Chapter 2

Multilevel Converter Topologies
for STATCOMs

Anshuman Shukla and Alireza Nami

Abstract To implement the STATCOMs for transmission and distribution appli-
cations, high power converters are needed. A multilevel converter is a logical
choice for such applications as it can meet the imposed line side current and voltage
harmonic distortion standards without extending its device ratings. Several types of
monolithic multilevel converters have been proposed based on different structures
of a DC link voltage (or current) to generate staircase output voltage (or current)
levels. The multilevel current source converters (CSC) are also a potential con-
figuration for STATCOM. Multilevel CSCs using fully controllable switches have
the advantages of low output harmonics and controllable active and reactive power.
During the last decade, modular multilevel converters have shown a breakthrough
and have made their way to commercial high power applications. Modularity, in
general, refers to a technique to develop comparably large systems by combining
smaller subsystems. For power converter topologies, this means, a cascaded con-
nection of converter cells seems to be an interesting solution to reach high voltage
and high quality waveforms with a minimum complexity. This chapter provides an
overview on monolithic and modular multilevel converter topologies, targeting
high-power applications and in particular STATCOM. Modular multilevel con-
verters can be built either straightforward by applying the modular building block
cells or by a combination of cells with monolithic multilevel topologies.
The monolithic and modular CSCs can also be realized by employing the duality
concept on each corresponding Voltage Source Converter (VSC). This chapter
summarizes the most recent developments made for multilevel converter
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topologies, by covering new promising topologies and operational issues. In
addition, emerging trends, challenges, and possible future directions of the multi-
level converter technologies are outlined.

Keywords VSC - CSC - STATCOM - Multilevel - Submodule - Modular

2.1 Introduction

The most important component in a STATCOM is a power electronic based static
converter. The main objective of this converter is to produce an AC output
waveform from a DC power supply. According to the type of DC source used, i.e.,
voltage or current, there are two types of converter topologies prevailing: VSC and
CSC, as illustrated in Fig. 2.1. These converters are constructed using power
switches, like IGBTs. In a VSC, each basic switching element is composed of a
fully controllable, unidirectional semiconductor switch with a diode connected in
antiparallel to it. In a CSC, each switching element is required to block bipolar
voltage when open and to conduct at least unidirectional current when closed.
A bidirectional current conducting switch may also be used for enhanced flexibility
and functional improvements. A reverse blocking device can be composed by a
fully controllable switch in series with a diode. The fully controllable semicon-
ductor switch considered in this chapter is the IGBT as it suits the high frequency
switching operation for both low and medium voltage distribution system com-
pensation as well as can meet the high voltage and power requirements for trans-
mission system compensation [1-11].

There are various converter configurations available for both single and three-
phase applications. The most fundamental of all these are single-phase half bridge
and full bridge (H-bridge) VSC and CSC as shown in Fig. 2.2. The single-phase
half-bridge is a one-leg converter consisting of two switching elements. This
topology can be used to obtain a two-level output of the VSC. The single-phase
H-bridge is a two-leg converter with each leg consisting of two switching elements.
The H-bridge VSC is more popular for single-phase applications because with same
DC input voltage the output of the full bridge is twice that of the half bridge. This
topology of VSC can also be used to obtain a two-level output. Additionally a zero
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Fig. 2.1 Grid connected converters: a VSC b CSC
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Fig. 2.2 a Half bridge VSC, b full bridge or H-ridge VSC, c¢ three-phase two-level VSC, d half-
bridge CSC, e full bridge CSC and, f three-phase two-level CSC

voltage can be placed with the full bridge to obtain a three-level output. The
H-bridge topology with the aid of suitable transformers is used for both low voltage
and medium voltage distribution system compensation [12]. Finally a three-phase
two-level converter can be synthesized by parallel connection of the half-bridge
phase legs across the DC-link. CSC topologies may be generated from the
respective VSC topologies by employing the duality principles. The half-bridge
CSC is shown in Fig. 2.2c which is exactly the dual of the half-bridge VSC
converter. Therefore, dual to the voltage source full- and three-phase bridges, is
realized by connecting the inductor cells in parallel as shown in Fig. 2.2e, f.

The STATCOM can be used in different power levels depending on the appli-
cations. There are mainly three-main areas for the STATCOM application on the
basis of different power levels as shown in Fig. 2.3. To implement the STATCOMs
at medium and high power level, high power converter is needed that in most cases
exceeds the power handling capability of a simple two level converter without
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Fig. 2.3 Power level of STATCOMs

device series/parallel connection. Conventionally, for such high power applications
and for boosting up the DC bus voltage beyond the voltage rating of an individual
switch, the two level converter has to use series connected devices. Similarly, In
this case, the series connected low rating devices act as a single switch like one of
the switches shown in Fig. 2.1. However, due to the different scattering times of
semiconductor devices, the following issues must be well considered in order to
avoid voltage-sharing problems among the switches. The electrical and thermal
characteristics of the semiconductor devices in the same switch need to be matched.
The synchronization of the switching is very difficult and may result in voltage
unbalance between the devices. Additional care is needed for the turning-off pro-
cess of the switch, as well as for its gate currents. As a result of these restrictions,
power dissipation during conduction and switching is such that the switching fre-
quency is severely limited. This causes a slow system response and bulky output
filter circuits. Large snubber circuit parameters are also required to compensate
transient voltage unbalance and to achieve static voltage balancing. It may also lead
to more switching losses and relatively longer switching time. Although the
blocking voltage of the switch in the two-level converter is increased, a step-up
transformer is still needed for coupling to the transmission networks. Moreover,
extra efforts are needed to match the harmonic standards at the two-level converter
outputs.

Another possible way of achieving such high power requirement is to use
magnetic transformer coupled multi-pulse converters [5]. Traditional magnetic
coupled multi-pulse converters typically synthesize the staircase voltage wave by
varying transformer turns ratio with complicated zigzag connections. For example,
a typical 48-pulse converter consists of eight 6-pulse converters connected together
through eight zigzag-arrangement transformers using the harmonic cancellation
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technique, or connected through Wye/Delta and Delta/Delta connection trans-
formers and using sophisticated control schemes, in order to reduce harmonic
distortion and to reach high voltage. The patent of Unified Power Flow Controller
(UPFC) [13] shows that the shunt-side and the series- side of the UPFC are based
on eight, 2-level, three-phase bridge VSCs. A high power converter arrangement is
then achieved by synthesizing the voltage waveform using complicated zigzag
transformer connections to ensure that the Total Harmonic Distortion (THD)
standards are finally met. In 1995, the first £ 100 MVA STATCOM was installed at
the Sullivan substation of Tennessee Valley Authority (TVA) in northeastern
Tennessee [14]. This unit is mainly used to regulate 161 kV bus during the daily
load cycle to reduce the operation of the tap changer of a 1.2 GVA-161 kV/500 kV
transformer. Its 48-pulse power converter consists of eight two-level VSCs with
complex-interface magnetic circuits. Because this is a two-level VSC, a series
connection of five of gate-turn-off (GTO) thyristors is used as a main switch. The
control scheme used in this STATCOM is a 60 Hz staircase. Due to the slow
switching speed of the GTOs, the firing angles of the output waveform are fixed;
therefore, the amplitude of each output waveform is controlled by exchanging
active power of the DC-link capacitor with the power grid. Since it began operating,
several weak points of the TVA-STATCOM system have been pointed out [15].
Some of these weak points were due to the use of series connected switching
devices as discussed above. Taking feedback from the experiences of this instal-
lation, in the AEP UPFC installation, Inez area, eastern Kentucky, USA, the VSCs
were designed to make use of three-level configuration instead of a two level used
earlier in the TVA STATCOM project [15]. However, this structure still used the
multi-pulse arrangement. The limitations with this multi-pulse arrangement with
magnetic transformer coupling method are [16]: (i) they are very expensive, (ii)
produce about 50 % of the total losses of the system, (iii) occupy up to 40 % of the
total system’s real estate, (iv) cause difficulties in control due to DC magnetizing
and surge overvoltage problems resulting from saturation of the transformers in
transient states and (v) are prone to failure. Therefore, the capacitor voltage syn-
thesis method is preferred to magnetic coupling method for achieving higher rating
converters. An attractive alternative to the above discussed topologies and most
recent development in the field of high power converters is the multilevel converter.

For the STATCOM applications in utility and distribution systems, the conven-
tional two-level converters are most commonly used in low to medium voltage levels.
For medium and high-voltage networks, the conventional STATCOM structures are
designed on the basis of simple two-level converter and use transformer to meet the
desired voltage profile. In some cases, in order to achieve higher power level, con-
verters are connected in parallel to the DC bus. This type of connection requires a
transformer with multiple secondary windings, increasing the cost and complexity of
the power topology. Further, the transformer adds to the losses in the system and it
may saturate once the load draws any DC current. For the STATCOM applications in
utility and distribution systems, it is preferable to perform faster switching actions to
have fast dynamic response, improved robustness and a continuously spread har-
monic spectrum. However, at higher power, the long tail current associated with the
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device (IGBT) characteristics prohibits higher switching frequency operation at a
high power and the efficiency of the compensator is lower due to significant switching
losses [17]. Therefore, the compensator control in high power applications faces
difficulties. Further, such higher frequency operation using the two-level converter
based compensator is not always possible because of the switching frequency limi-
tation imposed on presently available higher rated devices. Again, the series con-
nection of devices and/or multistep converter configuration is not recommended due
to their respective limitations stated above.

For medium to high power applications and to meet the line side imposed current
and voltage harmonic distortion standards, the multilevel converter is a logical
selection without extending its device ratings. As discussed above, the series con-
nection of the devices faces voltage unbalance problem. In case of a VSC, the best
method of stabilizing voltages applied to the devices is by clamping those using DC
voltage sources or large capacitors, which transitorily behave as voltage sources.
Multilevel VSC topologies are based on this principle and therefore, the voltage
applied to the device can be controlled and limited. The multilevel CSC topologies
are based on the principle of current clamping using inductors. All the available
multilevel CSC topologies have been derived from their corresponding equivalent
multilevel VSC topologies using the duality principle [9]. In the following, the
discussion presented focuses mostly on the multilevel VSC topologies. However,
these can be interpreted similarly for the CSC topologies using the duality principle.

Without semiconductor devices connected in series, the multilevel VSCs show
feasible capability of clamping the voltages across individual devices below their
limitations. This allows the recent semiconductor devices to be utilized in higher-
voltage applications without incurring voltage-sharing problems. In a multilevel
converter, the number of possible operating states increases and as a consequence,
the flexibility of the converter improves. Another significant advantage of the
multilevel configuration is the harmonic reduction in the output waveform with
very low switching frequency. Hence the output voltages can be filtered with
smaller reactive components. They also provide lower electromagnetic interference
and lower acoustic noise. Besides the high-voltage capability, multilevel converters
also provide other advantages over the two-level converters. As all the devices are
individually controlled, better control over voltage magnitude and harmonic sup-
pression can be achieved. Use of a multilevel converter reduces the required
transformer voltage ratio and sometimes even makes possible direct connection of
the compensator to the increased voltage supply systems without needing inter-
connecting transformer. The multilevel converter topologies are attractive for
continuous control of system dynamic behavior and to reduce power quality
problems such as voltage harmonics, voltage imbalance or sag and have better
properties under sudden changes of loads. Besides, a multilevel compensator, in
comparison with its two level counterparts, makes more exact formation of the
compensating currents possible. Hence, these are suitable for STATCOM appli-
cations in both transmission and distribution systems [18-21].

There is a wealth of literature available on the characteristics and controls of the
multilevel converters. For the past two decades, multilevel VSC technology has
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been a rapidly developing area in power electronics and has been proposed as the
best choice in several medium and high voltage applications. It promises power-
conversion equipment for applications that operate in the medium-voltage
(4.6-13.8 kV) grid without requiring step-up transformers [22]. With the step-up
transformer, the multilevel converter may also be operated at higher voltage levels,
such as transmission levels. Multilevel VSC technology has recently been utilized
in various types of industrial applications, such as AC power supplies, reactive
power compensations, adjustable speed drive systems, etc. [3, 4]. Besides, it has
also found applications in enabling the use of renewable energy sources. Renewable
energy sources such as photovoltaic, wind and fuel cells can be easily interfaced to
a multilevel converter system for a high power application [23]. Another applica-
tion for multilevel converters is to interconnect different power grids [24]. In the
following sub-section, the concepts, features, advantages, limitations and classifi-
cation of multilevel VSCs have been presented.

2.1.1 Multilevel Converters: Basic Concepts and Features

The concept of multilevel converters was first introduced in 1975 [25]. The term
multilevel began with the three-level converter. Subsequently, several multilevel
converter topologies have been developed [1-4]. The elementary concept of a
multilevel VSC to achieve higher power is to use a series of power semiconductor
switches with several lower voltage DC sources. The DC voltage sources can be
realized by capacitors, batteries, and renewable energy voltage sources. These
multiple DC sources are aggregated using the power semiconductor switches in
order to achieve high voltage at the output. However, the rated voltage of the power
semiconductor switches is kept at only a fraction of the total DC voltage. The AC
voltage produced from these DC voltages approaches a sinusoid with increasing the
number of levels. The multilevel VSC can work in both rectifier and converter
modes as it uses the bi-directional switches.

Fundamentally, as discussed earlier, the output voltage waveform of a multilevel
VSC is synthesized from different levels of voltages obtained from DC voltage
sources. Figure 2.4 shows an equivalent circuit of a half bridge of a multilevel VSC.
A bi-directional, single-pole, multi-throw switch is a key element of the multilevel
topology. By controlling the way in which the switch is connected to a portion of
the capacitors, a number of output voltage levels can be synthesized. To generate a
negative output voltage, the reference of the output can be connected to different
segments of the capacitor string. Two or more half bridge of the converter shown in
Fig. 2.2 can be utilized to form a multiphase, multilevel converter.

Figure 2.5 illustrates an example of a multilevel converter output voltage
waveform. In this figure, an eleven level Pulse Width Modulation (PWM) wave-
form is shown with a peak-to-peak voltage of 1.0 kV. In this case, the multilevel
converter produces a fair approximation to a sinusoidal waveform.
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Fig. 2.5 Example multilevel sinusoidal approximation using eleven-levels (Vp)

As one can see in Fig. 2.4, the multilevel converter output stepped waveform
contains sharp transitions. This phenomenon results in harmonics, in addition to the
fundamental frequency of the sinusoidal waveform. The key issue for a converter
modulation is the harmonics elimination. The increased number of levels provides
the opportunity to eliminate more harmonic contents. Eliminating some harmonic
contents will make it easier to filter the remaining harmonic content. As a result,
filters will be smaller and less expensive. There are many schemes available in the
literature for reducing the harmonic contents. In Fig. 2.4, the multilevel waveform
has been obtained using a multicarrier PWM modulation technique. This scheme
simply refers to switching on or off the converter switching devices based on
intersection of the modulation signal (mostly, a sinusoidal waveform) with a
number of carrier signals (mostly, of triangular shape) in a certain fashion. The
number of carrier signals depends on the number of phase output voltage levels of
the converter.
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A multilevel converter has several advantages over a conventional two-level
converter that uses high switching frequency PWM. Some important attractive
features of a multilevel converter can be briefly summarized as follows [1-4].

e  Multilevel waveform quality: The electromagnetic compatibility (EMC) prob-
lems can be reduced as the multilevel converters generate the output voltages
with lower distortion and reduced dv/dt stresses.

e Common mode (CM) voltage: Multilevel converters produce smaller CM
voltage and it can be eliminated using some advanced modulation techniques;
therefore, the premature failure of the motor bearings and the EMI issues can be
avoided.

e Input current. The input current drawn by the multilevel converters is of lower
distortion.

e Voltage transients: Multilevel waveforms naturally limit the problems of large
voltage transients.

e Switching frequency: The switching frequency of the power semiconductor
switches in a multilevel converter can be much lower than that in a two-level
converter for the same harmonic spectrum of the converter outputs. A lower
switching frequency implies lower switching loss and higher efficiency.

e Switch ratings: Since multilevel converters usually utilize a large number of DC
voltages, several switches are required to block smaller voltages. Since switch
stresses are reduced, required switch ratings are lowered.

o System reliability: If a component fails in a multilevel converter, most of the
time it can still be used at a reduced power level. Furthermore, a desired voltage
can be produced by more than one way as the multilevel converters tend to have
switching redundancies.

e Application practicality: Multilevel converters allow for the utilization of
smaller, more reliable components.

e Ride through capability: Under emergency conditions, like when voltage sags or
load swings are experienced at the utility connection, the multilevel converter
can also be used to provide ride-through capability if the DC sources are banks
of batteries or capacitors.

Unfortunately, multilevel converters do have some disadvantages as listed below
[1-4].

e It uses a greater number of power semiconductor switches. Although lower rated
switches can be utilized but each switch requires a related gate drive circuit. It
may lead to a more expensive and complex system (part of the increased cost
may be offset by the fact switches with lower ratings are being used). Using
more devices also means the probability of a system failure will increase.

¢ Another disadvantage of multilevel converters concerns control of the switches.
The increased number of switches will result in more complicated control.

e A multilevel converter arrangement requires several DC voltage sources, which
are usually provided by capacitors. Balancing the voltages of these capacitors
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according to an operating point is a difficult challenge. Capacitors are also prone
to failure.

e The number of the achievable voltage levels is limited by voltage-imbalance
problems, voltage clamping requirements, circuit layout and packaging con-
straints, complexity of the controller, and, of course, capital and maintenance costs.

Despite these drawbacks, multilevel converters have emerged as the most pre-
ferred candidate for high power applications. Furthermore, as prices of power
semiconductors and other associated components continue to decrease, the use of
multilevel topologies is expected to extend to medium/low power applications
(those of less than 10 kW) as well. Fast power devices (e.g., CMOS transistors),
which can operate at very high switching frequencies, can be used for low voltages.
Therefore, the values of the reactive components will undergo significant reduction.
Furthermore, new power devices are expected to appear in the near future and these
may also extend the application of multilevel topologies.

During the last two decades, several state-of-the-art multilevel converter topol-
ogies have been introduced by both academia and industries. These topologies can
be broadly classified in two groups namely; (i) Monolithic converters and (ii)
Modular converters. Both the VSC and CSC configurations are available for these
topologies. The monolithic VSC and CSC topologies have been described first in
the following section.

2.2 Monolithic Multilevel Converters

Several types of monolithic multilevel converters have been proposed based on
different structures of their DC voltage (or current) sources to generate staircase
output voltage (or current) levels. The two most actively developed of these
topologies are the diode-clamped multilevel converter and flying capacitor multi-
level converter. There are other names also used to define these topologies. For
example, when referring to the three-level diode-clamped converter, it is called the
neutral-point-clamped (NPC) converter. Similarly, the flying capacitor converter is
also known as floating capacitor and capacitor clamped converter. In the following
sub-sections, these two monolithic multilevel converter topologies have been
described. The intention is to give a brief review of these basic topologies with their
specific features, advantages, drawbacks, operating principles and their comparison.

2.2.1 Diode-Clamped Multilevel Converter (DCMC)

The first practical (and still widely studied) multilevel topology is the neutral-point-
clamped (NPC) PWM topology first introduced by Nabae et al., in 1981 [26]. This
is essentially a three-level diode-clamped Converter. The VSC and CSC configu-
rations of DCMC are described in the following sub-sections.
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2.2.1.1 DCMC

Figure 2.6 shows the three-phase NPC topology. The NPC consists of two pairs of
series switches (e.g., Sq, S and Sy, S»; in phase-a, Fig. 2.6) in each phase. The DC-
link consists of two series capacitors (Cy, C; in Fig. 2.6). In each phase, two diodes,
called the clamping diodes are used (e.g., D;, D, in phase-a, Fig. 2.6) where the
anode of the upper diode is connected to the midpoint (neutral) of the capacitors
and its cathode to the midpoint of the upper pair of switches; the cathode of the
lower diode is connected to the midpoint of the capacitors and divides the total DC-
link voltage into smaller voltages, which is shown in Fig. 2.6. If the point 7 is taken
as the ground reference, the three possible phase voltage outputs are
—Vae/2, 0, and V4. /2. The line-line voltages of two legs with the common DC
capacitors are: V., V4. /2,0, —V4./2 and —V,,. Table 2.1 lists the switching states
for producing three-level phase voltage outputs per phase in the topology of
Fig. 2.6. As is evident from this table that the switch pairs (S, S;;) and (S5, S»;) are
complementary. Similar switch states exist in all the three phases to produce cor-
responding three-level voltage outputs. The key components that distinguish this
circuit from a conventional two-level converter are the clamping diodes. These
diodes clamp the switch voltage to half the level of the DC-link voltage. For
example, when both S§; and S, turn on, the voltage across a and n is
Vie /2, i.€.; Vo = Vge/2 (Table 2.1). In this case, Dy, balances out the voltage
sharing between S;; and S,; with S;; blocking the voltage across C; and S5,
blocking the voltage across C».

The three-level topology discussed above can be extended to higher-level con-
figurations. Several researchers published articles that have reported experimental
results for four-, five-, and six-level diode-clamped converters for such uses as static

Fig. 2.6 Three-phase three- | V, | Vs v,
level structure of a DCMC

Table 2.1 Switching scheme

fOI' NPC 1 SZ Sll S21 Van
1 0 0 Val2
0 1 0 0
0 0 1 1 V2
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Fig. 2.7 Three-phase five-level structure of a diode-clamped multilevel converter

VAr compensation, variable speed motor drives, and high-voltage system inter-
connections, etc. [1-4, 27]. A three-phase five-level DCMC is shown in Fig. 2.7.
Each of the three phases of the converter shares a common DC bus, which is
subdivided by four capacitors into five levels. The voltage across each capacitor is
Va./4, and the voltage stress across each switching device is limited to V,./4
through the clamping diodes. Table 2.2 lists the possible output voltage levels for
one phase of the five-level converter with the neutral point n taken as a reference.
State condition 1 means the switch is on, and 0 means the switch is off. Each phase
has four complementary switch pairs such that turning on one of the switches of the
pair requires that the other complementary switch be turned off. The complemen-
tary switch pairs for phase leg a are (Sy, S11), (S2, S21), (S3, S31) and (S4, S41).
Table 2.2 also shows that four adjacent main devices are on and in series for any
voltage level output. For the higher voltage levels (V,./2, —V,4./2), the four on
devices clamp the phase output to the top or bottom of the DC bus. For the lower
voltage levels (—V,4./4, 0, V4. /4), the on devices together act as a short connecting
two of the clamping diodes back-to-back. The other end of these back-to-back

fora e tevel diodectamped S5 |8 [So [Su [Su [Su [Su_[Va
converter 1 1 1 1 0 0 0 0 +Vy /2
0 1 1 1 1 0 0 0 +V, /4
0 0 1 1 1 1 0 0 0
0 0 0 1 1 1 1 0 Va4
0 0 0 0 1 1 1 1 Va2
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clamping diodes are connected to one of the nodes (2, n, or 3, Fig. 2.7) along the
DC bus. The circuit then can be thought of as a type of multiplexer, attaching the
output to one of the five available voltage levels.

Figure 2.8 shows a line-line voltage output of a five-level converter, which is a
nine-level waveform. This means that an m-level DCMC has an m-level output
phase voltage and a (2m — 1)-level output line voltage.

In a DCMC, although each active switching device is required to block only a
voltage level of V,./4, the clamping diodes require different ratings for reverse
voltage blocking. Using phase a of Fig. 2.7 as an example, when all the lower
switches S;; through S4; are turned on, D3 must block three voltage levels, or
3V, /4. Similarly, D, must block V,./2 and D; must block Vy./4. This rule can be
similarly defined for an m-level converter. If the converter is designed such that
each blocking diode has the same voltage rating as the active switches then
D, and D,;; (forn =1, 2, or 3) in Fig. 2.7 will require n diodes in series. Con-
sequently, the number of diodes required for each phase would be
(m —1) x (m — 2). Similarly, an m-level converter requires (m — 1) capacitors at
the DC bus as is also evident from Figs. 2.6 and 2.7. Also, each phase leg consists
of 2 x (m — 1) active switches. The net DC voltage (V,, Figs. 2.6 and 2.7) should
be evenly distributed among the DC capacitors for having symmetric and desired
m-level waveform.

It should be noted that DCMCs with odd number of levels (m =3, 5, 7, ...)
offer a neutral point access. It is also possible to synthesize topologies with even
number of levels (m =4, 6, 8, ...). However, in single-phase applications where
a neutral point is needed, DCMC with even number of levels cannot be used.
Though they have proven to be well suited for drive applications [27].

The DCMC is the most researched topology among the different multilevel
converter topologies. One application of the DCMC is an interface between a High
Voltage DC (HVDC) transmission line and an AC transmission line [28]. Another
application is a variable speed drive for high-power medium-voltage (2.4-13.8 kV)

—Vab

+Vac
+3V /4 [
+V 2
+V, 14
0
Vil =
Va2
=3V, /4

“Vde

| | |
0.004 0.008 0.012 0.016 0.02
Time (sec)

Fig. 2.8 Line voltage waveform of a five-level diode-clamped converter
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motors. For drives applications, it is the most widely used structure [27]. STAT-
COM is another application where the DCMC has found wide acceptance. The
world’s first UPFC was based on DCMC [14, 15]. Some recent proposals for the
STATCOM applications are also based on DCMC [18-22].

The main advantages and disadvantages of multilevel diode-clamped converters
are as follows [1-4, 27].

Advantages

e All phases share a common DC bus, which minimizes the capacitance
requirements of the converter. Therefore, a back-to-back topology is possible
and also practical for uses such as a HVDC and an adjustable speed drive.

e The DC capacitors can be easily precharged as a group unlike the other mul-
tilevel converter structures, where precharging and startup are more complex.

e The current ripple in the capacitors is of the order that is greater and or equal to
3rd harmonics (in the flying capacitor converter, the capacitors current ripple
may be of the order of fundamental frequency or greater depending on the
modulation strategy).

e Although some additional clamping diodes are required, it requires a low
number of capacitors. A low number of reactive components is usually preferred
from the standpoint of cost.

Disadvantages

e For more than three-level DCMC structure, the voltage stresses across the
clamping diodes are non-uniform. For example, in Fig. 2.7, D, D3, are sub-
jected to the voltage stress of V,./4, D,, D, are subjected to the voltage stress
of V4./2, and Dy, Ds are subjected to the voltage stress of 3V,./4. This issue
complicates the design and raises reliability and cost concerns.

e For some operating conditions, it has been demonstrated that the charge balance
of the DC capacitors cannot be achieved in topologies with a high number of
levels (more than three). These balancing problems appear when dealing with
high modulation indices and active currents. Therefore, the achievable AC
output voltages kept limited. Some solutions for this problem are proposed in
the literature.

e When switched in PWM, the reverse recovery of the clamping diodes becomes
the major design challenge in high voltage high power applications. Although
measures to alleviate this problem can be applied.

e It requires different current ratings for switches due to their conduction duty
cycle. This can be verified from Table 2.2 where it can be seen that S; conducts
only for V,, = V4 /2, while S, conducts over the entire cycle except for
Van = 0. Such an unequal conduction duty requires different current ratings for
switching devices. If the converter design is to suit the worst case then each
phase will have 2 x (m — 2) outer devices oversized.

Despite the limitations as mentioned above, the three-level NPC is still the most
popular topology that has found widespread practical applications. Its simple
structure enables excellent reliability and availability [27]. Based on the highly
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competitive Insulated Gate Controlled Thyristor (IGCT) technology a very compact
NPC IGCT PEBB, called PowerStack, serving multiple medium-voltage applica-
tions has been introduced to the market and the first commercial installations were
commissioned in the year 2000 [28]. The NPC IGCT PEBB has been successfully
introduced into the market to serve multiple, highly demanding, mature and
emerging applications like 15-60 MVA energy storage systems based on regen-
erative fuel cell technology or NiCd battery technology to enhance grid stability or
to reduce power fluctuations, 9-27 MVA medium-voltage applications, and
22 MVA dynamic voltage restorers to safeguard the highly critical processes of a
semiconductor plant.

One of the main structural limitations of the 3-level NPC is the asymmetrical
loss distribution. To make the loss distribution uniform across the semiconductors,
active switches can be used in place of the clamping diodes and the resulting circuit
is called three-level Active NPC (ANPC), introduced first in 2001 [29]. Higher
level ANPCs can be similarly derived. Based on ANPCs, a wide range of high
power MV drives, and STATCOMs are available in the market [27]. The new
technologies introduced with the ANPC IGCT have been developed to further
improve the power density and the cost competitiveness of the leading IGCT
technology which is able to deliver up to 16 MVA output power. The main new
technologies introduced to achieve higher output powers are: increased current
rating of IGCTs and improved thermal management by means of the ANPC
topology [30]. The distribution of junction temperatures among the semiconductors
can be balanced applying optimum switch states and commutations.

As discussed above, one of the major problems associated with DCMCs is the
unbalancing (or unequalization) of its DC-link capacitors voltage. Marchesoni et al.
have theoretically demonstrated that correct voltage balancing of these capacitors
cannot be guaranteed in all operating conditions with a large number of levels [32].
Since those conditions include high modulation indices and high power factors, it
limits the practical applications of these converters. The unbalancing of DC
capacitors voltage results in divergence of capacitor voltages, causing collapse of
some and rise of others due to non-uniform power drawn from them. This may
result in poor quality voltage outputs, affecting the control performance, causing
violation in the safe operating limits leading to converter malfunctioning. There-
fore, the DC capacitors voltage balancing is required under all conditions, which
determines both the safety and efficiency of DCMCs. Two possible solutions of the
voltage imbalance exist: (i) installing of voltage balancing circuits on the converter
DC side [20, 21, 32] and (ii) modifying the converter switching pattern according to
a control strategy [31, 33]. The latter is preferable in terms of cost, as the former
requires additional power hardware, which adds to cost and complexity. For
applications involving only reactive power (like STATCOM), the switching pattern
modification strategies can be used for voltage balancing. However, reactive power
control would be influence if priority were given to voltage balancing. Further, the
switching pattern modification strategy cannot be used to control the capacitor
voltages, except at low modulation indices [31]. It is also to be noted that for the
applications like UPFC, where two such converters are back-to-back connected, the
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switching modification strategy necessitates the two converters to operate at a fixed
AC voltage ratio for the capacitor voltages equalization. This constraint would
seriously limit the flexibility of the UPFC. The voltage balancing circuit based
solutions have also been reported for many applications. A schematic of the voltage
balancing circuit is shown in Fig. 2.9, where the semiconductor switches (Sci,
Dc1) — (Sc4, Dcg) and inductors Ly, L, are chopper elements while R, R, represent
the losses. This chopper is shown to be connected to the DC-link of a single-phase
DCMC. It works on the principle of transferring the energy from the overcharged
capacitor to the undercharged one through an energy storing inductor. In this way,
the capacitor voltages at the DC-link are equalized. Although the inclusion of such
circuit increases the cost and complexity, it is more reliable and robust against line
faults, transients and disturbances. Further, it does not impose any theoretical limits
on the operating range of the converter, as is the case with other available methods.
Even though utilization of these additional balancing circuits can improve the
operation of multilevel converters, the devices of these circuits have to handle high
current and voltage ratings, sometimes higher than ratings of the devices of main
converter. A voltage balancing circuit employing lower voltage rating devices was
proposed in [34]. In [32], four different schemes were presented for controlling of
the chopper circuit at DC-bus of DCMC for DC capacitor voltages equalization.
One of the limitations of DCMCs as described above is multiple blocking
voltage of the clamping diodes. To overcome this limitation, a modified DCMC
configuration was proposed in [35] with the single-phase schematic shown in
Fig. 2.10 for the five-level topology. An m-level modified DCMC requires (m — 1)
storage capacitors, 2(m — 1) switches and (m — 1) x (m — 2) clamping diodes of
same voltage rating, which are the same with the conventional DCMC with

Fig. 2.9 Single-phase five-

- i
level DCMC with voltage | Sy
balancing chopper circuit — Vear

- i2 : S2

Vear D, { S3

T

cd3

N e e e [ iy [ e




2 Multilevel Converter Topologies for STATCOMs 51

Fig. 2.10 Single-phase five-
level schematic of the
modified DCMC

Vd’ —

clamping diodes in series. The switching scheme for the modified configuration
remains same as that for the conventional configuration. However, the main limi-
tation of DCMC, i.e., the unbalancing of its DC-link capacitors voltage is still not
resolved for this modified configuration too.

To illustrate the balancing of DC capacitor voltages in DCMC, a three-phase
five-level DCMC is simulated with the voltage balancing chopper of the configu-
ration shown in Fig. 2.9 and controlled using the single-pulse control method
described in [32]. In Fig. 2.11, e, and e,q» represent the errors in the corre-
sponding DC capacitor voltages. It is evident from this figure that the capacitor

0.1 0.11 0.12 0.13
time(s)
Fig. 2.11 Key results illustrating DC capacitors voltage balancing using voltage balancing

chopper circuit in five-level DCMC modulated using PD PWM. a Capacitor voltage errors and
chopper current, b phase-a converter output voltage
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Fig. 2.12 Key results
illustrating DC capacitors
voltage using voltage
balancing chopper circuit in
five-level DCMC modulated 18}
using PD PWM l

0.2 0.25 03 035
time(s)

voltages are regulated around at their reference value, i.e., 20 V. As the capacitor
voltages are balanced, the converter output phase voltage is of good quality five-
level waveform as can be seen from Fig. 2.12. The other phase output voltages also
have similar waveform.

For STATCOM applications, a CSC has also found to be suitable due to its
various advantages [36]. Being a current injection device, the CSC topology injects
smaller current harmonics than the voltage harmonics injected by an equivalent
VSC based STATCOM. Moreover, a CSC when used to realize a STATCOM
requires lower DC energy storage than that of VSC. A VSC and an equivalent CSC
are considered to be a pair of dual structures. The multilevel CSC topologies are
derived from the dual transform of the corresponding multilevel VSC topologies
[9]. In the following sub-section, the dual CSC configuration of DCMC is
described.

2.2.1.2 Dual CSC Structure of DCMC

It is known that only planar circuits can be transformed using the duality principle.
A planar circuit is a circuit that can be drawn on a plane with no crossing branches.
It can easily be verified that the DCMC circuit of Figs. 2.6 and 2.7 are not planar
while the modified DCMC topology of Fig. 2.10 is planar. Therefore, the duality
transformation can be applied to the circuit of Fig. 2.10 only. As discussed earlier,
in duality transformation, the controlled bidirectional conducting switches are
transformed into controlled unidirectional switches and capacitors are transformed
into inductors. The dual structure of the circuit of Fig. 2.10 is shown in Fig. 2.13,
where similar to its VSC counterpart there are four complementary switch pairs:
S1, S11)s (S2, S21), (83, S31) and (S4, S41) [9]. In Fig. 2.10, the DC capacitors
C; — C4 corresponds to equal division of DC voltage source V.. Similarly, in
Fig. 2.13, the inductors L; — L4 correspond to equal division of DC current source



2 Multilevel Converter Topologies for STATCOMs 53

Fig. 2.13 Dual structure S 1
of Fig. 2.9

I, so that the current carried by each inductor is (1/4)I,. Further, each inductor
current passes through only one complementary switch pair. For example, the
current through L, passes only through the switch pair (S}, S;;) and so on. Based on
these considerations, the dual circuit of Fig. 2.10 can be further simplified to the one
shown in Fig. 2.14. This topology is called single-rating inductor topology as the
DC source current I; is divided equally among all the inductors. The switching
scheme of the circuit of Fig. 2.14 is listed in Table 2.3 for five levels of load current
values.

Using different switching states, it is possible to synthesis a multilevel current
waveform as a dual of the voltage waveform in VSC NPC. However, similar to the
VSC type NPC structure, special consideration needs to be paid on the proper
current sharing between the inductors. It is apparent that unbalance current in
different inductor branches leads to an excessive current flow through the devices
and thus the device failure is occurred. Although the proper current sharing is
difficult for the higher level NPC type CSC, similar methods presented for voltage
sharing of the VSC type converter is applicable for the CSCs.

Fig. 2.14 Single phase L, L Sa
single-rating inductor five m g
level CSC L L Sy
YT ~ g
L, LSy
YT ~ g
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Table ;.3 Swit.chin.g scheme ; Switching scheme
of the single-rating inductor °
five-level CSC Si S> S3 Sy S11 Sa1 S31 Sa1
0 1 1 1 1 0 0 0 0
L./4 0 1 1 1 1 0 0 0
1 0 1 1 0 1 0 0
1 1 0 1 0 0 1 0
1 1 1 0 0 0 0 1
142 0 0 1 1 1 1 0 0
1 1 0 0 0 0 1 1
0 1 0 1 1 0 1 0
0 1 1 0 1 0 0 1
1 0 1 0 0 1 0 1
1 0 0 1 0 1 1 0
3,4 |0 0 0 1 1 1 1 0
1 0 0 0 0 1 1 1
0 1 0 0 1 0 1 1
0 0 1 0 1 1 0 1
L 0 0 0 0 1 1 1 1

2.2.2 Flying Capacitor Multilevel (FCM) Converter

Meynard and Foch introduced a flying-capacitor multilevel converter (FCMC)
in 1992 [37]. The VSC and CSC configurations of FCMC are described in the
following sub-sections.

2.2.2.1 FCM VSC

The structure of FCMC is similar to that of the diode-clamped converter except that
instead of using clamping diodes, the converter uses capacitors in their place. In
FCMC, the clamping capacitors which ‘float” with respect to the DC source are
used to achieve multilevel waveform and voltage clamping. These floating capac-
itors are commonly called as ‘flying capacitors’ and due this arrangement this
topology is named as flying capacitor topology. In the three-level flying capacitor
topology shown in Fig. 2.15, the capacitors C,, C;, and C.. are flying capacitors of
the three individual phase legs and C;, C, constitute the DC-link, and the com-
plementary switch pairs are (Sy, S1;) and (S5, S»1). It is to be noted that the com-
plementary pair of a switch in the upper half of a phase leg is placed differently in
the lower half of the phase leg in flying capacitor topology in contrast to that in the
diode-clamped topology, which can be seen by comparing Figs. 2.4 and 2.15. In the
three-level converter of Fig. 2.15, all the capacitors shown are regulated at a voltage
of V,./2. Depending on the modulation scheme used, the three-level converter is
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Fig. 2.15 Three-phase
3-level structure of a FCM
VSC SiH

switched in such a way to maintain the flying capacitors voltage at V. /2. By doing
s0, the voltage stress across the semiconductor devices also keeps limited to V. /2.
The flying capacitor voltage balancing is achieved by using the redundant switch
states available to generate same voltage level at the converter output in this
topology. This is further evident from Table 2.4 in which the switching states for
producing three-level voltage outputs per phase are listed with respect to the
topology of Fig. 2.15. It can be seen that two different switching states can produce
‘0’ voltage level. The corresponding states of flying capacitor with respect to the
voltage level output are also listed in Table 2.3. Turning on S, S, together outputs
+V,./2 without changing the state of C,, which is represented by NC state of the
flying capacitor in Table 2.4. Similarly, turning off S}, S, together outputs —V,./2
with NC state of C,. However, when S;-ON and S,-OFF are chosen to output ‘0’
voltage level, charging of C, is achieved while it’s discharging is achieved by
choosing S;-OFF and S,-ON for 0 voltage level output. It is to be noted that the
switch states listed in Table 2.4 are only for positive half cycle of the converter line
current waveform (i, Fig. 2.15), which is equivalent to the outgoing direction of i,
as shown in Fig. 2.15. For negative half cycle of i, (incoming i,), the capacitor
states in Table 2.4 for zero voltage level will reverse which can be also analyzed
from Fig. 2.15.

It is clear from the configuration of Fig. 2.15 and Table 2.4 that intermediate
voltage levels (except the extreme voltage levels +V,./2 and — V,./2) at the
converter output are generated by adding or subtracting the flying capacitor voltage
with the DC-link voltage. In a generalized way, for any initial state of flying
capacitor voltage the three-level FCM VSC output voltage is given by,

Table 2.4 Switching scheme

for three-level FCM VSC ! 5 Van Ca
ON ON +Vyl2 No change (NC)
ON OFF 0 Charging (+)
OFF ON 0 Discharging (—)
OFF OFF Va2 No change (NC)
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Van = Sl(vdc - Vfa) + SZVfa - Vdc/z (21)

In (2.1), the switching states S; and S, take the value 1 if the corresponding
switch is conducting and O otherwise. Based on (2.1), the switch combinations
given in Table 2.4 are used to synthesize the output voltage V,, of phase-a with
respect to n.

In a similar manner as in the diode-clamped topology, higher level flying
capacitor topology can be formed by extending the three-level structure of
Fig. 2.15. In Fig. 2.16, a three-phase five-level FCM VSC is shown. Assuming that
each capacitor has the same voltage rating, the series connection of capacitors in
Fig. 2.16 is to indicate the voltage level between the clamping points. Again, three
inner loop flying capacitors for phase-a, Cy, Cp, and Cg are independent from those
for the other two phases. Similar independence exists among all the three phases.
All phase legs share the same DC-link capacitors C.

Similar to that in a DCMC, the phase voltage of an m-level converter has m levels
and the line voltage has (2m — 1) levels. In general, an m-level flying capacitor
converter requires (m — 1) pairs of power semiconductor devices and (m — 1) x
(m — 2)/2 clamping capacitors per phase leg in addition to (;m — 1) main DC bus
capacitors provided that all the capacitors are of same size. The number of capacitors
can be reduced by sizing the capacitors in a single leg as an equivalent one. In this
chapter, from here onwards, a single capacitor, sized equivalently in each clamping
leg of the flying capacitor converter has been considered. The size of the voltage
increment between two consecutive clamping legs defines the size of voltage steps in
the output waveform. The voltage of the innermost clamping leg (e.g. Cj3 in
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Fig. 2.16 Three-phase five-level structure of a FCM VSC
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Fig. 2.16) clamping the innermost two devices is V,./(m — 1). The voltage of the
next innermost clamping leg will be Vy./(m — 1) + Vg /(m — 1) =2V, /(m — 1)
and so on. Thus, each next clamping leg will have the voltage increment of
Vg /(m — 1) from its immediate inner one. The voltage stress across each capacitor
is V4. /(m — 1). The voltage levels and the arrangements of the flying capacitors in
this topology assure that the voltage stress across each main device is same and is
equal to Vy./(m — 1). Similar to the phase output voltage equation defined by (2.1)
for the three-level topology, the five-level converter output voltage is given by

Van = S1(Vae = Vi1) + S2(Vir = Vi) +8S3(Vio — Viz) + SaVps — Ve /2 (2.2)

Again, as defined earlier, the switching states S,—S4 take the value 1 if the
corresponding switch is conducting and O otherwise in (2.2). Based on (2.2), the
switch combinations given in Table 2.5 are used to synthesize the output voltage
V. of phase-a of the five-level converter. Table 2.5 also indicates the states of
flying capacitors corresponding to the switching combinations chosen. The state
NC indicates that the capacitor neither charges nor discharges in this mode. The
states + and — denote the charging and discharging of the corresponding capacitors,
respectively. The switching states given are for the positive half cycle of the current
waveform (indicated as outgoing current i, in Fig. 2.16). The capacitor states
(+ and —) will reverse for the negative half cycle of the current.

It can be seen from Table 2.5 that the structure offers multiple switching com-
binations for V,, = V4./4,0 and —V,./4. As such redundancies are available, one
can choose a preferential switching state that will help in maintaining the capacitor
voltages constant. This redundancy is enough to guarantee balanced voltages of the

Table 2.5 Switching scheme for five-level FCM VSC

Sy Sz S3 Sy Cn Cp Cn Van
ON ON ON ON NC NC NC +Vy /2
ON ON ON OFF NC NC + +Val4
ON ON OFF ON NC + -

ON OFF ON ON + - NC

OFF ON ON ON - NC NC

OFF OFF ON ON NC - NC 0

OFF ON OFF ON - + -

OFF ON ON OFF - NC +

ON OFF OFF ON + NC -

ON OFF ON OFF + - +

ON ON OFF OFF NC + NC

ON OF OFF OFF + NC NC =V /4
OFF ON OFF OFF - + NC

OFF OFF ON OFF NC - +

OFF OFF OFF ON NC NC -

OFF OFF OFF OFF NC NC NC =V /2
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flying capacitors using proper modulation technique. However, the switching
combination chosen affects the current rating of the capacitors. For example, for
Van = Vae/4, if the first and the last combinations are used (Table 2.5), only one
capacitor (C4 or C,) is involved. In the other two combinations more than one
capacitor are required to be charged or discharged. Therefore, the rms current
ratings of the capacitors will necessarily be higher for the single capacitor case than
that in the two-capacitor case. This feature of different current rating is present in
almost every case (except for the levels of V,./2 and — V,./2). The switching
sequence chosen therefore affects the rms current ratings of the capacitors. Thus,
optimization of the switching sequence is required, i.e. one which minimizes the
capacitor cost and the system losses. As compared to DCMC, the FCMC topology
has the advantage that it has redundancies for inner voltage levels, as observed
above. Moreover, FCMC has phase redundancies, whereas DCMC has only line-
line redundancies. Unlike DCMC, the FCMC does not require all of the switches
that are on (conducting) be in a consecutive series. In DCMC, to avoid the recovery
problem associated with the diode, the switching modulation is limited to provide
for the voltage unbalance between each leg. Since the FCMC has a wealth of
redundant switching states, there are enough combinations between switching states
to provide for voltage balancing. Furthermore, compared to DCMC, the FCMC
eliminates a mid-capacitor point for each switch pair which results in simple
converter structure. The drawback of FCMC is that its control is more complicated
and it requires a large number of capacitors. Fortunately, the size of flying capac-
itors can be reduced by an increased switching frequency [38—41].

After the introduction of FCMC in the 1990s, there have been numerous articles
published related to this topology. Both industries as well as academia have shown
significant interest in the FCMC topology and its various applications have been
explored. At present, around 80 T13 locomotives in the European railways use this
topology as input chopper [42]. In the drive applications, as early as 1996, Cegelec
(which later became ALSTOM Industry) showed interest in FCMCs and devel-
opment using the biggest IGBTs available at that time was initiated. Today, a
complete range of such drives is proposed to comply with the European standards.
For power systems compensation applications as well, the flying capacitor con-
verter has gained significant interests. In [43], a five-level FCMC is selected and
designed for a 6.6 kV STATCOM. To decrease size of the flying capacitor by
increasing a switching frequency, the Auxiliary Resonant Commutated Pole
(ARCP) Converter is used, and its parameters are optimized based on loss-imple-
mented simulation.

In summary, advantages and disadvantages of FCM VSC are as follows [1-4,
37-43].

Advantages

e Large amount of capacitors, in terms of the flying capacitors, may provide extra
ride through capabilities during power outages.

e The redundant switching combinations provide added flexibility in controlling
and balancing the balancing different voltage levels.
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e [t eliminates the clamping diode problems present in DCMC topologies and the
dvldt stress across the devices is naturally limited.

e Unlike DCMC, the redundant switching states in FCMC can control the charge
balance in all flying capacitors, even if the phase current is unidirectional. This
makes this topology attractive even for the DC/DC converters.

e FEach phase leg can be analyzed differently from the others. This is an important
difference with DCMC, in which the entire three-phase system must be con-
sidered for the balancing issue (without using additional chopper circuits).

Disadvantages

e An excessive number of flying capacitors is required for higher level converter
configuration. Such configurations are expensive and more difficult to package
with the required bulky capacitors.

e The flying capacitor voltage controller adds complexity to the control of the
whole circuit.

The rms current rating of flying capacitors is higher.
For low switching frequency operation, large sizes of flying capacitors are
required.

e There is a potential for parasitic resonance between decoupling capacitors.

e Precharging and startup are more complex.

As detailed earlier, an FCMC uses flying capacitors to split the input voltage and
clamp the voltage stresses across the semiconductor switches. It is the primary
requirement of functioning of an FCMC is to have balanced flying capacitor
voltages at their corresponding reference values as it dictates both the safe and
efficient operation of the converter under all operating conditions. If voltage
imbalance occurs, the quality of the output voltages will deteriorate and blocking
voltages imposed on certain devices may increase the rated values. Therefore, it is
necessary to take into account the balancing of flying capacitor voltages while
designing the converter control schemes. Additionally, the evolution of the flying
capacitor voltages must be carefully studied since the survival of the converter
depends on it. There are many different control strategies available in the literatures
taking into account the flying capacitor voltage balancing for FCMCs.

Many studies have shown that under certain conditions, a simple open loop
control guarantees natural balancing of the flying capacitor [38—40]. The self-
balancing mechanism ensures safe operation under most operating conditions
where a high enough switching frequency is chosen and the load is not purely
reactive [38, 39]. Nevertheless, in this case, the dynamics involved in the balancing
transient depend on the impedance of load at the switching frequency. If the
impedance at the switching frequency is high then the natural balancing is very
slow and may not be guaranteed. Further, by using such an open-loop control,
unbalance may occur in applications with low switching frequencies or if the
reference waveform contains harmonics that are close to the switching frequency
[38, 39]. Following these observations, a filter circuit of the R-L-C type (called,
‘balance-booster’) tuned at the switching frequency and connected in parallel with
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the load may also be used to achieve the natural balancing [39]. It has the advantage
of being reliable but the extra filter increases the cost of the overall system,
introduces extra power losses especially in high-voltage applications and may be
too slow to follow rapid variations of the input voltage [39]. While assuming the
natural balancing of the flying capacitors voltages, it is considered that the capacitor
voltages are balanced with each switching period provided that the control signals
have the same duty cycles, the power devices have the same characteristics and the
load currents are symmetrical. However, these conditions cannot be met in real
systems due to non-ideal conditions and disturbances, such as unequal capacitance
leakage currents, unequal delays in switching, asymmetrical charging/discharging
of capacitors and load disturbances. Consequently, the voltages of flying capacitors
will vary. Therefore, the need for an external control loop for each flying capacitor
voltage may arise for most of its applications due to the dependency of the natural
balancing quality on the modulation pattern as well as the load parameters [38—40].

To illustrate the natural balancing property of FCMC, simulation studies using
PSCAD/EMTDC are performed on a single-phase five-level FCMC. It is evident
from Fig. 2.17a that the flying capacitor voltages attain their target operating values
confirming the natural balancing of FCMC. The converter switched output voltage
and current are shown in Fig. 2.17b, c, respectively. The five different voltage levels
in the phase leg confirms that the flying capacitor voltages have stabilized to their
target operating values.

Fig. 2.17 Key results
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Fig. 2.18 Key results when (a) gof ' ! .
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In Fig. 2.18, the simulation results using the preferential switch state selection
scheme proposed in [18] are plotted with the same parameters as considered above.
Figure 2.18a shows the start-up transient of the flying capacitor voltages with
initially uncharged capacitors. It is evident by comparing the capacitor voltage
transients of Figs. 2.17 and 2.18 that the rate of capacitors achieving their respective
target voltage values is much faster in the latter case. Once the capacitor voltages
reach their respective target values, they are tightly regulated around these values
and hence, the load voltage and current achieve their desired waveform shapes as
shown in Fig. 2.17.

2.2.2.2 Dual CSC Structure of FCMC

It can be observed from above that FCM VSC has a planar structure. Therefore, its
CSC configuration can be derived directly by applying duality transformation. The
dual structure of single-phase five-level DCMC configuration is shown in Fig. 2.19.
The dual elements in phase-a of Fig. 2.16 and in Fig. 2.19 are represented by the
same assignations. In phase-a of the five-level FCM VSC configuration of
Fig. 2.16, the voltages across the flying capacitors are Vy; = 3V, /4, Vi = Ve /2

and V3 = Vg4 /4. Similarly, in Fig. 2.19, he current through the respective induc-
tors are 31;./4, 14./2 and I, /4, respectively. This implies that all the inductors are
of different current ratings. Hence, this configuration of Fig. 2.19 is named as multi-
rating inductor converter. In Fig. 2.19, similar to its VSC counterpart there are four
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Fig. 2.19 Single phase multi-
rating inductor five level CSC

LOAD

complementary switch pairs: (S;, S11), (S2, S21), (S3, S31) and (S4, S41) and its
switching scheme is listed in Table 2.6 for five levels of load current values. As can
be seen, the FCM CSC topology also offers redundant switching combinations.
Therefore, in a similar way as in its dual VSC structure, it is possible to synthesize a
multilevel current waveform in FCM CSC.

In FCM CSC topology, each semiconductor device blocks the peak line-to-line
voltage and conducts Idc/N. However, the inductors carry different current values
(e.g., I; = 2I;,). Parallel-connected identical inductors may be used to have a same
design rating. With the same switching frequency, and power rating, the FCM CSC
requires less energy storage for synthesizing the intermediate levels. This is because
the inductors in a FCM CSC are shared by all three phases. However, this topology
cannot be easily scaled up for a higher voltage levels.

Table 2.6 Switching scheme
of the multi-rating inductor °
five-level CSC Si [ |$s
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2.3 Modular Multilevel Converters

Modularity, in general, refers to a technique to develop comparably large systems
by combining smaller subsystems. For power converter topologies this means, a
cascaded connection of converter cells, so called chain-links, which seems to be an
interesting solution to reach high voltage and high quality waveforms [1-4].
However, in order to transfer active power, isolated DC sources are required by
means of a transformer and a rectification stage. This fundamental problem has
been addressed in [44], opening a new field of possible new solutions. The solution
proposed in [37], eliminates the need of separated sources in high power converters
by means of an intermediate voltage source or current source, such as a capacitor or
inductor, floating with respect to ground potential in the converter circuit. These
intermediate sources with passive elements are actively balanced by means of the
switching process of the converter. Other circuit configurations including voltage or
current sources or their combinations can be tailored in order to make use of the
modularity and scalability for high power applications. These solutions require a
proper cell or a building block structure. The power electronics building block is an
intermediate level towards the modular power converters that incorporate the
integration of power devices, passive elements, and other components into func-
tional blocks. Building blocks can be easily added in parallel to increase the current
carrying capability or in series in order to handle considerably higher voltages. This
section is to provide an overview of the modular multilevel converter topologies
from the basic building blocks to the system level modularity, targeting high-power
applications and in particular FACTS. As will be discussed further in this section,
modular multilevel VSCs and CSCs can be built either straightforward by applying
the modular building block cells or by a combination of cells with monolithic
multilevel topologies. Therefore, this section summarizes the most recent devel-
opments made in this field, covering new promising topologies and operational
issues. In addition, emerging trends, challenges, and possible future directions of
the multilevel converter technologies are outlined to motivate further work in this
field. The following sub-section discusses the first introduced modular topology of
multilevel converter introduced in [45].

2.3.1 Chain-Link Multilevel Converters Based
on Bipolar Cells

A cascade H-bridge inverter is a series connection of several H-bridges. This
topology is the most obvious way of achieving a multilevel waveform. As stated
earlier, the H-bridge inverter of Fig. 2.1b can produce voltage waveform with three
discrete levels; +Vpc, 0 and —Vp where V- is voltage of its DC source. Therefore,
a combination of a number of H-bridge inverters should be able to produce more
than three level voltage output. Based on this concept the cascade H-bridge inverter
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is constructed. A single-phase structure of an m-level cascaded inverter is illustrated
in Fig. 2.20. Each Separate DC Source (SDCS) is connected to a single-phase H-
bridge inverter. Each inverter level can generate three different voltage outputs,
+Vpe, 0, and —Vpe by connecting the DC source to the AC output by different
combinations of the four switches, S;, S,, Sz, and S4. To obtain +Vp, switches
S, and S4 are turned on, whereas —Vpc can be obtained by turning on switches
S, and S3. By turning on S| and S, or S3 and S4, the output voltage is 0. The AC
outputs of each of the different full-bridge inverter levels are connected in series such
that the synthesized voltage waveform is the sum of the inverter outputs. The number
of output phase voltage levels m in a cascade inverter is defined by m =2 s + 1, where
s is the number of separate DC sources. An example of phase voltage waveform (v,,,)
for an 11-level cascaded H-bridge inverter with 5 SDCSs and 5 full bridges is shown
in Fig. 2.21. The phase voltage v, = V41 + Va2 + Va3 + Vg + vas. Figure 2.21
provides an illustration of this idea of obtaining the total AC voltage produces by the
multilevel inverter by adding together five distinct AC voltages of the five H-bridge
inverters. Figure 2.21 also illustrates the idea of ‘levels’ in a cascaded H-bridges
multilevel inverter. In this figure, one notices that five distinct DC sources can
produce a maximum of 11 distinct levels in the output phase voltage of the multilevel
inverter which is in justification of the expression m = 2s + 1 given above.

One of the earliest applications for the series connection of single-phase full
bridge inverter topology was reported for plasma stabilization [46]. Later this
approach was extended to include three-phase systems. Recently, the multilevel
cascaded inverters have been proposed for such applications as static VAr gener-
ation, an interface with renewable energy sources, and for battery-based applica-
tions. Peng has demonstrated a prototype multilevel cascaded static VAr generator
connected in parallel with the electrical system that could supply or draw reactive
current from an electrical system [47]. The inverter could be controlled to either
regulate the power factor of the current drawn from the source or the bus voltage of
the connected electrical system. It was also shown that a cascade inverter can be
directly connected in series with the electrical system for static VAr compensation.
Cascaded inverters are ideal for connecting renewable energy sources with an AC
grid, because of the need for separate DC sources, which is the case in applications
such as photovoltaics or fuel cells.

‘/u[(m—] )2-1] Vu[(m—l )2-1]

Fig. 2.20 Single phase structure of a multilevel cascaded H-bridge inverter
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Fig. 2.21 Output phase voltage waveform of an 11-level cascade inverter with 5 separate DC

sources

Cascaded inverters have also been proposed for use as the main traction drive in
electric vehicles, where several batteries or ultra-capacitors are well suited to serve
as SDCSs [48]. The cascaded inverter could also serve as a rectifier/charger for the

batteries of an electric vehicle while the vehicle was connected to an AC supply.

Additionally, the cascade inverter can act as a rectifier in a vehicle that uses
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regenerative braking. Manjrekar has proposed a cascade topology that uses multiple
DC levels, which instead of being identical in value are multiples of each other [49].
He also uses a combination of fundamental frequency switching for some of the
levels and PWM switching for some other levels to achieve the output voltage
waveform. This approach enables a wider diversity of output voltage magnitudes;
however, it also results in unequal voltage and current ratings for each of the levels
and loses the advantage of being able to use identical, modular units for each level.
In the industrial community, Robicon Corporation commercialized their medium-
voltage drives utilizing the cascaded multilevel topology in 1999. In 1998, GEC
ALSTHOM T&D (now ALSTOM T&D) proposed to use the cascaded topology as
a main power converter in their STATCOMs that are associated with the TSR and
TCR. To date, several papers have discussed the configurations and control strat-
egies for the reactive power compensation systems that utilize cascaded multilevel
converters.

The main advantages and disadvantages of multilevel cascaded H-bridge
structures are as follows [1-4, 47-50].

Advantages

e The series of H-bridges structure allows a scalable, modularized layout and
packaging due to identical structure of each H-bridge. This will enable the
manufacturing process to be done more quickly and cheaply.

e Requires the least number of components considering there are no extra
clamping diodes or voltage balancing capacitors to achieve the same number of
voltage levels.

e Potential of electric shock is reduced due to separate DC sources.

Disadvantages

Separate DC sources are required for each of the H-bridges.

e The switching modulation needs to be optimized for high performance appli-
cations due to a limited combination of switching patterns.

e For reactive power exchange, the power pulsation at twice the output frequency
occurring with the DC-link of each H-bridge inverter necessitates over-sizing of
the DC-link capacitors.

e Due to number of DC capacitors voltage to be controlled in its FACTS and
custom power applications, it has rather complex DC voltage regulation loop.

e Each H-bridge inverter faces unequal current stress.

e Connecting separate DC sources between two converters in a back-to-back
arrangement (e.g., in UPFC) is not possible because a short-circuit will be
introduced when two back-to-back converters are not switching synchronously.

In a similar way described for cascaded H-bridge converters, other monolithic
multilevel converter configuration defined earlier in Sect. 1.2 may also be used a
building block. By expanding the building block configuration from the monolithic
converter topologies, various types of chain-link modular converters can be syn-
thesized as shown in Fig. 2.22. In the chain-link structures, for the same switch and
capacitor units, the higher the number of cells, the higher the voltage blocking
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Fig. 2.22 Single-phase chain-link multilevel converter topologies. a Series of parallel connected
cells. b Series of cross connected cells. ¢ Stacked commutation cells. d Series of NPC
commutation cells

capability and the output voltage quality is. The total number of components in the
chain-link structure is simply proportional to the number of cells (N). In the chain-
link converters, switching frequency of the power devices is reduced by a higher
number of cells, while the conduction losses are a function of the number of cells
(N) inserted in the conduction path. Therefore, since the chain-link structures bear
the same characteristics of their corresponding building blocks, cells with a mini-
mum number of devices are desired to reduce the converter cost and conduction
loss in chain-link multilevel converters.

Controlling the floating cell capacitors in the chain-link multilevel converters is
one of the main control concerns in such topologies. By changing the switch
connection between the intermediate cell capacitors as shown in Fig. 2.22a, the
capacitors can be connected in parallel. The parallel connected commutation cells
helps the capacitors’ voltage ripple reduction. An alternative parallel connection of
half-bridge cell capacitors at reduced device current rating is proposed in [51]. The
full-bridge cell can be connected in a cross fashion as reported in [52, 53]. The cross
connected cell is an alternative symmetrical bipolar cell structure in which by cross
connecting more intermediate capacitors in the structure shown in Fig. 2.22b, a
higher number of voltage levels can be achieved. This results in reduction of cell
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counts and conduction losses while the output quality remains the same as the
normal cascaded converters presented in Fig. 2.20. Flying capacitor and neutral
point clamped converter can also be utilized as the building block element. By
connecting these cells in a nested or series configuration, a single-phase leg
structure of the variable VSC can be created as shown in Fig. 2.22c, d. It is worth to
mentioning that, the intermediate capacitor voltages should be balanced on the
desired DC-voltage value in case of three or more voltage level structure. The
chain-link modular multilevel structures in Fig. 2.22, can synthesize a bipolar
staircase voltage for high and medium power applications with alternating converter
terminal voltages, e.g., STATCOM, matrix converters, etc. For a three-phase sys-
tem, the output voltage of the three cascaded inverters can be connected in either
delta or wye configuration as shown in Fig. 2.23a, b, respectively. Each of these
configurations offer various benefits according to the application specifications. The
star connection is the most promising as a battery energy storage system (BESS) for
positive-sequence active-power control and as a STATCOM for positive-sequence
reactive-power control with the lowest converter-cell count. The delta is applicable
to a STATCOM for positive- and negative-sequence reactive-power control with +3
more current for the same semiconductor as the star connection [54].

The main advantages and disadvantages of the delta connection (Fig. 2.23a) of
the chain-link modular multilevel converter topologies for a three-phase systems are
as follows:

Advantages

e Modularity of the system is the main advantage of these structures which allows
the higher voltage achievement with a minimum mechanical complexity.

e Since each chain-link modular multilevel converter is connected between the
lines, a higher current (V3 times higher) capability is achieved with the same
semiconductor.

e Negative sequence compensation of the delta configuration is achievable by
injecting a zero sequence current.

Fig. 2.23 Three-phase chain- (a) (b)
link multilevel converter a b c
topologies. a Delta b * a b c

connection. b Star connection
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Disadvantages

e FEach phase-leg of the delta connection is connected between the line to line
network voltages. This increases the required number of series connected cells.

e Current over rating is required for the zero sequence current that exchanges
energy between the phases.

e Compensation of unbalance in the network voltages is limited due to restrictions
on exchanging energy between the phases during this operational condition.

The main advantages and disadvantages of the start connection (Fig. 2.23b) of
the chain-link modular multilevel converter topologies for a three-phase systems are
as follows:

Advantages

e Modularity of the system is the main advantage of these structures which allows
the higher voltage achievement with a minimum mechanical complexity.

e Since each chain-link modular multilevel converter is connected between the
phase network and the neutral, each phase-leg is only subjected to the phase to
neutral voltage. This means that theoretically a lower number of series con-
nected cells are required.

e Unbalanced network voltages can be compensated in this structure.

Disadvantages

e For unbalanced loads compensation, a zero sequence voltage must be introduced
to exchange energy between the phases. This results in an increased number of
series connected cells.

e The required zero sequence voltage increases exponentially when equal amounts
of positive and negative sequence compensation are required and this results in a
limited compensation capability.

The prominent advantages of modular chain-link multilevel converters in terms
of the wider dynamic and greater flexibility, simple mechanical design, mainte-
nance and reliability, low losses make them a suitable choice for different appli-
cations such as weak grid support, integration of renewables, industrial steel and
mining in order to support heady loads and flicker mitigation. SVC Light™ was
introduced by ABB in 1997 and improves the efficiency of power transmission
systems, increasing the transmission capacity as well as reducing the risk of voltage
collapses and blackouts. ABB’s latest generation SVC Light is based on a modular,
multilevel converter topology to reach even higher transmission efficiency with or
without transformer. The new design reduces losses and harmonic emissions and
enhances performance, through improved voltage control. Currently, SVC Light™
offers a power range of 10-250 MVAr and is available at different voltage and
current rating. Siemens offers the SVC PLUS®™ since 2009 which is the modular
multilevel chain-link with the IGBT based full-bridge module. They are also
available at different power and voltage ratings. Alstom technology on modular
VSC is called MaxSine which is based on power electronic modules.
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2.3.2 Modular Multilevel Converters Based
on Half-Bridge Cells

In the previous sub-section, the structure of chain-link multilevel converters based
on bipolar cells have been presented. Since each chain-link inherits the character-
istics of its building block cells, all presented chain-links are capable of synthe-
sizing bipolar voltage waveforms. Despite the non-negative voltage limitation of
the unipolar chain-links, which is created by unipolar building blocks, this section is
dedicated on STATCOM conversion systems based on half-bridge cells.

2.3.2.1 Modular Multilevel Converter (MMC) with DC Connection

One of the most successful converter topologies for high power applications with
respect to today’s technology is the MMC proposed in [44]. As shown in Fig. 2.24,
this circuit has a similar structure as the conventional two-level converter; however,
the series connected devices in each converter phase arm have been replaced by a
chain of half-bridge cells shown in Fig. 2.1a. In other words, the energy storage
elements at the DC side have been distributed in the converter arms. This structure,
positive and negative arms are connected in series from the positive to the negative

+ l]ap ll“” ll"‘"
Upper arm chain link / Lﬂ ﬂ ﬂ A

5 el
|

AC output voltage

Fig. 2.24 Modular multilevel converter (M2LC)
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DC terminals and the AC terminal is connected in the middle of the arms. This
topology addresses, low loss, low switching frequency (slightly above the funda-
mental frequency), voltage scalability due to the simple cascading of identical cells,
negligible AC filters due to the synthesized pure sine voltage waveform (for above
20 cells per arm), and mechanical simplicity. Either half- or full-bridge bridge cells
can be employed in the converter arms to generate the arm voltage waveforms. In
case of the half-bridge cells, each converter arm generates an AC multilevel voltage
with a DC offset of the pole-to-ground voltage. This results in a higher converter
arm rating (2 times the AC voltage) as they need to provide a DC offset in order to
create the output AC voltage. However, when full-bridge cells are used, it is suf-
ficient that each arm generates only the AC voltage with the same amplitude as of
the output voltage. Therefore, the number of cells is reduced to half of the one in the
half-bridge case while the number of devices in each cell is doubled. A sinusoidal
multilevel waveform at the AC terminal is synthesized by devising a proper
modulation strategy and creating appropriate insertion indices at each converter arm
terminals. One of the other important feature in MMC which can distinguish this
topology from the other modular structures, is the lower device current rating due to
the AC current sharing between two converter arms and having the circulating
current properties. Given the important features of this converter topology, it seems
to be an invincible topology for HVDC transmission applications with respect to
today’s technology. This converter has been developed recently by ABB known as
HVDC LightTM [55], by Siemens known as HVDC PLUS™ [56], and known as
MaxSine for the Alstom technology. However, various control strategies have been
suggested for both MMC and shown the advantages of the high-power MMC-based
STATCOM for a full compensation of unbalanced and distorted nonlinear loads
[54, 57]. This modular MMC- based STATCOM also introduces a transformerless
design. In addition extended version of MMC-based STATCOM was developed in
[57] by paralleling a number of MMC to achieve higher efficiency, higher, reli-
ability, lower weight and size, lower switching frequency and lower ratings for the
switches. Applying the full-bridge cells instead of the half-bridge cells, the DC and
the AC side voltages can be decoupled. Although this requires double the number
of switching devices, this is a useful functionality for the renewable sources where
the buck or boosting capability of the input voltage is required due to the voltage
fluctuation.

Despite all interesting features, this converter suffers from very big a very big
capacitor size which is almost ten times greater than the normal monolithic con-
verters. In addition, one of the main challenges in order to control this type of
converter is the energy variation balance in each converter arms and different
control and capacitor balancing methods have been proposed in literatures [58, 59].
Another critical challenge which corresponds to the high power application
requirements is the internal and the external fault tolerance of the converter. Various
cell protection schemes and devices have been introduced to deal with internal
faults. A device with built-in short circuit failure mode capability or cell bypass
switch has been proposed for internal cell faults.
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Advantages and disadvantages of the MMC for STATCOM application are as
follows:
Advantages

e The system is modular and this allows easy addition of cells for higher phase
voltages.

e A DC circulating current can be introduced between the phase legs to facilitate
energy exchange under unbalanced conditions for negative sequence compen-
sation. This topology also allows compensation for unbalanced network
voltages.

e The line current splits between the two arms of the converter. This means for a
constant valve current rating the total output power of the converter is increased.

Disadvantages

e Valve current De-Rating is required due to the DC circulating current added to
the required current.

e Each arm of the converter must produce the peak AC output voltage superim-
posed onto a DC offset. This means the number of cells in the converter is
significantly higher than the delta and star chain-link topologies.

e The presence of the DC offset voltage that each arm must create results in a large
fundamental frequency component in the arm capacitor voltages. Third har-
monic voltage injection does alleviate this issue somewhat, however only by a
small fraction (approximately 10 %). The net effect is still an increase in
capacitor voltage ripple compared to the delta and star chain-link topologies.
This leads to significantly increased amounts of stored energy in the capacitors
and hence increased cost for the converter.

To illustrate the MMC operation, a simulation study using MATLAB/Simulink
is performed on a three-phase twelve-level MMC. The inverter consists of 12 half-
bridge submodules and is connected to the grid and the DC-link voltage is 60 kV.
Key MMC waveforms including arm voltage/current and capacitor voltages for
5 MVAr inductive (receiving) and capacitive (sending) reactive power modes have
been illustrated in Fig. 2.25a, b, respectively. It is evident from Fig. 2.25 that the
submodules capacitor voltages attain their target operating values at 5 kV (60 kV/
12). As shown, the capacitor ripple in capacitive modes has a higher maximum
ripple while in inductive mode capacitors have a higher minimum ripple. This
results in an energy requirement of the converter in the inductive mode as the
modulation is limited due to the higher minimum ripple. This can be compensated
by having a higher DC voltage in each cell capacitor.

2.3.2.2 Modular Multilevel Converter (MMC) with AC Connection

Since, it is not necessary to have DC connection in STATCOM applications, by
series connection of the half bridges as shown in Fig. 2.24, a chain-link multilevel
converter based on half-bridge cells can be generated. Since the half-bridge has
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Fig. 2.25 Key MMC waveform with 12 cells in each arm. a Inductive mode; b capacitive mode

only unipolar output voltage, two sets of series connected half-bridge cells are
required for each phase-leg. One set creates positive output voltages while the other
creates negative voltages. The corresponding converter schematic is shown in
Fig. 2.26. Thus, bipolar multilevel waveform can be generated at the AC output
terminal.
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Fig. 2.26 Chain-link multilevel converters with half-bridge cells

Advantage and disadvantages of this topology are as follows:
Advantages

e The system is modular and this allows easy addition of cells for higher phase
voltages.

e The system is built based on the half-bridge cells which is very simple and has
less mechanics.

Disadvantages

e A zero sequence voltage should be introduced to exchange energy between the
phases when compensating unbalanced loads. This results in an increased
number of series connected cells.

e Having two set of half-bridge cells results in a high number of cells in the
converter, and hence the stored capacitor energy, is not utilized compared to the
chain-link delta star topologies.

2.3.3 Modular Current Source Converters (MCSC)

The modular CSCs are the dual configuration of the modular VSCs and provide a
good solution for flexibility with scaling in current. The solution is modular and
scales well with standard size building blocks, where the devices and passive
components (inductors) have the same rating. The challenge with the MCSC cur-
rent source-based converter is the ability to scale in voltage and obtaining the
isolated direct current sources. Although few researches have focused on the
analysis and design of CSC based STATCOM systems, with the advents in high
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voltage, high power semiconductor technology, such as IGCT and high voltage
IGBT technologies, CSC based STATCOM systems at different rate of power can
be increasingly used in the near future FACTS applications. The most prominent
modular multilevel CSC will be discussed in this section.

Fig. 2.27 Dual of series
connected CHB-parallel
connected CHB current
sources

{

2.3.3.1 Modular CSCs Using H-Bridge Cells

The cascaded H-bridge (CHB) current source as a dual to a standard voltage-source
based CHB is shown in Fig. 2.27. The topology comprises of single-phase current
source cells, either half bridge or full bridge cells, which are the dual of the VSC
cell (Fig. 2.4). However, a full-bridge functionality is required to achieve a sinu-
soidal phase current waveform. As shown, despite of the CHB VSC, cells are
connected in parallel to synthesize a stepwise current waveform as the current
sources cannot be connected in series. Therefore, this topology is more useful for
the application with a high current requirement. Basic operation is analogous to a
voltage source based CHB, with the cells being connected per-phase. Using a
proper Pulse with modulation strategy such as the phase shifted carrier based
method, a multilevel current waveform can be generated at the phase output. As the
CHB cells are connected in parallel, each cell is rated for the peak phase-to-neutral
alternating voltage, hence, the use of this topology in high voltage applications is
challenging. It is noted that the current sharing method (similar to voltage balancing
method in VSC) needs to be applied on this topology to ensure the same device
current rating. This can be done with the selection algorithm method. For instance,
at occasion of switching ON, the cell with lower (higher) current is selected to
switch on when the voltage across the chain-link is positive (negative) and vice
versa.
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Fig. 2.28 Modular CSCs using cells with a common DC connection, a three-phase modular CSC,
b single-phase modular CSC

2.3.3.2 Modular CSCs Using Cells with Common DC Connection

Because of the nature of current synthesis, a modular multilevel CSC requires
current source cells to be connected in parallel. This configuration is the dual of
connecting the VSC two or three-phase blocks in series. A three-phase MCSC can be
constructed by three single-phase CSCs, or parallel connecting three-phase cells.
The conventional modular MCSCs (see Fig. 2.28), that are widely studied in liter-
ature [9, 60], consist of parallel- connected full-bridge or three-phase current source
cells. The modular CSC topology configuration can also be found by a slight vari-
ation to the FCM CSC, described above in Sect. 2.2.2. Figure 2.28a shows a three-
phase 5-level example. All inductors conduct the same current level of 1;,/N where
N is the number of two or three-phases. The DC side of cells is opened, and
connected through inductors, which are required to minimize circulating currents
between the cells. Same as all modular multilevel structure with the—phase floating
energy sources, current balancing strategy is needed to guarantee the device rating.
In principle, with a high enough number of cells, each valve can be switched at the
fundamental frequency, however the Inductor size is the function of the switching
frequency. In order to have a proper design, the optimum switching frequency are
chosen to minimize the current ripple. However, using the three-phase CSC block in
Fig. 2.28a will result is a lower current ripple compared to the Fig. 2.28b.

2.3.3.3 Current Source M2LC with Half or Full-Bridge Cells

When considering a three-phase current source M2LC, the duality transformations
cannot be applied, because a three-phase voltage source M2LC supplying a three-
phase load is not a planar structure. One way to construct a three-phase current
source M2LC has been discussed in [61], and shown below in Fig. 2.29. This
topology copies the higher level circuit structure of the three-phase voltage source
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Fig. 2.29 Current source modular multilevel converter—unidirectional cells
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Fig. 2.30 Current source dual of M2LC-configuration to reach a high voltage

M2LC, and thus the operation of this current source M2LC also somewhat copies
that of the voltage source M2LC. Each arm in the current source M2LC is a dual
circuit of the arm in a voltage source M2LC which has been constructed by parallel
connection of either unidirectional (half-bridge), bidirectional (full-bridge), or a
mixed. Other types of current source cells may also be used in the current source
arm. Each phase consists of two current source arms connecting to the positive and
negative poles. When half-bridge cells are used (Fig. 2.29), the current source arm
current must be unidirectional, and thus the voltage across each current source arm
must be bipolar to ensure zero average arm power.

The current source M2LC can scale in voltage at the arm level. The voltage
scaling principle is dual to the current scaling of voltage source M2LC arm. Using
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the series-connected current source parallel links as a phase arm, Fig. 2.30 shows a
current source MMC topology using half-bridge or full-bridge inductor cells.
A capacitor is connected in parallel to each current module to ensure steady-state
and dynamic voltage sharing between the series connected current modules. These
capacitors are also essential for the series connection of current modules, because
all current modules behave as current sources, and their instantaneous currents can
never be guaranteed identical in reality. To reach the system voltage level, series-
connected current modules are required for each arm. The parallel capacitor voltage
should typically have both DC and AC components, which can be actively con-
trolled through the current source parallel links to ensure dynamic voltage sharing.
The DC and AC component of the capacitor voltage may be regulated by con-
trolling the DC component and the phase angle of the AC component of the parallel
link current, respectively. Having the DC terminals, this converter can be used for
either HVDC or FATCS applications. Also, same as the VSC type, using the
H-bridge cells can reduce the number of cell in this structure. The main advantages
of this topology compared to other modular multilevel CSC are the modularity,
scalability to the higher voltage, and the lower voltage rating. Therefore, this
topology is more suitable for the high voltage and high current FACTS applica-
tions. Due to its scalability, it is possible to remove the transformer for the higher
voltage application and thus reduce the extra volume and weight of the system.

2.4 Future Trends in Multilevel Converter Topologies

The evolution of multilevel converters over the last two decades has advanced
several commercial applications such as flexible alternating current transmission
systems (FACTS). From this technology, as summarized in this chapter, some
insight on future trends can be extracted. In addition, despite industrial presence, the
technology has not stabilized yet and there are still several challenges for further
development of this technology. Some of these trends and challenges are discussed
in this section.

The role of the next generation power converter topology becomes significantly
important to reduce the total energy consumption by processing the power in
electrical transmission systems. The average device switching frequencies are
below 300 Hz (for IGBTs and IGCTs) for high power applications. The main
reasons for this choice are the device limits, and practical limitations on the cooling
system. The switching loss is important in terms of low order harmonics reduction
and can be improved by the modulation technique, however, the conduction loss
would become dominant, and once the topology is chosen, not much can be done to
lower it. Therefore, a trend is to achieve the efficiency of line-commutated thyristor
valves converter topologies while gaining valuable insights and overcoming the
challenges of the newer topologies.

Reliability and availability at lowered cost is also a key trend in the future
development of multilevel converters for high power applications [62].
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One important application could be better utilization of the modular building blocks
to limit the critical faults in power systems. As discussed earlier in this paper, some
multilevel converter topologies have capability to operate under DC fault condi-
tions. The fault detection methods are of vital importance for this ability. As
addressed, bipolar cell structures and converter reconfigurations are definitely
challenges for further research and development in this field. Another trend to have
fault tolerant converters is to move toward the modular current source converters or
hybrid VSC/CSC topologies.

Price trends reveals that semiconductors are becoming cheaper while energy is
becoming more expensive, and grid codes are becoming more restrictive [63, 64].
Therefore, the use of modular multilevel converters becomes more and more
attractive for high power applications, as the long-term operational cost reduction
justifies the higher initial costs. The existing and future grid codes and the con-
tinued increase of power demand of various applications will be the central focus in
modular multilevel converter development. The reduction of the required energy
stored in the passive components is highly important. Moreover, the energy con-
sumption in power converters should be minimized [64]. These necessities motivate
the trends towards designing building block cells with more functionalities or
creating modular converters with paralleled phases.

Currently, the dominating semiconductor technology for high power modular
multilevel topologies is the IGBT. This approach has been very successful in
modular multilevel topologies due to the low switching frequency, and is expected
to exist in the upcoming years in high power application fields. On the other hand,
the development of mature wide band gap devices such as silicon carbide (SiC),
Gallium Nitride (GaN), and diamond power devices would benefit the establish-
ment of multilevel converters, by drastically reducing the switching losses and
minimizing the cooling system requirement [65]. Therefore, it is expected that, in
the future, high-voltage SiC devices would affect the building block cells and
accordingly modular multilevel topologies for high power applications [66]. This
needs to be further evaluated with a proper modeling of the device and considering
practical issues in high voltage applications [67].

Modular multilevel converters used for high power applications contain a large
number of semiconductors, capacitors and inductors within their structures, which
increases the size and weight of theses converter topologies [68]. For some
applications such as offshore wind, it is vital to have a compact converter topology.

Although transformers provide galvanic isolation and voltage matching in grid
connected high power applications, a transformerless topology is still a desirable
feature. The elimination of transformers provides a significant reduction in the cost,
volume, and weight, system complexity and losses. An alternative solution to
further increase the functionality and efficiency of the grid, is to replace the con-
ventional passive transformers by solid-state transformers. This concept also
encounters different challenges, such as very high switching loss when using the
silicon devices and special considerations required to both core and winding losses,
especially for high power applications [69].
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