
Psv_ps= fSNE-I217T[eEIamp[@+ cosp) + f EQIT—|¢|)J (2-19)

The duty cycles of $ S, D; (D2) and By are expressed by:

mE:os(vvt)—%chos(Wt ), vvtD[ Og]and[?’; , }

e = (2-20)
0, WtD[ﬂ 3”}
2 2
1 T 3T
1+mCeog wt) —=mUOcos(@t ), vvtD[ ]
dsa = 6 2 2 (2-21)
S2 —
1 WtD[O,ﬂ}and[?’”,Zn}
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mm:os(vvt)—}chos(B/t ), WtD[gn ,37T+¢}
4 _ 6 2 2 (2-22)
D1,D2 — 3 377’
0, MD[O,”}and[ﬂo,zn}
2 2
1—m|]:os(wt)+%chos((B/t ), WtD[ (ﬂz}and[?’gﬂo ,72}
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dos = 1+m|]:os(vvt)—%chos(®t ), MD[Z Z+¢]
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The conduction losses 0f,$, D1 (D2) and I3 are:

CDIamp m 19 4

> %Eos(ﬂﬁ = + Dcosq? } D cos@® ))
\¢\

(2-24)
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T +d DampEanE Bln‘¢‘

[tosf )— Dsm(ﬁé\ 3

C Damp

Gr+ 20 D]amp

19 4 (2-25)
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Peond _D1=—

m +h|:|ampcrnEE1 [3in|g| - ] 5 [cosp )~ Dsm(@}}
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Peord _ps=—
2

Vg +h[|amp[m[E—2E1;in¢ (¢ j[tos(t )r—Dsm(ﬁzb\ 3

2. Analytical power loss equations of ETO Light ANPC EBB
The PWM strategy and loss balancing method haveat gnpact on the loss distribution

of semiconductor devices and thus affect the thepedormance of the ANPC converter.
The main loss balancing schemes are summarizedbelo

» Feedback-controlled loss balancing scheme [51]

This scheme uses the same reference voltages andr csignals as those of the

conventional three-level NPC converter for the PWiMdulation. However, it sends the
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feedback signals of the load current, dc-link wgpdtaand cooling water temperature to the
built-in loss and thermal model. Based on this nmfation, the losses and junction
temperatures of the devices are calculated on-imech is then used to select the proper
commutations to keep the hottest devices as cogloasible, as shown in Fig. 2.11 (a).
However, the real-time junction temperature caltoitaneeds a fast digital controller such as
a FPGA, and it also increases the control compjexit

» Feedforward loss balancing scheme [52]

Different from the previous feedback-controlled extie, feedforward loss balancing
control calculates the device loss and junctionpemature for all relevant operating points
off-line by computer simulation instead of real-iroalculation. The optimal ratios between
different types of commutations, which are funcsiaf modulation index and power factor,
are stored in a lookup table. Finally the predefimatio or sequence of commutations is
implemented by a controller, as shown in Fig. ZH)1 This method is simpler, but the loss-
balancing effect is not good for fast transient abhdormal load conditions. Moreover, it also
requires the behavior of the modulation methodslatperating points to be predictable.

* Natural doubling-frequency loss balancing schen3g [5

In this scheme, the reference volteggas compared with two carrier signals with 180°
phase shift on the horizontal axis. Fig. 2.11 (@vss the switching states and output voltage
for the positive and negative half cycle of theerefice voltage, respectively. These
commutation sequences lead to a natural doubliigeo&pparent switching frequency. Each
switch commutes at the switching frequerfgyand the output voltage has an apparent

switching frequency equal tof2 The loss balancing effect of this method may bwtas
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good as the other two schemes, since it uses ctehpleatural commutations rather than

those based on the converter operating points eedbfck signals. However, it is easy to

implement, and more convenient to derive the aitalyequations for converter power loss

calculation. So, we choose this method for thentia¢ianalysis of ETO Light PEBB.
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loss convertar
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Switch .
PWM- vector | 1emperature On-line On-line
Modulator and switch —*| calculation |, calculation =
control unit of switching and of junction
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Gate signals of all Phase DC-link water
semiconductors currents voltages temperature
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Fig. 2.11 Loss balancing schemes of 3-level ANPOnheerter (a) feedback-controlled loss balancing
scheme (b) feedforward loss balancing scheme (c)tneal doubling-frequency loss balancing scheme
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Due to the symmetric structure of the ANPC topoldbg switching loss, duty cycle and
conduction loss of Sand S are the same. The conclusion is also true forrgplag@s of
devices (S& S3, S & S, D1 &D g4, D, &D3 and D& Ds).

According to (2-12) ~ (2-14), the switching loss¢s,, S, S, D1, D2, and [y are:

1
Pov_s1= fwgﬁ[auamp[qh cosp) +bifrr~|g|)] (2-28)
Psv_s2= fswgi[a[lampm'i'bBT] (2-29)
2
1
Psv_se= faw GZTTI:aDIamp[Ql— COS¢) +b [lb[l (2-30)
1
Psv_p1= fstZTTI:EDIamp[q:L— COS¢)+ f [l}ﬁ[l (2-31)
Psv_p2= fswgl[e[lampm"' f DT] (2-32)
2r
1
Psv_s = fmgﬁ[emamp[qh cosp)+ f (frr~|g]) | (2-33)

The duty cycles of § S, S, D1, D, and 3 are:
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The conduction losses 0f,%, &, D1, D, and I3 are:
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C D]max
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2.2.2 Methodology for Thermal Analysis of ETO Light PEBBs
The output current and output power capability loé tETO Light PEBBs can be

calculated based on the devices power losses amohdhimpedance. In this study, a loop
calculation is implemented to find the reasonalglakpcurrent at the peak output power point
of the PEBBs. The procedure is described as foll&wst, an initial current value is used to
compute the thermal loss. Then, if the thermal Iedsgher than the thermal limitation, the
current will be decreased; otherwise, the curreilit e increased. Finally, a reasonable

current will be found. The thermal limitation indes two aspects. First, the steady-state
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junction temperatures of all the ETOs and diodeskeiow 125 °C. Second, the maximum
power dissipation on the individual heat pipe nhestower than 2.2 kW.

To estimate the steady-state junction temperaititee devices of ETO Light PEBBSs,
the electrical-equivalent thermal network model dsed¢o be constructed based on the
physical arrangement of ETO Light stack. AccordiogFig. 2.5 and Fig. 2.6, the thermal
network models of the ETO Light NPC and ANPC stamlesderived and shown in Fig. 2.12

and Fig. 2.13, respectively.

S1 D1 D2
Rj_c S1 Rj_a S1 Rj_c D1 Rj_a D1 Rj_c D2 Rj_a D2 Rj_c S2 Rj_a S2 Rj_c
15 15

35 26 15
Rhp=1s T %1 Rhp=18 T D1 Rhp=1g T Rhp=18 Rhp=1s
Tamb% 45
(a)

Rj_a S4 Rj_c S4 Rj_a D4 Rj_c D4 Rj_a D3 Rj_cD3 Rj_a S3 Rj_c S3 Rj_a D6 Rj_c D6

26 15 26
Rhp=>18 T,_ s4 Rhp=18 T D Rhp= 18 Tio Rhp= 18 Ti s3 Rhp= 18 T D Rhp=1g
Tamb% 45

Fig. 2.12 Thermal network model of ETO Light NPC sack (a) left side of the single-pole stack {SS;, Dy,
D,, Ds) (b) right side of the single-pole stack ($ S, Ds, D4, Dg)

The resistors represent the thermal resistancdseadevices and heat pipes, the voltage
source represents the ambient temperature, araithent sources represent the power losses
on each device. The sum of the thermal resistaftoes junction to Anode and that from

case to heatsink is donated as.RThe sum of the thermal resistances from junctmn
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Cathode and that from case to heatsink is donasedi.a R, representshe thermal
resistance of the heat pipe from the contact goitiie air, and it equals to 18 K/kW at 5 m/s

flow rate of cooling air. The ambient temperatigdb °C.

S1 D5 S5
RicS1 | R_aS1 RjicD1 | RiaD1 RjcD2 | R_aD2 RjcS2 | RLaS2 RjcD5 | RiaD5 RjcS5 | RjaS5
Ti_

35 &) 26 15 &) &) 26 15 & 15 35 &) 26
Rhp=>18 T s1 Rmp>1s T, b1 Rhe>1s Rhp=>18 Ti s2 Rhp=1s Tj o5 RmeZ1s Ti ss  Rhp>18
Tamb? 45

S4
Rj_a 34% Rj_c S4 Rj_a D4%Rj cD4 Rj_a D3%;>RLC D3 Rj_a S3<|;ERJ c¢S3 Rj_a DG% Rj_cD6 Rj_a 86% Rj_c S6
Ti_ D6

26 &) 35 15 35
Rhp=>1g Ti s4a Rhe=>18 -|-j D4 Rhp>1s Rhp=>18 -|-L s3 Rhp>1s Rhp=>18 TJ_ S6 Rhp>18
Tamb% 45

Fig. 2.13 Thermal network model of ETO Light ANPC s$ack (a) left side of the single-pole stack (SS,, S,
D,, D,, Ds) (b) right side of the single-pole stack (5$S;, S, D3, D4, Dg)

By simulating the above circuits using the simalatsoftware like MATLAB, or solving
the constructed equations based on the thermalonletwmodels, steady-state junction

temperatures of the devices in ETO Light PEBBslmanbtained [54] [55].

2.2.3 Analysis Results and Comparison of ETO Light PEBBs

According to the methodologies for power loss daliton and thermal analysis
discussed above, the ETO Light NPC and ANPC PEB8suaalyzed for generator operation

(e.g. generator side converter operation in wintbite system) and motor operation (e.qg.
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grid side converter operation in wind turbine sgsterespectively. The main calculation and

simulation results and the comparison of ETO LI§RC and ANPC PEBBs are discussed

below.

2.2.3.1 Analytical results of ETO Light PEBBs under generator mode
First, the ETO Light PEBBs are analyzed for workimgder generator mode. In this

mode, the PEBBs will receive real power from poseurces, such as generators. The main
parameters and thermal performance results arershoWable 2-2. The apparent switching
frequency is selected to be 1 kHz, which is a prapeice for high power applications. Due
to the natural doubling-frequency PWM strategy, alstual device switching frequency for

ANPC PEBB is 500 Hz, which is half of the devicetsiing frequency in NPC PEBB.

Table 2-2 Main parameters and thermal performance bETO Light PEBBs under generator mode

DC voltage 5 kvDC
Switching frequency 1 kHz (apparentgiy)
Line-line RMS voltage 3.3 kVAC
Power factor cos®)=-0.95
Ambient temperature 45 °C
NPC PEBB Active NPC PEBB
PWM modulation SPWM with 3’_d harmonic D.oubling—freque_n(_;y_ PWM
injection with 3'd harmonic injection
Modulation index 1.078 1.078
Peak RMS current 1.346 kA 1.539 kA
Peak output power 7.69 MVA 8.74 MVA
Total device losses 41.34 kKW 47.61 kW
Maximum power loss on 2.2 KW 2.2 KW
individual heat pipe

According to the results, it is observed that theximum output power of ETO Light
NPC and ANPC PEBBs is 7.69 MVA and 8.74 MVA respeaty in generator mode. The

ANPC PEBB produces 14% higher output power compaoethe NPC PEBB, which is
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realized by managing the power losses among thieeteto achieve a balanced distribution.
Also, the maximum heat removal capability of thathegipe is the thermal limitation in this
mode. The maximum power loss on an individual Ipga¢ reaches the 2.2 kW limit before
the steady-state junction temperature of the hodedce reaches 125 °C.

The device power losses and junction temperatuteT@ Light NPC and ANPC PEBBs

under generator mode at peak output power are shéwg. 2.14 and Fig. 2.15, respectively.

3000 140

-
N
o

2500 —

BP_sw
@P_cond

=
o
S

2000 7

@
S
L

=)
=}

1000

Power Losses (W)
=
wu
o
o

5
‘

Junction Temperature
(degree)

500 A

L= 1 [

T_out D_out T_in D_in D_clamp

N
=}
L

o

T_out D_out T_in D_in D_clamp

(@) (b)
Fig. 2.14 Devices power loss and junction temperate distribution of ETO Light NPC PEBB under
generator mode at peak output power (a) power losdistribution (b) junction temperature distribution
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Fig. 2.15 Devices power loss and junction temperate distribution of ETO Light ANPC PEBB under
generator mode at peak output power (a) power logdistribution (b) junction temperature distribution
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It can be found that hottest device junction terapee in an ANPC PEBB is much lower
than that in an NPC PEBB. This implies that by gsihe heat pipes with more sufficient
cooling capability or by using better loss balagcathemes, the peak output power rating of

the ETO Light ANPC PEBB can be even higher.

2.2.3.2 Analytical results of ETO Light PEBBs under motor mode
Now, the ETO Light PEBBs are analyzed for workingler motor mode. In this mode,

the PEBBs will provide real power to loads, suchrastor drives or utility grid. The main

parameters and thermal performance results arershoWable 2-3. Different from generator
mode, the power factor is positive in this case.

Table 2-3 Main parameters and thermal performance bETO Light PEBBs under motor mode

DC voltage 5 kvDC
Switching frequency 1 kHz (apparentgy)
Line-line RMS voltage 3.3 kVAC
Power factor cos®)= 0.95
Ambient temperature 45 °C
NPC PEBB Active NPC PEBB
PWM modulation SPWM \_Nif[h CI’.d harmonic D_ouinng—freque_nc_y_PV\(M
injection with 3'd harmonic injection
Modulation index 1.078 1.078
Peak RMS current 1.163 kA 1.478 kA
Peak output power 6.65 MVA 8.45 MVA
Total device losses 34.99 kW 47.38 kW
Maximum power loss on 1.754 KW 1.974 KW
individual heat pipe

The calculation results show that the maximum oufmwer of ETO Light NPC and
ANPC PEBBs is 6.65 MVA and 8.45 MVA respectively nmotor mode. Compared with

NPC PEBB, an increased power of 27% is obtained WIPC topology. The device power
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losses and junction temperature of ETO Light NP@ ANPC PEBBs under motor mode at
peak output power are show in Fig. 2.16 and Fitj/ ,2espectively.

It is observed that the steady-state junction teatpee of the ETO limits the PEBB
thermal capability in this case. Moreover, with iamproved loss balancing solution, the

maximum output power of the ETO Light ANPC PEBRlde to increase further.
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Fig. 2.16 Devices power loss and junction temperate distribution of ETO Light NPC PEBB under
motor mode at peak output power (a) power loss digbution (b) junction temperature distribution
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2.2.4 ETO Light PEBBs for Large Wind Turbine Applic  ations
The proposed ETO Light PEBBs can be used as tlurield interface, and applied in

multi-MW wind turbine systems. Fig. 2.18 shows thipical system configurations for the

large wind turbines with AC and DC transmissiorspectively.
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Fig. 2.18 Application of ETO Light PEBBs in direct-driven PMSG based wind turbine systems
(a) configuration with AC transmission (b) configuation with DC transmission

Based on the calculated maximum output power ratihthe ETO Light PEBBSs, the
NPC PEBB can support up to a 5 MW wind turbine,levithe ANPC PEBB can be applied
for a wind turbine rated for 7 MW. Fig. 2.19 and)F2.20 show the detailed device power

loss and junction temperature of the ETO Light N\dhd ANPC PEBBs at 5 MW and 7 MW
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operating point, respectively. The other parame{®€ bus voltage, modulation index,
apparent switching frequency, power factor and amtbiemperature) are the same as those

in Table 2-2 and Table 2-3.
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Fig. 2.19 Analysis results of ETO Light NPC PEBB ab MW operating point (a) device power loss of grid
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(d) device junction temperature of generator conveer
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Fig. 2.20 Analysis results of ETO Light ANPC PEBB &7 MW operating point (a) device power loss of
grid converter (b) device junction temperature of gid converter (c) device power loss of generator
converter (d) device junction temperature of generr converter

2.3 Summary

In this chapter, the concept of the ETO Light poeterctronics building blocks (PEBB)
is presented. The electrical design of ETO LightONPEBB and ANPC PEBB is presented.
The selection criteria of the DC bus voltage, smul@nd clamp circuit components, and heat
pipe based air cooling system is discussed. Thepoaent physical arrangement of ETO
Light stacks is designed to achieve the optimalwseful stray inductance. Due to the unique
features of the Gen-4 ETO and the heat pipe basedaling solution, the ETO Light PEBB

is optically controlled, and allows no external mwveupply to provide control power of the
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converter. Moreover, the ETO Light PEBB is a statahe unit which can easily be applied
in many different converter designs and its modiylalso allows converting it easily into
different topologies.

The methodologies for power loss and thermal amsmlgé ETO Light PEBBs are
introduced. The detailed analytical equations efdkvice power losses are derived for both
ETO Light NPC PEBB and ANPC PEBB. The electricaligglent thermal network models
of ETO Light PEBBs are constructed. Thermal analysimplemented for NPC and ANPC
PEBBs. The results show that, the maximum outpwepmf ETO Light NPC and ANPC
PEBBs is 7.69 MVA and 8.74 MVA respectively undeangrator mode, and the ANPC
PEBB produces 14% higher output power compareddad\tPC PEBB. In this condition, the
maximum heat removal capability of the heat pipthesthermal limitation. The results also
show that the maximum output power of ETO Light N&@ ANPC PEBBs is 6.65 MVA
and 8.45 MVA respectively under motor mode, andANPC PEBB produces 27% higher
output power compared to the NPC PEBB. The stetatg-ginction temperature of the ETO
limits the PEBB thermal capability in this case.

Finally, the proposed ETO Light PEBBs are appliedarge wind turbine systems, and
the system configurations are identified. ETO Lig?C PEBB and ANPC PEBB can
support up to 5 MW and 7 MW wind turbines respedtiyand the thermal performance of

the PEBBs is studied for both cases.
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Chapter 3 Fault Tolerant Design of ANPC Converters

3.1 Fault Tolerant Issues of Power Electronics Converters
3.1.1 Fault Tolerant Requirements

In an electrical system equipped with voltage sewanverters, the main possible failure
causes include: (1) AC line fault (line to grourrdidine to line short); (2) DC bus fault (dc-
link capacitor failure and DC bus to ground shof8); device failure (open and short circuit
failure of the switches and diodes); (4) controfigult (loss of gate drive signals). In this
work, we mainly focus on the fault resulting frohetdevice failure.

When a device failure occurs in the converter sitally requires tripping the converter
and then isolating it from the system to avoidhartserious damage. However, in the critical
industrial processes with high standstill cost andhe safety-critical applications, such as
aerospace, military, mining and transmission systamrequirement of a high reliability and
survivability of the system is usually very importaTherefore, the motivation toward the
improvement of the system reliability has drawrslof interest in the research including
fault diagnosis and fault tolerant operation fompo electronics converters. This study is
especially relevant for multilevel converters, hesmthey have very complex topologies and

a large number of power devices, which usually yngl increased failure probability.

3.1.2 Review of Fault Tolerant Techniques of Multil  evel Converters

For two-level converters, the basic solution is ib@orporate a duplex converter
redundancy, so that the backup converter can rephaecfailed main converter after the fault

[56] [57]. Another economic solution is to add ald@ional phase-leg instead of a complete
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converter [58]. These two solutions allow consistutput power rating and power quality

compared to normal operation, thus they are coreid® be effective fault tolerant solutions

for two-level converters. However, they may notpoactical for multilevel converters. Since

multilevel converters consist of a large numbepoiver devices and components, the cost of

the additional converter or phase-leg redundancyines too high. Some researchers have

addressed the fault tolerant issues for severallpopnultilevel converters including NPC,

FC and CHB topologies [59]. In this section, theinmtachniques for the fault diagnosis and

fault tolerant strategies of multilevel convertare summarized.

3.1.2.1 Fault diagnosis

The main fault diagnosis techniques for multiles@hverters are summarized below.

Switch measurement: this method needs to monitowditage and/or current of each
device, which can be done by the commercial degeate drivers without adding
additional hardware [60]. Both device open failarel short failure can be identified
by this solution. For example, if the voltage asrdbe device is always zero
regardless of the gate signal, then the devics iiaishort.

Output voltage/current waveform analysis: this modths based on the measured
output phase voltage or current waveform and has hesed to detect the fault in
NPC and CHB converters [61] [62] [63] [64] [65]. tAf the fault occurs, the
measured phase voltage or current is different ftoat in normal operation, which
results in an error signal. This error signal canpbocessed and tabulated to detect
the device failure information. This fault diagrosnethod usually requires the time

of at least 1/8 ~ 1 fundamental period betweenf#hdt occurrence and the fault
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detection. However, in [64], the author proposeatael method allowing the fastest
detection time for device open failure in NPC catetes to be within a maximum of
two sampling times (several hundnes).

* Others methods: The spectral analysis based dmtewi presented for the fault
diagnosis of FC and CHB converters [66]. The ppleiis that for an interleaved
converter, the fault will result in high amplitudontent at the cell switching
frequency at the output voltage harmonic. Therebgranalyzing the spectrum of the
output voltage, a fault can be detected. Anothahotktuses the artificial intelligence
(Al) algorithm for CHB converters [67]. It measurdse output phase voltage and
applies a series of mathematical algorithms (like EFT) and correlations to the

measured data. Then, the neural network (NN) aralilze data to detect the fault.

3.1.2.2 Fault tolerant strategies

Some fault tolerant strategies for different maitél converter topologies have been
reported by researchers, and are summarized below.

* NPC converters

In [60] [68], using the redundant switching statd&ling-mode control is applied for the
fault tolerant operation of 3L-NPC converters withadding additional hardware. It is only
effective for device short failure. Moreover, whiire outer devices fail in short, the inner
devices have to withstand the full dc-link voltafjyging the fault tolerant operation, and this
fact should be taken into consideration for theveoter design. For inner device short failure,
the maximum modulation index will be reduced towhane half. In [69], a five-level NPC

converter with the similar fault tolerant stratagyliscussed.
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In [70] [71], an additional pair of thyristors idded between the neutral point (NP) of the
dc-link and each phase output of the NPC convéstéiandle device open failure, as shown
in Fig. 3.1 (a). Using these thyristors, the faydhase can be connected to the NP of the dc-
link when any single device fails in open. With thdified PWM modulation, the fault
tolerant operation can be achieved, and no devithstands the full dc-link voltage.
However, the maximum modulation index and thusnlagimum output voltage are reduced.
Moreover, this method does not consider devicetshiure.

In [72] [73], another two fault tolerant solutioase introduced for NPC converters by
adding several additional fuses, thyristors andgyadevices to each phase, as shown in Fig.
3.1 (b)~(c). During the fault operation, the faufifase can switch between the upper and
lower dc-link, therefore, the maximum modulationlex is the same as normal operation.
They also allow multiple device failures in one ghaor even two or three phases
simultaneously. However, only short circuit failuseconsidered in these two methods, and
some devices have to withstand the full dc-linkagé during the fault tolerant operation.

In [74], a fourth-leg and additional fuses, thysist and power devices are added to NPC
converters, as shown in Fig. 3.1 (d). In normalrapen, the fourth-leg can provide a stiff
NP voltage. In fault tolerant operation, this laghstitutes the faulty phase, therefore the
normal behavior of the NPC converters can be gteeanand the power devices do not
withstand overvoltage. This method is effective fmth open and short circuit failure.

However, this solution makes the converter topolmgycomplicated and too costly.
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Fig. 3.1 Fault tolerant strategies for NPC convertes

* FC converters

In [75], a thyristor is added in parallel to eadvide in a four-level FC converter so that
the failed device can be bypassed. In addition, mvave switches are needed to connect in
series with the dc branches of each phase, as simokig. 3.2 (a). This solution is valid for
both single device open and short failure, andthg& mum output voltage and its waveform
guality are the same as normal operation. In [@6]additional components are added to the
FC converter, as shown in Fig. 3.2 (b). After thalf, the reconfiguration of the converter
modulator can be made to achieve fault tolerantraims. This solution only works for
device short circuit failure and the number of atpoltage levels is reduced. In both

methods, some devices need to be oversized totanithshe overvoltage across them.
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(a) [79] (b) [76]
Fig. 3.2 Fault tolerant strategies for FC convertes

» CHB converters

In [77], an additional redundant H-bridge cell égdad to each leg of the CHB converters
for fault tolerant operation. When one H-bridgd aelthe leg fails, it is isolated from the leg
by using a bypass switch. After that, the redundaiitbecomes operative, and the converter
operation goes back to the normal status. Howewbken no back-up H-bridge cell is
available, as shown in Fig. 3.3, the control andlatation can be reconfigured to sustain the
operation [78] [79]. One way is to bypass as meglls as possible in the three phases, so
that the number of the operative cells in each @hsshe same, then the converter can still
generate balanced line-to-line voltage. Anotherhmetis to bypass the faulty cell, and use
the phase shift between the voltage referencesalfdhe other operative cells in the three

phases. For both methods, the available maximupubwbltage is reduced.

el

B

Fig. 3.3 Fault tolerant strategies for CHB convertes
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According to the discussions above, it can be foilnad in most fault tolerant solutions,
additional components (such as power devices, fuses/en a phase-leg) are required to be
added to the standard multilevel converter top@edor the fault tolerant operation. This
will increase the system cost and may even redue&dnverter reliability due to the use of
more components. Moreover, both device open and sivouit failure may occur in the
converters depending on the characteristics ahatéanechanism of the power devices, thus,

a comprehensive fault tolerant scheme should censioth failure types.

3.2 Fault Tolerant Design of ANPC Converters

The main motivation of this work is to achieve fatdlerant operation for 3L-ANPC
converters under both device open and short cifauiire by adding less or even no

additional components to the standard 3L-ANPC togyl

3.2.1 Analysis of 3L-ANPC Converters under Device F  ailure Conditions

Fig. 3.4 shows the circuit of a three-level ANPChwerter. The relation of switching
states, switching sequence and output voltage aselA in the converter is given in Table
3-1. In normal operation (no device failure occum)e of the four zero switching states
(OU1, 0U2, OL1 and OL2) is selected to balance pgbeer loss distribution among the
devices in the converter based on the loss balgrsohemes [51] [52] [53].

Under device failure condition, due to the symneedrstructure of 3L-ANPC topology,
the failure of Qi/Da1 and S4Da4 has similar effects on the converter. The conoluss the
same for the other pairs ot a2 & SafDaz, SifDas & SafDas Therefore only one from

each pair will be analyzed in the following fauttadysis.
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Fig. 3.4 Circuit of three-level ANPC converter
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Table 3-1 Switching states, switching sequence andtput voltage of a three-level ANPC converter

Switching Switching sequence Output
states Sal Sa2 Sa3 Sa4 Sab S46 voltage
+ 1 1 0 0 0 1 +Vdc/2
ouU2 0 1 0 0 1 0 0
QU1 0 1 0 1 1 0 0
0OL1 1 0 1 0 0 1 0
0L2 0 0 1 0 0 1 0
- 0 0 1 1 1 0 -Vdc/2

Fig. 3.5 shows the current flow path at differentput voltage levels under the open
circuit failure of S4/Da1, Si/Da2 and S9Das respectively. The positive direction of the
current is defined as flowing out of the phase &@ninal. As seen, when,sSopen failure
occurs at “+” state, if$0, as shown in Fig. 3.5 (a), then the phase ou$pcttnnected to the
NP of the dc-link instead of the positive DC bugg. B.5 (c) shows £ open failure occurs at
“0U2/0U1” state when,0, then the phase output is connected to the wedaC bus rather
than the NP of the dc-link. Fig. 3.5 (f) shows 8pen failure occurs at “0U2/0U1” state
when <0, then the phase output is connected to theip®$)XC bus instead of the NP of the
dc-link. Due to the incorrect output voltage, theput current will become unsymmetrical

and the NP of the dc-link will be unbalanced. Wii®sa open fault occurs at “+/0U2/0U1”
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state and,k0, as shown in Fig. 3.5 (b), the condition is ewanmse since the phase current |
becomes discontinuous due to the cut-off of thedaotion path, and the induced voltage on
the load inductor and loop inductor may cause aM&age on the converter and cause

damage. For other device failure cases, the asatgsi be studied in the similar way.

+
c1 Sal Da1 Da1
sa‘} Sa2 }Daz Da2
ob=——Da5
A‘—: la —<la
Sag S} &pas }Das
Daé
c2| |
s Da4 Da4
S$1 open-fail D1 open-fail S2 open-fail
+ state, 1a>0 +/0U2/0U1 state, la<0 0U2/0U1 state, 1a>0

(@)

(b)

(©

Sab

Saé

Sail

|

Sa2
Das

Sa3
a6

Da1

}Daz

—> la

-
C2

Da4

.

S2 open-fail D2 open-fail S5 open-fail D5 open-fail
+ state, 1a>0 +/0U2/0U1 state, la<0 0U2/0U1 state, la<0 0U2/0U1 state, 1a>0
(d) (e) ® 9)

Fig. 3.5 Examples of current flow path under singlelevice open failure in 3L-ANPC converters

Device short circuit failure can cause even momosge problems compared to open
circuit failure. The reason is that under shortuwit failure, the dc-link capacitors may be
discharged through a short-current conduction mhtéctly, and thus some devices may

break down due to over-currents. Because the wltdigne dc-link capacitor will drop to
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zero quickly, some devices may have to withstarel fthl DC bus voltage and become

damaged due to the experienced overvoltage. If sgerae the capacitors and devices can
survive in this condition, the output current wilbt be a balanced sinusoidal waveform
anymore, which is similar to the open circuit fadicases.

Fig. 3.6 shows the current flow path under shartuti failure of Si/Dai, SA/Da2 and
SaoDas respectively. When 3D, short failure occurs, if the switching state contaes to
“0U1/0U2/-", as shown in Fig. 3.6 (a), the uppepaeator G will be shorted by $/D,; and
Sss Fig. 3.6 (b) and (c) show that i, 8D, short failure occurs, “-” state forms a short
current path for lower capacitor,Gvhile “OL1” state provides a short current path dipper
capacitor G. If Sy5/Dys5 short circuit failure occurs at “+/0L1" state, stsown in Fig. 3.6 (d),
the condition is the same as Fig. 3.6 (a). Simyilahle short current path of the dc-link

capacitors can be found for the other device dladure conditions.

:|Da1 +C1 Sat }Da1 +C1 r}Dﬂ
Sal
iz | e -
Das

L

[RESA Kt
T e TR T e

S$1/D1 short-fail $2/D2 short-fail S2/D2 short-fail S5/D5 short-fail
0U1/0U2/- state - state 0L1 state +/0L1 state

(@ (b) (c) (d)

Fig. 3.6 Examples of current flow path under singlelevice short failure in 3L-ANPC converters

+

Da4

3.2.2 Proposed Fault Tolerant Strategy of 3L-ANPC C  onverters

In this section, the fault tolerant strategy fothbgingle device open and short circuit

failure in a three-level ANPC converter is propof&@l.
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3.2.2.1 Strategy for device open circuit failure

From the analysis above, it shows that the devmendailure may impact the proper
operation of the 3L-ANPC converter and cause thdrakpoint voltage unbalance and the
unsymmetrical or discontinuous output currents. Elasy, with a proper control strategy, the
active NPC switches,Sand $s can provide a fault tolerant ability for the cortee under
device open failure condition. The principles oé tfault tolerant control strategy under
single device open failure are given below.

* If Sa5/Das or SidDas 0pen failure occurs, the active NPC converter ltmppis derived

into a similar configuration as the conventionalQN€onverter topology.

» If any single device open failure occurs amongC®;throughS,4/Dag, the output AC
terminal of the faulty phase (the phase with thiedadevice) needs to be connected
to the neutral-point of the dc-link. The modulatgignals also need to be modified in
order to maintain the balanced three-phase linex&ovoltages.

According to the principles above, the modifiedtsthing states and switching sequences
for the fault tolerant operation under single devipen failure are given in Table 3-2. After
the device open circuit failure is detected, theANPC converter transits immediately from
normal operation into fault tolerant operation. Mumag the position of the failed device, a
new switching sequence is used to generate tharewitching state according to Table 3-2.

With the proposed control strategy, undeg3s or Si¢/Das open circuit failure, the
faulty phase is still able to output three voltégeels “+”, “0” and “-”, which is similar to the
conventional NPC converters. Therefore, the refaaroltage signals need not change, and

the maximum modulation index and the output voltagereform quality are not reduced.
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Moreover, to further look into this failure conditi, if only S;s fails, while Dys is healthy,
then besides the “OL1” and “OL2” switching statég faulty phase can still generate “0U1”
and “0U2” switching states when the phase currergction is positive. This means the
device power loss balancing function can stillim@lemented to some extent even during the

fault tolerant operation, and this feature is ddfa from the 3L-NPC converters.

Table 3-2 Solution for single device open failurefa 3L-ANPC converter

Fault Switching Switching sequence Output
device states Sal | Sa2| Sa3] Sa4 Sas  Sae Voltage
+ 1 1 0 0 0 1 +Vvdc/2
oL1 1 0 1 0 0 1
Sa5/Dab 0
oL2 0 0 1 0 0 1
- 0 0 1 1 0 0 -Vdc/2
+ 1 1 0 0 0 0 +Vvdc/2
ou2 0 1 0 0 1 0
Sa6/Da6 0
ouU1 0 1 0 1 1 0
- 0 0 1 1 1 0 -Vdc/2
ouU2 0 1 0 0 1 0
Sal/Dal 0
oL2 0 0 1 0 0 1
Sa2/Da2 oL2 0 0 1 0 0 1 0
Sa3/Da3 ou2 0 1 0 1 0
ou2 0 1 0 0 1 0
Sa4/Da4 0
oL2 0 0 1 0 0 1

Under other device open failure conditions, theltfaphase can only generate “0”
switching state because it is always connectetl@meutral-point of the dc-link. This means
the reference voltage signals have to be modifiedrder to generate the balanced line-to-
line voltages and the sinusoidal output curreitsthe carrier-based PWM modulation of the
3L-ANPC converter, the references of the phaseagek and line-to-line voltages in normal

operation are expressed by (3-1) and (3-2), resedyet
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Va=mi3in(wt)

Vb:m@in(wt—%”) (3-1)

Ve = msin(wt +%T)

. Vi
Vab =3 InSinfwt +—
V3 ) (3-2)
Vbc:ﬁmnzsin(wt—%’TJr%)

vCazﬁmnEsin(m+%”+%)

Here,m is the modulation indeX/,, Vp, andV, are the phase voltage referendés, Vic
andV., are the line-to-line voltage referencesis the fundamental angular frequency.

When the faulty phase (e.g. Phase-A) can only dufuoltage level, instead of using
the balanced phase voltages as the reference sigraimust modify the reference signals to
make sure the line-to-line voltages are balancettheén3L-ANPC converter. As long as the
line-to-line voltages are symmetrical and sinusittee three-phase output currents will be
balanced and sinusoidal. In order to keep thetrkne voltages similar to (3-2), a new set

of phase voltage references is provided in (3-3).

Va=0
Vb = —/3i&int +i6T) (3-3)

szﬁm@inw+%T+%)

If we assume the device open failure is detectddlGfis, then the waveform of the new
phase voltage reference signals of the 3L-ANPC edavis shown in Fig. 3.7.
It can be observed that, to avoid over modulatib® maximum modulation index

derived from (3-3) is limited to 0.577, and it i5/2 of the maximum modulation index in
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normal operation. This means the output voltagethadutput power of the converter have
to be reduced. Moreover, for the open failure gff%;andS,4/Da4 the redundant switching

states still exist for “0” output voltage level,uth they can be used to balance the device

power losses.

0.5
= vh
2 0 T
= | Ve
S 0.5 ==
1
0 0.05 0.15 0.2

0.1
T (s)

Fig. 3.7 Modified modulation signals for fault toleant operation of 3L-ANPC converters

3.2.2.2 Strategy for device short circuit failure

According to the previous discussion on the curflent path under device short failure
conditions, we need to avoid the appearance o$whtehing states and switching sequences
that can construct the short current path for ttvirck capacitors. In order to do this, two
solutions are proposed here.

In Solution-I, the modified switching states andtsihing sequences are given in Table
3-3. In this scheme, when:fa; or S4/Da4 has a short circuit failure, the faulty phase can
still output three voltage levels “+”, “0” and “-by choosing the appropriate modified
switching sequence. Therefore the output voltagecamrent of the converter are almost the
same as those in normal operation. For the othd@ceehort failure cases, we can use the
similar method as that for device open failure ¢timwls to connect the faulty phase to the

neutral-point of the dc-link, and modify the refece signals as (3-3). Accordingly, the
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maximum modulation index will be reduced to 0.5HADdwever, the drawback of Solution-|
is that a certain device will have to withstand filleDC bus voltage under,@Da1 or S4/Das
short failure condition. For example, accordingTable 3-3, when S/D,; fails short, the
overvoltage will occur on 5D, at “-” state. Similarly, when /D4 fails short, the voltage
across §/Das will be full DC bus voltage at “+” state. For aastlard ANPC converter, the
voltage rating of the selected power devices iselotian the DC bus voltage (theoretically,
equal to half of the DC bus voltage). For exampl8L-ANPC converter with 5kV DC bus
voltage usually employs the 4.5 kV power deviceseréfore, some devices may take the

risk to break down due to overvoltage during féolerant operation with Solution-I.

Table 3-3 Solution-I for single device short failue of a 3L-ANPC converter

Fault Switching Switching sequence Output
device states sal| sa2l sa3d sas sd5  Sae Voltage
+ 0 1 0 0 0 1 +Vdc/2
Sal/Dal 0 0 0 1 0 0 1 0
- 0 0 1 1 0 0 -Vdc/2
Sa2/Da2 0 0 0 0 0 1 0 0
Sa3/Da3 0 0 0 0 0 0 1 0
+ 1 1 0 0 0 0 +Vdc/2
Sa4/Da4 0 0 1 0 0 1 0 0
- 0 0 1 0 1 0 -Vdc/2
Sab/Da5 0 0 1 0 0 0 0 0
Sa6/Da6 0 0 0 1 0 0 0 0

To overcome the drawback of the previous solutgwiution-1l is proposed, as shown in
Table 3-4. In this solution, no matter which deviags in short, the faulty phase is always
connected to the neutral-point of the dc-link, ath@ reference signals are modified

according to (3-3). By doing so, overvoltage wittppear on any device, but the maximum
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modulation index will be reduced to 0.577 and thexmmum output power of the converter
will be reduced. The advantage of Solution-Il iattht can be applied for any standard 3L-
ANPC converter without any special requirementl@voltage rating of inner devices.

In this work, we mainly focus on Solution-1l forui tolerant operation under device

short failure in the 3L-ANPC converter.

Table 3-4 Solution-Il for single device short failue of a 3L-ANPC converter

Fault Switching Switching sequence Output

device states | sa1 | Sa2| Sad Sap S45  Spevoltage
Sal/Dal 0 ol o| 1| of o 1 0
Sa2/Da2 0 ol o] ofl of 1] o 0
Sa3/Da3 0 ol o] ofl of o 1 0
Sa4/Dad 0 ol 1| ofl of 1| o 0
Sas/Da5 0 ol 1| ofl of o o 0
Sa6/Da6 0 ol o| 1| o| o o 0

3.2.2.3 Summary of fault tolerant operation under s ingle device failure in 3L-

ANPC converters

With the proposed fault tolerant control strate@gble 3-5 summarizes the status of the
devices and their impact on the status of the yaalilase and the maximum modulation index
of the 3L-ANPC converter under single device opatufe conditions. For the device status,
“ok” means both devices in the pair (likg;&nd Q) are healthy. “fail” means either one or
both devices fail. To describe the faulty phaséusta’healthy” means no device fails in the
phase. “no reduction fault” means the faulty pheee still generate “+”, “0” and “-” levels;
“reduction fault” means the faulty phase can onlytpot “0” level. The maximum

modulation index indicates the available outputtage level, and thus the power rating
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under fault tolerant operation. If the maximum miation index is limited to 0.577, the

converter has to be derated.

Table 3-5 Summary of fault tolerant operation undersingle device open failure in a 3L-ANPC converter

K

Sal/DalSa2/Da?Sa3/Da3Sa4/DadSas/DasSa6/Daé  Phase status mog"u"i‘;ggr‘]”::] de

ok ok ok ok ok ok healthy 1.15
fail ok ok ok ok ok reduction fault 0.577
ok fail ok ok ok ok reduction fault 0.577
ok ok fail ok ok ok reduction fault 0.577
ok ok ok fall ok ok reduction fault 0.577
ok ok ok ok fall ok no reduction fault 1.15

ok ok ok ok ok fall no reduction fault 1.15

Table 3-6 summarizes the status of the devicegraidimpact on the status of the faulty

phase and the maximum modulation index of the 3LRP&Nconverter under single device

short failure conditions by using “Solution-11". ¢an be found that any device short failure

will result in the reduction of the maximum modidat index, which means the converter

has to be derated.

Table 3-6 Summary of fault tolerant operation undersingle device short failure in a 3L-ANPC converter

with Solution-II
Sal/DalSa2/Da2Sa3/Da3Sad/DadSas5/DaFSa6/Daé Phase status mog"u"i‘;ggr‘]”::] de
ok ok ok ok ok ok healthy 1.15
fail ok ok ok ok ok reduction faulf 0.577
ok fail ok ok ok ok reduction faulf 0.577
ok ok fail ok ok ok reduction faulf 0.577
ok ok ok fail ok ok reduction faulf 0.577
ok ok ok ok fail ok reduction faulf 0.577
ok ok ok ok ok fail reduction faulf 0.577
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From the summary above, it shows that the propasedegies enable the 3L-ANPC
converter to continue operating under any singcgeopen and short failure conditions.
For S5/Das or Si¢Das open failure, the faulty phase can still genethtee output voltage
levels and the maximum modulation index is not oedlu Under other device failure
conditions, the faulty phase can only generate dGtput voltage level, and the maximum

modulation index is reduced to 0.577.

3.2.2.4 Requirement of fault detection time

For device short failure, the fault detection tinsevery critical to protect the other
healthy devices from further damage caused by avexct or overvoltage. In [81], the short
failure protection with fuses is discussed for aNBRC converter. We use the similar method
to analyze the device short failure and fault desactime in the ETO Light 3L-ANPC
PEBBs. Assume the “DC shoot through” fault is calusg the undesired conduction of two

ETOs, as shown in Fig. 3.6 (a), and then the sfiaglcircuit is shown in Fig. 3.8.

+ . e
ETO
Vde/2 | C1 ——

- 1

Fig. 3.8 Simplified circuit of “DC shoot through” failure in ETO Light 3L-ANPC PEBB

ETO

In the circuit, the capacitor,Gs the upper dc-link capacitor. The resistor Rudes the
resistance of the capacitor @nd two ETOs. The inductor L is the snubber indiucthe

circuit parameters areg¥=-5000V, L=41H, C;=1.05mF (the voltage ripple across the dc-link
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capacitor is within 10%), R=2.9M(resistance of the capacitof)G2x1.4 nQ2 (resistance

of the ETO). The circuit is simulated in MATLAB. €hnitial inductor current is 1237A (the
worst case), which is the peak phase current uhgenominal operating point with a 5 MW
output power. The initial capacitor voltage is 2900The waveforms of the capacitor voltage

and inductor current during the “DC shoot throughg shown in Fig. 3.9.

C1 Voltage (V)

Inductor Current (A)

Time (s)

x 10°
Fig. 3.9 Capacitor voltage (top) and inductor currat (bottom) during the discharge of G

As seen, in the worst case, the inductor curreathres the ETO’s maximum controllable
turn-off current level 4000A at around 45 The change in the capacitor voltage is much
slower, and the voltage is around 2488V atud.5This implies that when a device short
failure occurs, in order to ensure the proper nffnef the healthy ETOs and continue the
fault tolerant operation, the detection time netedse very short (less than 45, which is a
challenge for the fault detection techniques. \W® @otice that if the inductor initial current
is lower, or the snubber inductor is larger, thiea allowable detection time can be longer.

Simulation results show that if the initial inductaurrent is OA, with a gH snubber inductor,
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the detection time limit can be increased tou6.4When the snubber inductor value is
increased to 1{H, then even if the initial inductor current is ¥28as the worst case, the
allowable detection time can be extended tods..2

Regarding the fault detection time for device ofalure, it is not as critical as that for
device short failure. In [64], the author claimédti using the voltage waveform analysis
method, the detection time can be realized withimaximum of two sampling times,
typically several hundreds for a 3L-NPC converter. This time scale is usubt enough

to deal with the device open failure in a 3L-ANP&heerter.

3.2.3 Simulation and Experiment Verification
3.2.3.1 Simulation verification

To verify the proposed fault tolerant strategiegmusation is implemented in
MATLAB/Simulink. The simulation parameters are DQisbvoltage W=2kV, dc-link
capacitors &=C,=6.6mF, carrier-based SPWM modulation, switchiregjtrency §,~780Hz,
modulation index mi=0.8, fundamental frequency fH80 and inductive load (R%2
L=6mH). In the simulation, we assume that the faatturs and is detected at 0.05s.

Fig. 3.10, Fig. 3.11 and Fig. 3.12 show the neygoaht voltage of the dc-link and the
load current waveforms without and with the progbsentrol for single device open failure
on S/Dai, Si/Da2 and S4Dgs, respectively. Fig. 3.13 and Fig. 3.14 show thetrad-point
voltage of the dc-link and load current waveformthaut and with the proposed control for

single device short failure on#D,; and S5/D4s, respectively.
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The simulation results show that with the proposedtrol strategies, the 3L-ANPC
converter has the fault tolerant ability under bd#dvice open and short failure conditions.
Without the proposed control, the converter is able to work properly after the device
failure occurs, including the unbalance of the redytoint voltage of the dc-link and
unsymmetrical output currents of the converter.nBydifying the switching sequence for a
certain switching state and setting the new voltagierence signals, the neutral-point
balance can be achieved, and the stable and coosmutput currents are also available. If
the faulty phase can still output three voltageelev+”, “0” and “-”, the converter output
voltage is not reduced. Otherwise, when the fapittgse has to be connected to the neutral-
point of the dc-link, only “0” output voltage leved available, and consequently the output

voltage is reduced and the output power is deratéue 3L-ANPC converter.
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3.2.3.2 Experiment verification

The proposed fault tolerant control strategiesvamdfied on a 10kW three-level ANPC
converter prototype, as shown in Fig. 3.15. The gqoslevices are Powerex CM75DY-24H
IGBT modules. The controllers are TI TMS320F2812PD&hd Altera FLEX10KA FPGA.

The main experiment parameters are given in Tafjle 3

Fig. 3.15 Prototype of a 10kW 3L-ANPC converter

Table 3-7 Experiment parameters

Dc bus voltage Vdc=70V
DC-link capacitors &C,=12 mF
Load Inductive load (4 ohm+2.5 mH
Modulation Carrier-based PWM
Modulation index mi=0.8
Fundamental frequency 50 Hz
Carrier frequency 2 kHz
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Fig. 3.16, Fig. 3.17 and Fig. 3.18 show the neygoaht voltage, the output currents, the
faulty phase voltage and the line-to-line voltagaveforms without and with the proposed

control for single device open failure og/®a1, SiA/Daz and S5Das, respectively.
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Fig. 3.16 Neutral-point voltage, output currents, &ulty phase voltage and line-to-line voltage wavefms
under S,1/Dg; open circuit failure in a 3L-ANPC converter
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Fig. 3.19 and Fig. 3.20 show the neutral-pointagdt, the output current, the faulty phase
voltage and the line-to-line voltage waveforms wtitle proposed control for single device
short failure on §/Da1 and S4Das, respectively.

The experiment results reflect the simulation rssWVith the proposed fault tolerant
strategies, under;$D55 open circuit failure condition, the 3L-ANPC contesr can still
output three voltage levels, therefore, the fapliyase voltage, the line-to-line voltage, and

the output currents are almost the same as thosmrimal operation. The neutral-point
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voltage of the dc-link is still balanced. When thevice failure occurs in,8Da1 or S2/Da>
regardless of open or short failure, the outputenis are still stable and continuous by using
the proposed control. However, the current ampditigl reduced, which is limited by the
maximum modulation index. The neutral-point voltagpple becomes slightly larger
compared to normal operation because the curretieofaulty phase is always connected to
the neutral-point, but the voltage and current vi@awes show that this NP voltage ripple will

not impact the proper operation of the 3L-ANPC cater.
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Fig. 3.19 Neutral-point voltage, output currents, &ulty phase voltage and line-to-line voltage waveffms
under S,1/D,1 short circuit failure in a 3L-ANPC converter
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under S,5/D,5 short circuit failure in a 3L-ANPC converter
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3.2.4 Analysis for Multiple Device Failure of 3L-AN  PC Converters

In this section, we analyze the fault tolerant igbibf the 3L-ANPC converter under
multiple device open and short failure. The muétigevice failure can occur in one phase or

even in two or three phases simultaneously.

3.2.4.1 Multiple device open failure

Table 3-8 summarizes the status of the devicegraidimpact on the status of the faulty
phase of the 3L-ANPC converter under multiple deapen failure conditions. For example,
if Sai/Da1through Q4Da4are all healthy, then even if;sand e fail simultaneously, the
faulty phase still receives the “no reduction fasliatus. In another example, if8a,and
S.dDasare healthy, the faulty phase still has the “reiducfault” status even if all the other
devices in the phase fail together. Compared tdeTadb, the phase status has a new option,
referred to as “no reduction fault (2-level)” wh85/Dss and S¢Dae fail open. In this status,

the faulty phase can only output “+” and™-” outpatitage levels as a two-level converter.

Table 3-8 Fault operation under multiple device ope failure (in one phase) in a 3L-ANPC converter

Sal/Dal Sa4/Da4dSa2 | Da2| Sa3] Da3 Sab Das Sp6 Dab Phase status
ok ok ok ok ok fail ok fail ok no reduction fault
ok ok ok ok ok ok fail ok | fall no reduction fault
ok ok ok ok ok ok ok fail| fail no reduction fault
ok ok ok ok ok | fail | fail ok ok no reduction fault
ok ok ok ok ok fail | fail | fail | fail | no reduction fét2-level)
fail ok fail ok fail | fail ok fail ok reduction fadl
fail fail ok fail ok ok | fall ok fail reduction faul
fail ok ok fail | fail ok ok fail | fail reduction fadl
fail fail | fail ok ok | fail | fail ok ok reduction fadl
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According to the phase status shown in Table 36 can summarize the possible fault

tolerant operations for a three-phase 3L-ANPC cdrveinder multiple device open failure

conditions. To understand these operations, thysiadased on the voltage vector diagram

of a 3L-ANPC converter is used for the explanaaod illustration.

If the status of all three phases are either “hgalor “no reduction fault”, then each
phase still generates three output voltage levels “0” and “-”. Therefore the
converter can operate like normal operation. Invbkage vector diagram shown in
Fig. 3.21 (a), all the vectors are still availalfethe “no reduction fault (2-level)”
exists in the phase status, then considering thistwase in which the status of all the
three phases are “no reduction fault (2-level)eréhare still six critical voltage
vectors available on the external limit of the weatiagram, as shown in Fig. 3.21 (b),
therefore the converter can operate like a twotlevaverter, while the waveform
quality is reduced but the maximum modulation ingestill 1.15.

When the status of one phase (e.g. Phase-A) isiCtexh fault”, then if the status of
the other two phases are “healthy” or “no reductfaalt”, the available voltage
vectors are shown in Fig. 3.21 (c). As seen, tlecgtical voltage vectors on the
perimeter of the inner hexagon are still availallkich indicates that the line-to-line
voltages of the converter are similar to a two-lemenverter. Therefore the fault
tolerant operation can be obtained, while the marinmodulation index is limited to
0.577. Now we consider an even worse case compardte previously mentioned
cases. If the status of the other two phases igédaction fault (2-level)”, then Fig.

3.21 (d) shows the available four voltage vectanden this condition. In fact, the
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equivalent circuit of the 3L-ANPC converter unddmist operation mode is
topologically identical to the four-switch threegde converter, which has been
presented to achieve the fault tolerant operatib@a dwo-level converter in [57].
Therefore, the 3L-ANPC converter is able to opertatder this condition, and the
maximum modulation index is reduced to 0.577.

» If the status of the two phases (e.g. phase A gratd“reduction fault”, then, even if
the third phase is “healthy”, only three voltagetees are available, which are (0 O -),

(00 0) and (0 0 +). In this case, the 3L-ANPC amter can not continue operating.
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Fig. 3.21 Vector diagram of a 3L-ANPC converter undr multiple device open failure conditions
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According to the discussion above, Table 3-9 sunmesatthe fault tolerant capability of a
3L-ANPC converter under multiple device open falwonditions. Depending on the phase
status of the converter, the fault tolerant operattan be classified into three modes. For
mode-1 and mode-2, the maximum modulation indet.1$. For mode-3, the maximum
modulation index is 0.577. Moreover, only mode-bvas the same waveform quality as

normal operation.

Table 3-9 Fault tolerant capability of a 3L-ANPC caverter under multiple device open failure conditis

Phase A status Phase B status Phase C status
Mode-1 healthy / healthy / healthy /
ode- no reduction fault no reduction fault no reduction fault
healthy/ healthy/
Mode-2 no reduction fault (2-level) no reduction fault/ no reduction fault/
no reduction fault (2-level)| no reduction fault (2-level)
healthy/ healthy/
Mode-3 reduction fault no reduction fault/ no reduction fault/
no reduction fault (2-level)| no reduction fault (2-level)

We notice that, in [62], another possible fauletaht operation was proposed for a 3L-
NPC converter, which also applies for a 3L-ANPCeater. This solution uses only one dc-
link capacitor to generate a two-level voltage wax@. For example, if §/Da1, Soi/Dp1and
Sc1/D¢; fail together, then the faulty phases can only gaee“0” and “-” output voltage
levels using the bottom dc-link capacitor. Fig. 2Zshows the available voltage vectors. In
this condition, the 3L-ANPC converter can operake la two-level converter, and the
maximum modulation index is reduced to 0.577. Sinyl instead of using the bottom dc-
link capacitor, we can also use the upper dc-liapacitor to achieve fault tolerant operation

of the 3L-ANPC converter whenD.4, S4/Dpaand S4/Dc4fail together.
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Fig. 3.22 Vector diagram of a 3L-ANPC converter usig one dc-link capacitor for fault tolerant operation

3.2.4.2 Multiple device short failure

Table 3-10 summarizes the status of the devicestlaid impact on the status of the
faulty phase of the 3L-ANPC converter under muitiplevice short failure conditions. As
seen, the faulty phase can only generate “0” outpliage level under any device short
failure condition, classifying the phase statudéd‘reduction fault”. For example, if,#Da1
and S4/Dasare healthy, then even if all the other devicethephase fail simultaneously, the
faulty phase still has the “reduction fault” statis another example, as long ag/Ba,,
SadDagq and S9/Dgsare all healthy, the faulty phase still has theltieion fault” status even
though all the other devices in the phase fail tioge

Table 3-10 Fault operation under multiple device sbrt failure (in one phase) in a 3L-ANPC converter

Sal/DalSa2/DaZSa3/Da3Sa4/Da4 Sab5/Daj Sa6/Da6 Phase status

ok fail fail ok fail fail reduction fault
fail ok fail ok ok fail reduction fault
ok fail ok fail fail ok reduction fault

According to the proposed control strategies, TablEL summarizes the fault tolerant

capability of a 3L-ANPC converter under multiplevabe short failure conditions. It shows
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that there is only one mode for the fault toler@pé¢ration under multiple device short failure
condition, in which only one phase status can eeltction fault” while the status of the
other two phases must be “healthy”. The maximum utaitbn index is reduced to 0.577

during the fault tolerant operation.

Table 3-11 Fault tolerant capability of a 3L-ANPC onverter under multiple device short failure condiions

Phase A status Phase B status Phase C status

Mode-1 reduction fault healthy healthy

3.3 Reliability Comparison for 3L-NPC and 3L-ANPC Converters

In the published work, the comparison between 3ICN&bnverters and 3L-ANPC
converters mainly focused on the converter powangaefficiency and cost [82] [83]. Since
a 3L-ANPC converter has more devices than a 3L-N&@erter, the reliability comparison
is also worth investigation. However, no work hasitbreported on this topic yet.

The circuits of a 3L-NPC and a 3L-ANPC convertettmsnubber and clamp circuit are
shown in Fig. 3.23. The main components and tt@int for reliability calculation are listed
in Table 3-12. As seen, the only difference betwientwo converters is that the 3L-ANPC
converter has 6 additional switches (with gateatsy compared to the 3L-NPC converter. It
is usually considered that adding more devices miluce the reliability of a converter. In

this section, we will provide a comprehensive t@lisy comparison for these two converters.

Table 3-12 Main components and count of 3L-NPC an8L-ANPC converters for reliability calculation

Tooolo Switch Anti-parallel NPC DC-link Snubber and
pology diode diode capacitor clamp circuit

3L-NPC 12 12 6 2 2

3L-ANPC 18 12 6 2 2
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3.3.1.1 Single and multiple device open failure

Fig. 3.23 Circuit diagram of 3L-NPC and 3L-ANPC coerters with snubber and clamp circuit

Fault Tolerant Operation of 3L-NPC Converters

Before starting the comparison, we need to andlyedault tolerant operation of a 3L-
NPC converter. Some researchers have reportedathie tblerant ability of the 3L-NPC
converters, which has been discussed at the begirofi this chapter. We summarize the

fault tolerant operation of the 3L-NPC convertedensingle and multiple device open and

Table 3-13 summarizes the status of the devicestlaid impact on the status of the

faulty phase in the 3L-NPC converter under singleice open failure conditions. As seen, if



Ssp0r Ssfails in open, the converter can not operate angmbor any other single device
open failure, the fault tolerant operation is aafalé. For example, if FDa; fails, the faulty
phase still has the status of “reduction fault’Difs fails, the faulty phase has the status of

“no reduction fault (2-level)”.

Table 3-13 Summary of fault tolerant operation unde single device open failure in a 3L-NPC converter

Sal/Dal Sa2 | Da2| Sa3| Da3 Sa4/DaBa5 | Da6 Phase status
ok ok ok ok ok ok ok ok healthy
fail ok ok ok ok ok ok ok reduction fault
ok ok fail ok ok ok ok ok reduction fault
ok fail ok ok ok ok ok ok fail
ok ok ok ok fail ok ok ok reduction fault
ok ok ok fail ok ok ok ok fail
ok ok ok ok ok fail ok ok reduction fault
ok ok ok ok ok ok fail ok no reduction fault (2-&y
ok ok ok ok ok ok ok fail no reduction fault (2-&y

Table 3-14 shows the status of the devices and itm@act on the status of the faulty
phase in the 3L-NPC converter under multiple dewapen failure conditions. For example,
if Sai/Daithrough S4/Dgsare healthy, then even if.and Dgfail simultaneously, the faulty
phase still has the “no reduction fault (2-leveddatus. In another example, as long 35S,
DasandDggare healthy, the phase still has the “reductiontfaatus even if all the other

devices in the phase fail together.

Table 3-14 Operation under multiple device open faire (in one phase) in a 3L-NPC converter

Sal/Dal Sa2 | Da2| Sa3 DaB Sa4/Dpdas | Dab Phase status
ok ok ok ok ok ok fail | fail | no reduction fault (2vel)
fail ok fail ok fail fail ok ok reduction fault
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For the fault tolerant capability of the 3L-NPC werter under multiple device open
failure conditions, Table 3-9 is still valid whitee “no reduction fault” status does not exist.
In mode-1 and mode-2, the maximum modulation inde%.15. In mode-3, the maximum
modulation index is 0.577. Moreover, only mode-bvat the same waveform quality as
normal operation. In [62], the author proposeddbleition to use only one dc-link capacitor
to generate a two-level voltage waveform for thdtfeolerant operation. We have discussed
the operating principles of this solution for mplé device open failure analysis of the 3L-
ANPC converter in detail, and the analysis is alnthe same for the 3L-NPC converter.

Therefore, we will not repeat the description here.

3.3.1.2 Single and multiple device short failure

Using the same analysis for the 3L-ANPC conveiftable 3-15 summarizes the status of
the devices and their impacts on the status offdhéty phase and the voltage across the
devices in the 3L-NPC converter under single destoart failure conditions. When, 4
or S4/Dy4 fails, overvoltage will occur across,Sand Qs respectively, which may cause
damage to the device. So the fault tolerant opmras not available for a 3L-NPC converter
when S4/Da; or Si/Dasfails in short. For any other single device sharluie, the converter
can operate like a two-level converter with the mmaxm modulation index reduced to 0.577.

Table 3-16 shows the status of the devices and itm@act on the status of the faulty
phase in the 3L-NPC converter under multiple degicert failure conditions. As seen, the
faulty phase can only generate “0” output voltageel and its status is “reduction fault”. For
example, if S/Da and S4Da4 are healthy, then the faulty phase is classifieth vtihe

“reduction fault” status even if all the other deas in the phase fail simultaneously. In
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another example, if FDas fails in short, then S/Da,, Si4Dag and Qsmust be healthy and
Das must fail in short in order to achieve fault toleraoperation, and this operation is

different from the 3L-ANPC converter, in whichg® scan be either healthy or failed.

Table 3-15 Summary of fault tolerant operation unde single device short failure in a 3L-NPC converter

Sal/DalSa2/Da?Sa3/Da3Sa4/Das4 Da5 | Dab Phase status ovgr?v\gﬁzg
ok ok ok ok ok ok healthy no
fail ok ok ok ok ok no reduction fault (2-level) Ba
ok fail ok ok ok | ok reduction fault no
ok ok fail ok ok ok reduction fault no
ok ok ok fall ok | ok no reduction fault (2-level) Ba
ok ok ok ok fail | ok reduction fault no
ok ok ok ok ok | fall reduction fault no

Table 3-16 Operation under multiple device short fdure (in one phase) in a 3L-NPC converter

Sal/Dal Sa2/DaZ Sa3/Da3 Sa4/Da4  Dab Da6 Phase status
ok fail fail ok fail fail reduction fault
fail ok fail ok ok fail (must) reduction fault
ok fail ok fall fail (must) ok reduction fault

For multiple device short failure conditions of tBe-NPC converter, Table 3-11 is still
valid. Only one phase status can be “reductiont’fauhile the other two phases must be

healthy. The maximum modulation index is reduced.&y7.

3.3.2 Reliability Analysis Techniques

To assess the converter reliability, some defingiare recalled first as below [84]:
1) Reliability is the characteristics of a systentomponent expressed by the probability

that it will perform a required function under st@tconditions for a stated period of time.
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2) Failure rate. is the frequency at which a system or componalst fiis usually given
in Failure in Time (FIT), where 1 FIT is equal toeofailure within 18 operation hours.
According to the MIL-HDBK-217F military standard48 the failure density function of
electronic devices is expressed by:
f(t)=Ae"" (t>0) (3-4)

The reliability function of a component gives thelpability of survival until time t:
t
R(t) =1- j f(t)dt =1- (1-e"")=g"" (3-5)
0

To evaluate the reliability of a converter consigtiof a number of components,
depending on the complexity and redundancy chaiatits of the converter, different
computation methods can be used [86] [87] [88].

For a simple power electronics converter withodurelancy or fault tolerant ability, any
failure in one of the components in the convertdl @ause the entire converter to fail.
Therefore, the components can be viewed as a seosected system. The reliability

function of the converter can be expressed by:
R(t) = |‘J R(t) =" %t g1 (3-6)

Where,R(t) is the reliability of componerit 1!, 22...A"are the failure rates of component
1, 2 ...n, respectively.

For a converter with fault tolerant ability, ifabnsists of n components and requires that
at least k components are healthy so that the ctarvean continue operating, then it is

called the k-out-of-n: G system. The reliabilityhition of the converter is expressed by (3-7).
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s2<..<s =1

Where, RS (t) is the reliability function of the component remeted byS.

However, according to the analysis for the faukant operation of the 3L-NPC and 3L-
ANPC converters, it can be found the these two edevs are even more complicated than
the k-out-of-n: G system. In order to assess tedimbility functions, our proposed method is
that the component and device failure rates areeggted to evaluate the converter overall
reliability function. This means the converter abliity function should be derived from the

sum of all the possible fault tolerant operations.

3.3.3 Reliability Function of 3L-NPC and 3L-ANPC Co nverters

In this work, the reliability of the 3L-NPC and 3ANPC converters is analyzed and
compared for a general purpose rather than an aecuoeliability engineering calculation.
Therefore, some factors, such as quality factdress factor and temperature factor, are not
considered. The components included for the rédlfiglanalysis are switches and their gate
drivers, anti-parallel diodes, NPC diodes, snulabemip circuit and dc-link capacitors. The
failure rates of these components are listed inleT&17 [89] [90]. Since for any fault
tolerant operation, the dc-link capacitors andghebber and clamp circuits must be healthy,

they can be viewed as a whole part, and its réiiplbunction is given by:

Q=(e™)’Qe™)? (3-8)
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Table 3-17 Component failure rates for reliabilityanalysis and comparison

Component Failure rate. of the component
P FIT (10%0occ./h) occ./yr.
IGCT+Gate driver 1=50+200=250 0.0022
Anti-parallel diode A=20 0.0001752
NPC diode 2s=20 0.0001752
Snubber/Clamp circuit 14=300 0.0026
DC-link capacitor As=120 0.0010521

The reliability function for 3L-ANPC and 3L-ANPC nwerters are derived in the

following sections for single and multiple devigeem and short failure conditions.

3.3.3.1 3L-NPC converters

First, we define thalyx=anciS the probability that all the devices in phasare healthy,

as given by:
T, =T, =T = () Qe™)*(e™)’ (3-9)

1) Reliability function under single device short ta# condition

According to Table 3-15, in a 3L-NPC convertef/Bx; and S4/Dx4 in all three phases
must be healthy to ensure the continuous operafiige converter. If any other device fails
in short, the converter can still operate with dueed maximum modulation index equal to
0.577.

We defineXyx=ancas the probability that only one device from, By, S, Dy3, Dysand
Dys in phasex fails, as given by:

Xo= X, =X, =201 P e ) @ )
+20-e ) ) e P e )? (3-10)
+20-e e e ) e ™)
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Then the converter reliability function is deriviegt
Rupc_single_snort = (T 00y DX + Ty [0 OX, + T, 0 OX, + T, [0, D) [Q (3-11)

In some applications, if they require that the maxin modulation index still needs to be
1.15 during the fault tolerant operation, thentladl devices in the converter must be healthy,
and thus the reliability function of the converiter

Rupc_singe_short = Ta p (0 [Q (3-12)

2) Reliability function under multiple device shoriléae conditions

According to Table 3-11 and Table 3-16, for muiplevice short failure conditions, the
failure can only occur in one phase, while the oth® phases must be healthy. We define
Xux=apc @s the probability that the status of phase“reduction fault” under multiple device
short failure, as given by:

X =T, 0, 0, DD+ T,[{T,T,D D +T [{1-T [T {D {D )) (3-13)

Here, Tmm=1-41S the probability that both devices in the pag bealthy. For example, for

the pair of $1/Dy, T1 represents the probability that both 8nd Q; are healthy. T =1-T_

represents the probability that at lease one dewitiee pair fails. So we have:

X, =X, =X, =(1- (") He™))de P 0 ™)’ de ™) t-e™)
H1-@EM)Oe™)) Qe P e ae ™) Mi-e™)  (3149)
+ (e—/llt )2 me—Azt ) 2 [ﬁl_ (e—/ht )2 l]e—Azt )2 He—/ht ) 2)
Then the converter reliability function is expresbsy:

RNPC_rmItipIe_mort = (Ta |:I-b D<c +Tb D-C D<a +Ta D-C |:Xb +Ta |:I-b D-c) E(D (3'15)
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If certain applications require that the maximumduolation index still needs to be 1.15
during the fault tolerant operation, then all trevides in the converter must be healthy. In

this case, the reliability function of the conveiitegiven by:

F\)NPC_muItipIe_short = Ta |:rb D_c ‘ZD (3'16)

3) Reliability function under single device open fadicondition
According to Table 3-13, in a 3L-NPC converter &d S; in all three phases must be
healthy for the successful operation of the correMVe defineXyx=anc as the probability

that one device from,§ S and Dy; through Qg in phasex fails, as given by:

X=X, =X, = 200-e" ) PO €
+A-e ) ) e P e ) @17
+20(-e ) ) e ) e ™)

Then the reliability function of the converter is:

RNPC_SingIe_open = (Ta D-b D<c +Tb D-c D<a +Ta D-c D<b +Ta Erb D-c) E(D (3-18)

If the applications only require that the maximunodulation index needs to be 1.15
during the fault tolerant operation, then as shawmable 3-13, [ or Dy in phasex is also
allowed to fail, while &, Sy, D1 throughDy4 in phasex must be healthy. In this case, the
faulty phase can only generate a two-level wavefdkha need to modify (3-17) into (3-19).

X, =X, =X, =20l-e™)e™ ) qe™) ™) (3-19)

If we only consider the fault tolerant operationwhich both the maximum modulation

index and the waveform quality are the same as alooperation, then all the devices must

be healthy, and the reliability function can beregsed by:

F\)NPC_singIe_open = Ta D_b |:rc m:-) (3'20)
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Then the reliability function of the converter Hhe same expression as (3-18).

4) Reliability function under multiple device openltae conditions

According to Table 3-9 and Table 3-14, for the fadalerant operation under multiple
device open failure conditions, it allows at mosedaulty phase with “reduction fault”
status, while the status of the other two phasesbea“healthy” or “no reduction fault (2-
level)”.

We defineXyy=apcas the probability that all of,§ Su, Dx1 and D4 in phasex are healthy,
Xox=ab,c as the probability that all ofy§ S, Dxs and Qg in phasex are healthy, anMajx=ap,c
as the probability that both,pand Os in phasex are healthyTyx-apcis defined as the

probability that all of the devicesis#Dy; through $4/Dy4 in phasex are healthy. So we have:

A =B =C,=(e™)’[e™)? (3-21)
A =B,=C,=(e™)’(e™)? (3-22)
A =B,=C,=(e*)? (3-23)
T, =T, =T, =(e™) Qe™)" (3-24)

The converter reliability function is then expréss

Rl\lPC_mutipIe_open = ((l_ Alm?.) |}‘2 |:rb Erc + (l_ BlEBS)EBZEra Erc + (l_C ll:q: 3)'13 2|:ra Erb +Ta |:rb Erc ) [ﬂg
(3-25)

However, in (3-25), it does not consider the faalerant operation solution, in which
only the upper or lower dc-link capacitor is usedjénerate a two-level waveform, as shown
in Fig. 3.22. Therefore, we also need to calculagereliability function under this operating
condition, and exclude the common part from thelpdity function in (3-25) in order to

avoid the double counting. We defifieas the probability that all the S Dxs and D3 in the
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three phases are healttByx-apc iS the probability that all the deviceg; SDy; and Do in
phasex are healthypx|x=a b, is the probability that one or more failure octu6,;, Dy; and

Dy2 in phasex. Therefore, we have:

T=(e™)’Qe™)° (3-26)
P =P =P =(e*)Qe"™)’ (3-27)
P =R =F=1-(")0e" (3-29)

The converter reliability function can be expregs b

RNPC_rmtiple_open=2m2EB2m2D—[GE[E[R+R[E[Pa+E[E[R+E A )Q (3-29)

o

Therefore, the final reliability function of the SUPC converter under multiple device
open failure conditions should be the sum of tisalte in (3-25) and (3-29).

In some applications, if it requires that the maxmmodulation index is 1.15 during
fault tolerant operation, then the status of fayhases can not be “reduction fault”. This
means all the devices Dy through $4/Dys in phasex must be healthy. Therefore the
reliability function of the converter under thiseypting condition is given by:

Rupc_ miine_open = Ta (T (T, [@ (3-30)

In some applications with more stringent requiretsehoth the maximum modulation
index and the output voltage and current waveforality are required to be the same as
normal operation. In this case, all the devicethenconverter must be healthy. Therefore, the

reliability function is expressed by:

Rl\lPC_mutipIe_open = (Ai Do‘z m?,l:lBll:IB ZEB 3[<D 1[([: 2[@ g [(D (3'31)
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3.3.3.2 3L-ANPC converters

We defineTyx=apc asthe probability that all the devices in phasare healthy, given by:
T, =T, =T.=(e™)° Qe *)*(e™)? (3-32)
1) Reliability function under single device short ta# condition
According to Table 3-6, a 3L-ANPC converter cantoare operating under any single
device short failure condition with a reduced maximmodulation index equal to 0.577.
We defineXyx=anb,cas the probability that one device fails in phasas given by:

Xa= X, = X, =601-e* )" Pie™ Y e ™ F
+4 ﬂl_ e—/lzt )(e—Alt )6 He—Azt )3 E(e—/l3t )2 (3_33)
+ 2 ﬂl_ e—/13t )(e—/ilt )6 E(e—/izt )4 He—A3t )

Then the converter reliability function is deriviegt

Ranpc_singe_short = (Ta O, X, +T, O, DX, +T, O, X, +T, O, Uc) [@Q (3-34)

If we only consider the fault tolerant operatianswhich the maximum modulation
index is still 1.15, then all the devices in thengerter must be healthy. Thus the reliability
function of the converter is given by:

Ranpe_snge_short = Ta Hp O [Q (3-35)

2) Reliability function under multiple device shoriléae conditions

According to Table 3-10 and Table 3-11, for mutiplevice short failure, at least two
phases must have the “healthy” status, while thristof the other phase can be “reduction
fault”. We defineXyx=anc as the probability that the status of phass “reduction fault”

under multiple device short failure conditionsgasen by:

X =T, 0, 0, T+ T, 0T, 0T o+ T,01-T ST [T [T )) (3-36)
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X, =X, = X, =(1- () 0e™)) de ) o) de ™)
+ (1_ (e—/llt ) l]e—/lzt )) (e—/llt )3 He—/lzt )2 l]e—/bt ) (3-37)
+ (e—/llt )2 me—/lzt)Z [@1_ (e—/llt )4 He—/lzt )2 l]e—/bt )2)
Then, the converter reliability function is expreddy:

R

e muttiple_short = (Ta o X + T 0L DX, + T, 0, X + T, [0, [0,) [@ (3-38)

If we only consider the fault tolerant operationsahich the maximum modulation index
is still 1.15, then all the devices in the converteist be healthy. In this case, the reliability
function of the converter is given by:

Ranpc_mutiple_short = Ta dp O [Q (3-39)

3) Reliability function under single device open fadicondition

According to Table 3-5, the 3L-ANPC converter cantue operating under any single
device open failure condition. Therefore, the k@lity function is the same as (3-34).

If we only consider the fault tolerant operationwhich both the maximum modulation

index and the waveform quality are the same as alooperation, then the status of the

faulty phase must be “no reduction fault”. Therefare need to modify (3-33) into:

X, =X, =X, =201-e ) P Oe™ ) e ™ )
(3-40)
+2 Hl_ e—A3t )(e—)llt )6 He—)lzt )4 E(e—A3t )
Then, the reliability function has the same expoesas (3-34).
4) Reliability function under multiple device openltae conditions
According to Table 3-8 and Table 3-9, for multiplevice open failure in the 3L-ANPC

converter, Table 3-18 shows the possible combinatiof the three phase status for the

successful operation of the converter. In the talble phase status “3L output” means the
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phase can generate all three voltage levels. “Zbudiimeans the phase can only generate
tV4d2. “0” means the phase can generate zero levehditall three voltage levels.
The probability that one phase has the status’as“Qiven by:
R =SZDD5[ﬁD2[55[Gl_Sl[Bs[B4DD1DD3DD 4)"'5 i5{D ¢D E (5D qu_s (5 [D D D )AJ
+S,[5,D,[1-(1-D,[5,) [{1-S,D ) | (3-41)

+S, [, [5, [D;(,5,D ,+ S4fib 4D o+ D Jf1-5 45 ){1-S [S /D D ) )

Here, Qym=1-s and Dym=1-6 are the probability that the device, &nd Dy, are healthy,

respectively.S, =1-S, and D, =1-D,, represents the probability that the device ad

Dn, fail, respectively. So we have:

Ry = (™)’ Qe™) Qe ™) -(e™) Me™) Ue™) + () -e ") e ™)
L)Y de™) He™ Y - (1-e e ™ ) e ™ ) e ™ )?
HL-e MMM He™) e ™) + - el ™) e™)’
- ME P e ) e e Y e P I e ) (342)
HEM) M- M) i-eM)me ™)+ @My de - ™)
—(€") Qe ™) M-e™)-(1-e™) Qe ™) Qe ™) M-e™)’
tl-e)Qe ™)y e M- ™)y

Table 3-18 Possible operating conditions of a 3L-ARC converter for multiple device open failure

Phase A status Phase B status Phase C status
0 2L output /3L output 2L output /3L output
2L output /3L output 0 2L output /3L output
2L output /3L output 2L output /3L output 0
2L output /3L output 2L output /3L output 2L outpBL output
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We defineT as the probability that,8Dx; throughS,4/Dy4 are all healthy in phase as
given by:
T = S. [SZ [53 |:&54|:|D1|:|D2|:|D BDD 4: (e_Alt)4 me_AZt)‘l (3'43)

The probability that one phase has the statuslobt&put” is given by:

Py :(55[56[§5m6+55[56[55+D5[§5DD tD {50 (3-44)
P - M- ™) Mo e™) + (e e ™ F + @-e e ™ F
(M) e ™) e ™) e ™) "
The probability that one phase has the statuslobtiput” is given by:
Py :(55 |:ﬂge"'I:_)SEBGDEGEES"'Dsl:I5 GEEQD- (3-46)
P =[A-e™)HL-e™)+ (I-e ¥ )i-e™ F O™ )+ (-e™ Ji(t-e™ g™ )
me—Alt)4 me—/lzt)4 (3-47)
Then, the converter reliability function is expreddy:
RANPC_mutipIe_open = (SDPO HPZL + Pa_ )2 + ( PZ_ + PS_ )3) [(D (3-48)

However, in (3-48), it does not consider the faalerant operation solution, in which
only the upper or lower dc-link capacitor is usedjénerate a two-level waveform, as shown
in Fig. 3.22. Therefore, we also need to calculagereliability function under this operating
condition, and exclude the common part from thelpdity function in (3-48) in order to
avoid the double counting. We defiig. as the probability that the faulty phase can only
generate 0 and /2 output voltage levels (and the phase statuBg$); as given by:

R, =S,05,D,D,{S,D,]D,5{1-SD)+D {D +D 5 {D {{1-S {D )]

(3-49)
+5, 08,1~ D, (1- D, [8,) |+ S,MD[8,]1 D D ¢+ D f{1-D {5 )[{1-S [D )]}
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R = () e ™) Le™) - (€7)°e™) ' Ue™) + (™) *Wi-e ) e ™) e ™)
- Y e E)’ - (e e ) e ) e ™)’
+A-eM)Me™ P he ™) - (- M) e ™)’ e ™) i -e™)
+HI-e )™y He P Il-e™)+ @) Tl-e )oe ™ P it-e™ fe™)
HE™) Qe M) - e ™) - (@) He ) e )

—(Q-e)Qe ) e Pl + (- ) e P e ) l-e M

For the fault tolerant operation, two phases carehibe “R.” status and the remaining

(3-50)

phase has “3L output” status. Or, the status ofttakke phases is ¢P. The converter
reliability function for this type of operation is:

RNPC_rmtiple_open = 2X(3X P0_2 I:Pl + PO_S) [(D (3'51)

Therefore, the final reliability function of the 3ANPC converter under multiple device
open failure conditions should be the sum of tiseilte in (3-48) and (3-51).

If we only consider the fault tolerant operatiorwhich the maximum modulation index
is still 1.15 during the fault tolerant operatidhen the all the three phases can have the

status of either “2L output” or “3L output”. Theore the reliability function is expressed by:

3
RANPC_mutipIe_open = (PZL + PSL) [(D (3'52)
If we only consider the fault tolerant operatiorwhich the maximum modulation index
and waveform quality are the same as normal operatihen all the three phases must have

the “3L output” status. Therefore the reliabilisyexpressed by:

_ 3
RANPC_mutipIe_open - I:>3L E(D (3'53)

3.3.4 Reliability Comparison of 3L-NPC and 3L-ANPC  Converters
Based on the above results of the reliability fiorctof the 3L-NPC and 3L-ANPC

converters, we plot and compare their reliabilupdtions calculated over a span of 20 years
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for single and multiple device open and short failuconditions. Considering the

requirements of different applications, the comgamiis studied for three cases as follows.

Case 1: the reliability function includes all thespible fault tolerant operating
conditions for the 3L-NPC and the 3L-ANPC convestdn this case, the maximum
modulation index and the output voltage and curkeaveform quality can be the
same or lower compared to those in normal operafidre comparison for the
reliability of the two converters are plotted fangle device short failure (ssf), single
device open failure (sof), multiple device shoituiee (msf) and multiple device open

failure (mof) in Fig. 3.24 (a) through (d), respeely.
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Fig. 3.24 Reliability function comparison for the 3-NPC and 3L-ANPC converters (Case 1)
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In order to look into the reliability variatiofR for the two converters, we define:

AR= (RANPC - RNPC ) / RNPC (3-54)

Here, Rnpc and Rpc are the reliability of the 3L-ANPC and 3L-NPC cemters,

respectively.

The reliability variatiorAR for Case 1 is plotted in Fig. 3.25.

0.25
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| | |
02} 1 sof |~ -~ . T
| | )
| | |
| | |

Reliability Variation

Fig. 3.25 Reliability variations for the 3L-NPC and3L-ANPC converters (Case 1)

Case 2: the reliability function only includes tia@ilt tolerant operating conditions in
which both the maximum modulation index and thepattvoltage and current
waveform quality are the same as those in normatatipn. The comparison for the
reliability of the two converters are plotted fangle device short failure, single
device open failure, multiple device short fail@med multiple device open failure in

Fig. 3.26 (a) through (d), respectively.
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Fig. 3.26 Reliability function comparison for the 3-NPC and 3L-ANPC converters (Case 2)

The reliability variatiorAR for Case 2 is plotted in Fig. 3.27

0.1
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Fig. 3.27 Reliability variations for the 3L-NPC and3L-ANPC converters (Case 2)

» Case 3: the reliability function only includes tlaglt tolerant operating conditions in
which the maximum modulation index is the same tet in normal operation.

Compared to Case 2, the waveform quality is notsiclamed in this case. The
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comparison for the reliability of the two convegeare plotted for single device short
failure, single device open failure, multiple devighort failure and multiple device

open failure in Fig. 3.28 (a) through (d), respesi.
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Fig. 3.28 Reliability function comparison for the 3-NPC and 3L-ANPC converters (Case 3)

The reliability variatiorAR for Case 3 is plotted in Fig. 3.29.
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Fig. 3.29 Reliability variations for the 3L-NPC and3L-ANPC converters (Case 3)
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For Case 1, the reliability analysis and compari$mnthe 3L-NPC and 3L-ANPC
converters can be used for motor drive applicatians which a reduced maximum
modulation index is usually allowed during the fawolerant operation, and the motor drive
system can continue working, but at a lower spaeldwer output power. From Fig. 3.24
and Fig. 3.25, it is observed that the 3L-ANPC @ters have higher reliability compared to
the 3L-NPC converters for the applications beloggim Case 1. For example, considering
over a span of 16 years, the 3L-ANPC convertere laavincreased reliability around 18%,
12.5%, 10% and 8.5% compared to the 3L-NPC comgefte multiple device open failure,
multiple device short failure, single device shtatlure and single device open failure,
respectively. For Case 2 and Case 3, the resilestréhe converter reliability analysis and
comparison for the grid-connected applicationsyimch the reduced maximum modulation
index is not allowed since the converter outputasnected to the grid with a fixed voltage.
Moreover, Case 2 also accounts for the applicatiai$ more stringent harmonic
requirements. In such applications, even duringdt femlerant operation, the converters are
still required to generate the same waveform quag normal operation. From Fig. 3.26
through Fig. 3.29, it shows that, in the applicasidoelonging to Case 2 and Case 3, the
reliability of the 3L-ANPC converter is similar that of the 3L-NPC converter for single
and multiple device open failure. However, for $ngnd multiple device short failure, the
NPC converters have a much higher reliability tHen3L-ANPC converters.

Therefore, from the reliability aspect, the 3L-ANEGverter is better than the 3L-NPC
converter for motor drive applications. Howevert fpid-connected applications, the 3L-

NPC converter shows overall better reliability.
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3.4 Control of ANPC Generator Converter for Large Wind Turbine

3.4.1 Application of ANPC Generator Converter for L arge Wind Turbine

The MW wind turbine system with a direct-driven PGI&nd a full-scale converter is
becoming more attractive for offshore wind powengyation. The main advantages of this
configuration include low mechanical maintenanapineement, robust gearless construction,
high efficiency of PM machine and better grid-cdaléliment. In this configuration, a back-
to-back 3L-NPC converter is usually used. The d@irdiagram of a 4-quadrant 3L-NPC wind

power converter is shown in Fig. 3.30.
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Converter Link | Converter
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Fig. 3.30. Circuit diagram of 4-quadrant B2B 3L-NPCwind power converter

However, due to the drawback of the unequal lossidution among the power devices
in the 3L-NPC topology, the maximum output powertloé converter is limited. Since the
trend of the wind turbines is moving toward higharit capacity, it is more practical to
increase the converter power rating by optimizimg device utilization, so as to match the
large wind turbine capacity. Moreover, when oped ahort circuit failure occurs on the
power devices in the generator converter, the avewvis usually required to be shut down to

protect the wind turbine system. This will redube system availability and reliability, and
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cause economic loss. Since today’'s wind turbinmgahtas reached multi-MW level, it is

beneficial to maintain the wind turbine in serviaed continue supporting the real power
under certain device failure conditions. This isoameaningful for the operation stability of
the power system with a high percentage of windgrqvenetration.

In this work, we propose to apply a 3L-ANPC congexn the generator side of a MW
direct-driven wind turbine system. The better tharmerformance of the ANPC converter
enables to support the wind turbine at higher polegel. Moreover, the fault tolerant
capability of the 3L-ANPC converter enables the dviirbine to remain in service and
continue providing real power under device failemnditions. This unique feature is very
meaningful, especially for offshore wind farm. Santbe period between two service visits is
long for offshore wind sites, the disconnectiontleé wind turbine caused by the power
device failure is very costly. Therefore, the pregd solution enables to bring benefits in
terms of reliability and economic saving. Fig. 3s3tbws the configuration of a direct-driven
PMSG based large wind turbine system with a 3L-ANje@erator converter. On grid side,

the converter can be either a 3L-NPC converter3ir-ANPC converter.
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Fig. 3.31 Configuration of a large wind turbine sytem employing a 3L-ANPC generator converter
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3.4.2 Control of ANPC Generator Converter

In this section, the control schemes of the 3L-AN§f&@erator converter for both normal

operation (fault-free mode) and fault operationv{de failure mode) are presented as follows.

3.4.2.1 Control scheme of ANPC generator converter  under normal operation

The rotor aerodynamics of the wind turbine is egpeel by [91]:
1 3
Pr = E,OAGC(ﬂ,A)Vw (3-55)

WhereP; is the extracted power from the wind (W)is the air density (kg/f, A, is the
area swept by the rotor fin C, is the power coefficient] is the tip speed ratid/y is the
wind speed (m/s)j is the pitch angle of the rotor blades (degree).

The power coefficienE, is expressed by:
1 X —CGE]F
Cp(ﬁ,/])=C1ﬂC2EK—C3Dﬁ—C4Dﬂ -Cyle "+CmA (3-56)
Here, G=0.5176, G=116, G=0.4, G=0, G=5, G=21, G=0.0068, anc% is defined as:

1_ 1 0035
A A+0088 1+p°

(3-57)

The typical wind power curve is shown in Fig. 3.32.

m v

»
cht-in Vn cht-out VW
Fig. 3.32 Typical wind power curve
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In normal operation, depending on the region thatwind speed belongs to, as shown in

Fig. 3.32, different control schemes are usedHer3L-ANPC generator converter [92]:

When the wind speed is below the cut-in spégd;, (region I) or beyond the cut_out
speedVey_out (region 1V), the generator converter and the wumthine are shut down,
thus no real power is transferred to the grid.

When the wind speed is between the cut-in spégd;, and the rated speed,
(region 1), the controller of the generator corteeimplements the Maximum Power
Point Tracking (MPPT) algorithm to extract the nmmaxm power from wind by
adjusting the generator speed to keep the optimapeed ratidlyy. In this control
mode, the pitch angle is usually fixed to zerothis work, we mainly focus on the
control scheme of the 3L-ANPC generator convedettie wind speed in region 1.
When the wind speed is between the rated spgeshd the cut-out speéd. out
(region 111), the controller of generator conventezeds to limit the extracted power at
the rated level. This is done by maintaining thenegator speed constant and

adjusting the pitch angle.

For the grid side 3L-NPC or 3L-ANPC converter, ttontrol scheme is to regulate the

DC bus voltage, the dc-link neutral-point balanod #he grid-side power factor. Fig. 3.33

shows the controller diagram for the grid converteris a synchronous voltage oriented

control (VOC) with PI controllers, and has been elydused for grid-connected applications

[93]. This control strategy is based on the coatiintransformation between the stationary

abc and the synchronouwdy reference frames. The inner current loops assasetfansient

response and high static performance. The decotiposif the AC current indg axes
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provides the decoupled control for the active pogerDC bus voltage) and reactive power
(or AC voltage). In this work, the control schenmmprises the DC voltage controller and
the active component of the current in thaxis, while the reactive power and the reactive
component of the current are controlled in tiaxis. The dc-link neutral-point balance

control is implemented in the PWM modulator by gsihe redundant switching states of the

3L-NPC or 3L-ANPC converter.

Ls R
—?—-—:—? 1-.-
o U
Grid ® L ® 'IG UC1IO—dC
| ey ee— I_o-r-
i Uc2
. PWM Al
_____Tt______l
Ug
+ Ug

Fig. 3.33 Controller diagram of the grid side conveder
The 3L-ANPC generator converter implements the MP&htrol. The controller
diagram is shown in Fig. 3.34. The Field Orienteahttol (FOC) is used to perform the
speed control of the PMSG by decoupling the flurkdige and torque control [94]. Thie
axis is rotating along the magnetic field directidhe reference of theaxis current is set to

be zero, so that a simple torque control can b&aetl only by controlling thg-axis current.

The outer loop calculates the torque referefige, based on the MPPT algorithm [95]. The
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reference of thg-axis current is proportional to the torque refeeenThe MPPT algorithm
keeps the power efficien®, at its maximum value€C,my. The optimal torque reference

Ton s IS Qiven by the equations below.

em

T g = K (3-58)
1 C
K== ERS pmax 3-59
2 P DA} /]Optg ( )
Comax = Cp (ﬂ‘ﬂ:o’/]opt) (3-60)

Here, lop is the optimal tip speed rati@omax iS the maximum power coefficiend, is

rotor speed, anR is blade radius.
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Fig. 3.34 Controller diagram of the generator sideonverter under normal operation

3.4.2.2 Control scheme of ANPC generator converter  under fault operation

According to the previous analysis for the fauletant ability of the 3L-ANPC converter,
through the switching states and switching sequerneeonfiguration and modulation signals

modification, the 3L-ANPC converter is still able tperate under single device open and
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short failure condition. The principles of the lfatolerant operation and control strategies
are recalled and summarized as below.

* If Ss/Ds or S/Dg has open failure, referred to tgpe (a) failure, then by choosing the
proper switching state and switching sequence, 3b&ANPC converter can be
derived into a configuration which is similar tcetBL-NPC converter. During the
fault tolerant operation, the maximum modulatioder is still 1.15, and the voltage
and current waveform quality are not impacted.

» For other device failure conditions, referred tayge (b) failure, the faulty phase is
connected to the neutral-point of the dc-link tiglowa proper “zero” switching state.
Meanwhile, the reference voltage signals are mediifo maintain the balanced line-
to-line voltage of the converter. During the fatdterant operation, the maximum
modulation index is reduced to 0.577.

For type (a) device failure, since the maximum modulation inéexi output voltage are
not reduced by using the fault tolerant controg tiontroller of the generator converter can
still implement MPPT algorithm and extract the nmaxim power for the whole wind speed
range in region Il shown in Fig. 3.32. The windbine operation is almost the same as
normal operation.

However, fortype (b) device failure, since the maximum modulation ingexeduced to
0.577, the available maximum output voltage of gbaerator converter is limited, resulting
in a limited adjustable speed range of the PMSQs Tieans that when the wind speed
exceeds a certain limit, the MPPT algorithm wilt be available anymore.

Table 3-19 shows the main parameters of the 5 MWdwurbine and PMSG [96] [97].
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Table 3-19 Main parameters of the 5 MW wind turbineand PMSG

Wind Turbine Parameters PMSG parameters
Rate power P 5 MW Rate power P 5 MW
Rated rotor speed n 14.8 rpm Rated voltage (L-L RMS) 3.3 kV
Rotor diameter D 116 m Rated current (RMS) 0.92 kA
Hub height 138 m Power factor 0.95
Hub height mean speed 11.8 m/s Phase resigtor R 50 M
Cut in wind speed 2.5m/s d-aix inductanggrl 3.5218 mH
Cut out wind speed 25 m/s g-aix inductanggtL 3.5218 mH
Rated wind speed 11.8 m/s PM flux 14.3522WH
Optimum tip speed ratip 7.6179 Number of pole pairs 118
Maximum power coefficient C 0.4746 Inertia factor 2.5e5 kgfm
Air density 1.225 kg/rh Friction factor 2.26e4 N.m.s

Since the stator resistance and inductance oféhergtor are very small, we first make
an approximate assumption that the stator back-Edltage is the same as the stator voltage.
Therefore the ratio between the rotor speed andrtbédulation index is almost constant.
Using the fault tolerant control scheme fgpe (b) device failure, the maximum adjustable
rotor speed, which corresponds to the maximum nadidul index 0.577, is calculated by:

O'S;QX14.8rpm= 7.93pm

r

(3-61)

Here, 1.078 is the modulation index at the rateerajing point with 3.3 kV output line-
to-line RMS voltage of the converter.

If the optimum tip speed ratid,y is kept constant, then the maximum wind speed, at
which the MPPT algorithm is still available, is givby:

= 0'5;;><11.8*n /s=6.32m &

w

(3-62)

So, in region Il, when the wind speed is below G188, the MPPT algorithm can still be

obtained by adjusting the rotor speed. However,nathe wind speed is above 6.32 m/s, the
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MPPT algorithm can not be achieved anymore becd#loserequired modulation index
exceeds the available maximum limitation 0.577. &ntthis condition, we can transit the
controller of the generator converter from the MPR®de to the constant speed mode, in
which the rotor speed is controlled to be constarhe maximum limit 7.93 rpm (about 0.83
rad/s). Fig. 3.35 shows the extracted wind poweveunder the constant rotor speed mode.

In this control mode, the pitch angle is still fike zero.
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Fig. 3.35 Extracted wind power curve with the consint speed control for wind speed in region Il

From Fig. 3.35, it is observed that, when the wdpded is higher than 6.32 m/s, although
the wind turbine can not extract the same maximwwep as that in normal operation,
however when the generator operates at the consitontspeedn,=7.93 rpm (0.83 rad/s),
the wind turbine can still generates the amounbwtput power which is the allowable
maximum value unddype (b) device failure condition. If the rotor speed isvér than 0.83

rad/s, the generated power will also become smaller
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Here, we notice that another possible solutionutdher increase the extracted power
under thetype (b) fault tolerant operation is to increase the DC ‘mitage of the converter,
which can be controlled by the grid-side converténdertype (b) failure, if the DC bus

voltage is increased by, and then the available maximum rotor speed iivele by:

AV
w =1+ x7.93rpm 3-63
= = 00d P (3-63)
Due to the linear relation between the rotor speehdthe wind speed ) under MPPT
control mode, the maximum wind speed, at whichMiPT algorithm is still available with

the increased DC bus voltage, is given by:

AV
V. =1+ x6.32m /s 3-64
w = 5000) (3-64)

Now we take the ETO Light ANPC PEBB as an examphe maximum long term DC
voltage for the ETOs and 5SDF 10H4502 diodes i©99280he nominal DC bus voltage of
the PEBB is 5000V. In Fig. 3.36, we plot the extiedcpower at different wind speed under

different DC bus voltages ranging from 5000V to @80during thetype (b) fault tolerant

operation.
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Fig. 3.36 Extracted power at different DC bus voltges undertype (b)device failure

116



From Fig. 3.36, it can be found that by increadimg DC bus voltage, more power at
higher wind speed can be extracted figoe (b) failure. For example, at ¢¢&=5 kV, the
extracted power at ¥=11.8m/s is 1.589 MW. At ¥=5.6 kV, the extracted power at
Vuw=11.8m/s is 2.223 MW. It implies that almost 40%Her power can be extracted by
increasing the DC bus voltage from 5 kV to 5.6 Idawever, in the following discussion
and simulation study, we still keep the DC busagidt at 5 kV to simplify the analysis.

Based on the analysis for the operation of the wimbine and generator converter under
type (a) andtype (b) device failure conditions, Fig. 3.37 shows thetomrdiagram of the 3L-
ANPC generator converter during the fault toleraperation. Knowing the wind speed, the
position and failure type of the failed device, awntrol mode will be selected from the
MPPT control and the constant rotor speed contr@enerate the reference valyge for
the g-axis current, which is then sent to the inner entrloop of the generator converter

controller shown in Fig. 3.34.
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Fig. 3.37 Control diagram of the 3L-ANPC generatorconverter under fault tolerant operation
The assumption for the previous analysis is thatrétio between the modulation index

and the rotor speed is almost constant since thergtr stator resistance and inductance are
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very small. However, the stator back-EMF voltagaas strictly equal to the stator voltage if
the stator resistance and inductance can not Heated, especially when the extracted wind
power is large at high wind speed. Therefore, thevipus assumption is not absolutely
accurate. For this issue, several cases are stadetdimulated in MATLAB to further look
into the exact relation of the wind speed, thersfmeed and the modulation index under the
MPPT control mode and the constant rotor speedaamiode, respectively.

Under the MPPT control mode in normal operatiom, rislation between the wind speed
and the rotor speed is given in (3-65). The dathefwind speed and the corresponding rotor
speed, which is acquired from the simulation tesplotted in Fig. 4.26. It shows that the
simulation results match the analytical equatiorf3#65), and prove that the ratio between
the rotor speed and the wind speed is almost aangtanormal operation under MPPT

control mode for the wind speed in region Il

VX A W
_ opt :V x7.6179% 30:1.2542wi

@ R 58x 7T (3-65)
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Fig. 3.38 Relation between the rotor speed and thveind speed in normal operation under MPPT control
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Under the MPPT control mode in normal operatiome, diata of the rotor speed and the
corresponding modulation index, which is acquineahf the simulation test, is plotted in Fig.

3.39.
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Fig. 3.39 Relation between rotor speed and modulath index in normal operation under MPPT control

From Fig. 3.39, it can be observed that the ragtwben the rotor speed and the
corresponding modulation index is not exactly canstDetailed simulation shows that with
the MPPT control, when the wind speeg &quals to 6.32 m/s, the rotor speed is 7.93 rpm,
and the modulation index is 0.5597. When the wipelesl \(, equals to 6.51 m/s, the rotor
speed is 8.17 rpm and the modulation index reacdh&37, which is the maximum
modulation index unddype (b) fault tolerant control.

In normal operation, if we use the constant speedrol instead of the MPPT control in
the simulation study, then when the rotor speed.98 rpm, the relation between the wind

speed and the modulation index is shown in Tab&9.3Similarly, in another simulation
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study, when the rotor speed is controlled at 8, rthe relation between the wind speed

and the modulation index is shown in Table 3-21.

Table 3-20 Wind speed and modulation index ab,=7.93 rpm under normal operation

Wind speed (m/s) 6.32 8 9 10 11.8

Modulation index 0.5597 0.5604 0.5611 0.5617 0.519

Table 3-21 Wind speed and modulation index ab,=8.17 rpm under normal operation

Wind speed (m/s) 6.51 8 9 10 11.8

Modulation index 0.5769 0.5777 0.5787 0.5796  0.5801

From Table 3-20 and Table 3-21, it is observed thater the constant speed control
mode, when the wind speed is higher, the modulatidax will also increase. The reason is
that the torque increases for the higher extrapmasler. Therefore, if we control the rotor
speed at 8.17 rpm undgpe (b) fault tolerant operation, the wind turbine systeray be
unstable at high wind speed. For example, whenihd speedv,,=11.8 m/s, the required
modulation index is 0.5801, which exceeds the maxrinmodulation index limit 0.577
during the fault operation, thus the controller neagillate and result in instability. However,
if we control the rotor speed at 7.93 rpm as weidithe previous analysis and discussion,
then even at the wind spe®¥g=11.8 m/s, the required modulation index 0.561tilslower
than the maximum modulation index limit 0.577, ahd generator can operate in a stable
mode. Another advantage is that due to the margtheomodulation index (around 3%), it
also brings benefits in terms of system dynamiégoerance. Therefore, finally we choose to

control the rotor speed at 7.93 rpm untyee (b) fault tolerant operation.
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3.4.3 Simulation Verification

To verify the proposed control schemes for the PAL generator converter under fault
tolerant operation, the simulation study of a 5 MWéct-driven PMSG based wind turbine
system is implemented in MATLAB. The main parameteir wind turbine system are given
in Table 3-19. In the simulation, we assume thatdbvice failure occurs at 1.5s in phase A
of the 3L-ANPC generator converter. The wavefornisthee extracted real power, the
generator stator current, the generator torqueydle speed, the dc-link voltage and the
neutral-point voltage are plotted for each tesecas

Fig. 3.40 shows the generator side waveforms atwind speedv,=11.5m/s with @
open circuit failure at 1.5s. This device failueddngs taype (a) failure, so the fault tolerant
control strategy will derive the 3L-ANPC converiato a configuration similar to the 3L-
NPC converter. Hence, the maximum modulation indenot reduced. From the waveforms,
it can be observed that the operation of the wintdine and the generator almost has no

change after Pfails. The MPPT algorithm is still effective.
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Fig. 3.40 Generator side waveforms under fopen failure atV,=11.5m/s with fault tolerant control

Fig. 3.41 shows the generator side waveforms awihd speedv,,=6m/s with B} short
circuit failure at 1.5s. This failure belongs tige (b) failure, so the maximum modulation
index is limited to 0.577 under fault tolerant aoht However, since the wind speed, i

below 6.32m/s, the MPPT algorithm can still be eebd. The post-fault waveforms are
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almost the same as those in normal operation. Becthe fault tolerant control always
connects the faulty phase of the 3L-ANPC generadorerter to the neutral-point of the dc-
link after D, fails, the ripple of the neutral-point voltage bews slightly larger, which will

consequently increase the torque ripple slightlgwiver, the waveforms show this small

ripple increase has little impact for the propeempion of the converter and the wind turbine.
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Fig. 3.41 Generator side waveforms under pshort failure at V,,=6 m/s with fault tolerant control

123



Fig. 3.42 shows the generator side waveforms atvihd speedv,,=9m/s with B open
circuit failure at 1.5s. This failure belongs tige (b) failure, so the maximum modulation
index is limited to 0.577 with fault tolerant caooltr Since the wind speed,Ms above
6.32m/s, and then based on the control diagramign 337, the generator controller will
transit from the MPPT mode to the constant rot@esibmode after the device failure. The
rotor speed is controlled to be 7.93rpm. The deere# the extracted real power and the
rotor speed can be observed in the waveforms. fEmsient period takes about 0.4s for the
wind turbine and the generator to reach the neadststate operating point aftep Eilure.
The performance of this dynamic transition can heaher improved by choosing the
appropriate Pl parameters for the speed contrafidrcurrent controller.

The simulation results prove that by using the psagl control schemes, the 3L-ANPC
generator converter allows the wind turbine to tar@ operating and provide real power to

the grid under device failure conditions.
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Fig. 3.42 Generator side waveforms under Popen circuit failure at V,,=9 m/s with fault tolerant control

3.5 Summary

Fault tolerant operation of power electronics caters is very important for the critical
industrial processes with high associated stahdsigt and safety-critical applications. In
this chapter, the study focuses on the fault chsetthe power device open and short circuit

failure.
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First, the existing fault diagnosis techniques dadlt tolerant strategies of the
conventional multilevel converters are reviewed aodhmarized. Then the fault tolerant
ability of the 3L-ANPC converter is analyzed fortlbhodevice open and short failure
conditions. The analysis shows that when devicenofa@ure occurs in the 3L-ANPC
converter, the output currents become unsymmetaitdithe neutral-point voltage of the dc-
link becomes unbalanced. Regarding the device shiute, the dc-link capacitor may be
discharged through the “DC shoot through” path fednby the failed device, which may
cause overcurrent or overvoltage on the other Imgalévices and cause damage. The fault
tolerant control strategies of the 3L-ANPC convedre proposed to enable the continuous
operating of the converter under any single dewjgen and short failure condition. Under
S5/Ds or S/Dg open failure condition, by choosing the propertsinng state and switching
sequence, the 3L-ANPC converter can be derivedardgonfiguration which is similar to the
3L-NPC converter. During the fault tolerant opeyatithe maximum modulation index is
still 1.15, and the voltage and current waveforraliy is not impacted. If the failure occurs
on any other device in the converter, the faultggghis connected to the neutral-point of the
dc-link through a proper “zero” switching state. &nevhile, the reference voltage signals are
modified to maintain the balance of the line-tcelwoltages of the converter. During the fault
tolerant operation, the maximum modulation indexreguced to 0.577. Moreover, the
requirement of the fault detection time is alsccdssed to ensure the proper fault tolerant
operation.

Furthermore, the fault tolerant operation of the-AAPC converter under multiple

device open and short failure conditions is studiedhows that the proposed fault tolerant
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control schemes enable the 3L-ANPC converter toatpgoroperly even if multiple devices
fail simultaneously. Therefore, the reliability arsirvival capability of the 3L-ANPC

converter are greatly improved. Simulation and expent results validate the proposed
methods.

Compared to the 3L-NPC converter, the 3L-ANPC comveemploys 6 additional
devices, and this may imply lower converter relighi However, the comprehensive
reliability analysis and comparison for the two eerters show that the 3L-ANPC converter
has higher reliability than the 3L-NPC converter footor drive applications, in which the
reduction of the maximum modulation index is uspallowed during fault operation, and
the motor drive system can continue working, bua &wer speed or lower output power.
For grid-connected applications, in which the reducof the maximum modulation index is
not allowed since the converter output is conne¢tethe grid with a fixed voltage, the
reliability of the 3L-ANPC converter is similar that of the 3L-NPC converter for single
and multiple device open failure. But for singledamultiple device short failure, the 3L-
NPC converter has higher reliability than the 3Lf20l converter.

Finally, the control schemes are proposed for theARPC converter for both normal
operation and fault operation when it is appliedtba generator side of a direct-driven
PMSG based large wind turbine system. When thecdefails in the generator converter,
based on the information of the wind speed, thdétipasand failure type of the failed device,
one control mode can be selected from the MPPTraloand the constant rotor speed control,
so that the wind turbine system can continue opeyalf the maximum modulation index is

limited to 0.577 during the fault operation, in erdo extract more power from wind, it
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shows that one option is to increase the DC butagelof the converter to a proper level,
which can be implemented by the grid-side conveif@erefore, besides the feature of the
balanced loss distribution among the devices, thdt ftolerant ability of the 3L-ANPC
converter also allows the wind turbine to remaisenvice and continue providing real power
to the grid under device failure conditions, whidm bring benefits in terms of reliability
and economic saving. The simulation results vettifly proposed methods and the proper

operation of a 5SMW wind turbine system.
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Chapter 4

Topology, Control and Application of a Ne

Nine-Level ANPC Converter

w

In this chapter, a new 9-level ANPC converter spased for the next generation of high

power PEBB technologies to help improve power dqualnd remove the passive filters in

order to reduce the size and weight of the highgrosonverter systems, such as the grid-

connection of multi-MW large wind turbine systems.

4.1 Next Generation High Power Medium Voltage PEBBs

Multilevel converters are widely used in high poyeredium voltage applications such

as adjustable speed drives and the recently enteelgctrical interface for grid connection

of renewable energy sources. An overview of theilavie industrial medium voltage

converters on the market is depicted in Table 4-1.

Table 4-1 An overview of the industrial medium volage converters on the market

Manufacture Product Voltage (kV) Power (MMA) Technology Semiconductor
ACS1000 2.3;3.3;4.0; 4.16 0.315~5 3L-NPC-VSC IGCT
ACS 6000 3;3.3 3~27 3L-NPC-VS( IGCT
ABB ACS 5000 (4.16); 6.0;6.6; 6/9 2~24 5L-NPC-HB-VSC IGCT
ACS 2000 6; 6.6; 6.9 0.4~1 5L-ANPC-VSC MV IGBT
PCS 8000 3.3 16 3L-ANPC-VSC IGCT
Allen Bradley| PowerFlex 7000 2.4; 3.3; 4.16; 6.6 0.15~6.7 PWM-CSI SGCT
Sinamics GM15D0 2.3; 3.3; 4.16; 6.6 0.8~10 3L-NPC-VSC MV IGBT
Siemens |Sinamics SM150 3.3 5~28 3L-NPC-VSC IGCT
Perfect Harmony 2.3~13.8 0.3~30 ML-SCHB-VSC LV/MV IGBT
MV 5000 2.3;3.34.2 1.4~7.2 2L-VsC MV IGBT
Converteam MV 6000 2.3;3.3,4.2 0.3~8 4L-FLC-VSC MV IGBT
MV 7000 3.3 7~9.5/6~8 3L-NPC-VSG GTO/MV IGH

BT
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It can be found that the NPC voltage source corwvestthe most popular topology in
medium voltage applications. The number of levetsniost multilevel converter products is
below five-level, while three-level converters hawere penetration in the market [98] [99].

For the next generation of multilevel PEBB techigods in high power applications, the
converters with higher number of levels (5-levele®el) are needed [100] [101]. One of the
main motivations is to improve the power qualitylahus reduce the size and weight of the
high power converter system by removing the bulagsive filters. Two examples are given
as below.

First, in the next generation transformerless Irgegl Power System (IPS) for all-
electric ships, as shown in Fig. 4.1, the gearéassliary power generator concept needs a
filterless, multilevel converter solution for thewer conversion units to further reduce the
weight and size of the auxiliary power generat®stay. For the power conversion from a
high speed PM generator to the auxiliary DC linknaltilevel converter (5-level, 9-level) is
needed to limit the total harmonic current distortbelow 5% on the generator side without
using the bulky passive filters. On the other hafwd, the power conversion from the
auxiliary DC link to supply the 60 Hz AC shipboaedmultilevel converter (5-level, 9-level)
is also needed to limit the total harmonic currdistortion on the grid side without using
passive filters. The total harmonic distortion bétgrid voltage feeding a purely resistive
load needs to be below 5%. By avoiding passiverilivith heavy chokes, the power density
of the shipboard AC power conversion can be in@@as

Second, in MW-level wind energy conversion systeth® grid filters are usually

appropriately selected to smooth the output voltage current waveforms of the grid side
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converter to remain in compliance with the harmdmuat standards set by the utilities. In
recent years, the power capacity of wind turbirestbeen increasing continuously. Currently,
the Repower 5 MW wind turbines and the Enercon &-82VM\W wind turbines have been
installed in Germany. The even higher power levatsu(10 MW and 12 MW) are either
under development or at the prototype stage [182fhese power ratings, the passive filters
are massive and may have potential resonant ris&refore, the filterless grid connection
concept, which is realized by employing power caoters with higher number of levels, is
proposed to omit the passive grid filter for thendfgs in terms of reduced cost, size and
weight, increased power density and higher religbil

In this work, we focus on the multilevel converégplications in wind power systems.
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Fig. 4.1 Next generation transformerless Integrate®ower System (IPS) for all-electric ships
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4.2 Filterless Grid Connection for Large Wind Turbine Systems

4.2.1 Concept of Filterless Grid Connection

The configuration of a conventional wind turbinestgyn with full-scale converter and
direct-driven PM synchronous generator is showRig 4.2. As seen, a three-level back-to-
back NPC converter is usually used in the systemh thie output of the converter is
connected through a grid passive filter to a feédarsformer, which adjusts to higher utility
voltages by employing a proper turns-ratio. Thed giilter is usually an LC filter in
combination with a special damping circuit. The ddnpassive filter allows the system

operation to meet the harmonic limit required by BEE 519 standard [103].
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Fig. 4.2 Conventional wind turbine system with fullscale converter and direct-driven PMSG
A five-level active NPC converter has been proposedthe grid side to remove the
massive grid filter [104]. The circuit of a 5L-ANP&nverter has been shown in Fig. 1.17. It
enables the wind turbine system to meet the harnaonits of IEEE 519 standard without
using passive filters. However, in order to fulfiie requirements of the more stringent

VDEW standard, an LC grid filter is still needecheldiagram of this wind turbine system is

shown in Fig. 4.3.
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Fig. 4.3 Diagram of the wind turbine system with &L-ANPC converter on the grid side

To completely remove the grid filter, further etfoare needed to upgrade the five-level
ANPC converter to a topology with a higher numbglfewels so as to generate sufficient
output waveform quality to comply with VDEW standatt has been proven that the use of
a 9-level converter on the grid side shows a globaipliancy on almost the whole harmonic
range with VDEW standard [105]. It is obvious thalpng with a higher number of voltage
levels, the multilevel converters can generateebettitput waveform quality. However, this
upgrade requires additional components, such asceeductor devices and capacitors,
which increase the complexity, cost and reliabitifythe converter and the system. Therefore,

in this work, we mainly focus on the 9-level corteertopologies.

4.2.2 Review of the 9-Level ANPC Converters

In this section, the existing 9-level ANPC convestare summarized. The characteristics

of the different topologies are discussed.
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4.2.2.1 9-level ANPC standard converter

Fig. 4.4 shows the circuit of a 9-level ANPC staddeonverter. It is derived from the
generalized ANPC topology and is able to genera®elevel output voltage waveform by
cascading two additional stages of a two-level eoter cell (half-bridge topology) to each
phase of a similar standard 5L-ANPC converter [32]each phase of the converter, there
exists three floating capacitors, and the relatibtheir voltages and half dc-link voltage is
1:2:3:4. A special control scheme is required tepkéhe voltage balance of the floating
capacitors. The blocking voltages of the power dewn the converter ar®q. for S-S;, and

Vu/4 for §-Ss.

dh

Vdc
= S10 S7 S5 33 S1
Chloh oa
a RGIINCI Vdf,:l
9 IN"IT
11 88 S6 §4 &2
vdel

Fig. 4.4 Circuit of the 9-level ANPC standard conveer

4.2.2.2 9-level Common Cross Connected Stage (C  >S) converter

Fig. 4.5 shows the circuit of the 9-levelSCconverter [106]. It connects 45PEBB to a
similar standard 5L-ANPC converter for a 9-levetpu voltage waveform. The’S PEBB
consists of six power devices and one floating capa and it is shared by all three phases.

Besides the capacitor in the PEBB, each phase efctinverter has only one floating
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capacitor. The voltages ofi@nd G are %2 and ¥ of half dc-link voltage, respectiv&éliince
the CS PEBB is influenced by all three phases simultasgo the device blocking voltages
are complicated and are followsVf/4 for §-Sg, Va4 for S-S, Vo/2 for S-S, and Vy/4
for S-S14. To stabilize the floating capacitor voltages, thaximum modulation index is
limited to 0.925 at full active power, which meahg dc-link voltage is not fully utilized.

The complete three-phase converter diagram is shoWwiy. 4.6 [105].
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Fig. 4.6 Circuit diagram of the three-phase 9-leveC3S converter
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4.2.2.3 9-level Cross Connected Intermediate Level  (CCIL) converter

Fig. 4.7 shows the 9-level CCIL converter circdiOT]. Different from the previous 9-
level CS converter, this topology can be viewed as insgri CCIL PEBB into each phase
of a similar standard 5L-ANPC converter. The CCEBB consists of 6 power devices and
one floating capacitor. There are 2 floating cajpaisiin each phase of the converter, and
their voltages are %2 and ¥ of half dc-link voltagespectively. The device blocking voltages
areVyc for $1-Sia, Vad2 for S-S0 andVyd4 for §-Se.

This topology is a double capacitors 9-level rethm non-boosting structure. In [107],
another topology, referred to as “single capac@brnon-redundant boosting converter”,
which can save two power devices and one capaftitagach phase, is also introduced, as
shown in Fig. 4.8. However, in order to balanceflibating capacitor voltage, the control
scheme is very complicated (using fuzzy logic coljitand the maximum modulation index
is limited to 0.91 under full active power. Thenefpin this work, we only focus on the first

topology (double capacitor redundant non-boosti@gLG:onverter).

S11 S9 S7 S3 S1
— I ) N .
Vde S12 Sa
E ;c1 ]c2
Vdc/2 Tvdea|
Vdc S13 $s
T pd rd pd
S14 S10 S8 Sé S2

Fig. 4.7 Circuit of the 9-level Cross Connected lermediate Level (CCIL) converter
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Fig. 4.8 Circuit of single capacitor 9-level Cros€onnected Intermediate Level (CCIL) converter

4.2.2.4 9-level 3L-ANPC plus HBBBs converter
The circuit of the 9L 3L-ANPC plus HBBBs (H-briddauilding blocks) converter is

shown Fig. 4.9. It generates a 9-level output yatavaveform by cascading two HBBBs to
each phase of a standard 3L-ANPC converter. Eaalsephas two floating capacitors and
their voltages are Y2 and % of half dc-link voltagespectively. The device blocking voltages

areVyc for &-Sq4, Va/2 for $-Sg andVy /4 for S-S..

S11 S9
P
Vdc:: S12
S1
[
vdel
vdel 13 S2

Fig. 4.9 Circuit of 9-level 3L-ANPC plus HBBBs conerter
In [27], a similar topology is studied for mediuraltage motor drive applications, which
connects only one HBBB to each phase of a conveaitithree-level NPC converter to

achieve 9-level output. The circuit of a 9-level-BNPC plus single HBBB converter is
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shown in Fig. 4.10. Model-predictive control (MP€)used to stabilize the floating capacitor
voltages because there are no redundant switchatgssin the converter, therefore the
controller design is very complicated comparedhose using redundant switching states.
Another drawback of the converter is that the maxmmodulation index is limited to 0.95
under full active power. Therefore, in this worke wiainly focus on the 3L-ANPC plus two
HBBBs converter.
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Fig. 4.10 Circuit of 9-level 3L-ANPC plus single HBB converter

4.3 A New 9-Level ANPC Converter

This work aims to upgrade a 5L-ANPC converter t8-lavel converter and achieve a
filterless grid connection for large wind turbingstems. A new topology, named 5L-ANPC

plus HBBB converter, is proposed and discusseeiaildn the following sections.

4.3.1 Topology of the New 9-Level ANPC Converter

The circuit diagram of the proposed new 9-level AN&bnverter is shown in Fig. 4.11.
Different from the other 9-level ANPC convertersoab, in the proposed topology, one
HBBB is directly connected to each phase of a steh8L-ANPC converter. Therefore, this

topology is named 5L-ANPC plus HBBB converter. Eatiase has two floating capacitors,
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and their voltages are % and ¥4 of half dc-link agd, respectively. The device blocking

voltages ar&/y. for S5-Sg, Vy/2 for §-S,andVyd/4 for §1-Spo.

,,,,,,,,,,,,,,,,,

Vdc, : s

Vout

Vdc
-

,,,,,,,,,,,,,,,,,

5L-ANPC PEBB
Fig. 4.11 The proposed 9-level topology—5L-ANPC ptuHBBB converter
Regarding the floating capacitors, their capacigameeds to limit the voltage ripple seen

by the capacitors for a given switching frequervelyich can be calculated by (4-1).

Iy 1
AV, f,

C= (4-1)

Wherely is the peak phase curreatyc is the peak-to-peak voltage ripple across the
floating capacitors, anfd is the switching frequency.

If we assume the two floating capacitors in eachsphhave the same peak-to-peak per
unit voltage ripple based on their rated voltagel the phase peak current and the equivalent
switching frequency are the same for the two cdpessithen we have a relation for the
capacitance of the two capacitors shown as (4-2).

C, =2, (4-2)
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For one phase-leg of the new 9-level ANPC convgetler energy stored in the floating

capacitor Gand G is expressed by (4-3) and (4-4), respectively.

1 (V. ) 1
Ec. = E [C, [E_;j = _8[@1 m/dcz (4-3)
1 v, Y1
Ec,= E [C, [E_ZJ = ?2[62 Wdcz (4-4)
Therefore, the total stored energy in each phasigeofonverter is given by (4-5).
_ _1 2
E[otal - Ec1 + Ecz _32(4[@1"'(:2) m/olc (4-5)

The proposed topology is considered to be an effeend practical solution to expand
an existing 5L-ANPC converter in the wind turbingtem to a 9-level converter because it
has the following features.

* Both 5L-ANPC and HBBB are standard power electreiailding blocks (PEBBS),

so the potential technical risk associated withaeverter innovations is reduced.

* Few mechanical structure modifications are neededupgrading the 5L-ANPC

converter to the new 9-level ANPC converter, siitognly requires connecting the
AC output terminals of the two PEBBs together wa#ibles. Because these terminals
are usually reserved on the PEBB products, the ertevsystem installation is more
straightforward and the implementation is muchezasi

* Itis easy to maintain the voltage balance of thating capacitors by using redundant

switching states. Such methods allow the voltadenoa control in one phase totally
independent from the other two phases. Moreoverprtaximum modulation index is

not impacted, and can reach up to 1.15 under ¢tive power transfer.
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* The dc-link structure of the new 9-level conveitethe same as that in the 3L-NPC
and 3L-ANPC converters. This is beneficial for aedti-drive PMSG based large
wind turbine system with a full-scale convertercdigse the generator converter is
usually a 3L-NPC or 3L-ANPC converter and it needsor modification when the
grid converter is upgraded from a 5L-ANPC convettethe new 9-level converter.

* The dc-link voltage and neutral-point balance carrdgulated by the generator side

converter. So the control of the proposed 9-leviel gide converter can be simplified.

4.3.2 Operation and Control of the New 9-Level ANPC  Converter

In the proposed topology, the 5SL-ANPC PEBB and HB&® generate 5-level and 3-
level output voltage waveforms, respectively. Tlglouthe proper switching state
combinations of the two building blocks, a 9-lesatput voltage waveform is obtainable.

Fig. 4.12 shows the possible switching states, t#wedassociated output voltage and
current flow path of the proposed 9-level ANPC cemer when the output phase voltage is
positive. This occurs during the positive half eydf the fundamental period. Due to the
symmetrical structure of the converter, the operatiluring the other half cycle of the
fundamental period when the output phase voltagegmtive, can be analyzed and derived
in a similar way. The complete switching statesit@ving sequence, and the effect on the
floating capacitor voltages of the new 9-level ANB@erter are summarized in Table 4-2.
In the table, “1” and “0” represent the on-statd aff-state for the device, respectively. For
each switching state, the impact on the floatingac#dor voltage may be different. “+”, “-”

and “0” represent charging, discharging and noctfée the floating capacitor, respectively.
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The positive direction of the phase current isrtkdi as flowing out of the AC terminal. It
can be found that the output voltage is synthesizgddding or subtracting the dc-link
capacitor voltages and the floating capacitor @& while several switching states are
available to generate the same output phase volEgyeexample, there are three options to
generate the output voltag®43/4, as shown in Fig. 4.12 (c) (d) and (e). The egpions for
the output voltage synthesization are provided4i®), (4-7) and (4-8). These redundant

switching states can be used to balance the flpatapacitor voltage, which is explained

later.
V,, =V, -V, =V, -V, [4=3V, /4 (4-6)
Vi =V =V, +Ve, =V, -V, [2+V, [4=3/, /4 (4-7)
V, =0+Vo, +V., =V, 124V, 14=3/, /4 (4-8)
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Table 4-2 Switching states and their impact on flaing capacitor voltage in the new 9L ANPC converter
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The pulse-width modulation (PWM) for the new 9-ledéPC converter is shown in Fig.
4.13. Carrier-based PWM witH®armonic injection is used in this PWM method tteex
the maximum modulation index to 1.15 under lineadmation. As seen, the eight triangular
carriers have the same frequency and amplitude, then occupied voltage bands are
continuous. By comparing the reference signal vatith of the triangular carriers, the

corresponding devices are switched to generat@-tbeel voltage waveform in each phase.

18 ! ! ! ! ! !

i i i i i I i
.00z 0.004 0.006 0.008 0.0t ootz 0.014 0076

Fig. 4.13 PWM signals and the output voltage of thproposed 9-level ANPC converter
To ensure the proper operation of the proposedertery the voltage of the two floating
capacitors in each phase must be kept balancedhdrtheir reference voltage level.
Typically, there are two types of solutions for tfieating capacitor voltage control in
multilevel converters. One method is based on t@nton mode voltage control. This
solution does not need the redundant switchingestéd balance the capacitor voltage,

therefore the converter requires less power devareb capacitors to generate the same
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number of voltage levels. However, the implemeatatf this method is very complicated
since advanced control algorithms are needed, asamodel predictive control and fuzzy
logic control. Another drawback is the limitatiof the maximum modulation index under
full active power transfer operation of the congerf he other solution, which is widely used
in industrial applications, is to use redundanttsing states to balance the floating
capacitor voltage. This method is easy to implennetite controller and has little impact on
the limitation of the maximum modulation index undell active power transfer. In this
work, the latter solution, which is based on redamtdswitching states, is adopted for the
proposed 9-level ANPC converter.

From Table 4-2 and Fig. 4.13, it is observed thatttvo floating capacitors in each phase
will be charged or discharged at certain outputag# levels depending on the selected
switching state and the direction of the outputgehaurrent. Moreover, when a switching
state is selected to balance the floating capaedgliage in one phase, it may only impact one
of two capacitor voltages (e.g. V2), or may imphaeth of them (e.g. VV2and V7). For the
latter case, the controller needs to prioritize ¢apacitors first in order to choose the proper
switching state. The capacitor with a more deviatgltage should be given a higher priority,
so that even though the selected switching statth@current switching cycle is not optimal
for the voltage balance of the inferior capacitbe overall corrective action is still applied to
the converter to assure its proper operation.

For example, when the output phase voltagevig/8, the control scheme to balance the

floating capacitor voltage is explained below.
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» If the voltage deviation of (s larger than & then G has higher priority:
0 When G needs charged and if I>0, then\ig selected. Otherwise, if 1<0,
then VZ should be selected.
0 When G needs discharged and if I>0, then®\ig selected. Otherwise, if
1<0, V2" should be selected.

For both cases, while the selected switching ssateorking on balancing the voltage of
C,, the correct voltage balance action may not oocuthe capacitor £ because the impact
on G is to discharge when 1>0 and charge when I<0 witlomnsidering the actual voltage
state of G. The voltage deviation on,Gnay become larger in the current switching cycle,
but it will obtain the higher priority in the neswitching cycle if its voltage deviation
exceeds that of {Cthen the proper control for capacitor Will be chosen.

» If the voltage deviation of Js larger than ¢ then G has higher priority:

0 When G needs charged, then V2 is selected in the case Wwite The
voltage status of Owill not be affected during this period.

o When G needs charged and 1<0, if Beeds charged, then ¥ selected:;
or if C; needs discharged, V&ill be used. In this case, the voltages gf C
and G will be regulated simultaneously.

o0 When G needs discharged, then V2 is selected in thewhsea 1<0. The
voltage status of Owill not be affected during this period.

0 When G needs discharged and I>0, if, @eeds charged, then V2
selected; or if € needs discharged, ¥2s chosen. In this case, the

voltages of Gand G can be regulated simultaneously.
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Similarly, the switching state selection for thaeatoutput phase voltages can be derived.
Some switching states generate the same voltagé Ewd have the same impact on the
floating capacitor voltage (e.g. V5 and ¥5Then these switching states can be optimally

selected to balance the device power losses iodieerter.

4.3.3 Semiconductor Device Selection

The trade-offs of selecting semiconductor devicgsspecific applications are within the
device switching frequency and voltage rating. Bpad with different power devices, the
converter is able to exploit their individual adteges [23]. The proposed 9-level ANPC
converter is targeted for a 5~6 MW wind turbineteys The dc-link voltage is 6.4 kVdc.
The fundamental frequency of the reference signéli Hz and the PWM carrier frequency
is 2 kHz. ETO thyristors [108] and IGBTs are usadthis converter. 5.5kV/6.5kV ETO
thyristors are used forsSSs, 3.3kV IGBTs for $~S,, and 1.7kV IGBTs for §~S,. To
utilize the ETOs’ strength of the high voltage andrent rating and low conduction loss,
Cdl-3 ($~S) is switched at the fundamental frequency. The T&RCell-1, 2) are switched
at (or slightly below) the carrier frequency. Irder to achieve this, minor modifications are
made in Table 4-2. First, the switching states’ ¥Ad V6 will not be used. Second, to
generate “0” output phase voltage, the switchiagestV5 and V5are used when the voltage

reference is positive, while V&nd V5 are selected when the voltage reference is negativ

4.3.4 Simulation and Experiment Verification

To verify the proposed 9-level ANPC converter tagyl and control scheme, simulation

and experiment are employed. The test circuit diagof the new 9-level ANPC PEBB is
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shown in Fig. 4.14. Since we use the redundantchwig states to control the floating
capacitor voltage, the voltage balance controlanhephase is independent from the other
two phases of the converter. Therefore one phasthefnew 9-level ANPC PEBB is
sufficient to prove the correctness of the proposagblogy, control and the floating
capacitor voltage balance scheme. In this workntdral-point balance issue of the dc-link
is not addressed in the controller design becdussibe controlled more easily by the front-
end converter in the back-to-back converter comfigon. Therefore, two constant DC
voltage sources are connected to the dc-link oBtlevel ANPC converter.

For both simulation and experiment, the main patarseare: half DC bus voltage
V4=60 V, fundamental frequency f=60 Hz, carrier freqoy £=2 kHz, floating capacitors

C1=2.7 mF, G=5.4 mF. The load is a X2 resistor in series with a 2.5 mH inductor.

S
_h setup of the new 9-level ANPC PEBB

+C2

Vdcla,
S»

Fig. 4.14 Circuit diagram of the new 9-level ANPC EBB for simulation and experiment study

4.3.4.1 Simulation results

In the simulation, the modulation index is set ® @096. Fig. 4.15 shows the phase
voltage, the gate drive signals f@ells 1~3 (S5, S and $;) and the floating capacitor

voltages, from top to bottom.
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Fig. 4.15 Simulation waveform of the new 9-level ARC PEBB
The simulation results show that with the proposedtrol scheme, the new 9-level
ANPC converter can generate a 9L voltage wavefaang the two floating capacitor
voltages can be controlled around their refereradeer The gate drive signals imply that the

devices inCell-3 switch at fundamental frequency, and the deviceSdI-2 switch at the
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frequency which is slightly lower than the carrierquency. The devices @ell-1 switch at
the carrier frequency. This indicates the pos$ibilo use a hybrid converter concept by

employing different types of power devices.

4.3.4.2 Experiment results

The laboratory prototype of the new 9-level ANPCBBES shown in Fig. 4.16. For the
power stage, the discrete IGBT modules (Powerex ®&ID¥VZA24H) are used for the 5L-
ANPC PEBB and the IPM (Mitsubishi PM50RSA120) ieddor the HBBB. The controller
is TI TMS320F2812 DSP. The power stage and thealligontroller platform are connected

through optical fibers.

Fig. 4.16 Experiment prototype of the new 9-level NPC PEBB

Fig. 4.17 and Fig. 4.18 show the steady-state wanef using a modulation index of 0.8
and 0.96, respectively. The load current, the phatage of 5L-ANPC PEBB, the phase
voltage of HBBB and the phase voltage of the nelev@ ANPC converter are shown from
top to bottom in Fig. 4.17 (a) and Fig. 4.18 (a) tbhe two modulation index cases,

respectively. Fig. 4.17 (b) and Fig. 4.18 (b) shitv floating capacitor voltages, the load
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current and the phase voltage of the 9-level ANBGverter for the two modulation index

cases, respectively.
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(a) Load current (pink), 5L-ANPC phase voltage JrétBBB phase voltage (blue) and 9L ANPC converter
phase voltage (green) from top to bottom
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(b) C, voltage (red), €voltage (blue), load current (pink) and phaseagst(green) of the new 9-level ANPC
converter from top to bottom
Fig. 4.17 Waveforms of the new 9-level ANPC convet using a modulation index=0.8
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(a) Load current (pink), 5L-ANPC phase voltage JrétBBB phase voltage (blue) and 9L ANPC converter
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(b) C, voltage (red), €voltage (blue), load current (pink) and phaseagst(green) of the new 9-level ANPC

converter from top to bottom

Fig. 4.18 Waveforms of the new 9-level ANPC convet using a modulation index=0.96
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Fig. 4.19 and Fig. 4.20 show the dynamic-state ¥eawes with the change of the
modulation index within a certain time. In Fig. €,the modulation index increases from 0.8
to 0.96 within 160ms. During this period, the outplhase voltage of the 9-level ANPC
converter is always a 9-level waveform. In Fig.04.the modulation index increases from
0.7 to 0.84 within 100ms. During this period, thgput phase voltage of the 9-level ANPC
converter moves from a 7-level waveform to a 9devaveform. In both figures, the floating
capacitor ¢ voltage, the floating capacitor, @oltage and the output phase voltage of the 9-

level ANPC converter are shown from top to bottom.
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Fig. 4.19 Waveforms of the new 9L ANPC converter wén modulation index changes from 0.8 to 0.96
with 160ms: C, voltage (red), G voltage (blue) and output phase voltage (green)dm top to bottom
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Fig. 4.20 Waveforms of the new 9L ANPC converter wén modulation index changes from 0.7 to 0.84
with 100ms: C, voltage (red), G voltage (blue) and output phase voltage (green)dm top to bottom

The experiment results show that the proposed &-l&NPC converter is able to
generate 9 voltage levels by combining the outjaisp voltages of the 5L.-ANPC PEBB and
HBBB. The proposed control scheme is able to balahe floating capacitor voltage for

both steady-state and dynamic operations.

4.4 Comparison of Different 9-Level Converter Topologies

In this section, the proposed new 9-level ANPC eoter is compared with other

conventional 9-level converters and 9-level ANP@Gweoters.

4.4.1 Conventional 9-Level Converter Topologies

The most popular conventional multilevel convertars neutral-point-clamped (NPC)
topology, flying capacitor (FC) topology and cassédi-bridge (CHB) topology. They are

mostly used in commercial products as 3-level vlland 5-level converters. However, they
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have some limitations when the number of the owplibge levels becomes higher, such as

the 9-level topologies in this study for the files grid connection of large wind turbine

systems:

For the NPC topology, the large number of clamprayles and the voltage balance
of the dc-link capacitors are big issues for theCN#Fdnverter with higher number of
voltage levels. The unbalanced loss distributionomgnthe devices in the NPC
converter is another drawback.

For the FC topology, the number of floating capasit and therefore the total stored
energy is large for a 9-level converter. Moreovier, high power wind power
generation, considering the switching loss of podevices, the converter switching
frequency can not be high, thus the size and co#teofloating capacitors are the
main disadvantage.

For the CHB topology, it requires a large numbersofated dc voltage sources. In
MV drive applications, these dc sources are usyaibwided from the bulky multi-
winding transformers and rectifiers, which is noagiical for wind power converters.
Another solution is to feed the dc-link of each Hdge with a special-designed
medium/high frequency transformer connected tooatfend rectifier. However, it
will greatly increase the complexity and the cdsthe converter and the system, thus

making it inappropriate for wind turbine systems.
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4.4.2 The 9-Level ANPC Converter Topologies

Compared with the conventional multilevel conveti@pologies, the characteristics of
the ANPC converters, such as the improved thermatagement of the power devices,
higher output power rating and switching frequeraryd easier expansion for higher number
of voltage levels, make them attractive as the palectronics interface for a filterless grid
connection in large wind turbine systems.

The proposed new 9-level ANPC converter is compamgti other existing 9-level
ANPC topologies from several aspects, including nbhenber of individual power devices,
the total switch blocking voltage, the selectiortted commercial power device products, the
floating capacitor number, the voltage rating dmeltbtal stored energy, and the limitation of
the maximum modulation index at full active poweligery. The number of semiconductor
devices and their blocking voltage ratings giveidea about the cost, reliability and the
losses of the converter. The total device blockiolage indicates the total amount of silicon
installed, which is linked with the cost of the werter. The total number of capacitors and
their voltage ratings define the total stored epetigus representing the bulk and reliability
of the converter, and the impact on the cost amgepaensity of the system. The maximum
modulation index reflects the utilization of thelld voltage and the output power rating of
the converter.

In [105], the stored energy in the floating capacaf the converter was found to have a
linear relation with the capacitor voltage, as expéd below.

First, we assume that all of the compared 9L cdeveopologies are switched with the

same carrier frequency at the same nominal opgrpbimt. The energy in the capacitor is:
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1
E. =S’ (4-9)

According to (4-1), (4-9) can be re-written as @)1

1 1, 1
=g VA 4-10
=7 AV, f, € (19
Since we have:
AV, =n ¥, (4-11)

Here,n is the voltage ripple across the floating capacigoven in per unit based on the
capacitor rated voltage. For example, a 15% voltgg@e on the capacitor mean®quals to

0.15. Substituting (4-11) into (4-10), we obtairl(@).

11,1
e I L 4-12
Ec 27 1.C (4-12)

Since all the converters are assumed to work as#dmee nominal operating point and
switching frequency, the values igf, » andf:in (4-12) are identical for all the capacitors in
different 9-level ANPC converters. This indicatkattthe stored energy in the capacitor has a
linear relation with the capacitor voltage. Therefao compare the stored energy in all the
floating capacitors in different 9L converters, pihe number and voltage of the floating

capacitors are needed, which is expressed by (4-13)

#of caps

Ega = KO Zl Ve (4-13)
Here,k is a constant factor.
A comparison of the results is given in Table 4r3the table, V4" is half of the DC bus
voltage. Since the dc-link voltage of the propoS&dconverter is selected to be 6.4 R¥4

equals 3.2 kV.

158



Table 4-3 Comparison of different 9-level ANPC conerters (three-phase configuration)

5L-ANPC plus ANPC CCIL 3L-ANPC plus
HBBB standard CCCS converter HBBBs
converter
converter converter converter
Individual switch 36 36 30 42 42
number
Total switch
blocking voltage 21Vy. 18 Vg 24 Vg, 22.5 Ve 27 Vye
.| 12 *6.5kV . 24 * 4 5kV 12 * 6.5kV 18 * 6.5kV
Selected commercly y1p«33kv | L2TSOKY | s1gr3skv | +12+33kv | +12+3.3kv
9 +12 * 1.7kV ) +6 * 1.7kV +18 * 1.7kV +12 * 1.7 kV
Floating capacitor 6 9 4 6 6
number
*
Capacitor sustainel 3 * V. /2 i3 f\\//dcllg 3*Vy /2 3*Vyd2 3%V /2
voltage +3*V,. /4 i3+ VZZ 14 +1* Vg /4 +3 * Vg /4 +3*Vy /4
Total stored energ 1 > 0.78 1 1
(p-u.)
Modulation index
limit at full active 1.15 1.15 0.925 1.15 1.15
power delivery

According to the results in Table 4-3, the CCCSventer has the smallest individual
switch number and floating capacitor number. Thidecause the CCCS PEBB is common
to all three phases of the converter. Howevertotal switch blocking voltage is larger. In
fact, considering the selection from the commeng@ater device products, its switch number
is the highest among all the compared topologiesotider issue is that its maximum
modulation index is only 0.925 at full active poywhich limits its applications.

The ANPC standard converter has a smaller totaickwlocking voltage. However, it
needs 3 additional capacitors which need to wititsthe voltage level &V,/4. Due to the
switching frequency limitation in high power appgtimns, such capacitors are bulky and
expensive, and account for a fraction of convdegure. Their higher stored energy is also a

drawback in terms of system reliability.
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Another option, not shown in Table 4-3, is the 3B® plus HBBBs converter.
Compared with the 3L-ANPC plus HBBBs topology, tdy difference is that it uses 3L-
NPC PEBB instead of 3L-ANPC PEBB. The drawback bis ttopology is apparent
compared with the proposed ANPC topology. Firshaeds 6 additional clamping diodes
rated at 6.5kV voltage rating. Moreover, sinceah mot balance the device losses, larger
devices have to be used (e.g. 91mm instead of 6BM@hthyristors).

The proposed 9-level ANPC converter shows betterallfeatures compared to other
conventional 9-level converters and 9-level ANPQwaaters. Furthermore, both the 5L-
ANPC and HBBB are standard building blocks in therket, so the technical risk is low, and
the mechanical installation is much easier and rpoaetical compared with other solutions,
especially in the case of upgrading an existingANPC converter to 9L topology in the
wind turbine system. Therefore it provides an difeecand practical solution for the filterless

grid connection of MW wind turbine systems.

4.5 Application of the New 9-Level ANPC Converter

4.5.1 Description of the Filterless Wind Turbine Sy  stem

In this work, the proposed 9-level ANPC converterpplied on the grid side of a large
wind turbine system without passive grid filterdheTsystem configuration is shown in Fig.
4.21. As seen, the grid filter is removed, and fhkevel ANPC converter is directly
connected to the point of common coupling (PCChpugh a feeder transformer which

adjusts to higher utility voltages by using a prmofens-ratio.
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Fig. 4.21 Filterless grid connection of the large ind turbine system with the new 9-level ANPC conveer

The proposed 9-level ANPC converter is targetea 2t6 MW wind turbine. The dc-link
voltage is 6.4 kVDC. The rated converter outpuedin-line voltage and the transformer
secondary side rated line-to-line voltage is 4.¥YA& at 60 Hz. The modulation index at the
nominal operating point is 1.062. The PWM carrreqgtiency of the 9-level ANPC converter
is 2 kHz, which is appropriately selected for thghhpower level and meeting the harmonic
limits of the utility standards. The impedance bk ttransformer is 12% of the base
impedance, and this is reasonable considering ebenslary fault current for a 5~6 MW
power converter. The most stringent requiremenE&ES19 for meeting harmonic limit is
at low short circuit ratios (SCR) equal to 20. Hiraulation model for the grid side is shown
in Fig. 4.22, which is represented by a series eoton of inductance, resistance and
equivalent voltage source. The inductance is catedlas 12% of the base impedance for the
feeder transformer, plus a grid SCR of 20. Thestasce is calculated as 2% of the base
impedance. The RMS voltage of the AC voltage soigeel6 kVAC (line-to-line) at 60 Hz.

The floating capacitors of the 9-level ANPC congedre G=2 mF and @=4 mF.
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Fig. 4.22 Filterless grid side configuration of thdarge wind turbine system in the simulation model

The proposed 9-level ANPC grid converter contrbis active power production of the
wind turbine and the grid side power factor. A staml d-q decoupled vector control is used
for the system. In Fig. 4.23, the reactive powéenance, Qy, is set to be 0 for unity power
factor. The active power referencesHs calculated from the MPPT algorithm. In this
simulation, Rsis set at 1 p.u. as full active power transfer. @odink is modeled by two
constant dc voltage sources assuming that the gf@neronverter keeps the dc-link voltage
constant and the neutral-point voltage balanced.fldating capacitor voltages, the direction
of the output currents and the reference voltageass are used in the SPWM modulator for

the voltage control of the floating capacitors.
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Fig. 4.23 The controller diagram of the grid conveter

45.2 Simulation Verification

To verify the operation of the proposed 9-level ANEonverter in the large wind turbine
system and the fulfilment of the harmonic limitguegrement of utility standards without
using a grid passive filter, the model, shown ig.Ei.22, is simulated in MATLAB/Simulink.

Fig. 4.24 shows the output line-to-line voltagetiod converter, the line-to-line voltage
and the line current at the PCC of the grid, tlmatfhg capacitor voltages of the converter
from top to bottom. The results show that the psaglo9-level ANPC converter can generate
a 17-level line-to-line voltage waveform using firesented control method. The six floating
capacitor voltages in all three phases can be tatbharound the reference values (1.6 kVDC
for C;, and 800Vdc for ¢ at full active power delivery. The average vodtagpples for ¢
and G are 6.25% and 13.75%, respectively. The voltapplei can be reduced if larger

capacitance values are chosen.
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Fig. 4.24 Waveforms of the proposed converter foiilferless grid connection of large wind turbine syeem
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To verify the grid connection compliance to therhanic limits of the utility standards,
Fig. 4.25 illustrates the converter compliance WEIC 61000-2-12 voltage harmonic limits
at the PCC [109]. Fig. 4.26 illustrates the coretedompliance with IEEE519 and VDEW
current harmonic limits at the PCC [110] [111].

The PCC line-to-line voltage THD up to the™56rder harmonic is 1.02%, which is less
than IEC61000-2-12 standard of 8%. The line curf@ib up to 108 order harmonic is
0.59% and it is less than IEEE519 standard of 5%eldver, Fig. 4.25 and Fig. 4.26 show
that, with the proposed 9-level ANPC converter togg and control scheme, the
distribution of the harmonics across the frequespectrum also meets the standard
requirements.

The results prove that the new 9-level ANPC comrednables the filterless grid

connection for large wind turbine systems.

E

— Limits szcording to IBCE1000-2- 12

— %altage Harmonics

A

LI
T
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Harmonics of 60 Hz

Voltage harmonics in % of fundamental

Fig. 4.25 Voltage harmonics at the PCC and applicad limits
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Fig. 4.26 Current harmonics at the PCC and applicale limits

4.6 Summary

The next generation high power PEBB technology iregithe multilevel converters with
a higher number of voltage levels (5-level, 9-1¢uvel reduce or even remove the bulky
passive filter, thus reduce the size and weighihefconverter and the overall system.

This work proposes a new 9-level ANPC converteology for high power medium
voltage applications. The new converter combinesSit-ANPC PEBB and HBBB together
to generate a 9-level voltage waveform, and itgatpeg principles and control are presented.
To balance the floating capacitor voltages, thatsgyy for the redundant switching state
selection based on the priority information of fteating capacitors is presented in detail.
The hybrid converter concept is discussed for tiopgsed topology, in which different types
of power devices are employed to explore theindiadial advantages. The main advantages

of the new 9-level ANPC converter include less pbé& technical risk associated with the
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converter topology innovations, few mechanical&trice modifications and easy installation
if upgrading from 5L-ANPC to 9L converter, independl per-phase control and easier
controller design for floating capacitor voltagdaree, no maximum modulation index limit

at full active power delivery, the 3L-NPC and 3L-RRN dc-link infrastructure remain if a

direct connection to a 3L-NPC or 3L-ANPC generatate converter in a back-to-back

converter configuration is desired. Simulation axgeriment results validate the proposed
concept.

To illustrate the benefits of the new topologyisitompared with other conventional 9-
level converters and existing 9-level ANPC conwartgom several aspects including the
number of individual power devices, the total switdlocking voltage, the selection from
commercial power device products, the floating cé&pes number, voltage rating and the
total stored energy, and the limitation of maximumodulation index at full active power
transfer. The results show that new ANPC convestesws better overall performance
among all the 9-level converters.

Finally, the proposed topology is applied on thiel gide of a MW wind turbine system
to achieve a filterless grid connection. The systanfiguration and control scheme are
discussed. The simulation results prove that tlopgsed system configuration fulfills the
harmonic limit requirement of the utility standamgen without using the grid passive filter.
This feature implies that the cost, efficiency, powlensity and reliability of the large wind

turbine system can be improved.
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Chapter 5 A Simplified Space Vector Based Current
Controller for Any General N-Level Converter

In this chapter, using mapping techniques, a sitedlicurrent controller for any general
N-level converter based on space vector theoryrapgsed to suppress harmonic current
content during steady state operation and obtasth ¢arrent response during transient
operation. Such current controller performanceeis/ymportant for high power motor drive
systems, in which the reference motor speed inpatlme either constant or a fast ramp
depending on the required motor operating conditilonwind turbine systems, depending on
the wind condition, either stable or turbulent wapked can be foreseen. In both applications,
the design of the current controller needs to adersthe requirement of low harmonic

current content in steady state and fast curresptorese in transient state.

5.1 Current Controller of Multilevel Converters

The performance of the multilevel converters inusidial applications largely depends
on the quality of the applied current controllehelbasic requirements of a current controller
include a low current harmonic content in steaddtestand a quick current response in
transient state [112] [113] [114].

In [115], a PWM current controller for two-level meerters based on space vector (SV)
theory was introduced to satisfy the controlleruisments above. Different from the
predictive current controller, this control techugquses feedback control and requires less
complicated calculations. The SV-based currentrotiat was further extended and applied

for a three-level NPC converter in a vector-coméebimotor drive system in [116]. However,
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the information about the load parameters is regufor the calculation of the back EMF
voltage of the motor. To overcome this drawback,iraproved method based on lookup
tables was introduced in [117], which avoided clatng the back EMF voltage. This
feature is very useful when the back EMF voltagelifécult to calculate accurately (e.g.
load parameters are unknown, or motor operatesvatspeed) or when it is already given
(e.g. PCC voltage in grid connection system). Havevhis improved current controller
needs large and complicated lookup tables, whidhipits its application in multilevel

converters with higher number of levels.

5.2 Principle of the SV-based Current Controller for Two-level

Converters

Fig. 5.1 shows the equivalent circuit of a two-lev@tage source converter. The relation

between the voltage and the current vectors areesged as follows:
[
v =L +Ri+e ]
k dt n (5 l)

Herev, is the converter output voltage vector ants the load current vectoe, is the

back EMF voltage vector, which represents the imeeluced voltage vector for a motor

drive system, or the PCC voltage vector for a gadnected system.

[o;

1Va ia R L €an
— WY@

Vdc | o4 1 - Vo irb ’VB\I—‘ 'L' Y ‘—(ef)—bn N

v, ic R L. €
L <°_,__,\N\,_rYW\_®_
0

Fig. 5.1 Equivalent two-level converter circuit
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The voltage vector diagram of the two-level conselis shown in Fig. 5.2. As seen,
corresponding to the on and off state of the switgldevices, there are totally 7 independent
output voltage vectors,~v,, while v, has two redundant switching states (0 0 0) antl (1
1). Here, “1” represents the phase output is caedeio the positive DC bus by turning-on

the upper switch, while “0” represents the phasputus connected to the negative DC bus

by turning-on the lower switch.

"y
vah_ _ _ _ _ __ V2
(01 0)//\\ Il AN 10
AN J.'" \
il \ 7 N
/ Nyns \
WVQ*
V4 / VY \ V1
--esg 15 7=
(011)\ (0 \g) ,/(100)
\ A11

/
gy AT
v SN W
\ \ /
(00NN Vv N/ (101)
V5 Y= —— = ——— %.ve
C
Fig. 5.2 Voltage vector diagram of the two-level cwverter
The current deviation vector is defined as (5-2):
Ai =i * =i (5-2)
Where i * is the reference current vector.

Substituting (5-2) into (5-1) and manipulating, algain (5-3):
LE—’%+Rmi =(LE—%+R[[]* +enj—vk (5-3)

Generally,R[Ai is small and can be neglected, so the followingaéqns are obtained:

"
L deT' ~e-v, (5-4)
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e:LEldd—t+R|:ﬂ*+en (5-5)

Wheree represents the voltage vector at the load side.

The value ofdAi /dt depends on the selecteg, and it determines the performance of
the current controller.

In [115], the author proposed that to reduce threnbaic current content in steady state,
the output voltage vector, which is located onwbgexes of the small triangle region tleat
belongs to, and the correspondiddyi / dt has the smallest opposite direction component to
Ai should be selected. To obtain a fast current respa transient state, the output voltage
vector, whose correspondirdf\i / dt has the largest opposite direction componenhitp
should be chosen. One example is given below fplagation.

First we assume belongs to the triangle VI, which is surrounded\y v, andv;.
L[d4i/dt can be obtained depending on the selesfedas shown in Fig. 5.3 (a). We
assumehi is detected in the position as given in Fig. @B For the voltage vector,_, ,

its correspondinglAi / dt has the largest opposite direction componeritotherefore, it is
selected for fast current response in transietg.stanong all the three voltage vectors on the

vertexes of the triangle VI, the voltage vectpy_,, whose correspondindAi /dt has the

smallest opposite direction component4pb, should be selected for low harmonic current

content in steady state.
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k=3

dt

(@) (b)
Fig. 5.3 Example of the SV-based current controllefor two-level converters (a) output voltage vector
V, and the corresponding|L LelAi /d'[|k (b) current deviation vector Ai and its derivatives|dAi /d'[|k

5.3 The Proposed Simplified SV-based Current Controller

In this section, the simplified SV-based curremtcoller for multilevel converters with a
higher number of levels is proposed. As a caseystadive-level active NPC converter is

used to explain and demonstrate the proposed d¢woetroller.

5.3.1 Five-level Active NPC Converters

The phase-leg circuit of a five-level active NPQieerter is re-drawn in Fig. 5.4 below.
It is actually a hybrid multilevel converter topglg which combines the 3L-ANPC leg with
a 3L-FC cell connected between the internal ANP@chws. The voltage of the intermediate
floating capacitor is 1/4 of the total dc-link vadfe, and its voltage must be kept balanced to

assure the proper operation of the converter.
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Fig. 5.4 Five-level active NPC converter

In a five-level ANPC converter, each phase is ablgenerate five output voltage levels
from eight different switching combinations asdidtin Table 5-1. In the table, “n/a”, “+”
and “-” represent no impact, charge and dischaogeHe floating capacitor, respectively.
The redundant switching states, which can gendtaesame output voltage level, are
observed. For example, the voltagg/2 can be obtained by the switching state V2 or V3.
Nevertheless, they have opposite impacts on thatifig capacitor voltage. For positive
output current (flowing out of the phase AC termlin&2 charges the floating capacitor
while V3 discharges it. Therefore, they can be usexbntrol the floating capacitor voltage.

The voltage vector diagram of a three-phase 5L-ANB@verter is shown in Fig. 5.5.
The converter has 61 independent output voltageksecand some of them have redundant

switching states. For example, for the voltage meg}, it has five redundant switching

states (0 0 0), (1 1 1), (2 2 2), (33 3) and (4)4For the voltage vector,, it has four

redundant switching states (1 0 0), (2 1 1), (3)2ahd (4 3 3). Here, the three-phase
switching stated b c) is labeled according to the output voltage arel gtvitching state in

each phase leg of the 5L-ANPC converter, as ginerable 5-1.

173



Table 5-1 Output voltage and switching states of five-level active NPC converter

ss| s7| s6l S5 s4 s8 s 91 Output Effect on Cf Switching
voltage >0 <0 state

0 1 0 1 0 1 0 1 Ve n/a n/a 4 (V1)
0 1 0 1 0 1 1 0 Ve 12 + - 3 (V2)
ol 1] 0| 2| 1| o o] 1 Vg 2 - + 3 (V3)
0 1 0 1 1 0 1 0 0 n/a n/a 2 (V4)
1|1 0| 1] 0| o 1| o] 1 0 n/a n/a 2 (V5)
1 0 1 0 0 1 1 0 Ve 12 + - 1 (V6)
1/ 01| 0| 1| o] o 1 Vg /2 - + 1 (V7)
10| 1| 0| 2] of 1| o Vige n/a n/a 0 (V8)

b

8 V47— V46— V45 V44

v49/7 7/—>26/—\VZS/—\VZ4/—\V43
/<></ /\
V51—V29—V13— /—\vz/—\vs/—vzz—vu

\/\/\/\ NN\ @

V54—V32—V16—V17—V18— V19— V3

VAVAVAVAVAVA

V55—VY33—V34—V35— V36— V37

NININININS

VB6——V57—V58—V59—V6!

Fig. 5.5 Space vector diagram of a three-phase fitevel ANPC converter
In this work, the small triangle formed by the adjat three output voltage vectors is
defined as a sector. Six adjacent sectors surrogralcenter voltage vector form a hexagon,

named subhexagon. For example, in Fig. 5.5, on@rsecformed by the 3 adjacent voltage

vectorsv,~V,, and one subhexagon is formed\py-v,, while v, is located at the center.
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In the following sections, the proposed currenttaaler is explained in detail showing
how to choose the proper output voltage vector,opptenum switching state and switching

sequence for the steady state and the transi¢at stapectively.

5.3.2 Voltage Vector Selection to Suppress Harmonic Current Content
in Steady State

As discussed previously in the example of the texel converter in Fig. 5.3, in order to
find the proper voltage vector to suppress theeriirharmonic content in steady state, we
need to know the region & and4i [115] [117]. To do this, besides tha-b-c” coordinate
system shown in Fig. 5.2 and Fig. 5.5, anothxey-Z’ coordinate system, in which the new
y-z axes rotate counterclockwise 30° from #ib-c axes, as shown in Fig. 5.6, is needed for
defining the region of4i and detecting the region @&. The following relation exists

between thed-b-c” coordinates and thex*y-Z’ coordinates:

X 1 1 0 -1fa
y =——|-1 1 0 b (5-6)
z \/é 0O -1 1

Fig. 5.6 shows that the regions of the currentascare separated by they-z' axes
and divided into the regions labeled 1 to 6. Moerpthe mapping relation of the current
vector regions between the 5L-ANPC converter aedwo-level converter is also illustrated
in Fig. 5.6. As seen, since the positions of thez axes and the current vector regions are
not changed between the two converters, it indsctiiat the same method for the two-level
converter can be used to determine the regiafi dér the SL-ANPC converter. The lookup

table for the region detection ofi is summarized in Table 5-2. In the table, “1” cates a
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plus sign and “0” indicates a minus sign. It carobserved that only the polarity of the each

phase current deviatiodi,, 4i, anddi_ is needed, which is easy to calculate. For inganc

if 4i, and 4i, are positive, thendi is in region 4, regardless of the polarityof .

|6 V45 Va4
AT A

2
NN AN
\ A
V5
AV

(VAR S VA
V56 V57 Vb8 V59 V60
Five-level 7 two-level

converter v converter

Fig. 5.6 Mapping of the current vector regions betwen five-level and two-level converters

Table 5-2 Region detection ot

Ai, Ai, A Region of A
- 0 0 1
1 1 - 2
0 - 0 3
- 1 1 4
0 0 - 5
1 - 1 6

For a two-level converter, the region ®f shown in Fig. 5.2, is divided into region | to
region VI. It has been found that when the regibre @and 4i are known, then based on the

principle of the SV-based current controller, theoger output voltage vector can be
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determined to suppress harmonic current contestieimdy state according to Table 5-3 [115].

For example, ife is in region V, and4i is in region 4, therv, should be selected.

Table 5-3 Region of4i , €and the selectedv, for the two-level converter in steady state

Region of€ Region of A1

1 2 3 4 5 5

I Vi V, V, Vo Vo Vs

[ Vv, V, Vs Vs Ve ve

I Vo Vs Vs Va v, ve

v Vo Vo V, V., Ve Vs

\% Vs Vo Vo Vs Ve Ve

VI Vv, A Vo Vo Ve Ve

As analyzed above, to find the proper output vatagctor, the region of must be
detected first. For the case of a 5-level ANPC eoter, this means that the sector in which
€ belongs to, needs to be identified first.

In [115], it proposed to use the information of fhresentv, and the signs of the current
deviation vector derivatives to judge the regioreah the two-level converter. This method
is shortly explained here. According to the priteipf the SV-based current controller, the
proper voltage vector is always chosen out of tinee vectors located on the vertexes of the
small triangle thake belongs to. Therefore, if the present output \g&taector isv,, shown
in Fig. 5.2, it can be regarded thatelongs to the region | or VI. From (5-4) and 56,
the plus and minus sign of the current deviatiorivdéive on z-axis4i,’ correspond to the
region VI and |, respectively.

One unique feature of the proposed current coetral the simple solution to detect the

region ofe. By using the mapping technique, no accurate tationm for the amplitude and
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position ofe is needed for the 5L-ANPC converter. Fig. 5.7 shidlae mapping method for
the voltage vectors and the regioneobetween the subhexagon of the five-level converter

and the hexagon of the two-level converter. Thegmeoutput voltage vecta of the 5L-
ANPC converter is mapped tg of the two-level converter and the subhexagon kvisc

centered aw, in the 5-level converter is mapped to the hexagfahe two-level converter.

V49 V27

Subhexagon

V50 V12
V48 VA7 V46

AYS 7aVAYA s
NSNS N L Sebtesagon x

12 Vi1 V10 V23

AN a8,
VAVAVAY - VAVAVAYEER su S d AVAN

VAVAVA. - AVAY W ' 4PN "
AVAVAVAVAVAVA v s = e

66— V17— V18—

\/ \/ $34/7>3/\ / \/ Su;ahexagon v Gy ‘c::ggf
/ w/ \VAVAYA =/

& ....... 57——V58———V59——V60 Subhexagon

Fig. 5.7 Mapping of the voltage vectors and regioaf € between five-level and two-level converters

For example, in the 5L-ANPC converter, if the preseutput voltage vector i8,,, as

shown in Fig. 5.7, then “Subhexagon-1" will be megdo the hexagon of the two-level

converter, where the voltage vectors,V,,,V,;, Vg, Vs, , V,e @and vy, in the 5L-ANPC
converter are mapped ig,v,,v,,V,,V,,V; andvy in the two-level converter, respectively.

We also notice that when the present voltage vegtas on the perimeter of the voltage
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vector diagram, which meang belongs tov,,~V,,, then in order to use the mapping

method above, we need to assume a virtual subhexad®re only 4 or 5 voltage vectors in
the virtual subhexagon really exist in the 5L-ANP&@verter. For instance, when the present

voltage vector is/, “Subhexagon-4” will be selected and mapped tawweelevel converter
hexagon, where, v,,, Vo, andv,, in the 5L-ANPC converter are mappedug v, , Vv,
andv;, in the two-level converter, respectively. The meged mapping relation is standard

and easy to be derived offline and stored in aupaiable.
Using the mapping technique, a simplified methadslgown in Table 5-4, can be used to
detect the region o for the 5L-ANPC converter. As seen, only the sigifighe current

deviation derivativesdi,' , 4i,' and 4i, are needed. Since the present output voltage

vectorv, in the 5L-ANPC converter is always mappedvioin the two-level converter, in
the lookup table for the region detectioneobf the two-level converter in [115], we only
need to consider the casg =, .

Table 5-4 Region detection of for the 5L-ANPC converter

A 4i) Ai) Region of €
1 0 0 |
1 1 0 1
0 1 0 "
0 1 1 v
0 0 1 \Y
1 0 1 VI

An example is illustrated here. If the present autmwltage vector of the 5-level ANPC

converter isv.g, since the selected voltage vector is always filoenthree vectors located on

the vertexes of the sector includieg it can be regarded thatbelongs to one of the 6
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triangles in the “Subhexagon-1". After mapping “8akagon-1" to the two-level converter
hexagon, “+”, “+” and “-* signs of the current dation derivatives on the&-y-z axes
respectively will detect that is in region Il, which corresponds to the sectmmfed by

V,g,V,; andv,y in the SL-ANPC converter, as shown in Fig. 5.7.

After knowing the region ok, we can find the proper voltage vector to suppress
harmonic current content in steady state for theveder by using Table 5-3, which is the
same as the table for the two-level converter. Hanethe selected voltage vector from
Table 5-3 belongs te,~Vv, in the two-level converter, so it needs to be reelgr mapped to
the 5L-ANPC converter to get the corresponding ouypltage vector. The reverse mapping
is similar to the mapping process, and it is eadyetimplemented according to Fig. 5.7.

Following the previous example, sineeis in region Il after mapped to the two-level

converter, then according to Table 5-34if is detected in region 3, then is selected in
the two-level converter. Using the reverse mappasyshown in Fig. 5.7, the real output
voltage vector isv,y in “Subhexagon-1" of the SL-ANPC converter. Fiyalt,, will be
selected to suppress harmonic current conteneadgtstate.

We also notice that when the present voltage vegtdrelongs tov,,~V,,, the number of
the possible region of is limited. For example, i, =v,,, thene is only possible to exist

in the region I, 1l or IV after mapped to the tdevel converter. Therefore, in this case,
only part of Table 5-3 and Table 5-4 will be usedelect the output voltage vector, and the
virtual voltage vectors will not be chosen. Thidigates that the hypothetical virtual

subhexagon will not affect the correctness of ttoppsed current controller.
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5.3.3 Voltage Vector Selection to Obtain Fast Curre  nt Response in
Transient State

To obtain fast current response in transient stageyoltage vector, whose corresponding
d4i / dt has the largest opposite direction componemtitpshould be selected. For example,
in a 5L-ANPC converter, idi is in region 1, therv,, is chosen, as shown in Fig. 5.6.

Table 5-5 shows the method to select the outputagel vector of the 5L-ANPC
converter in transient state. As seen, the onlgeagenformation is the region afi , while
the mapping technique is not required in this motlee region of4i can be detected
according to Table 5-2.

Table 5-5 Region of4i and the selectedv, in transient state

Region of Ai Vv,
1 Vo

2
3
4 Vs,
5
6

5.3.4 Operation Mode Selection of the Current Contr  oller

The operation mode of the proposed current coetrdd determined based on two
hexagons “m” and “h” with a presetting window sias, shown in Fig. 5.8. Whei is out
of the hexagon of “h”, the transient state modd el selected. Ii4i is within the hexagon

of “m”, the present voltage vectay, is kept and no switching actions occur. Otherwike,

steady state mode is selected. The window sizheohéxagon “m” can be set as a constant
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value, or be adaptively controlled to achieve camstverage switching frequency [115]. In

this work, we set the window size as a constansifoplicity.

Fig. 5.8 Operation mode selection for the currentantroller

5.3.5 Floating Capacitor Voltage Balance

For a three-phase five-level ANPC converter, treme 61 voltage vectors, and some of
them have redundant switching states. The compleliage vector diagram with all the
redundant switching states is drawn in Fig. 5.9rédwer, there are also additional redundant
switching states for the output voltage in eachsphaf the converter. As shown in Table 5-1,
two redundant switching states exist for each efdhtput phase voltage/g/2 and 0. All
these redundant switching states greatly increbsecontrol flexibility of the five-level
ANPC converter, such as the control of the neytoait voltage of the dc-link and the
floating capacitor voltage.

In [118], the method for selecting the redundantaving states of a five-level converter
has been proposed to regulate the neutral-poirtag®lof the dc-link and the floating
capacitor voltage. This method requires considerafffiort and extensive memory space to

store the large amount of data and lookup tablesvever, in this work, we only focus on the
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floating capacitor voltage control, since we asstingefront-end active rectifier, such as the
three-level NPC rectifier, can implement the ddelimeutral-point voltage balance control,
which allows a great simplification for the contadflthe S5L-ANPC converter. Moreover, the

redundant switching states can also contributbealevice power losses balance.

024 ‘-03 203 a3 N
4

mW\/Wm

004 104 204 304 404

Fig. 5.9 Complete redundant switching states of dtee-phase 5L-ANPC converter

For example, whew,, is finally selected in the 5L-ANPC converter aftee reverse

mapping, the impact of its redundant switchingestabn the floating capacitor voltage in
each phase is listed in Table 5-6. In the tabl&g™ri'+” and “-” represent no impact, charge

and discharge for the floating capacitor voltagspectively.
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Table 5-6 Impact of the redundant switching state¢RSS) of v, for the floating capacitor voltage

RSS 3-phase Phase state Vcf_a Vcf_b Vef_c

state a b c la>0| la<0 1b>0 Ib<Q Ic>Plc<0

1 V1| V6 | V6 n/a n/a + - +

2 Vi | V6 | V7 n/a n/a + - - +
411)

3 V1| V7| V6 n/a n/a - + +

Vo

4 V1 | V7 | V7 n/a n/a - + - +

5 V2 | V8 | V8 + - n/a n/a| nl/q n/4
(300)

6 V3 | V8 | V8 - + n/a n/a n/al n/a

Table 5-6 shows that, to generajg there are totally 6 choices by considering bbth t

three-phase switching state redundancy and thelswg state redundancy in each phase of
the converter. These redundancies may impact thageoof the three floating capacitors in
different ways, and can be used to control theltage balance. In case all the three floating
capacitor voltages can not be regulated simultasigoy the same switching state, the
capacitor prioritization scheme, which is similarthat in Chapter 4, can be used so that the
selected switching state is able to control theentmviated (higher priority) capacitor first to
assure the proper operation of the converter [1Q8 example is explained below.

« If the voltage deviation of the floating capacitorphase A C; 5) is larger than the
other two floating capacitors in phase B and plag€; , C; ), thenC; 5 has higher
priority. Therefore only the three-phase switchstgte (3 0 0) will be used. One of
the two redundant switching states for (3 0 0) lbarselected as follows.

0 WhenC; 4 needs charged, if10 (output current flows out of the AC terminal
of phase A), then the RSS “5” is selected. On tharary, if k<O, then RSS

“6” should be selected.
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0 When C; 5 needs discharged, if30, then the RSS “6” is selected. On the
contrary, if 1<O, then RSS “5” should be selected.

» If the largest voltage deviation of the floatingpeaitors occurs in phase B or phase C,
thenC; , or C; ¢ has higher priority. Thus only the three-phasddving state (4 1 1)
will be used. One of the four redundant switchitates for (4 1 1) can be selected
according to Table 5-7. In the table, for the "attithe floating capacitors, “+” and
“-” mean the capacitor needs charged and dischamgsgectively. For the current
direction, “+” and “-” represent the current flovmit of and into the phase AC

terminal, respectively.

Table 5-7 Switching state selection for three-phasstate (4 1 1) when €, or C; ¢has higher priority

Status of + + -
3-phase state b
Status of € ¢ + - +
Direction of |, | Direction of |, RSS
+ + 1 2 3 4
411

+ 2 1 4 3
+ 3 4 1 2
- 4 3 2 1

Besides the floating capacitor voltage control, i@undant switching states can help to
balance the device power losses. For example, bleTa1, V4 and V5 can generate the
same output phase voltage 0, and they have no tropdtoating capacitor voltage. However,
they allow the current to flow through differentnctuction paths, which means we can
actively control the current path so as to balaheedevice power losses. Taking one phase
with positive current as an example, V4 allows tberrent flowing through and

correspondingly causing conduction loss oy & and S, as shown in Fig. 5.10 (a).

185



Otherwise, V5 conducts the current through$ and $, and cause conduction losses within
them, as shown in Fig. 5.10 (b). This means wherotltput phase voltage is required to be 0,

we can choose either V4 or V5 to actively balameedevice power losses.

S5
T T
! S6 !
T T
S7
AR A A
T T

Vdc/2

S8

T T
(b)

Fig. 5.10 The conduction path for the positive curent when the output phase voltage is 0 (a) V4 is
selected (b) V5 is selected

5.3.6 Procedures of the Proposed Current Controller for Any General
N-Level Converter

As discussed above, the proposed current contrdtdes not require the calculation of
the back EMF voltage, and the controller complexgtygreatly simplify due to the used of
the very simple lookup tables, thus it can be gagbplied for any general N-level converter.

The generalized procedures of the proposed cucteritoller are summarized below.
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1. Measure and sample the instantaneous three phasatsuand calculate the current
deviation in the &-b-c” coordinates4i, , 4i, anddi_;

2. Use the mapping technique to detect the regiorhefcurrent deviation vectofi
according to Table 5-2;

3. Compare the current deviation vectér with the window size of the two hexagons

“m” and “h” to determine the current controller oggon mode, and then:

a) If |4i| <m, keep the present output voltage veatpr
b) If |Ai| > h, choose the voltage vector according to Tablet®-&btain fast current

response in transient state.

c) Or else, choose the voltage vector to suppressdracneurrent content in steady
state by following the steps below.

1) Calculate the current deviation derivatives in they-z” coordinates
4i',4i) and i, , and determine the region efaccording to Table 5-4.

2) Using the mapping and reverse mapping techniquesgther with the pre-
stored lookup tables which include the correspomdilation between the
subhexagon of the N-level converter (with the pnése at the center) and
the hexagon of the two-level converter, select pineper voltage vector
according to Table 5-3.

3) If the selected voltage vector in the N-level cateehas redundant switching

states, choose the proper one according to thefispeantrol requirements,

187



such as floating capacitor voltage control and ce\power losses balance
according to the similar method shown in Table &d Fig. 5.10.
The procedures flow chart diagram of the proposedeat controller for any general N-

level converter is given below:

Calculate Aia Aib Aic

'

Determine Ai region
according to Table 5-2

'

Determine current
controller mode

Ai<m m<Ai<h

Keep the present Select the voltage vector A Aas

voltage vector according to Table 5-5 (CollomBlo A" A7 £

Determine ‘e’ region

according to Table 5-4

Mapping i Reverse-mapping

Select the voltage vector

according to Table 5-3

Y
Redundant switching
L » ) -
state selection

Fig. 5.11 Procedure flow chart of the proposed cuent controller for any general N-level converter

5.4 Simulation Verification

The proposed current controller is implemented BLaANPC converter based vector-

controlled motor drive system in MATLAB/Simulink foverification. Fig. 5.12 shows the
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system configuration. The main system parametegslisted in Table 5-8. The dc-link is
modeled by two constant 350 VDC voltage sourceseswe assume that the dc-link voltage

and neutral-point voltage balance are controllethieyfrond-end active rectifier unit.

$*—»  1/im —> -
lds dq0/abc la,b,c Proposed SV-based ia,b,c
wee + P * transformation ”| current controller [*
— (s P —F, y
A
Wr Speed controller Floating Gate
6. capacitor ignal
voltage slgnals
Vdc/2—|:__:r .
Five-level ANPC °
Vde/2—* converter
e A
encoder
Fig. 5.12 Configuration of the simulation system
Table 5-8 Main system parameters
Total DC bus voltage ¥ 700V
Floating capacitor C 1mF
Nominal power, voltage and frequency 50HP, 460\H50
. Stator resistance and inductance 0.08D.8mH
Induction
motor rotor resistance and inductance 0.228).8mH
data
Mutual induction (Lm) 34.7mH
Inertia, friction factor and pole pairs 1.662 (k¢2n 0.1 (N.m.s), 2

5.4.1 Steady State Operation Mode Validation

In the simulation for steady state operation makle,motor speed reference is 160 rad/s,
and the load torque is 180 N.m. In this simulatitwe, window size of the hexagon “m” is set

to be 3A. Fig. 5.13 shows the reference phase miirtiee actual phase current, the output
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line-to-line voltage, and the floating capacitoitages of the converter from top to bottom.

Fig. 5.14 shows the RMS current error calculated by

o =17 =1) # (17-) # (i0-1)° 5-7)

ia* (A)

1100 ! ! ! !

177 ‘ ‘ |

< ‘m” i u‘ i HH‘ i ‘ i ‘—wh ‘ M‘ ‘ it ‘HM ‘ H Thled ‘ H‘ ‘n \“H“ “ ‘M L “h ‘H\ 1 L
“E - HH\‘}“‘\‘H \\“HW“M i ‘M“U“‘u “ m w“lL h\ d f” “‘ ‘Wu i‘\\ \‘h““\‘\ ik ‘1\\\‘ HI\‘ ! ‘h‘ “H\\“‘M‘ ”‘1 \‘ \
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14 1.42 1.44 1.46 1 48 15 1.52 154 1.56 1.58 16
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Fig. 5.13 Waveforms in steady state, from top to Wtmm: stator reference current, stator actual current,
line-to-line voltage, and three-phase floating capstor voltages
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14 1.42 1.44 1.46 1.48 15 1.52 1.54 1.56 1.58 16

Time (s)
Fig. 5.14 RMS current error in steady state
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5.4.2 Transient State Operation Mode Validation

In the simulation for transient state operation mydtie load torque is 0. The motor speed
reference has a step change from 80 rad/s to 186 a4 1.5s, and then back to 80 rad/s at
1.9s. In this simulation, the window size of thex&gon “h” is set to be 9A. Fig. 5.15 shows
the reference and actual motor speed, the refenginase current, the actual phase current,
the output line-to-line voltage, and the floatirgpacitor voltages of the converter from top

to bottom. Fig. 5.16 shows the RMS current error.
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Fig. 5.15 Waveforms in transient state, from top tdoottom: reference and actual motor speed, stator
reference current, stator actual current, line-to-Ine voltage, and three-phase floating capacitor viages
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Fig. 5.16 RMS current error in transient state
From the simulation results above, we can seethl®proposed current controller can
achieve good current tracking performance in stesddie, and RMS current error is small.
The results also show fast current response fosigat state when there is sudden reference
current change. Moreover, the floating capacitotages are well-controlled by using the

redundant switching states.

5.5 Summary

In this paper, a simplified space vector basedeniircontroller for any general N-level
converter is proposed to suppress current harmmntent in steady state and achieve fast
current response in transient state. Using theepted mapping technique, the subhexagon
of the N-level converter can be mapped to the hexagf the two-level converter. Thus,
according to the principles of the SV-based curoemitroller for the two-level converter, the
proper output voltage vector of the N-level coneertan be identified after the reverse
mapping. Moreover, due to the existence of the mddnt switching states in the N-level
converter, the optimum switching state and switglsequence can be selected to meet the
specific control requirements, such as balancing tlevice power loss distribution,

regulating the floating capacitor voltage and so on
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Compared with the previous works on the SV-basedent controller for multilevel
converters, the proposed current controller doégaguire the calculation of the back EMF
voltage of the load, and the controller implemantais greatly simplified due to the use of
very simple lookup tables, therefore it can be lgasktended to any general N-level
converter. The generalized procedures of the cuo@ntroller for any N-level converter are
summarized. The proposed current controller is a@arpd and simulated in a five-level
ANPC converter for the motor drive system. The danon results prove the correctness of

the proposed current controller.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

In this research work, major contributions haverba®ade in investigating the design,
topology, control and characteristics of multilexagltive NPC converters for high power
applications, like large wind turbine systems armtondrive systems. The contributions and
achievements of this dissertation are summarizédllasvs.

1. The concept of the ETO Light NPC and ANPC PEBBgrigposed, which are stand-
alone units and can easily be converted into diffeconverter topologies and applied
for different applications. The electrical desitfie component physical arrangement,
and the methodologies for the power loss and thieamalysis of the ETO Light
PEBBs are developed. The detailed power loss acalyquations are derived, and
the electrical-equivalent thermal network models eonstructed for both the ETO
Light NPC and ANPC PEBBs. The thermal performantéhe proposed two ETO
Light PEBBs is studied and compared for generajgeration mode and motor
operation mode, respectively.

2. The application of the ETO Light PEBBs in large diturbine systems is proposed.
The configurations of the ETO Light wind power centers are identified for the
wind turbine systems with AC and DC transmissioespectively. The thermal
performance of the ETO Light NPC and ANPC PEBBtigl®ed fora 5 MW and a 7

MW wind turbine system, respectively.

194



3. The operation of the 3L-ANPC converter is analylmgdsingle device open and short
failure conditions, respectively. To enable the towrous operating under device
failure condition, the fault tolerant ability anket fault tolerant control strategies of
the 3L-ANPC converter are proposed. The requirernétite fault detection time is
discussed. By using the proposed control scherhes3lt-ANPC converter can still
generate three-phase symmetrical and stable ootpuents and keep the neutral-
point voltage of the dc-link balanced. However, thaximum modulation index of
the converter has to be reduced for some deviteréaconditions. Furthermore, the
operation of the 3L-ANPC converter under multiplevide failure conditions is
investigated. The results show that the proposeit falerant control allows the
continuous operating of the converter even if nplatidevices fail simultaneously.
Therefore, the reliability and survivability of th&l-ANPC converter are greatly
improved. Simulation and experiment results vaédae proposed methods.

4. In order to compare the reliability of the 3L-NP®@neerter and the 3L-ANPC
converter, the fault tolerant operation of the 3B@ converter is analyzed and
summarized. The method for assessing the conveela&bility is discussed. A
comprehensive reliability comparison is investigater the 3L-NPC converter and
the 3L-ANPC converter. The results show that theABIPC converter has higher
reliability than the 3L-NPC converter for motor i applications, in which the
reduction of the maximum modulation index is uspallowed during fault operation,
and the motor drive system can continue working, &ua lower speed or lower

output power. For grid-connected applications, ihioh the reduction of the
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6.

maximum modulation index is not allowed since tbawerter output is connected to
the grid with a fixed voltage, the reliability dig 3L-ANPC converter is almost the
same as that of the 3L-NPC converter for single amdtiple device open failure.
However, for single and multiple device short fegluthe 3L-NPC converter has
higher reliability than the 3L-ANPC converter.

The 3L-ANPC converter is proposed to be appliedhengenerator side of a direct-
driven PMSG based large wind turbine system. Basttle feature of the balanced
loss distribution among the devices, the fault reodé capability of the 3L-ANPC
converter also allows the wind turbine to remairs@rvice and continue providing
real power under device failure conditions. Thetamrschemes are proposed for the
3L-ANPC generator converter under normal operatind device failure operation.
Under fault operation, depending on the positiod ailure type of the failed device
and the wind speed, the wind turbine will work @her MPPT control mode or
constant rotor speed control mode. The purposkeoptoposed control schemes is to
extract the maximum power from wind under the aursystem operating condition.
Moreover, the option to increase the DC bus volt#ghe converter is also discussed
to extract more power at higher wind speed undeicdefailure conditions. The
simulation results verify the proposed control teigées and the proper operation of a
5 MW wind turbine system.

A new 9-level ANPC converter, referred to as theANPC plus HBBB converter, is
proposed for the next generation PEBB technologyhigh power applications. The

topology, operating principle and control, as wedl the floating capacitor voltage
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balance scheme, are presented in detail. The neaburkes of the proposed 9-level
ANPC converter are identified. The hybrid convertencept, in which different
types of power devices are employed, is discuszethé proposed topology.

. Toillustrate the benefits of the new 9-level ANRIpPology, it is compared with other
conventional 9-level converters and existing 91eARPC converters from several
aspects, including the number of individual semdwartor devices, the total switch
blocking voltage, the selection from commercial powevice products, the floating
capacitors number, voltage rating and the totakstenergy, and the limitation of the
maximum modulation index at full active power trians The results show that
proposed converter shows better overall performanoeng all the 9-level converters.
. The proposed 9-level ANPC converter is applied len grid side of a 6 MW wind
turbine system to achieve a filterless grid conioectThe system configuration and
control scheme are presented. The simulation meputive that the proposed system
configuration fulfills the harmonic limit requireme of the utility standards even
without using the grid passive filter.

. A simplified space vector based current contrdiberany general N-level converter is
proposed. Using the presented mapping techniqee stibphexagon of the N-level
converter can be mapped to the hexagon of the obioval two-level converter, and
an appropriate voltage vector can be selectedgpregs current harmonic content in
steady state and achieve fast current responsansi¢nt state. Moreover, due to the
existence of the redundant switching states inNHevel converter, the optimum

switching state and switching sequence can betedléo meet the specific control

197



requirements, such as balancing the device povesrdatribution and regulating the
floating capacitor voltage. The proposed SV-basedeat controller does not require
the calculation of the back EMF voltage of loadd ahe controller complexity is

greatly simplified due to the use of very simpleKop tables, thus it can be easily
extended to any general N-level converter. The igdized procedures of the current
controller for any N-level converter are summariZéde proposed current controller
is explained and verified by simulation on a fiesl ANPC converter in the motor

drive system.

6.2 Future Work

To make this research more comprehensive, thewoilpwork can be continued in the

future.

1. The long term thermal testing of the ETO Light &aeand the ETO Light PEBBs at
the nominal operating point can be implemented. nThieased on the actual
experiment measurement data, the electrical deaigh the component physical
arrangement can be further evaluated. The thermdbmmance of the ETO Light
PEBBs can be further analyzed and investigated, taadaccuracy of the thermal
model in Chapter 2 can be improved.

2. The analysis of the large-signal and the smallalignodeling of the 3L-ANPC
converter should be studied in the future. The ringeof the 3L-ANPC converter
under normal operating condition is almost the samthat of the 3L-NPC converter,

which has already been reported by researchersettmwthe modeling of the 3L-
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ANPC converter under fault tolerant operation hasbee studied yet, and it is very
important for the controller design of the 3L-ANRGnverter. The optimal control

parameters, like the PI parameters, should be wedigpr the normal operation and
the fault tolerant operation separately, so asctoeae better converter and system
performance. Moreover, the fault tolerant abilihdahe control strategies of the 3L-
ANPC converter can be further investigated for in@or drive systems and various
load conditions, such as unbalance load and n@aiload.

For the simplified space vector based current otlet;y the constant average

switching frequency control for the multilevel camers with a higher number of

voltage levels can be further studied.
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