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Doctor of Philosophy

ANALYSIS AND REDUCTION OF DC-LINK CAPACITOR VOLTAGE/CURRENT
STRESS IN THREE-LEVEL PWM CONVERTERS

by Georgios I. Orfanoudakis

Power electronic converters are in the heart of modern renewable energy and motor drive
systems. This Thesis focuses on the converter dc-link capacitor (bank), which is a costly
component and a common source of failures. The Thesis is divided into two parts.

The first part examines the voltage and current stress induced on dc-link capacitors by the
three most common converter topologies: The conventional two-level converter, the Neutral-
Point-Clamped (NPC) three-level converter, and the Cascaded H-Bridge (CHB) three-level
converter. The expressions derived for the rms capacitor current and its harmonics can be

used as a tool for capacitor sizing.

The harmonic analysis is then extended to systems that incorporate multiple converters
connected to a common dc-link capacitor. The effect of introducing a phase shift to the
converter carrier waveforms is examined, showing that reductions in the order of 30 to 50%

in the common capacitor rms current can be achieved using appropriate phase shifts.

The second part tackles the dc-link capacitor balancing problem, also known as Neutral
Point (NP) balancing problem of the three-level NPC converter. Initially, a circuit that halves
the voltage stress caused by the NP voltage oscillations (ripple) on the switching devices the
NPC converter is proposed. The circuit consists of low voltage rated components which offer

the advantages of lower losses, volume and cost, as compared to other balancing circuits.



Subsequently, the study focuses on modulation strategies for the NPC converter. Starting
with Nearest-Vector (NV) strategies, it proves that the criterion of the direction of dc-link
capacitor imbalance, which is commonly adopted by NV strategies for performing the task of
capacitor balancing, poses a barrier in achieving minimum NP voltage ripple. A new criterion
is proposed instead, together with an algorithm that incorporates it into existing NV
strategies. For the interesting case of NPC converters operating as motor drives, the resulting

reduction in the amplitude of NP voltage ripple ranges from 30 to 50%.

The study finishes with an extension of the previous concept to create hybrid
(combinations of NV and non NV) strategies for the NPC converter. Hybrid strategies are
proposed that can eliminate NP voltage ripple, introducing lower switching losses and output
voltage distortion as compared to other methods used for the same purpose. The proposed
strategies perform equally well when the converter operates with non linear or imbalanced

loads. All results are verified by extensive simulations using MATLAB-Simulink.
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1.1 Multilevel power converters

Power electronic converters are in the heart of several systems that require manipulation of
electrical energy. In the past, the majority of such systems could be found in the industrial
and manufacturing sectors, but this situation steadily changed during the last decades. The
need for securing a more sustainable and energy-efficient future brought power electronic
converters closer to our society, as parts of systems like wind turbines, photovoltaic (PV)
energy systems [1], and electric cars [2]. Converters were also introduced in areas such as

train traction and ship propulsion [3].

The increasing power demands in modern, as well as in more traditional high-power
applications (compressors, pumps, fans, mills, conveyors, etc.) created a challenge, which the
power electronics community faced in two ways: A) By developing higher voltage- and
current-rated semiconductors (up to 8 kV and 6 kA), to achieve increased power rating for
traditional converter topologies, and B) By building multilevel converter topologies, which
could be based on (higher numbers of) conventional power semiconductors [4, 5]. Although
multilevel converters brought in a number of challenges with regards to their circuit
implementation and control, their evolution allowed them to be the preferred solution for
today’s medium and high-power applications. In comparison to the conventional (two-level,
2L) converter, they offer a series of advantages, including increased efficiency, reduced
harmonic distortion of output voltages and currents (thus less filtering requirements), lower

common-mode voltages, and reduced voltage derivatives (dv/dt).

Figure 1.1 illustrates a classification of the most common ac-ac converter topologies. A
first classification can be done according to whether the conversion is direct or indirect.
Indirect conversion involves an intermediate dc step, and is performed in two stages: ac-dc
and dc-ac. Converters operating according to it, can then be classified according to the type
of their intermediate dc (voltage or current) source. This thesis covers the Voltage Source
Converters (VSCs) shown shaded in Figure 1.1, namely the 2L converter and the multilevel
(three-level, 3L) Neutral-Point-Clamped (NPC) and Cascaded H-Bridge (CHB) converters.
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Power converters

2 v
Direct conversion Indirect conversion
(ac-ac) (ac-dc-ac)
2 v 2 v
Matrix converter Cycloconverter Voltage Source Current Source
v v 2 v
Two-level Multilevel Load commutated Ay
Modulated
v Y v
Neutral-Point- Cascaded H- Flying Capacitor
Clamped (NPC) Bridge (CHB) (FC)

Figure 1.1. Multilevel converter classification [4, 5].

The 2L converter is the conventional converter topology, considered today as traditional,
but still dominating in low-voltage applications [6]. The 2L converter is included in parts of
this study for reasons of completeness and comparison, but the main focus is on the 3L

topologies.

The NPC converter, invented in 1980, is currently the preferred topology for industrial
applications in the voltage range of 2.3 to 6 kV [7]. Several converter manufacturers,
including ABB, Siemens and Converteam, provide commercial products based on this
topology, with output voltages up to 6.6 kV and maximum power exceeding 40 MW [8].
Many of these products incorporate a back-to-back configuration of two NPC converters [9],
one of which operates as an Active Front End (AFE) to reduce input current harmonics,

while the other operates as inverter.

The CHB topology was first proposed in 1971 [5], but received attention from the industry
later than the NPC topology. Commercial CHB converters are available with voltage and
power ratings up to 13.8 kV and 120 MW, respectively. These increased ratings are achieved
as a result of the series connection of more than one H-Bridge modules per phase, which also

provides a higher number (7 to 19) of phase voltage levels.
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The above topologies can be built using different types of power semiconductors. In cases
that high blocking voltages (3.3 kV or more) are required, the commonly preferred
semiconductors are high-voltage IGBTs or IGCTs. These devices have gradually replaced the
formerly used GTOs [8]. For lower voltages (up to 1.7 kV), commercially available
converters utilize low-voltage IGBTs, but power MOSFETs also provide an additional
alternative [5]. It is worth noting that major power semiconductor manufacturers [10, 11]
recently launched NPC phase leg modules (comprising four 650 V IGBTs and two clamping

diodes), supporting the use of this topology in low-voltage applications.

Regarding the modulation of multilevel converters, a variety of strategies are available in
the literature [12, 13, 14, 15]. Similarly to the six-step operation of 2L converters, staircase
operation of multilevel converters is adopted in cases that the switching frequency should be
minimized (be equal to the fundamental frequency). Likewise, Selective Harmonic
Elimination (SHE) techniques are applied if switching at a small multiple (commonly less
than 10 times) of the fundamental frequency can be tolerated. However, the main volume of
modulation strategies for multilevel converters consists of carrier-based and Space-Vector
Modulation (SVM) strategies, which operate at higher switching frequencies. These
strategies perform Pulse Width Modulation (PWM), that is, adjustment of the duration and
position of output voltage pulses within each switching period, to improve the converter
voltage spectra. Pulse generation in carrier-based strategies relies on comparing the converter
reference voltage waveforms (one for each phase) with a number of carrier waveforms. The
results of the comparisons provide the switching states of the corresponding converter phase
legs. Different carrier-based strategies are defined by varying the shape of the reference, or
the number, shape, or phase of the carrier waveforms. SVM strategies, on the other hand,
determine the durations (duty cycles) and positions of the generated voltage pulses
computationally. Again, different SVM strategies can be defined by adjusting the selection,
duty cycles and switching sequences of the available Space Vectors (SVs). Comparisons of
most common carrier-based and SVM strategies with respect to parameters like converter
losses, voltage harmonic distortion (THD or WTHD) and common-mode voltage, can be
found in [13, 16]. Furthermore, conversions of strategies from one type to the other have
been demonstrated in [17, 18, 19].

A significant amount of research is being carried out on modulation strategies for

multilevel converters, with the aim of optimizing aspects of their performance and reducing
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their cost. A decrease in converter losses, for instance, enhances the converter efficiency, but
also provides the possibility of using a simpler cooling system. Similarly, lower values of
output voltage THD or common-mode voltage, improve the converter power quality and
Electro-Magnetic Interference (EMI), respectively, while reducing the cost of the relevant
(differential/common-mode) filters [20, 21, 22, 23]. This study investigates modulation
strategies and techniques that can reduce the size and cost of another converter component:

the dc-link capacitors.

1.2 DC-link capacitors — Challenges in three-level converters

Figure 1.2 summarizes some typical configurations of power conversion systems
employing one or more VSCs. In cases that power comes from an ac source, such as the grid
or a generator, a Front End (FE) and possibly a transformer are required to perform the ac-dc
conversion and provide the desirable dc voltage level. Most common FE’s are 6- and 12-
pulse diode rectifiers [24], but 2L as well as NPC converters operating as AFE’s are also

used to enhance the quality of the input and dc-side current.

Power source

- Grid Transformer Front End
- Generator J\ J\
- Battery “/ - 2/3/... windings “/ - 6p/12p!... rectifier .

- PV panel - Autotransformer - AFE
- Fuel cell

Inverter
DC-link I\ N
capacitors j/ :ﬁhac j/ Iﬁfﬁﬁfr
- CHB

Figure 1.2. General block diagram of a power conversion system. Dashed-line boxes denote components that

may not be present in certain systems.

DC-link capacitors have a multiple and critical role in the system. Primarily, they form a
low-inductance dc source for the system’s VSC(s), providing a conduction path for their fast-

varying (pulsed) dc-side currents. They should therefore be in place even in cases of PV or
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fuel cell dc-source systems, since these sources are not able to conduct such currents.
Furthermore, they provide an intermediate energy storage stage which is essential for
handling transitory or oscillating (zero-average) differences between the input and output

power.

Capacitor lifetime is affected by voltage and thermal stresses occurring during the
operation of a converter [25, 26]. Assessment of these stresses is essential for appropriately
sizing the dc-link capacitor (bank) and avoiding premature failures. The following two
sections provide an overview of characteristics and issues related to the dc-link of the NPC

and CHB converter topologies.

1.2.1 The dc-link of the NPC converter

The dc-link of the three-phase, 3L NPC converter comprises two capacitors, connected at
the Neutral Point (NP) of the dc-link. The design and operation of the converter are based on
the assumption that the NP voltage w.r.t. the negative dc-link is approximately half the dc-
link voltage (Vqc), thus the voltages of the two dc-link capacitors are approximately balanced.
Capacitor balancing is an essential requirement for the NPC converter, since voltage
imbalance beyond a certain extent causes voltage stress on the overcharged capacitor, as well
as on the converter modules that switch across it. Excessive imbalance that appears
recurrently during the converter operation also increases the chances for module failure due
to cosmic radiation [27]. Additionally, the imbalance distorts the output (PWM) voltage
waveform, unless it is compensated by the converter modulation strategy [28].

Voltage imbalance can appear in two forms during the operation of the NPC converter: A)
As a voltage deviation, typically appearing during a transient, and B) As a low-frequency
voltage oscillation during the converter’s steady-state operation. The first type of imbalance
will be referred to as transient imbalance in this study, while the low-frequency dc-link
capacitor voltage oscillation is widely known as NP voltage ripple. A system FE providing
two separate dc sources (of V4./2 each) connected at the NP, can prevent capacitor voltage
imbalances. However, the NPC converter is commonly supplied by a single source, such as a
12-pulse rectifier. The following three approaches are then available in the literature to tackle

the balancing problems:
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A) Balancing circuits — Additional power circuitry can be introduced to the NPC converter
to restore voltage balance after transients and decrease NP voltage ripple. Balancing circuits
proposed in the literature [29, 30] operate as charge pumps, transferring charge from one dc-
link capacitor to the other.

B) Modulation strategies — Conventionally, the NPC converter is modulated by Nearest-
Vector (NV) strategies [4]. NV strategies, such as the well-known Nearest-Three-Vector
(NTV) strategy, are able to handle transient imbalances but cannot avoid NP voltage ripple.
The amplitude of the generated ripple increases with the inverter modulation index and
decreases with the load power factor. Feed-forward techniques have been developed to
remove the associated output voltage distortion, without, though, being able to reduce the
voltage stress on dc-link capacitors and inverter modules [28, 31]. NP voltage ripple can only
be eliminated by non Nearest Vector (non NV) modulation strategies, like the ones proposed
in [32, 33, 34]. However, non NV strategies operate at a higher switching frequency,
therefore increasing the converter switching losses. Additionally, they have a negative impact
on the quality of the output (PWM) voltage waveform. A detailed discussion on NV and non
NV strategies for the NPC converter is presented in Chapter 6.

C) Capacitor over-sizing — The amplitude of NP voltage ripple is inversely proportional to
the capacitance of the dc-link capacitors. Capacitor can therefore be over-sized, to reduce the
NP voltage ripple down to a level where the unwanted effects described at the beginning of

this section are tolerable.

The NPC topology can be extended to output more than three (phase voltage) levels.
Nevertheless, as demonstrated in [35], the dc-link capacitor voltages of such higher-order
converters cannot be retained by conventional modulation strategies (the voltage of certain
capacitors collapses, while others become overcharged). Strategies that can overcome this
problem increase the converter switching losses and distort the PWM voltage waveform. The
converter losses are also increased due to the series connection of clamping diodes, required
to withstand great fractions (up to 5/6, for a seven-level converter) of the dc-link voltage. As
a consequence of the above drawbacks, commercial NPC converters are exclusively based on
the 3L topology [5].
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1.2.2 The dc-link of the CHB converter

The CHB converter does not have a single dc-link; instead, it requires an isolated dc-link
for each of the H-Bridges it comprises. Namely, the three-phase, 3L CHB converter requires
three isolated dc-links, commonly provided by a phase-shifting transformer with three
secondary windings. Each winding supplies a 6-pulse rectifier, which connects to the dc-link
of an H-Bridge. The windings are phase-shifted by 20, 0, and —20 degrees, respectively,
w.r.t. the primary [24], similarly to the case of an 18-pulse rectifier. As a result, input current
harmonics are reduced compared to those of 6- or 12-pulse rectifiers, which can be sufficient
for 2L and NPC converters. Nevertheless, the above advantage comes at the cost of a more
complicated transformer, a higher number of (three-phase diode bridges for) rectifiers, and a

6- instead of an 18-pulse dc-side current for each H-Bridge.

Despite its increased dc-link requirements, the CHB is the preferred topology for
multilevel converters with five or more phase voltage levels, built using a series connection
of two or more H-Bridges (cells) per phase leg. Several modulation strategies have been
developed to balance the real power output between the cells [36, 37], which determines the
dc-side current of the respective rectifiers. Balanced dc-side currents lead to cancellation of

input current harmonics and nominal operation for the multi-winding transformer.

Finally, due to the structure of its dc-link, the CHB converter has found limited
application in regenerative or back-to-back configurations. Examples of such configurations
for multilevel CHB converters can be found in [38, 39].

1.3 Aim, structure, and contribution of the Thesis

This Thesis examines the effect that 3L NPC and CHB converters have on their dc-link
capacitors. It aims to contribute towards improved converter designs, by reducing capacitor

size requirements and offering solutions to dc-link-related problems.
Its individual objectives are outlined below:

1. to quantify the voltage and current stress induced on dc-link capacitors by 3L NPC
and CHB converters, and relate it to capacitor size requirements,

2. toinvestigate how this stress is affected by the converter modulation strategy,
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3. to examine multiple inverter systems with a common dc-link capacitor, and derive
methods to decrease the stress and size of this capacitor,
4. toreduce NP voltage ripple for the NPC converter, by means of a balancing circuit
5. to review the state-of-the-art modulation strategies for the NPC converter and analyse
their operation with the aims of creating
i. NV strategies with reduced amplitude of NP voltage ripple, and
ii. non NV strategies which eliminate NP voltage ripple, introducing less

switching losses and output voltage distortion (see Section 1.2.1).

According to these objectives, the main body of the Thesis is thematically divided into

two parts:

The first part, comprising Chapters 2 to 4, covers the structure, modulation and modelling
in MATLAB-Simulink of the 2L, NPC, and CHB converters (Chapter 2), and examines the
voltage and current stress induced on dc-link capacitors by each of them (Chapter 3).
Expressions are derived for the rms capacitor current and its harmonics, while a method is
proposed for estimating parameters required for capacitor sizing. The harmonic analysis of
the capacitor current is then extended to systems that incorporate multiple inverters
connected to a common dc-link capacitor (Chapter 4).

The second part, consisting of Chapters 5 to 7, tackles the dc-link capacitor balancing
problem of the NPC converter. Initially, a circuit that reduces the voltage stress caused by the
NP voltage ripple on the switching devices of the converter is proposed (Chapter 5). The
study then focuses on modulation strategies, proposing a concept to minimize the NP voltage
ripple generated by NV strategies (Chapter 6). Finally, Hybrid (that is, combinations of NV
with non NV) strategies are considered, which are capable of eliminating NP voltage ripple
from the NPC converter (Chapter 7).

Chapter 8 presents the conclusions of this study, and outlines related future work. Finally,
the Appendices include supplementary material (derivations, MATLAB-Simulink models
and code, etc.), as well as two pieces of research examining converter IGBT-diode losses
(Appendix B) and transformerless PV inverters (Appendix C). This research was carried out
during a 6-month placement in TSL Technology Ltd, which sponsored this PhD.
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The contribution of this Thesis is summarized below:

Analysis of dc-link capacitor current in three-level NPC and CHB inverters (Chapter 3)

Capacitor sizing for NPC and CHB inverters is investigated, based on an analysis of dc-
link capacitor current. The rms value and harmonic spectrum of the capacitor current are
derived using known methods from the 2L inverter. A new, numerical approach is also
proposed for calculating the capacitor rms current and voltage ripple. MATLAB code is
given for the proposed approach, which can be easily adapted to different modulation
strategies. Capacitor sizing parameters derived according to this approach are presented for a
number of common modulation strategies and are used to compare the requirements of the

examined 3L topologies.

Capacitor size reduction for multiple inverter systems (Chapter 4)

Harmonic analysis of the dc-link capacitor current is performed on systems with multiple
inverters, sharing a common dc-link capacitor. The capacitor current spectrum is derived for
two-level and three-level CHB inverter systems, according to the number of inverters they
comprise. The effect of introducing a phase shift between the inverter reference or carrier
waveforms is then investigated, to reveal potential reductions in dc-link capacitor rms
(ripple) current. It is shown that significant reductions of 40% — 50% in the capacitor rms

current can be achieved, especially for three-phase inverter systems.

Circuit for reducing devices voltage stress due to dc-link capacitor voltage ripple in an NPC

inverter (Chapter 5)

A circuit is proposed, capable of halving the NP voltage ripple seen by the NPC inverter
modules. The circuit provides an alternative to over-sizing the inverter’s dc-link capacitors,
or using non NV modulation strategies that increase the switching frequency and associated
losses. The circuit structure and operation are described, and the ratings of its components are
determined. The benefits it offers are illustrated through the comparison with other solutions,

on the basis of an example NPC inverter design.
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Nearest-Vector modulation strategies with minimum amplitude of low-frequency Neutral-

Point voltage oscillations for the NPC converter (Chapter 6)

Initially, a derivation of the minimum amplitude of NP voltage ripple that can be achieved
by NV modulation strategies for the NPC converter is presented. It is then shown that the
criterion of the direction of dc-link capacitor imbalance, which is commonly adopted by NV
strategies for performing the task of capacitor balancing, poses a barrier in achieving this
minimum. A new criterion is proposed instead, together with an algorithm that incorporates it
into existing NV strategies. For the case of NPC inverters operating as motor drives, the
resulting reduction in the amplitude of NP voltage ripple ranges from 30 to 50%. The
proposed approach has the advantage of avoiding the significant increment in switching

losses and output voltage harmonic distortion, caused by other methods.

Hybrid modulation strategies for eliminating low-frequency Neutral-Point voltage

oscillations in the NPC converter (Chapter 7)

NV strategies generate NP voltage ripple under several converter operating conditions.
Non NV strategies can eliminate this ripple, but at the expense of higher switching losses and
PWM voltage harmonic distortion (WTHD). A simple way of creating hybrid strategies (as
combinations of NV and non NV strategies) is proposed, which are also able to eliminate NP
voltage ripple. The approach maximizes the participation of NV — therefore minimizing the
drawbacks of non NV - strategies, and can be applied to any type of load (hon linear and/or

imbalanced).

Converter IGBT-diode losses (Appendix B)

An analytical study of semiconductor (switching and conduction) losses for the 2L, 3L
NPC, and 3L CHB inverter topologies is presented. The derived loss expressions are written
in terms of the inverter operating parameters and the selected semiconductor (IGBT-diode
module) characteristics. The use of a converter loss calculator (CLC), built according to the
loss expressions, is also demonstrated. The calculator is a tool that facilitates converter
design, providing the means to appropriately select modules and adjust converter operating

parameters.
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Single-phase transformerless PV inverter (Appendix C)

Traditionally, single-phase inverters for PVs included transformers which provided
galvanic isolation between the PV array and the grid. The size, weight, and cost, however,
added to the inverter due to a transformer, created a trend for developing transformerless PV
inverter topologies. During the last ten years, a number of such topologies have been
proposed and applied to successful commercial products. This Appendix discusses the
special features of transformerless PV inverters and proposes a new topology of this type
(Patent pending). The structure and modulation of the proposed topology are illustrated,

while its operation is validated by simulations using MATLAB-Simulink.
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2.1 Converter Topologies

This section presents the structure of the conventional 2L, and the 3L NPC and CHB

converter topologies, together with their switching states and conduction paths.

2.1.1 The two-level converter

The three-phase 2L converter, illustrated in Figure 2.1, consists of three legs (a, b, ¢), each
comprising two switching modules (V1a — V2a, Vip — Vb, Vic — Va¢). The modules are formed
by an active switch (IGBT, IGCT, MOSFET, etc.) and a diode, connected anti-parallel to the
switch. The three converter legs are connected across a common dc-link capacitor (C), which

provides a low-inductance path for the rapidly varying currents through the modules.

Vv
Vi

2 Via Vi Ve
1 9 AT e
>
b
Vga V2b VZC
1 4(1} 3
_ Ve

Figure 2.1. Two-level converter topology.

QD
o

The active switching of the modules are controlled (i.e. turned on/off) by gating signals
given to the module drivers. The gating signals for modules V1, and Vo will be symbolised
as gix and gy, respectively, where x can be a, b, or c. Each gating signal can be equal either
to 0 (switch is off) or to 1 (switch is on). However, gix and gox should never be made equal to
1 at the same time, because this would short-circuit the converter’s dc-link capacitor. During
the converter operation, gix and gox for each leg are therefore complementary (apart from

short intervals of dead-time, during which both signals are set to 0).

Figure 2.2 illustrates the possible switching states (sx) of each converter leg, defined by the
allowed combinations of the gating signals. In the 2L converter, each leg has two possible
switching states, sy = 1 or 0, outputting a phase voltage of +Vy/2 and —Vy./2, respectively.

For a given state, the conduction path changes according to the direction of current. It can be
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noticed, though, that the phase voltage is solely dependent on the gating signals; it is not

affected by the phase current.

Sx:]-(glx:ly 92x:0) SX:O(glxzo’ gZx:l)

Ve
2

Figure 2.2. Switching states and conduction paths for a leg of the two-level converter.

2.1.2 The NPC converter

Each leg of the NPC converter comprises four switching modules (Vix — V) and two
diodes (Dsx and Dey). The converter’s dc-link consists of two capacitors (C; and C,),

connected at the converter NP.

2 Via Vi V¢
C,==
? Vaa Vab Vae
Dsa ‘| Dsp ‘| Ds. ‘| iabc
b,
— a "y
NP b C o
*J
V3a V3b VSC
DeaZx Dep & Dec &
Ci==
' \fi‘ \iim \3
Vi
2

Figure 2.3. NPC converter topology.

The topology takes its name from the fact that the (clamping) diodes Dsy and Dgyx clamp

the voltage of the points found between the outer and inner switching modules, to the NP
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voltage. This results in each converter module switching across the voltage of one of the dc-
link capacitors. If the capacitors are balanced, the switching voltage for each module is
therefore Vy./2.

| Sx = 2 (glx= 02x = 1’ ng=94x:0)|

| Sx: 1 (glx:O: 92x:g3x: 1: g4x:0) |

Ve
2 \qu
C,==
? V2x
& ON4
IxEO
NP‘ X Vyx = Vnp
Vi iy<0
& ONA
Ve
C1=
V4x
L Ve G
2

Figure 2.4. Switching states and conduction paths for a leg of the NPC converter.

The gating signals are provided to each leg of the NPC converter to turn on two adjacent
modules at any time. Turning on the upper/lower three adjacent modules of a leg would
short-circuit the upper/lower dc-link capacitor, respectively, while turning on all four
modules, would short-circuit the whole dc-link. Consequently, each leg can only be found at
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three different switching states, sy = 2, 1, or 0, illustrated in Figure 2.4. The phase voltage is
equal to +Vy/2, vne and —Vg/2, respectively. Again, the conduction path changes according

to the direction of current, but the phase voltage remains unaffected.

2.1.3 The CHB converter

Unlike the 2L and 3L NPC, the CHB converter does not comprise three legs connected to
a common dc-link. Instead, it is based on three H-bridge cells (single-phase, 3L converters),
each having its own, isolated dc-link. As compared to the 2L and NPC, each cell of the CHB
needs to have half the dc-link voltage, for the converter to be able to generate the same
(fundamental) output voltage. This has been illustrated in Figure 2.5, by setting the cells’ dc-
link voltages to Vyc/2 in place of Vg. As for the case of the NPC converter, the module
switching voltage is therefore Vg /2.

A Vig V3,
q q i,
Vd a _>o
& | Ci== n
2 V2a V4a
ix A
A Vi V3
q q i
Vdc b _>°
7 Ch== n
Vap Vi,
i1z A
A Vlc V3c
1x \
—>
Vi | o nt—1 °
2 V2c V4c Vn a
i1z A

Figure 2.5. CHB converter topology.
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The three cells are connected at a common neutral, n, as shown in Figure 2.5. Each cell
can have four different switching states, resulting from turning on two of the cell modules
that do not belong to the same leg. Figure 2.6 illustrates the allowed switching states,
together with the respective conduction paths. As for the NPC converter, states 2 and 0
produce a phase voltage of +Vq./2 and —V4./2, respectively. Both of the remaining states, la

and 1b, produce a phase voltage of zero, since they connect the cell output to the neutral (n).

| Sy=2 (ng=g4x: 1, 92ng3x:0)|

A % Vs
ONA[{ & . i,<0 v
— + Ve
Ve X » =17

C == .
2 Vi, v i,>0
K5 ond

n

sx=1a (glx: Oax= 1, O2x = Qax = 0)|

A Vi H A Vi Vi
ON-|[r1: ondll & i <0 1 1 <0

Vao | g, X W=0 vy

=

2 Vi Y, h=0
¢ 4l
n

Sx:O (92x:93x: 1! glx:g4x: 0) |

L

sx=1b (92x: Oax= 1, 01x = Osx = O)|

A 1x
s ondld | g y
v X V= -
Yde | C, == = 2
x>0

2 Vo 25
RS
n
Figure 2.6. Switching states and conduction paths for a leg (H-Bridge) of the CHB converter.

Table 2.1 below summarizes the structural characteristics of the described topologies,

relating them to their phase/line PWM voltage levels.
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2L 3L NPC 3LCHB

No of active switches 4 4 4
No of diodes 4 6 4
No of isolated dc-links 1 1 3
Dc-link voltage Ve Ve V/2
Switching voltage Ve V2 V2
Phase voltage levels 2 3 3
Line voltage levels 3 5 5

Table 2.1. Summary of converter structural and output voltage characteristics.

2.2 Pulse Width Modulation strategies

Unlike low-power transistors, power semiconductors do not operate in the linear
amplification range. Power modules are only switched between their on and off states, in
order to decrease their on-state losses. As a consequence, the process of amplification of low-
voltage reference signals in Power Electronic converters is based on Pulse Width Modulation
(PWM) strategies. PWM strategies generate pulsed voltage waveforms whose average (over
a switching cycle) is equal to respective reference signals. Depending on the way they are
implemented, PWM strategies can be categorised as carrier-based or Space-Vector
Modulation (SVM) strategies.

2.2.1 Carrier-based strategies

Carrier-based strategies utilise a set of reference and carrier waveforms to generate the
converter PWM voltages. Three reference waveforms, one for each converter leg, are used in
three-phase converters. A reference waveform provides the desired value of output voltage
for the respective phase, normalised with respect to V4./2. For the case of Sinusoidal PWM
(SPWM), the reference waveforms for phases a, b, and c, are respectively given by the

following equations:
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Converter topologies — structure, modulation and modelling
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Figure 2.7. (a) Reference — carrier waveforms for phase a, (b) Phase voltage v,, and (c) Line voltage v, for a

two-level converter, assuming Vg = 200 V, f =50 Hz, and f; = 1 kHz.

V. =Mcos () , (2.1)
Vot = M COS (9—%) , (2.2)
V. ¢ =M COS (0+2—”j : (2.3)

‘ 3

where M is the converter modulation index and @ is the reference angle.

Figure 2.7 illustrates the carrier, reference and PWM voltage waveforms for phase a, for a
2L converter modulated using SPWM and unity modulation index. The reference waveforms

in a 2L converter are compared with a single, common carrier waveform to determine the
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Figure 2.8. (a) Reference — carrier waveforms for phase a, (b) Phase voltage v,, and (c) Line voltage v,, for a

three-level converter, assuming Vq. = 200 V, f =50 Hz, and f; = 1 kHz.

width of the generated pulses. The carrier waveform is commonly triangular. Its peak values

are +1 and —1, and its frequency is equal to the switching frequency of the converter.

While the value of a reference is higher than that of the carrier waveform, the state, sy, of
the respective phase is set to 1, and the phase voltage becomes equal to +V./2; otherwise, Sx
is set to 0 and the phase voltage becomes —Vqc/2. The resulting PWM waveform for phase x

has a duty cycle of

X

o, = %(1+ vxyref) . (2.4)

It can be shown that over a period of the carrier, Ts, the area of this waveform, normalised

w.r.t. Vg/2, is the same as the area of vyr. This ensures that the fundamental harmonic
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component of the PWM waveform is the same as that of the reference waveform. Filtering of

the higher-order harmonics turns the PWM into the desired sinusoidal voltage waveform.

The carrier-based SPWM strategy for 3L converters uses the three reference waveforms
described by (2.1) — (2.3), and two carrier waveforms, arranged as shown in Figure 2.8. The
carrier waveforms are in phase for the so called Phase Disposition (PD) PWM strategies,
improving the PWM voltage harmonic spectra [13]. The state of each leg or cell of a 3L NPC

or CHB converter, respectively, is determined as follows:

- If vy et IS greater than the upper carrier, sy is set to 2.
- If vy rer IS between the upper and the lower carrier, sy is set to 1.

- If vy rer IS lower than the lower carrier, sy is set to 0.

Moreover, in the CHB converter, in order to balance the use of states 1a and 1b, the upper
and lower carrier can be used to switch the first (Vi — V2) and second (Vs — V) leg of

each cell, respectively (similarly to a 2L converter).

The pulsed phase voltages in 3L converters vary between +Vy./2 and 0 during the positive
reference half cycle, and between 0 and —Vy./2 during the negative one. The duty cycle of the

voltage pulses for phase x is now given by

o, =V

X x,ref *

(2.5)

Again, it can be shown that the fundamental harmonic of a PWM phase voltage is the same
as that of the respective reference. Furthermore, the generated three-level waveforms require

less filtering as compared to those of the 2L inverter.

For both, 2L and 3L converters, the sinusoidal phase references of the SPWM strategy
result in sinusoidal line voltages, which are supplied to the converter load. Sinusoidal line
voltages, however, can also be generated by non-sinusoidal phase references if the latter are

modified by a common-mode component, cm:

Varer =M cos (0)+cm | (2.6)
2r

Vy et = M COS (9—?j+cm , (2.7)
2r

Ve =M cos ¢9+? +cm . (2.8)
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Figure 2.9. (a) Reference — carrier waveforms for phase a, (b) Phase voltage v,, and (c) Line voltage v,, for a

three-level converter modulated by SPWM+3"™ harm., assuming Vg, = 200 V, f =50 Hz, and f; = 1 kHz.

The line voltages are accordingly given by:

Vaoret =Varer —Vorer =M {cos (9)-cos (9—%)} —/3M cos[0+%] , (2.9)

Vieret = Voret —Veret =M {cos («9 —2{) —CO0S (0 + Zgﬂ =+/3M cos(é? — 2?7[ + %j , (2.10)

VA

Vearet =Veret —Varer =M {cos (0 + 2?7[) —Cos (0)} =/3M cos(& + 2?7[ + E) . (2.11)

It can be seen that the line voltages are not affected by the insertion of a common-mode
voltage component. The amplitude of the line voltages, however, (which is equal to V3M) can

be increased by using a common-mode voltage that allows an increase in the maximum value
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of M. Namely, the maximum value of M for the case of SPWM is 1, since higher values lead
to over-modulation and introduce low-frequency voltage distortion. An appropriate common-
mode signal, on the other hand, can be added to the reference voltages to keep them in the
range of £1 while M increases beyond 1. It can be shown that the maximum value that M can

take in this way is

M =2 ~1.1547 | 2.12)

™3
which leads to a respective maximum line voltage of 2V peak-peak.

A typical common-mode waveform used for the above purpose is described by
1
cmy, = —Ecos(BH) , (2.13)

corresponding to a method known as “third harmonic injection” (SPWM+3™ harm.). The
waveform of v, ¢t and the PWM voltages are shown in Figure 2.9 for this strategy, at unity
modulation index. It can be seen from Figure 2.9(a) that the modulation index can now

increase further, without leading to over-modulation of the converter.

2.2.2 SVM strategies

Space-Vector differ from carrier-based implementations of modulation strategies, since
the former A) are based on numerical calculations instead of waveform intersections, and B)

work directly with line voltages.

Starting with the 2L converter, the two states available for each leg lead to the functional

diagram shown in Figure 2.10 for the entire three-phase converter.
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Figure 2.10. Functional diagram of the two-level converter.

The converter can therefore have 2° = 8 switching states. Each converter state is

represented by a Space Vector on the complex plane, given by the following transformation:

J3

2 i -2
V=—|s,+s,e ° +s.e . (2.14)

Table 2.2 lists the Space Vectors corresponding to the different states and relates them to the

converter line voltages, while Figure 2.11 illustrates the Space Vectors on the complex plane.

State (s.spSc) Space Vector Line voltages (Vap, Ve, Vea)

000 0 0,0,0

100 2/\/3-¢ Ve, 0, ~Vige
110 2//3-e7" 0, Ve ~Vae
010 2/\/3.ei2" ~Vae, Ve, 0
011 2/\/3-¢i" Vi, 0, Ve
001 2//3-e14 0, ~Vae, Ve
101 2//3-e1%" Veie, ~Vae, 0
111 0 0,0,0

Table 2.2. Space Vectors and line voltages for the two-level converter states.
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Figure 2.11. Space Vector diagram for the two-level converter.

Pulse Width Modulation in SVM strategies is realised by activating a number of Space
Vectors, Vi, Vo, ..., Vp, according to respective duty cycles dy, d, ..., dp, to create a voltage

reference vector, Vrer:
Veee =4V, +dV, +...+d,V, ,
with d, +d, +..+d, =1. (2.15)

The reference vector represents the three converter line voltages on the SV plane and is

defined as follows:

V3

1 i2x iz
VREF = Va,ref +Vb,refe 3 +Vc,refe s ' (216)

Assuming that the voltage references are given by equations (2.6) — (2.8), Vrer Can be

shown to be equal to

VREFzglvl-eW:m-e”, (2.17)

where m will be the symbol for the modulation index for SVM strategies. As shown in Figure
2.11, mis equal to 1 at the limit of the linear (not over-) modulation region, and relates to M

as determined by
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m =§M . (2.18)

SVM strategies can operate with m = 1, or equivalently M = Mpax (See 2.12), generating the

maximum possible amplitude of line voltage.

Figure 2.12 illustrates the functional diagram of a 3L NPC converter. This converter can
be found at 3° = 27 switching states. The respective Space Vectors are now derived by

V= %(sa + sbej%ﬂ + scej?] : (2.19)
and are shown in Figure 2.13. The SV diagram is the same for the 3L CHB converter. It can
be noticed that there are pairs of small vectors (e.g. 100-211) and a triplet of zero vectors
(000-111-222) that share the same position on the SV plane. The same is true for the two
zero vectors at the middle of the SV diagram for the 2L converter (Figure 2.11). This
property of the SV diagrams is essential for creating different SV modulation strategies, since
vectors with the same position on the SV plane can be used alternatively to create the
reference vector according to (2.15). The vector selection, on the other hand, determines the
common-mode voltage of the converter, correlating SVM to carrier-based strategies, as
described in [18, 19, 40, 41].

Vdc _
2 Sa 21
1‘3/»\- o
Co== |4, @
0 Sp 2
IFE o
NP o b
0 Sc 2
C,== W
e C
_Vae 0
2

Figure 2.12. Functional diagram of the NPC converter.
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Figure 2.13. Space Vector diagram for three-level converters.

2.3 Modelling

The results of this Thesis were validated by simulations in MATLAB-Simulink. Extensive
use of components from Simulink’s SimPowerSystems toolbox was made to create models of
converters, adjust the operating and load parameters, and acquire measurements. Modulation
strategies, on the other hand, were mainly implemented (coded) as Embedded MATLAB

functions.

Figures 2.14 — 2.16 illustrate simple models of the 2L, and 3L NPC and CHB converters,
used for measuring dc-link capacitor voltages and currents (analysed in Chapter 3). In the

models,

- the converters and their (carrier-based) modulation functions, which provide the gating
signals to the converter modules are shown in light blue

- manual controls for adjusting the converter modulation index and switching between
SPWM and SPWM+3" harm. are shown in red, and

- the converter load and measurements associated with it are shown in orange.
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Figure 2.14. Simulink model for the two-level converter.

A number of different Simulink models were built to examine the subjects covered in the
following chapters. The results section in each chapter provides a description of the
simulated system, accompanied by the parameter values (dc-link voltage, modulation index,
fundamental frequency, load power factor, etc.) used in each case. Moreover, additional
Simulink models and MATLAB code are included in Appendix A.4 to cover more elaborate

procedures, such as the modulation algorithm presented in Chapter 6.
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Figure 2.15. Simulink model for the NPC converter.

Below are given a number of general notes on the simulations:

- This study focuses on the effect of the converter (not the FE) on the dc-link capacitor
current. The FE is therefore simulated as a dc voltage source, in series with a dc-link
inductor (choke), sized to carry a negligible amount of ac current as compared to the
dc-link capacitor. The dc source then provides the dc component of the dc-link
converter current, while the capacitor carries its ac component.

- The 2L and NPC converters are built using the models available in the
SimPowerSystems toolbox of Simulink. CHB converters are built using three H-
bridges, also available in Simulink. The selected switching modules are IGBTs with an

on-state resistance of 0.1 mQ.
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Figure 2.16. Simulink model for the CHB converter.

- The converters supply static RL loads. The values of R and L are selected in each case
(in accordance with the converter operating parameters) to achieve the desired load
power factor and current amplitude.

- Measurements are taken using Simulink’s voltage, current, and multimeter blocks.
Discrete mean, rms, and THD blocks are also used for calculations. Voltage/current
Spectra are taken from the FFT analysis tool, found in Simulink’s PowerGUI block.

- All simulations are run in discrete time, with a time step of 5.144e—7 s.
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3.1 Introduction

During the last decades, the presence of multilevel inverters has been steadily increasing in a
variety of applications in the manufacturing, transport, energy, mining, and other industries
[4, 5]. An essential part of multilevel inverter design is the selection of dc-link capacitors.
The capacitors are a sensitive element of the inverter and a common source of failures.
Capacitor lifetime is highly affected by thermal as well as overvoltage stresses, both of which

can be estimated based on an analysis of the capacitor current [25, 42].

Thermal stress occurs due to losses in the dc-link capacitor’s Equivalent Series Resistance
(ESR). The rms value of the current flowing through a dc-link capacitor can provide a first
approximation for these losses. The literature contains rms expressions for the capacitor
current of the 2L [43, 44, 45] and (single-phase) 3L CHB inverters [46]. Use of these
expressions for loss estimation assumes a fixed ESR value. However, the ESR is a function
of the frequency of the capacitor current [25, 42]. Since the current of a dc-link capacitor
comprises several harmonics located at different frequencies, it is necessary to determine the
rms values of the capacitor current harmonics and use the appropriate value of ESR for each
harmonic. For the 2L inverter, dc-link current harmonics have been derived in [47], while a
general analytical method for calculating dc-link current harmonics in inverters has been

proposed in [48].

Overvoltage stress may occur due to low-frequency capacitor voltage oscillations (ripple).
In the 2L inverter, such oscillations do not appear under balanced load conditions. This is not
the case, though, in 3L inverters. A plot of the amplitude of the capacitor voltage ripple in the
3L Neutral Point Clamped (NPC) inverter [49] can be found in [50], for the case of SPWM.
Moreover, capacitor-balancing techniques for the NPC inverter, which achieve smaller ripple
amplitudes, are described in [40, 51, 52]. Regarding the CHB inverter topology, estimates for

the capacitor voltage ripple can be found in [53], again for the case of SPWM.

This chapter presents a systematic analysis of the dc-link capacitor current in 3L NPC and
CHB inverters, which provides the basis for dc-link capacitor sizing in these topologies.
Methods for analyzing the 2L inverter dc-link capacitor current are extended to 3L inverters,
to estimate the capacitor rms current and derive its harmonic spectrum. A new, numerical

approach for calculating the rms value and low-frequency harmonics of the capacitor current
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is also proposed. Unlike existing methods, the proposed approach has the advantage of being
easily adaptable to different modulation strategies. Results based on this approach are

presented for a number of common modulation strategies.

The chapter is structured as follows: Section 3.2 gives a description of the parameters
considered during dc-link capacitor sizing, explaining their relation to the capacitor current.
Section 3.3 derives expressions for the rms value of the dc-link capacitor current in 3L NPC
and CHB topologies [54], while Section 3.4 presents a harmonic analysis of this current [55].
Section 3.5 describes the proposed numerical method for deriving the current rms value and
the amplitude of voltage ripple for the dc-link capacitors of the two topologies. Then, Section
3.6 validates the results of the previous sections using simulations in MATLAB-Simulink.
Finally, Section 3.7 compares the examined 3L topologies with respect to their capacitor
requirements, and discusses the accuracy and applicability of the presented methods, with a

focus on the proposed approach.

3.2 Inverter dc-link capacitor sizing

The selection of inverter dc-link capacitors is determined by the required voltage, (ripple)

current, and capacitance ratings, as explained below:

- The capacitor voltage rating is typically higher than the operating dc-link voltage, to
account for voltage oscillations and other effects such as input (grid) voltage fluctuations or

transitory regenerative operation of the inverter.

- The ripple (rms) current rating, lcmax, 1S @ way of expressing the affordable limit for
capacitor losses, Pcmax- lcmax 1S commonly given in capacitor datasheets [25, 42], for a
certain value of ESR, Rc, as

Pe e = Re 18 - (3.1)

According to the above, a calculation of the dc-link capacitor rms current in a certain inverter
application can give a first estimate for the required ripple current rating. Nevertheless, for
electrolytic capacitors, the value of the ESR varies with the frequency of the capacitor
current. A typical ESR — frequency characteristic is illustrated in Figure 3.1 [42].
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Figure 3.1. ESR — frequency characteristic of a 4.7 mF / 450 V capacitor (reproduced from [42]).

Hence, in case that more than one current harmonics, h, with amplitudes I, (rms values Iy ms)

and frequencies f, flow through the capacitor, the occurring losses should be calculated using

IDC :ch(fh)' Iﬁ,rms ' (32)

where Rc(fy) stands for the value of ESR at frequency f,. Then, the capacitor’s ripple current

rating can be selected so that Pc does not exceed Pc max-

- The required capacitance is determined by the affordable amplitude of dc-link voltage
oscillations (AVcmax/2), which is also dependent on the capacitor current harmonics.
Assuming that, in the worst case, all these harmonics (or equivalently all peaks of voltage

harmonics) are in phase, the required capacitance is given by
1 |
C> Dy = 3.3
AV, |2 Zh: 27, 33)

C,max

According to this equation, high-frequency (HF) capacitor current harmonics, which appear
due to the switching (PWM) operation of the inverter, have a small effect on the capacitor
voltage ripple. Low-frequency (LF) harmonics, on the other hand, located at multiples of the
inverter fundamental frequency, can increase the required capacitance, since they give rise to
LF capacitor voltage oscillations. It is noted that increased capacitance can also be required
for other purposes, such as for voltage support during a temporary loss of the input power

source.
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3.3 Analytical derivation of dc-link capacitor current rms expressions

In this section, the method used in [43] for the derivation of the 2L inverter (Figure 3.2)
capacitor current rms expression is summarized and extended to the 3L NPC and CHB
topologies. The method considers each inverter IGBT-diode module as a switch that, while
on, carries the current of the respective phase. If the sum of the currents through the upper
switches of an inverter is ig, then the dc component of iq is (assumed to be) supplied by the
inverter dc source while the ac component is filtered, that is, carried by the dc-link capacitor.
The rms value of the capacitor current, Icms, IS calculated using the average (dc) and rms

values of ig, I44c and lg ms, respectively as

2 2
IC,rms = \é Id,rms - Id,dc . (34)

The calculation of the average and rms values for current iq is based on the analysis of its
transitions within a single switching period. If ig is equal tO ignt1, Idint2, - , Idintk, dUring time
intervals Tinu, Tine2s -.- , Tintk, respectively, then its average and rms value during a switching

period, Ts, centered at reference angle 6, are given by

. 1 . .

b dc (‘9) = T ZTintk Mointk | = Zé}ntk Mg intk - (3.5)
s k k

. 1 . .

Ij,rms (9) = T_ zTintk ) Ij,intk = Zéintk ) Ij,intk ' (36)
s \ k k

The interval duty cycles din and respective currents igjnt are also functions of 6. The average

and rms values of iy over a fundamental period are obtained using the following expressions:

1%
|y o =§£|d,dc(9)da . (3.7)
Iy oy = 1 Tidz (6)do . (3.8)
,rms 27[ : ,rms

In case that the expressions for igq.(6) and igms(¢#) change during parts (sectors) of the
fundamental cycle, the above expressions are written as sums of integrals for the different

sectors.
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3.3.1 Two-level inverter

Assuming SPWM, the phase reference voltages, Vyre, Shown in Figure 3.3, and the

respective duty cycles, dy, are given by (3.9) and (3.10) below,

V, o =M cos(0+6,) (3.9)

5 =%(1+vw) , (3.10)

X

where M is the inverter modulation index, while 6, for phases a, b and c is equal to 6,, 6, and

6., respectively:
0,=0,6,=—,60,=—— . (3.11)

Moreover, the sinusoidal phase currents iy are assumed to be given by

=1,.cos(6+6,—¢), (3.12)

iX
where Iy is the current peak value (magnitude) and ¢ is the power angle of the inverter load.

For the 2L inverter, current ig is shown in Figure 3.2. The dc component of ig is lg4c, While
its ac component is the current of the dc-link capacitor. For the derivation of the dc-link
capacitor current rms expression in [43], the fundamental cycle is divided into six sectors
(Sector I, II, ... , VI), each of which covers an angle of n/3. It is shown that the inverter

operation in these sectors is symmetric w.r.t. dc-link capacitor rms current.

ld.c Iq
Ve —>  —»

2
ic] Vi

W | G

2

Figure 3.2. Two-level inverter topology, illustrating upper module currents and current ig.
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Figure 3.3. (a) Reference and carrier waveforms for the two-level inverter, and (b) analysis of a switching cycle

for Sector | of the two-level inverter.

Table 3.1 illustrates the duty cycles of the switching intervals and the corresponding
values of current ig for Sector I (0 — n/3).

Tot. duration Tot. duty cycle Current iy
Tintl + Tint4 5a75b ia
Tintz + Tint3 5b_5c —lc

Table 3.1. Switching intervals for Sector | (0 —=/3) of the two-level inverter.

According to the table, (3.5) and (3.6) take the following form for Sector I:
id,dc—ZL(e):(é‘a _5b)ia +(5b _5c)(_ Ic) ) (313)

ig,rms—ZL(e) = (5a - 5b )|: + (5b B 5c )(_ ic )2 : (314)
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It is reminded that iggc2 In (3.13) and igms2c In (3.14) represent the dc and rms values,
respectively, of iy (the black waveform in Figure 3.3(b)), as shown in [43]. Then, the values

of I44c and I4 ms fOr the 2L inverter are given by (3.7) and (3.8) as

376 3
Id,dc—ZL :; Ild,dc—ZL(Q)dHZZMka cos¢ , (3.15)
0
713 \/§M 1
Id,rms—ZL :\/ J.Id rms—2L )d@ - I \/ T (COS ¢ 4) ) (316)

and are used to derive the expression for the rms value of the capacitor current according to

(3.4) as
IC,rms—2L I%;\/M|:£ [%‘%MJCOS ¢} (317)

As explained in [43], the above expression is valid for any modulation strategy for the 2L

inverter. The reason is that any common-mode signal which may be added to the three phase

voltage references (vyrer) cancels in the calculation of (d;,—dp) and (dp—dc) in Table 3.1.

3.3.2 NPC inverter

For the 3L NPC inverter, current ig is shown in Figure 3.4. The ac component of ig is the
current of the upper capacitor of the dc-link (C,). The upper modules are modulated by the
upper carrier waveform, as shown in Figure 3.5. It can be shown that the waveform of iy has
a period of T/3, where T is the period of a reference waveform. Hence, for the derivation of
ladac and lq rms, an angle interval of 27/3 needs to be analysed. The selected interval covers the
values of 6 between #/6 and 5n/6 and can be divided into three Sectors (I, Il, and Ill), as
shown in Figure 3.5. The duty cycles of the switching intervals (din) and the respective iq
currents (igint) change between Sectors | and 1, as shown in Figure 3.6, below. In the figure,
S1x represents the state of module Vi, (0 for OFF and 1 for ON). Tables 3.2 and 3.3 present
the expressions of the above duty cycles in a concise form that can be used according to (3.7)
and (3.8) to derive the dc and rms values of iy for each sector. The resulting expressions are

shown in Table 3.4 (Sector 111l can be analysed similarly to Sector I).



Chapter 3 | Analysis of dc-link capacitor current in three-level Neutral-Point-Clamped and

Cascaded H-Bridge inverters

2 i Via l Ivib l Ivice
iczT Vig Vip Vig
x (x A
C,==
[ 00
mi— b :
C o
x -|<} x -|<} x -|<}
Ci==
w | K
2

Figure 3.4. Three-phase NPC inverter, illustrating upper module currents and current ig.

Sector 11

-1

Figure 3.5. Reference and upper carrier waveforms for the NPC inverter.
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Figure 3.6. Analysis of a switching cycle for (a) Sector I, and (b) Sector Il, of the NPC inverter.
Tot. duration Tot. duty cycle Current ig Tot. duration Tot. duty cycle Current ig
Tint1 + Tin da=0c ia Tint Oy iy

T, 5 —i
n ¢ b Table 3.3. Switching intervals for Sector II of the NPC

Table 3.2. Switching intervals for Sector | of the inverter.
NPC inverter.

Sector | Sector Il Sector 111

id,dc,I—NPC (9) =(5a _§c)ia +5c (_ib) id,dc,II—NPC (‘9) =3, ia id,dc,lll ~NPC (‘9) = (5a -0, )ia + 6, (_ ic)

icirms,l—NPC (9) =(5a _5c)ia2 +5c (_ib )2 ij,rms,ll—NPC (9) = §ai§ ig,rms,III—NPC (9) = (5a _5b)i§ +5b (_ic )2

Table 3.4. Expressions for igq.(¢) and igms(d) for the three sectors of the NPC inverter.

Since the expressions for iq4c(6) and iqms(f) change during sectors of the fundamental cycle,
expressions (3.7) and (3.8) take the form of (3.18) and (3.19), respectively,

3 /3 27z/3 57/6
Id,dc—NPC ZZ_(I id,dc,I—NPC (9)d0+ J. id,dc,II—NPC (9)d0+ _[ id,dc,III—NPC (H)dGJ ) (3-18)
6 I3 27z/3
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3 7l3 2xl3 5716
Id,rms—NPC z\/Z( J. ij,rms,l—NPC (0)d0+ J. ij,rms,ll—NPC (9)d0+ J. idz,rms,III—NPC (a)dej -

716 7l3 2713

(3.19)

For 3L inverters, the phase duty cycles are given by
S, =V, .« =Msin(@+6,) , (3.20)

thus (3.18) and (3.19) result in
3
I gc-npc = 2 Ml cosg , (3.21)
J3M 1

Id,rms—NPC = ka\/ 472_ (COSZ ¢+Zj . (322)

Finally, the rms current expression for the upper capacitor (C,) of the 3L NPC inverter is

derived according to (3.4), and is shown below:

IC rms—NPC = \/_[i (i_gM jCOSZ(Q):| : (323)
' T 8

2|27

Due to symmetry (between the positive and negative half cycles) of the reference and carrier
waveforms, the expression for the lower dc-link capacitor (C,) is identical.

3.3.3 CHB inverter

The derivation of the dc-link capacitor current rms for the three-phase CHB inverter is
based on the analysis of a single H-Bridge, that of phase a. Each phase of the H-Bridge has
its own capacitor whose ripple current, in contrast to the 2L and NPC topologies, is not
affected by the switching operations of the other phases. Thus, the analysis of a single phase

H-Bridge inverter is enough to provide the three-phase inverter expressions.



Chapter 3 | Analysis of dc-link capacitor current in three-level Neutral-Point-Clamped and 44

Cascaded H-Bridge inverters

L
; o v . i Sector | | Sector Il i
T
a I | 1 | I
% T a n _>' ‘l’ NW‘W H“ ““ ‘“““““ %
i|/2a 1|/4a . / |‘|| l“lx A7/3 2:51?
/3 s 5n/3 0
A Vi Vs
‘|<} 'lG Ib !
Vdc —— b _>'
2 T Va, VTb 1 N oo ‘/E
1 1 | \/ |
I o
A Vi V3 é i ! !_i
Vi | ¢ == ¢ n — iai — ‘ %
2 Ve Vighy ' = 0 (p— —
] ] T
o T 1

Figure 3.7. Three-phase CHB inverter, illustrating Figure 3.8. Analysis of a switching cycle for Sector |

current ig. of the CHB inverter.

For the CHB inverter sum of the currents through the two upper IGBT-diode modules is
used for the derivation. The calculation of the capacitor rms current is based on the analysis
of one out of two symmetrical sectors (Sector | in Figure 3.8) covering the interval of 6 = [0,

7).

Tot. duration Tot. duty cycle Current iy

Tintl 53 ia

Table 3.5. Switching intervals for Sector | of the CHB inverter.

According to Table 3.5,
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id,dc,I—CHB (‘9) = 5a 'ia ; (3.24)

itirms,l—CHB (6) = 5a ’ Iz—f . (325)

The average (dc) and rms values of current iy for the CHB inverter are calculated using (3.7)

and (3.8), respectively, for 8 = [0, «], as

Ml
g go-cre = Z_pk Cosg , (3.26)
M (3+cos(2¢)
Id,rms—CHB = ka\/ ( 371_ ) ' (327)

The rms current expression for each capacitor in this topology is then given by (3.4), as

lems-cre = | o \/2'2:'—”[24—3M 7+(8-3M7)cos(29) ] . (3.28)

It is noted that the dc-link capacitor current of a single-phase H-Bridge modulated by the
SPWM strategy has been investigated in [46], deriving an expression for the rms value of
high-frequency capacitor current harmonics. This expression is equivalent to (3.28), which
also incorporates the low-frequency (baseband) harmonic of the CHB inverter dc-link

capacitor current.

3.4 Analytical derivation of dc-link capacitor current harmonics

In this section, the geometric wall model, a method introduced by H. S. Black in [56], is
used to analytically derive the dc-link current spectra of 3L inverters. The geometric wall
model provides an alternative way for representing the process of pulse generation in PWM
converters. As shown in [13], the carrier and reference waveforms are redrawn in a
transformed plane, so that the intersections between the new waveforms define the same train
of pulses as a given PWM modulation strategy. The new plane can be divided into identical
unit cells, which are characteristic for each strategy. The width of the generated pulses is
periodic with respect to both dimensions of this plane, thus the function (F) that describes the

pulse train can be written as a double Fourier series.
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The Fourier analysis results in a spectrum that plots the function in the frequency domain.
The (complex) Fourier coefficient for a harmonic ™F of function F, located at frequency
nf+mf. (n, m are integers), where f and f. are the fundamental and switching frequencies,

respectively, are given by the following integral over the area of a unit cell:

= :%I jF(x,y)ej(m””y)dxdy . (3.29)
T

The geometric wall model has been widely applied for analysing the output (PWM)
voltage harmonics of different inverter topologies and PWM strategies [13]. In this case, F
represents a phase voltage (commonly that of phase a). For the analysis of the dc-link
capacitor current, on the other hand, F represents a module current, namely the current
through the IGBT-diode module V1,.

3.4.1 Two-level inverter

Assuming naturally sampled sine-triangle modulation (triangular carrier and sinusoidal
reference waveforms), the Fourier coefficients of current i1, for the 2L inverter were derived
in [43, 48]. After some manipulation and conversion to their complex form, these coefficients

take the form of (3.30) for baseband, and (3.31) for carrier-sideband harmonics.

Baseband harmonics, form=0andn=1, 2;

: j
o= (3.30)

MI i
—Pkei? forn=2
14

, forn=1

Carrier (for m # 0, n = 0) and sideband (for m # 0, n # 0) harmonics:

jm>
j"e” 21 _ _
™y = € "ok s {(m+ n)g} [e‘”ﬁ\]nﬂ(m%Mj—e"”Jn_l(m%MH _

mnz
(3.31)

The Fourier coefficients for the currents of the two other upper modules, Vi, and Vi, are

+2jnn/3 —2jnm/3

given by multiplying the coefficients for i1, by € and e , respectively. Current iq is
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the complex sum of these three module currents, thus its Fourier coefficients can be
calculated using

3™i,,,, fornmod3=0

. (3.32)
0, fornmod 30

mnid :mniv1a X (l+ ej2n7r/3 + e—j2nn/3): {
The coefficients for the dc-link capacitor current are also given by (3.24), excluding the dc
component (n = m = 0). According to (3.30) and (3.32), no baseband harmonic remains in
this current. Hence, the 2L inverter does not generate any low-frequency capacitor voltage

ripple when it supplies a linear and balanced load.

3.4.2 NPC inverter

As in the 2L inverter, the instantaneous current flowing through the dc-link capacitor of
the NPC inverter is the complex sum of the currents through the inverter’s three upper
modules (V1a, Vi and Vi), shown in Figure 3.5. Thus, harmonic analysis of iy, IS sufficient
to calculate the dc-link capacitor current harmonics. The following solution is given for a
SPWM implemented as the three-level Phase-Disposition Pulse Width Modulation (PD
PWM) [13], which uses two in-phase triangular carriers (and a sinusoidal reference
waveform). The application of the geometric wall model to the three-level PD PWM results
in the unit cell illustrated in Figure 3.9.

Ax= ot
T I X =T Mcosy
x =\m(1+Mcgsy) +Mcosy)
a

n(1-M)
V= 1
0 L I o
-n(1-M)
xX= +Mcosy)
=T
-TC -t/2 0 /2 T

Figure 3.9. Unit cell for the three-level PD PWM modulation strategy [13].
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The complex Fourier coefficients of iyi, come from:

mn;z 1 T i H j(mx+n:
W 1a-npc :2_772-[ _[ W 1a-npC (va) ell y)dxdy . (3.33)

- =T

According to [13], the output voltage for phase a is positive only in the closed region (l11), at
the center of the graph. Thus, this is the only region where module V1, carries the current of
phase a. In regions | and I, the current through Vi, is zero. The above integral therefore

reduces to

| /2  zMcosy
mn:

l1a-nPc :2_:2 _[ _[ Cos(y_¢)'ej(mx+ny)dxdy , (3.34)

—-z/2 —zMcosy

Solution of (3.34) provides the complex Fourier coefficients for i1, While (3.32) gives the
respective coefficients for the upper dc-link capacitor of the 3L NPC inverter:

Baseband harmonics, for(mn=0and) n=3,9, 15, ...:

. -1 6MI 2C0s .
’ lc_npc = (_1) 2 z(n? _pk4)( 4 + jSIngoj . (3.35)
Carrier harmonics, for(n=0and)m=1, 2, 3, ...:
. 3l
™ _ypc :—m—j'; J,(Mmz)cose . (3.36)

Sideband harmonics, fornevenand m=1, 2, 3, ...:

n 31 (e, (Mmz)
Mie e =(-1)2 =2 " . 3.37
e e {_eww)} o
Sideband harmonics, fornoddand m=1, 2, 3, ...:
"ic e (D7 2 S 3, (Mme)
_wee =\— )
cenee mz? K=135.. “ (3.39)

cosp+ j(n+k)sing cosp+ j(n—k)sing
1-(n+k)? 1-(n-k)*
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3.4.3 CHB inverter

As explained in Section 3.3.3, the current of each capacitor in this topology is only
determined by the operation of the respective H-Bridge. Hence, the derivation of a capacitor
current is not given by an equation in the form of (3.32). Instead, similarly to Section 3.3.3,
the current that will be harmonically analysed for this topology is iy, shown in Figure 3.7.
The ac component of this current flows through the dc-link capacitor of phase a.

A modulation strategy for the CHB inverter that is equivalent to PD PWM for the NPC
inverter is assumed. This strategy, that yields equal switching losses and the same output
voltage spectra for the two topologies, is described in [13] (pages 504 — 506). Pulse
generation is again based on the unit cell of Figure 3.9, thus

mn; 1 i T H j(mx+n
iy oo :2_”2-[ [ i ce (x.y) €™ ™dxdy . (3.39)

-T -

According to [13], the output voltage for phase a is positive in region Il and negative in
region(s) I, at the edges of the plot. The current iy of the CHB inverter is therefore equal to
the phase current i,, or opposite to it (—i,) in these regions, respectively. The above integral

then reduces to

I /2 mMcosy -7/2 -z (+Mcosy)

"y_cre = 2—7‘:2 j j cos(y—¢)-e™™dxdy j j cos(y —¢)-e' ™™ dxdy
-r/2 —zMcosy /2 z(+Mcosy)
(3.40)
which can be shown to be equal to
| 712  7Mcosy )
pk j(mx-+ny)
- — cos(y—(p) e dxdy, for n+m — even
la_chs = r? —;‘!;2 —ﬁMjcosy . (3.41)

0, for n+m — odd

Solution of (3.41) yields the Fourier coefficients of ig which, apart from the dc component,

are also the coefficients for the dc-link capacitor current of phase a:
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Baseband harmonic, for (m = 0 and) n = 2, only:

. ML
OZIC—CHB = Zpk el (3.42)

Carrier harmonics, for (n = 0 and) n even:

i 21
"l onp = —m—;’: J,(Mmz)cosg . (3.43)

Sideband harmonics, for n even and m even:

ol e (Mmz
™ic o =(-1) 22| (M) (3.44)
mz| -] ., (Mmx)
Sideband harmonics, for n odd and m odd:
n+l 4]
"o =(-1) 2 —5 J (Mmz)-
M7Z"  135..
" . (3.45)
cosp+ j(n+k)sing cosp+ j(n—k)sing
1-(n+k)? 1-(n—k)?

Apart from the above PD PWM equivalent, the CHB inverter can also be modulated with
unipolar modulation, which is common for single-phase CHB inverters. This strategy uses a
single carrier waveform and two opposite (that is, shifted by 180 degrees) reference
waveforms, each of which modulates a leg of the H-Bridge. The harmonic coefficients for

the capacitor current are therefore given by (3.46), below:

2™, forneven

(3.46)
0, fornodd

mn; __mn; jnz ) _
IC—CHqu)_ 'v1a'(1+e )—{

As derived from (4.42) and (4.46), the dc-link capacitor current of an H-Bridge inverter

contains a single baseband harmonic (m = 0, n = 2) at twice the fundamental frequency:

i MI
OZIC—CHBl(p = jzpk e (3.47)
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3.5 Numerical derivation of dc-link capacitor current rms value and

amplitude of voltage ripple

The analytical derivation of expressions for the rms value and the harmonics of the dc-link
capacitor current in the previous sections assumed sinusoidal voltage reference waveforms
(SPWM strategy). However, non sinusoidal references are commonly used in practice in
order to achieve higher output (line) voltages, corresponding to a maximum modulation
index of 2/\3 (= 1.1547). A numerical method for calculating the capacitor rms current in

case of such reference waveforms is proposed in this section.

The method is based on the analysis presented in Section 3.3 and operates according to the
code included in Appendix A.4. The code divides the fundamental cycle into a number of
intervals and calculates the values of (3.5) and (3.6) for each of them. The cumulative sums
of these values are then used to numerically evaluate (3.7) and (3.8), and finally derive the
rms capacitor current. Furthermore, in parallel to the rms current calculation, the proposed
method calculates the amplitude of the capacitor voltage oscillations. The calculation can be
performed for any modulation strategy, by accordingly changing the reference voltages (or,
equivalently, the common-mode voltage) in the code. Results for the following strategies are
presented in this study: A) SPWM, B) SPWM with 1/6 third harmonic injection (SPWM+3™
harm.), and C) SV Modulation (SVM) with equal distribution of duty cycles between the
small vectors, implemented as a carrier-based strategy. The common-mode voltages for each
of these strategies can be found in the code.

Figures 3.10(a) and 3.10(b) plot the rms value of the capacitor current for the NPC and
CHB topologies, normalized with respect to the phase rms current, I, (Norm. Ic ms = lcrms/lo)-
For the NPC inverter the plot is the same for any modulation strategy (SPWM can reach up
to M = 1), while for the CHB inverter it is shown for the SVM strategy. It is noted that for the
2L inverter (and for any modulation strategy) the rms plot is the same as the one in Figure
3.10(a), as shown in [44, 45].
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Figure 3.10. (a) Normalized rms capacitor current for the NPC inverter (same for all modulation strategies), (b)
Normalized rms capacitor current for the CHB inverter modulated by the SVM strategy, and (c) Maximum

normalized rms capacitor current for the NPC and CHB inverters, as a function of ¢.

The rms current rating of the dc-link capacitors is determined by the maximum value that
lcrms Can take within the operating range of the inverter. Figure 3.8(c) illustrates this
maximum (over the whole range of M) for each value of ¢, for the examined modulation
strategies. Given that the range of power factor (angle) is known for most inverter
applications, this figure can be used to select the required capacitor rms current rating

according to the applied strategy.

Similar graphs are derived below using the proposed method, for the amplitude (AV¢/2) of
the dc-link capacitor voltage ripple. Figures 3.11(a) and 3.11(b) plot this amplitude for the
NPC and CHB topologies, respectively, for the case of the SVM strategy.



Chapter 3 | Analysis of dc-link capacitor current in three-level Neutral-Point-Clamped and 53
Cascaded H-Bridge inverters

(@) L e (b)
0.03 -
a i
Qo002
=]
E 0.01 4
5 180
Z 150
115
R, p 60
04 w30 K
Modulation index, M ‘ 0o 0 Power angle, ¢ Modulation index, M - 0 0 Power angle, ¢
0.03F - ! . 0.08
(©) SPWM (for M=1) (d)
_SVM
0.025+ 0.075+ iy 1
o o _SPWM+3™ harm.
L RS
= 002; = 007
£ SPWM-+3" harm, — E
g 0015 S 0065+
E r
£ SVM E
E oot E oosl
< < SPWM (for M=1)
0.005 0.055 7 Y
0 - y ! . - 0,05
0 30 60 20 120 150 180 0 30 60 90 120 150 180
Power angle, ¢ Power angle, ¢

Figure 3.11. Normalized amplitude of capacitor voltage ripple for (a) the NPC, and (b) the CHB inverter,
modulated by the SVM strategy, and maximum normalized amplitude of capacitor voltage ripple for (c) the
NPC, and (d) the CHB inverter, as a function of ¢.

Furthermore, Figures 3.11(c) and 3.11(d) illustrate the maximum amplitude of voltage ripple
(which appears for maximum M) for the two topologies, for each modulation strategy. The

presented values are normalized according to

Norm. AV, _ fC AV,
2 l, 2

0

, (3.48)

and can be used to determine the capacitance required to limit the voltage ripple to a desired
extent, AVc max (See Section 3.2). It can be observed that for any value of M, the maximum
amplitude of capacitor voltage ripple occurs for ¢ = 90 degrees, that is, for purely reactive

loads. This is not however always the case for the rms capacitor current, as it can be seen in
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Figures 3.10(a) and (b). As an example, notice the dip in Figure 3.10(a) for M between 0.1
and 0.8, and ¢ = 90 degrees, in contrast to the peak appearing at the respective range in
Figure 3.11(a). The reason behind this difference is that the amplitude of capacitor voltage
ripple is mainly determined by the LF capacitor current harmonics (as explained in Section
3.2), whereas the current rms value is equally affected by LF and HF harmonics. Thus, in
cases of decreased HF harmonics, increased amplitude of capacitor voltage ripple may not be

accompanied by increased capacitor rms current.

3.6 Simulation results

In this section, the (analytically and numerically) derived values of dc-link capacitor rms
current, voltage ripple, and current harmonics are validated using detailed circuit simulations
in MATLAB - Simulink (SimPowerSystems toolbox). At the same time, a capacitor sizing
example is presented, followed by a discussion on the requirements of the examined 3L
topologies. For the purpose of this example, the NPC and CHB inverter were simulated

according to the operating parameters in Table 3.6.

Parameter Value
Ve 400 V
Lok 100 A
f 50 Hz
fe 5 kHz
M 0.9
@ 30 degrees
Crpe 1 mF
Cchs 2.5 mF

Table 3.6. Simulation parameters.

The capacitance value for the CHB inverter was set to 2.5 mF, as compared to 1 mF for
the NPC inverter, in order to obtain a similar voltage ripple for the two topologies. The
amplitude of this ripple (= 28 V) was selected to be equal to a small percentage (7%) of the
dc-link voltage, thus avoiding a significant distortion of the line voltage.
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Figure 3.12. Simulation results for (a) the NPC (C = 1 mF) inverter, and (b) the CHB inverter (C = 2.5 mF).

Figure 3.12 illustrates the line voltage vap, phase current i,, and capacitor (C, for the NPC

and C, for the CHB) current ic and voltage vc for the two topologies. The simulated

amplitude of capacitor voltage ripple agreed with the value of 28 V, calculated by the

proposed method. Moreover, the rms values of the capacitor current measured during the

simulations agreed with the values of 39.3 and 42.7 A, given by the same method as well as
by (3.23) and (3.28) for the NPC and CHB inverters, respectively.

Figure 3.13, below, illustrates the capacitor current spectrum for the two topologies as

derived from the above simulations, and use it to validate the expressions presented in

Section 3.4. Again, it can be seen that the frequencies and magnitudes of the current

harmonics can be accurately reproduced by these expressions. Furthermore, the amplitude of

capacitor voltage ripple can be calculated by means of (3.3). Considering only the baseband

harmonics, this calculation gives a value of 28.6 V for both topologies, which is similar to

that ta

ken from the simulations.
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Figure 3.13. Spectrum of dc-link capacitor current for (a) the NPC and (b) the CHB inverter. Lines and circles

represent the simulated and analytically derived magnitudes of the current harmonics, respectively.

3.7 Discussion

3.7.1 Comparison of capacitor size for the NPC and CHB inverters

The results presented in Sections 3.3 — 3.5 were validated by simulations for a wide range
of inverter operating parameters (Modulation index, load power factor, fundamental and
carrier frequencies). Figure 3.14 illustrates representative results from the validation process,

assuming the operating parameters in Table 3.6 and covering the whole range of M.
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Figure 3.14. (a) DC-link capacitor rms current, and (b) amplitude of voltage ripple for the NPC (C = 1 mF) and
CHB (C = 2.5 mF) topologies as a function of M, for the parameters shown in Table 3.6.

Figure 3.14 can also provide a comparative overview of the ripple current and capacitance
requirements for the NPC and CHB topologies, at a condition (of ¢ = 30 degrees) which is
common for inverters operating as motor drives. Namely, it can be seen that the maximum
ripple current is similar for both topologies, whereas the required capacitance is 2.5 times
higher for the CHB inverter. Thus, each capacitor of the CHB inverter should have 2.5 times
the size (equal voltage and ripple current rating, but 2.5 times more capacitance) of a

capacitor for the NPC inverter.

For a different value of ¢, a similar comparison between the two topologies can be
obtained by means of Figures 3.10(c) and 3.11(c)-(d). As a general observation, however, we
could note the following: According to Figure 3.11, for any value of ¢, the capacitance
required to obtain the same voltage ripple is at least two times higher for the CHB inverter.
For values of ¢ that the ripple current is comparable for the two topologies (¢ < 40 degrees,
according to Figure 3.10(c)), each capacitor of the CHB inverter should therefore have
double the size, as compared to the NPC inverter. Additionally, since the CHB inverter
requires three (instead of two) capacitors for its dc-links, the total capacitor size will be at
least three times greater for this topology. Even in cases when the ripple current is higher for
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the CHB inverter (¢ approaching 90 degrees in Figure 3.10(c)), a similar ratio of capacitor
sizes can be expected. This is due to the fact that increased capacitance (for the CHB
inverter) is commonly achieved through the parallel connection of capacitors, which at the

same time share the higher amounts of ripple current.

3.7.2 Comparison of methods for analysing dc-link capacitor current

A close examination of ESR characteristics of electrolytic capacitors indicates that their
ESR decreases for harmonic frequencies between 50 Hz and 1 kHz, while it remains
approximately constant (to Rc = Rcur) for higher frequencies. Additionally, inverter
switching (carrier) frequencies are commonly higher than 1 kHz. As a result, the majority of
carrier and sideband harmonic groups, which appear around multiples of the switching
frequency, belong in the constant-ESR frequency range. Baseband harmonics, however, have
to be associated with higher ESR values (Figure 3.1). Loss estimation based on rms current
expressions (Section 3.3) fails to treat these harmonics separately, which results in an
underestimation of dc-link capacitor losses for 3L inverters.

Harmonic analysis, on the other hand, can be used according to (3.2) to provide a more
accurate estimate for dc-link capacitor losses. Furthermore, given that the losses arising from
the carrier and sideband capacitor current harmonics can be associated with Rc wg in (3.2), the
total capacitor losses can be taken from

P= Z R h rms C HF Z Ih rms - (349)

C/Ss

The subscripts B and C/S under the sums in (3.49) denote that they refer to baseband and

carrier/sideband harmonics, respectively.

Equation (3.49) can also be written as

P= ZR hrms CHF |: C,rms Zlhrmsi| ' (350)

indicating that knowledge of the capacitor rms current and baseband harmonics is sufficient
to obtain an accurate estimate for capacitor losses. The proposed numerical method can make
use of (3.50), based on its calculation of the capacitor current rms value and an

approximation for the baseband harmonics. Namely, the baseband harmonics can be
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approximated by the dominant baseband harmonic, assuming that it alone generates the
capacitor voltage ripple, AVc (which is also calculated by the proposed strategy). Since this
harmonic is located at a frequency of 3f and 2f for the NPC and CHB topologies,

respectively, its amplitude can approximately be taken by
I, =kAV.Cxz T, (3.41)

where k is equal to 3 and 2, accordingly. Thus, in addition to the calculation of AVc, the
proposed numerical method offers a more accurate estimate of capacitor losses as compared
to the analytical approach of Section 3.3. Moreover, in comparison to the harmonic analysis,
it has the advantage of being easily adapted to different modulation strategies, as explained in
Section 3.4.

On the other hand, the harmonic analysis can provide closer estimates of capacitor power
losses for inverters that operate at low switching frequencies or use capacitors with different
ESR characteristics. In these cases, certain carrier-sideband harmonic groups may belong to
the low-frequency ESR region and therefore the results of a complete harmonic analysis

should be used according to (3.2).

3.7.3 Extension to higher-level inverters

This study focused on the dc-link capacitor current analysis of 3L NPC and CHB
inverters. The presented methods can also be applied to higher-level inverters, provided that
they are modulated by strategies whose reference and carrier waveforms can be defined
analytically. However, such conventional modulation strategies are practically not applicable
to NPC multilevel (ML) inverters, since they are unable to prevent voltage collapse of the
intermediate dc-link capacitors [57]. Furthermore, unconventional strategies which can retain
the capacitor voltages, increase the switching frequency of the switching devices, induce
higher output voltage steps (dv/dt), and distort the multilevel PWM waveform [5, 35].

As a consequence, multilevel converters with more than three levels are predominantly
based on the series connection of H-bridge cells, creating CHB ML topologies [58].
Extension to these topologies is possible for all presented methods for analyzing the dc-link
capacitor current, but the complexity of analytical derivations increases with the number of

voltage levels. The proposed numerical approach, on the other hand, can be extended as
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shown in the relevant part of the code (in Appendix A. to cover the CHB ML topologies. As
for the 3L inverter, the code simply calculates the duty cycle of each inverter cell and
numerically integrates the current (and its square) through its dc-link capacitor. Results for

CHB ML inverters have also been validated with simulations.

3.7.4 DC-link capacitor current harmonics due to the inverter Front-End

This study focused on the dc-link capacitor current resulting from the operation of an NPC
or CHB inverter. For the purposes of the analysis, the inverter FE was assumed to provide the
dc component of current iy (see Section I11), without injecting additional ac current to the dc-
link capacitor. In cases of FEs such as batteries, PV panels and fuel cells, this assumption is
accurate. Rectifiers or Active Front Ends (AFESs), on the other hand, can inject ac current to

the dc-link capacitor.

- With regards to rectifiers, the harmonics of this current can be calculated as shown in
[59]. The present study then offers the analytical tools to estimate the total capacitor
losses and sizing requirements, by superimposing the rectifier to the inverter current
harmonics. It is also noted that it is a common practice to use dc-link inductors

(chokes) to suppress the ac current injected to the capacitor by a rectifier.

- The dc-link capacitor current harmonics for an AFE can be calculated as shown in this
study, since an AFE is merely an inverter operating with a negative power factor load
(90 < ¢ < 270 degrees). Namely, the expressions of [47] and Section 3.4.2 can be used
for the common cases of 2L and NPC-type AFEs, respectively. The resulting
harmonics can then be superimposed to those due to the inverter, to derive the

capacitor current spectrum.

3.7.5 Using the analysis to select dc-link capacitors

This section presents the results of this study in a way that they can be readily used for

selecting dc-link capacitors.
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Voltage rating

- Setto 1.2 to 1.5 times the dc-link voltage, to account for capacitor voltage ripple and

supply voltage surges.

Capacitance rating

- Given the power angles of the loads the inverter should be able to supply, use Figure
3.11 to determine the maximum expected normalized amplitude of voltage ripple
(norm. AV¢) for the selected topology and modulation strategy.

- Consider the minimum fundamental frequency and maximum output current the
inverter is expected to provide. In (3.48), use these values for f and I, respectively, and
the value of norm. AV¢ from the previous step.

- Set the value of AV to the maximum acceptable amplitude of voltage ripple (typically

5 to 10% of the dc-link voltage) and solve the equation for C.

Ripple current rating — Power losses

- For the selected range of load power angles, use Figure 3.10 to determine the
maximum normalized capacitor rms current and denormalise based on the maximum
expected output current.

- Estimate the amplitude of the baseband harmonic of the capacitor current, by means of
(3.41).

- Calculate the power losses in the capacitor based on its ESR characteristic and (3.50).

Effect of the FE

- Calculate the dc-link capacitor current due to the converter FE.

- Add that (in rms terms) to the capacitor ripple current due to the inverter.
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- Calculate the additional capacitor voltage ripple based on the calculated capacitance
value and the baseband harmonics of the dc-link capacitor current due to the FE.

- Increase C to meet the restriction on maximum voltage ripple.

- Calculate the additional power losses in the capacitor due to the FE, based on its ESR

characteristic and (3.50).

Capacitor selection

- Select a capacitor according to the overall requirements for voltage, capacitance and
power losses.

- From the power losses, calculate the temperature rise in the capacitor. Add that to the
maximum expected ambient temperature, to estimate the maximum hotspot
temperature.

- If the latter exceeds the limit given by the manufacturer, consider connecting two or
more capacitors in parallel.

- Repeat the calculations taking into account the equivalent value of C and the current

division between the paralleled capacitors.

3.8 Conclusion

This study presented a series of analytical and numerical tools for analysing the dc-link
capacitor current in 3L NPC and CHB inverters. Its results can be practically useful for

inverter designers performing the task of dc-link capacitor sizing.

Analytical expressions were derived for the rms value and harmonics of the dc-link
capacitor current, whose knowledge is essential for determining the required capacitance and
ripple current rating of dc-link capacitors. Moreover, the proposed numerical method
provided the possibility to estimate capacitor sizing parameters for different modulation
strategies, offering a simpler alternative to repeating the analytical derivations. Results based
on the proposed approach were illustrated for common modulation strategies and were

validated using simulations in MATLAB-Simulink. According to them, the CHB inverter has
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significantly (at least three times) higher capacitor size requirements as compared to the NPC

inverter.
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4.1 Introduction

The previous chapter presented a number of methods for analyzing the dc-link capacitor
current of 2L and 3L converters. Pertaining to multiple inverter systems, harmonic analysis
additionally offers the basis for examining the possible capacitor current harmonic reductions
or cancellations that can be achieved by connecting two or more inverters to a common dc-
link. This chapter will examine systems incorporating multiple 2L, or 3L CHB inverters.
Systems based on the NPC inverter are not covered due to the NP voltage ripple problem of

this topology, studied separately in the following chapters.

Multiple inverter systems have been extensively incorporated in high-power applications.
In addition to high-power electric motor drives, comprising multiple inverters that share the
total drive current, multiple inverter systems have been used to drive multi-phase motors, or
different motors in multiple motor applications. Key examples of such applications are
conveyor belts and electric vehicles with direct drive wheel motors.

In a conventional multiple inverter system, each inverter is connected to its own dc-link.
The present study investigates potential reduction in overall capacitor size that can be
achieved in multiple inverter systems, by using a common dc-link capacitor as shown in
Figure 4.1. The study covers a range of cases for multiple inverter systems, defined by the
number of inverters (N), the phase angles of the inverter reference waveforms, and type of
inverter. It is noted that for the purposes of this chapter, SPWM-modulated CHB inverters
are referred to and analysed as single-phase inverters, according to Section 3.3.3.

ld.c

—>
+ Inverter 1 | Load
Inverter 2 [ Load

Inverter N [ Load

Figure 4.1. Block diagram of system with N three-phase inverters sharing a common dc-link capacitor.
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4.2 Common dc-link capacitor current harmonics

Assuming naturally sampled SPWM, the current harmonics for 2L and 3L CHB inverters,
are given by (3.32) and (3.46), respectively. A current harmonic,™h, in its complex form,

can be expressed in the time domain as

™h(t)=|™hl-cos (n-[mt +8,]+ m-[em,t +6,]-™¢)

m el IMy™h
¢ = tan (inn : (4.1)

where w. and w, are the carrier and fundamental angular frequencies, equal to 2xf. and 2xf,,

respectively, while 6. and 6, are the phase angles of the carrier and reference waveforms
[13]. By convention, the phase angles 6. and 0, are set to zero for module V14 (0cvia = Govia
= 0). Use of other than zero values for 6. and 6, introduces a shift of mé. + nd, to the phase
of the mn™ harmonic. Equivalently, the complex form of each current harmonic is multiplied

by a rotating factor, r, given by

r— e—j(m6’c+n90) . 4.2)

This factor will be used below, to examine the effect of introducing a carrier phase shift

between the inverters of an N-inverter system.

It is assumed that the k™ inverter (1 < k < N) has its own carrier waveform, shifted by . x
compared to the 1% inverter (6.1 = 0), and that this waveform is used to switch all its phase
legs. Moreover, the reference waveform for module Vi, of the k™ inverter is assumed to be
shifted by 6 in relation to the respective waveform of the 1% inverter (6,1 = 0). The
reference waveforms for the other modules are shifted accordingly. According to (4.2), the

rotating factors, ry, for the harmonics of the k™ inverter will be
_j(mec‘k‘Lneu,k)

r.=e , (4.3)

hence the harmonic coefficients of the common dc-link capacitor current will be given by
mniC:mniC’l.Zrk ’ (4_4)
k

where ic 1 stands for the capacitor current due to the 1% inverter.
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4.3 System cases - Results

Different multiple inverter systems configurations are examined in this section. The aim is
to investigate whether the required dc-link capacitor size can be reduced by appropriately
selecting the phases of the inverter reference and carrier waveforms. It is noted that the
inverters are assumed to operate with the same fundamental frequency and modulation index,

and with fixed relations between the phases of the reference-carrier waveforms.

Given that the capacitor voltage rating is primarily determined by the system
specifications and therefore cannot be decreased, a reduction to the capacitor size can arise
from a reduction of the capacitance or the ripple current requirements. As explained in
Section 3.2, the required capacitance is mainly affected by the low-frequency capacitor
current harmonics, while the ripple current rating can be approximately determined by the
capacitor current rms value. With reference to the presented harmonic analysis, the low-
frequency harmonics will be considered to be the baseband harmonics, while the capacitor

rms current will be calculated using (4.5), below:

mn: 2
ic|

IC,rms = ;; \/E ' (45)

Multiple inverter systems with two (N = 2) and three (N = 3) inverters will be examined.
The inverter loads are assumed to be identical, having a power factor of 0.85, which is a
typical value for motors (p. 101 in [60]). The phase shifts 6,k of the inverter reference
waveforms are fixed to different values to represent different system configurations. Then,
the carrier phase shift is varied, to determine the value that yields the optimum (minimum)
capacitor rms current. The optimal current value is finally compared to the conventional

practice of using the same carrier for all inverters.

The analytically derived current rms values are verified by simulations in MATLAB-
Simulink. The simulated values are shown as points in the relative figures. Moreover, Figure
4.2 below presents an example of simulation waveforms for a system comprising two three-
phase inverters (named Invl and Inv2) with a common reference waveform and carrier

waveforms having a phase difference of 90 degrees.
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Figure 4.2. (a) Phase a reference — carrier waveforms for Inv1 and Inv2, (b) Phase voltage v, for Inv1, (c) Phase

voltage v, for Inv2, and (d) Common capacitor current. The inverters are modulated with SPWM, assuming V.
=500V, f=50Hz, and f; = 1 kHz.

4.3.1 Single-phase (CHB) inverter systems

The dc-link capacitor current of an SPWM-modulated H-Bridge inverter contains a

baseband harmonic, described by (3.47). According to (4.4), the coefficient for this harmonic

in a multiple inverter system will be given by
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%, = me”’ Y eI (4.6)
J2 K

It can be noticed that the above expression is only dependent on the inverter reference phase
shifts, 0, Given that 6, is defined to be zero, the baseband harmonic can be eliminated for
N = 2 if 6,2 = 90 degrees, while for N = 3 if 6,, = 60 degrees and #,3 = —60 (or 120 and
—120) degrees.

These two cases of interest are examined with respect to their capacitor rms current, in
Figures 4.3 and 4.4, respectively. The plots in Figures 4.3(a) and 4.4(a) illustrate how the
capacitor rms current varies with 6. If Ic msjac IS the common capacitor rms current when the
inverter carriers are shifted by &, then the variation is shown by plotting the ratio Ic rmsjec
Ilc,msjo for different values of 8. The optimal value for 6., 8¢ o, Can be seen to be equal to 90
and 60 degrees for N = 2 and N = 3, respectively. Adopting 6. pt as a carrier phase shift for
each case, the resulting capacitor rms current, lc rmsjoc,opt, 1S SUbsequently plotted against the
inverters’ modulation index in Figures 4.3(b) and 4.4(b), respectively, together with Ic rmsjo.

The rms values are normalized w.r.t. the output rms current.

The ripple current rating of the inverter dc-link capacitors is determined by the maximum
rms current that the capacitors may have to carry within the inverter operating range. For the
two cases presented in Figures 4.3 and 4.4, the maximum (normalized) rms current values are

given in Table 4.1.

1 g — 0.8
A =2 zr"*_—ﬁs’-%‘w‘-
g sosr LT
= 06 : ~
= 0. ; Y
=) g 04 7
8 0.4 : J/
: —wi [ g
%) S M=08 ., =02
"""""" M=0.6 _[C,rms\90 Tt ]C,rms\()

0 3 r r E E E E

@) 0 30 60 90 120 150 180 (b) 00 0.2 0.4 0.6 0.8 1
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c

Figure 4.3. Capacitor rms current versus 0, and M for a single-phase inverter system with N = 2, 9, = 90

degrees.
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Figure 4.4. Capacitor rms current versus 9. and M for single-phase inverter system with N = 3, §, = 60/120
degrees.

N 6, (degrees) 6o (degrees) max lcmsigcopr Max lemso  Decr. (%0)

2 90 90 0.60 0.71 155
3 60/120 60/120 0.68 1.00 32.0

Table 4.1. Summary of results for the examined single-phase inverter systems.

The above analysis can be extended to systems incorporating inverters with other values
of 6. The carrier phase shift, 6; opt, that minimizes the required ripple current rating of the dc-
link capacitor can be determined for each value of 6,. It is assumed that 6,,= —6,3= 6, and
O:2=—0:3= O.. In the case of single-phase inverter systems, the study showed that & o does
not change with 6,: for N = 2, ¢ o is 90 degrees and for N = 3, 60/120 degrees. However,

the maximum capacitor rms current varies significantly with 6,, as shown in Figure 4.5.

-

—

L}

M norm. rma current

0 a0 ed 90 120 150 180
Angle 6, (degrees)
Figure 4.5. Maximum capacitor rms current ¢ g0 (CONtinuous line) and ¢ msjo (dashed line) versus &, for

single-phase inverter systems: Thin lines for N = 2 and bold for N = 3.
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4.3.2 Three-phase (two-level) inverter systems

Assuming a linear and balanced load, the dc-link current of a three-phase, 2L inverter does
not contain any baseband harmonics. Under the same assumption, no baseband harmonics
appear in the dc-link of a multiple three-phase inverter system either. The case of 9, = 30
degrees is examined as an example in Figures 4.6 and 4.7, for systems with N =2 and N = 3,
respectively. The value of 6o, and the maximum capacitor rms current for each case are

shown in Table 4.2. The results are the same for 8, = 90 degrees.
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Figure 4.6. Capacitor rms current versus 6, and M for three-phase inverter system with N = 2, 6, = 30/90
degrees.
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Figure 4.7. Capacitor rms current versus 6, and M for three-phase inverter system with N = 3, 6, = 30/90

degrees.
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6, O opt max max Decr.

(dEQ rees) (deg rees) IC,rms|0c,0pt IC,rms|0 (%)

2 30/90 90 0.65 1.07 39.3
3 30/90 60 0.78 1.51 48.3

Table 4.2. Summary of results for the examined three-phase inverter systems.

Further investigation, regarding other values of 6,, yields different optimal phase shifts in
the case of three-phase inverter systems. Figure 4.8 illustrates how 8. varies with 6, and
plots the corresponding values of the maximum capacitor rms current. According to Figures
4.5 and 4.8, a carrier phase shift of approximately 90 degrees is optimal, for both single and
three-phase inverter systems with N = 2. For systems with N = 3, the optimal phase shift is
60 or 120 degrees. It is therefore indicated that these phase shifts affect certain carrier and
sideband harmonics similarly to the single-phase inverter baseband harmonic. Other carrier
and sideband harmonics may be increased when using the specific phase shifts. Nevertheless,

the overall capacitor current rms value is decreased.

180 - - . . .
5 ™ - -
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120 = - : : i
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@ Angle 8, (degrees) (b) Angle 6, (degrees)

Figure 4.8. (a) Optimal carrier phase shift and (b) maximum capacitor rms current ¢ . g...p (COntinuous line)

and lc rmspo (dashed line) versus &, for three-phase inverter systems: Thin lines for N = 2 and bold for N = 3.

4.4 Discussion

This section discusses a number of points regarding the applicability of the outcomes from
this study. The first relates to the power factor of the inverter loads. A power factor of 0.85

was assumed in Section 4.3, and was used as a constant throughout the study. The capacitor
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current of a multi-inverter system was therefore treated as a function of the inverter output
current and modulation index, as well as of the angles &, and 6. A preliminary investigation,
however, indicated that the optimal phase shifts and current rms values are significantly
different for low load power factors, below 0.5. The presented results are therefore valid
when the inverter systems are used as motor drives, but have to be re-derived in case of low

power factor applications.

A second comment refers to the effect of the inverter modulation strategy. SPWM was
assumed for this study because analytical derivation of harmonic coefficients is intricate for
other modulation strategies. For these strategies, the harmonic amplitudes can be calculated
by numerical convolution of the output phase voltage and current spectra, according to [48].
The effect of using a modulation strategy other than SPWM on the presented results will

depend on the degree of resemblance between their two capacitor current spectra.

Furthermore, it was assumed that 4, is fixed, as it happens for example in a multi-phase
machine, thus the carrier phase shift can be set to the corresponding & op. However, there are
applications where 6, varies with time. In such cases, the carrier phase shift should be
controlled to the respective optimum value. On the other hand, if there is freedom to select
the value of 6,, this should be done along with 8.4, to minimize the capacitor rms current

according to Figures 4.5 and 4.8.

A last note refers to the physical layout of the studied multiple inverter systems. It is well
known that a low-inductance connection, typically a flat bus bar, should be present between
the dc-link capacitor and the switching modules of an inverter. A common dc-link capacitor
was used in the examined multiple inverter systems, therefore assuming that all inverters can

be laid physically close (in the same cabinet) to the capacitor and to each other.

4.5 Conclusions

This study investigated the effect of introducing a reference or carrier waveform phase
shift to multiple inverter systems using a common dc-link capacitor. It was based on an
analytical derivation of the capacitor current harmonics and the mathematical representation
of introducing a reference/carrier phase shift. The study covered single- and three-phase

systems, comprising two (N = 2) or three (N = 3) inverters. Regarding the single-phase
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(CHB) inverter systems, it was shown that for N = 2 and N = 3, a decrement in the capacitor
rms current of approximately 15% and 35%, respectively, can be achieved by selecting an
appropriate carrier phase shift for each case. For three-phase, 2L inverter systems, the
potential decrements were in the order of 40% and 50%, respectively. The results were

verified by simulations using MATLAB-Simulink.
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5.1 Introduction

The previous chapters analysed the dc-link capacitor current in the examined converter
topologies, as well as in multiple 2L and CHB converter systems. The second part of this
Thesis, which focuses on the NPC topology and more specifically on its NP voltage ripple
problem, begins with this chapter.

The NPC converter (Figure 5.1), invented three decades ago [49], is currently the most
widely used topology in industrial medium-voltage applications [7]. Its advantages over the
traditional 2L converter are expanding its range of application to low-voltage systems, such
as PV (PV inverters) and low-voltage motor drives [61]. Major power module manufacturers
have recently started producing 3L NPC modules to meet the increasing demand [10, 11].
Compared to the 2L topology, the NPC converter is built using modules with half the voltage
rating, which decreases the total amount of switching losses [54]. The converter can therefore
operate at higher switching frequencies and achieve an increased efficiency, while generating
a lower-THD (3L) PWM phase voltage waveform. On the other hand, the NPC topology has
the disadvantages of higher switch and driver count, as well as having to cope with dc-link

capacitor imbalance.
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Figure 5.1. Three-level NPC converter, illustrating NP voltage and current.
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As explained in Section 1.2.1, the voltages of the two dc-link capacitors, vc; and veo,
respectively, should be kept approximately balanced, that is, equal to Vy/2, each.

Equivalently, the NP voltage, vnp, defined as
Vip =Ve1 Ve /2 (5.1)

in this study (Figure 5.1), is assumed to be kept approximately equal to zero. However, as
explained in the same section, this may not be true in cases of transient imbalances or due to
the presence of NP voltage ripple. With regards to the three approaches for dealing with NP
voltage ripple, this chapter discusses a balancing circuit approach, while the following

chapters focus on NPC converter modulation strategies.

5.2 Proposed circuit

This study proposes a circuit that is capable of reducing the amplitude of the NP voltage
ripple seen by a 3L NPC inverter to half its maximum value. Its aim is to investigate the
advantages that the circuit can offer, in comparison with the known methods for dealing with
the NPC inverter capacitor balancing problem. The structure, operation and rating of the
circuit are analysed in the following sections.

5.2.1 Structure

The proposed circuit, which will be referred to as Neutral Point Shifter (NPS), is
illustrated in Figure 5.2. It consists of an H-Bridge (V1s — V4s), connected across a capacitor,
Cs. The main inverter circuit is modified so that the clamping diodes of the three phase legs
(D5 and D6) are attached to the output of the NPS, shown as NPj,, in the figure, instead of
the NP of the dc-link.
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Figure 5.2. Three-level Neutral-Point-Clamped inverter with NPS circuit (encircled with dashed line).

5.2.2 Operation

The NPS circuit is used to halve the amplitude of the NP voltage oscillations seen by the
inverter, hence reduce the voltage stress on its IGBTs and diodes. Instead of vnp, the NP

voltage that the inverter sees when using the circuit, is Vnp,iny (S€€ Figure 5.2).

Ve NPS switching state NPS modules ON VP iny
Ve < Vivp ok /2 Zero Vs and Vs, or Vs and Vg Vnp
Vip < —Vip ok /2 Positive Vs and Vg Vnp + Vs
Vip > Vip pk 2 Negative Vs and Vg Vip — Vs

Table 5.1. NPS switching states.

According to Table 5.1, while the voltage vnp is within the limits of vypp /2, the NPS
stays at the zero state (output set to 0) and the inverter sees the actual NP voltage. During this
state, the capacitor Cs is not part of the current path and therefore its voltage, vs, remains
constant. The circuit is enabled as soon as vyp exceeds the above limits, shifting the NP
voltage seen by the inverter in the appropriate direction, by vs. While the NPS is at one of the
two non zero states, the NP current also flows through the capacitor Cs, therefore affecting its
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voltage. However, there is a key fact that ensures that when the circuit returns to the zero
state, the capacitor voltage will regain its initial value: The NPS switches to a non zero state
when the voltage |vnp| exceeds the critical value of vppk /2, and switches back to the zero
state when |vnp| falls under this same value. The overall charge taken from the NP between
these two instants is zero, because the initial and final values of vyp are equal. In addition, the
NPS remains at the same non zero state during this time interval. Thus, the capacitor C;
carries the instantaneous NP current, and its overall charge variation is also zero. As a result,

Vs returns to the same value, vy, at the end of each NPS switching cycle.

Two principles are followed for the NPS design, to ensure that during its operation, Vnp,inv
does not exceed the limits of tvnepi /21 A) Vso, the voltage of Cs during the zero states, is set
to Ve pk, @and B) Cs is selected to have twice the capacitance (2C) of the dc-link capacitors Cy,
C,. The operation of the circuit is illustrated above, using a simulation example of an NPC

inverter with an NP voltage ripple of 200 V.

Figure 5.3 plots the values of vs, ve and vppiny for a third of the fundamental period, T.
The peak NP voltage variation is 200 V, thus vg is set to this value, as well. The NPS stays at
the zero state until vyp reaches vne pk /2 or —vnp ok /2. The voltage Vnp,iny IS equal to vne during
the zero state, while vs remains equal to vg. Then, the circuit switches to the negative or
positive state, which shifts vnp,inv t0 the opposite extreme, —Vnppk /2 OF Vnp pk /2, respectively.
As explained below, the limits of +vyp /2 for vnpiny are not exceeded during these states,
either. The capacitors C; and C,, as seen from the NP, are connected in parallel [51]. Thus,
the capacitance seen from the NP is 2C. In addition, during the positive or negative NPS
state, the capacitor Cs is connected between NP and NPj,. The capacitance of Cs is also
selected to be 2C, thus the series connection of C1//C, with C; gives the capacitance seen

from NP;,, as

2¢-2C _ .

2C+2C (2)
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Figure 5.3. Simulation result illustrating voltages vs, Ve and Vne iny, during a period of NP voltage oscillations,

for an NPC inverter using the NPS circuit (Appendix A.4). The amplitude of NP voltage ripple seen by the

inverter is decreased from 200 to 100 V.

Each variation in vyp during a non zero state is therefore doubled for vnp iny. The maximum

variation of vnp is Vnppk /2 during a negative state of the NPS, since vyp increases from vyp pk

12 t0 Vnppk (from 100 V to 200 V in Figure 5.3). At the same time, Vnp,iny iNcreases from —

Vnp,pk /2 10 Ve pk /2 (from —100 V to 100 V). Similarly, during a positive state of the NPS, the

maximum variation of vp IS —Vnppk /2, Since vne decreases from —vp pi /2 t0 —Vnp pk (from —
100 V to —200 V), while vnpiny decreases from vnp pk /2 t0 —Vnppk /2 (from 100 V to —100 V).

Consequently, the value of vyp,iny does not exceed the limit of +vyp o /2 (+100 V) at any time.
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5.2.3 Rating

According to Section 5.2.2, the capacitance of the NPS capacitor Cs should be equal to
twice the capacitance of each of the inverter dc-link capacitors C; and C,. However, the
voltage vs across the capacitor does not exceed the value of v, which is much lower
compared to the dc-link capacitor voltage. The affordable amplitude of NP voltage ripple
(Vnppk) 1s normally a small percentage, p, of Vuc/2, with p ranging from 5% to 15%. Thus,
given that vy is set to vnp pk, the voltage rating of Cs only needs to be a small fraction of the

rating for C; and C..

The same principle applies to the voltage rating of the NPS circuit’s IGBT-diode modules.
Although the main NPC inverter’s modules are rated to operate at a voltage equal to Vyc/2,
the four modules of the NPS H-Bridge are connected across the capacitor Cs and have to be
rated according to its voltage. Thus, these modules can have a percentage p of the main

module rating.

The current rating of the NPS components depends on the current flowing to the inverter
NP. The expression for the rms value of the NP current, Inpms, is derived in Appendix A.2.
The ratio r; of Inp,ms OVer the rms output current, |, is plotted in Figure 5.4, below. It can be
observed that r, is lower than 1 for the region of modulation indices where the inverter
practically operates (M > 0.8). The ratio r, can exceed 1 in case that the inverter supplies a
high power factor load at a low modulation index. However, according to [62], the NP
voltage oscillations either do not appear or have low amplitude under these conditions,
causing the NPS to mainly remain at the zero state. Given that the capacitor Cs does not carry
the NP current while the circuit is at the zero state, it is safe to select the current rating of Cs
based on I, (r; = 1). The same or lower rms value can be used for selecting the current rating
of the NPS IGBT-diode modules. This is because the current rating is dependent on the
affordable junction temperature, and therefore on the total, switching and conduction losses
that occur in the module. The circuit switches at a LF fyps = 3f, (only 150 Hz for a 50 Hz
inverter output), under a low voltage v, and therefore has very limited switching losses.
Thus, its modules can be selected to have a lower current rating compared to the modules of

the inverter.
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180

Figure 5.4. Ratio r, of NP (Inp,ms) OVer output (I,) rms current for the range of M and ¢ where NP voltage ripple
can be generated.

5.3 Comparison with other solutions

In this section, the NPS circuit will be compared to existing alternatives for coping with
the NPC inverter capacitor balancing problem. An example of an NPC inverter operating

according to the parameters presented in Table 5.2 will be used for the comparison.

Parameter Symbol Value
DC-link voltage Ve 3.6 kV
Max rms output current ly 230 A
Fundamental frequency f 50 Hz
Switching frequency fs 8 kHz
Load power angle / factor ¢/ PF 35 degrees / 0.82
Max amplitude of NP voltage oscillations VNP pk 0V

Table 5.2. Example operating parameters for the NPC inverter.
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A 3.6 kV dc-link is assumed, thus each of the dc-link capacitors C; and C, should be
voltage-rated at approximately 1.8 kV. Furthermore, the NPC inverter has to be built using
3.3 kV IGBT-diode modules, which have an operating voltage of 1.8 kV. The Infineon
FZ800R33KF2C (3.3 kV / 800 A) modules were selected by means of the loss calculator for
the NPC inverter, found in Appendix B.

On the other hand, according to Section 5.2.3, the capacitor Cs can have a voltage rating
between 90 and 270 V (corresponding to p = 5% — 15%), thus the NPS H-Bridge can consist
of 600 V modules with an operating voltage of 400 V. Lower voltage-rated IGBT-diode or
MOSFET modules can be used alternatively. The FF400RO6KE3 (600 V / 400 A) dual
IGBT-diode modules were selected in this case, according to respective loss expressions (see
Appendix B) and the NP rms current values of Figure 5.4. It has to be noted that, owing to
their negligible switching losses, the current rating of the modules for the NPS is

significantly lower compared to the inverter modules.

5.3.1 Increment of capacitor size

In order to limit vnp pk to the desired value, the capacitance, C, should be selected using

C=—2_C

n (5.3)
VNP,pk - f

where C, stands for a normalized capacitance value, plotted in Figure 5.5 for the NTV

modulation strategy [51].

According to (5.3) and Figure 5.5, for unity modulation index (M = 1), the capacitance
required to limit vnp pk to 90 V, is 991 pF. Two de-link capacitors or capacitor banks, rated at
1.8 kV and 1 mF are therefore needed to fulfil this constraint. Alternatively, if the NPS
circuit is in place, the capacitance can be decreased to 500 pF. In the case of capacitor banks,
this would practically correspond to halving the number of capacitors in the dc-link, at the

expense of introducing the NPS circuit’s components.
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Figure 5.5. Normalized capacitance (C,) required for the dc-link capacitors of an NPC inverter modulated with
the NTV strategy [51].

5.3.2 Increment of switching frequency

Non NV modulation strategies that can eliminate NP voltage ripple cause an increment of
approximately 33% in the switching losses of the NPC inverter. According to the loss
calculator (Appendix B), the 33% of the switching losses for the example NPC inverter of
Table 5.2 amounts to 5.8 kW. The losses of the NPS circuit, on the other hand, are lower than
650 W. The loss overhead can be a challenge for the inverter cooling system. The system will
have to be resized to handle them, while there are cases that they cannot be afforded by the
inverter modules. The use of the NPS circuit removes these constraints, since its losses are

significantly lower and are not internal to the inverter modules.

5.3.3 Balancing circuits

Capacitor balancing circuits for the NPC inverter have been proposed in [29, 30]. Unlike
the NPS, these circuits are built using high-voltage IGBTs-diode modules and passive
components (inductors) that are bulky and add to the cost of the system. They operate as

charge pumps, transferring charge between the two dc-link capacitors. They are therefore
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more effective in bringing the capacitors back to balance after transient imbalances, rather
than coping with NP voltage oscillations.

On the other hand, the NPS circuit has the disadvantage of not decreasing the voltage
stress on dc-link capacitors, as other balancing circuits do. This is because the circuit
decreases the NP voltage ripple seen by the inverter without affecting the NP current, nor the
NP voltage ripple and the value of vnp p. Furthermore, the circuit’s capacitor needs to be pre-

charged to the level of vnp p, Which can call for additional circuitry.

5.4 Conclusion

A circuit for reducing the voltage stress caused by the dc-link capacitor voltage ripple on a
3L NPC inverter was presented, and its structure, operation and rating were analysed. The
circuit is capable of reducing the NP voltage ripple seen by the inverter to half its maximum
value. Unlike other circuits proposed in the literature, it is based on low-voltage components,

which have smaller size and cost.

In relation to the conventional solution of over-sizing the inverter dc-link capacitors, the
use of the circuit may be advantageous, depending on the cost of the capacitors in
comparison to that of the circuit components. This is likely to be the case when the restriction
on the NP voltage variation becomes stricter, since the voltage rating of the circuit

components decreases accordingly.

The circuit does not eliminate the NP ripple as certain non NV modulation strategies do,
yet avoids the increment of the inverter switching frequency that these strategies call for. It
therefore provides an alternative in cases that this frequency increment is not permissible by
the inverter’s IGBT-diode modules. Even if the increased losses can be accepted by the
modules, the cost of an over-sized inverter cooling system may be comparable to the cost of
the circuit. Moreover, use of the circuit in conjunction with a capacitor-imbalance-
compensating modulation strategy [28, 31] can result in operation of the inverter within the

acceptable limits of NP ripple, and generation of undistorted output PWM waveforms.
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6.1 Introduction

The previous chapter presented a circuit for decreasing the NP voltage ripple seen by the
modules of an NPC converter. As explained in Section 5.3.3, however, the circuit does not
decrease the actual NP voltage ripple, since it does not affect the NP current. The rest of the
Thesis considers different types of modulation strategies for controlling the NP current and

achieving this purpose.

This chapter proposes a new concept for the modulation of the NPC converter, according
to which a family of modulation strategies can be created. These strategies are capable of
generating the minimum possible NP voltage ripple, without affecting the converter’s rated
switching frequency or spectral performance (see Section 1.2.1). The following section
places the proposed strategies in the context of the state-of-the-art modulation strategies for

the NPC converter, providing further details for the contribution of this study.

6.2 NPC converter modulation strategies

A modulation strategy for the NPC converter should be capable of bringing the capacitors
back to balance after a transient imbalance, and minimizing the NP voltage ripple during
steady-state operation. Several strategies have been proposed to fulfil these requirements,
using either a SV [32, 33, 51, 52, 63, 64, 65, 66] or a carrier-based [16, 21, 40, 41, 67, 68,
69,] implementation. The analysis presented in this study uses the terms of SVM. However, it
encompasses carrier-based strategies, since there is a well-known equivalence between the

two ways of implementation [17, 18, 41].

The SV diagram for a 3L NPC converter with balanced dc-link capacitors is illustrated in
Figure 6.1. The triplets used as vector names denote the states (0 for —Vgc/2, 1 for vyp, Or 2
for +Vy4./2) of phase voltages a, b, and c, respectively. An SVM strategy selects a number of
vectors, V1, Vo, ..., V, and adjusts their duty cycles di, d, ... dy, respectively, according to

the following equations to create the reference vector, Vrer (see Section 2.2.2):
Viere =0, V, +d,V, +...+d V, , (6.1)

d,+d,+..+d =1, (6.2)
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Figure 6.1. Space Vector diagram for a three-level NPC converter. NV strategies can only use the nearest
vectors of Vger, located at the edges of the respective small triangle (here: 100, 211, 210, 221, and 110). The

NP current corresponding to each vector is shown in parentheses.

Assuming that the converter does not operate in the over-modulation region, then the
reference vector falls in one of the small triangles defined by the dashed lines. The vectors at
the vertices of this triangle form a set that can be used according to (6.1) and (6.2), to create
Vrer. For a given Vger, these are also the “nearest vectors” (NVs) on the SV plane. In Figure
6.1, for example, Vger falls in the shaded triangle, so the NVs are: 100, 211, 210, 221, and
110.

The modulation strategies for the NPC converter can then be divided into two categories.
A strategy can be characterized as Nearest-Vector (NV) strategy if, in order to form the
reference vector, it is only allowed to select among the respective NVs [4]. Otherwise, if it
has the freedom to use additional vectors, it can be characterized as non Nearest-Vector (non
NV) strategy. Examples of NV strategies are the Nearest-Three-Vector (NTV) and the
Symmetric modulation strategies, described in [51], as well as the strategies described in [16,
40, 41, 67, 68], whereas examples of non NV strategies are the NTV? modulation [33] and
others [21, 32, 66]. At this point, it can be noted that the well-known NTV strategy is simply
a member of the family of NV strategies, which has the additional restriction of using only

three of the NVs during each switching cycle [51].
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As shown in [62], NV strategies can only eliminate the NP voltage ripple for a certain
range of values of load power angle, ¢, and converter modulation index, m. These values
define a zero-ripple region on the ¢ — m plane. When the converter operates outside this
region, low-frequency voltage ripple appears at the NP. Non NV strategies have the
advantage of achieving NP voltage ripple elimination throughout the converter operating
range (i.e. for all values of ¢ and m). Nevertheless, the use of non nearest vectors introduces
additional switching steps to the NPC converter, which increase its effective switching
frequency. The effective switching frequency, fse, can be defined in addition to the
converter’s switching frequency, fs (which determines the duration, T, of the switching

cycle), and be used in relation to switching losses:

average no.of switching stepsperT,

. (6.3)

fs,eff = fs :

Conventionally, when the converter is modulated by a continuous carrier-based strategy,
each of its three legs switches exactly twice (rising-falling or vice-versa) during every
switching period. Hence, six switching steps take place in total during Ts, and therefore fs ¢ =
fs. By appropriately defining their switching sequences, NV strategies can also operate with
an average of six switching steps per switching cycle, and thus achieve the above value of
fserr. Furthermore, fewer steps per cycle, and thus lower effective switching frequencies can
be achieved by NV (SVM) strategies that correspond to discontinuous carrier-based
strategies, which, however, produce lower-quality output voltage waveforms [41, 51]. In non
NV strategies, on the other hand, two more switching steps are added per cycle, therefore fs e
rises to 4fy/3 [32, 33]. This 33.3% increase has a notable effect on the converter switching
losses, which is the main drawback of non NV strategies. Additionally, during each
switching period, non nearest vectors cause one of the converter legs to switch between
+Vyc/2, (possibly) vnp, and —Vg/2. This generates phase voltage pulses similar to those of a
2L converter, therefore distorting the standard three-level PWM phase voltage waveform and
increasing its harmonic distortion (WTHD) [21, 32, 33, 52, 66].

Both NV and non NV strategies are used in practice for the modulation of the 3L NPC
converter, at the expense of NP voltage ripple, or increased switching losses and output
voltage WTHD, respectively. This trade-off has also lead to the creation of hybrid strategies,

which operate as combinations of NV and non NV strategies, and will be discussed in
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Chapter 7. Nevertheless, increased cooling and filtering requirements, as well as decreased
converter efficiency still arise from the use of hybrid (due to the participation of non NV)
strategies. NV strategies that avoid these disadvantages while abiding by the tolerable voltage

limits would therefore be desirable.

This work continues in Section 6.3 with an analytical derivation of a lower boundary
(approximately equivalent to a minimum) for the NP voltage ripple that can be achieved by
an NV strategy. In Section 6.4, it describes the proposed concept for the operation of NV
strategies, which provides the capability of achieving this minimum. Then, in Section 6.5, it
examines the performance of the NV strategies created according to this concept, showing
that they can decrease the NP voltage ripple of existing NV strategies by up to 50%,
depending on the NPC converter’s operating point on the ¢ - m plane. Section 6.6 verifies the
results by simulations in MATLAB-Simulink, focusing on the operating region of motor
drives. The practical significance and applicability of the whole approach are finally

discussed in Section 6.7.

6.3 Minimum NP ripple achievable by NV strategies

The SV diagram for a 3L converter can be divided into six 60-degree sextants, for voltage
reference angle, @ = (0, 60) degrees, (60, 120) degrees, etc. In each sextant, there are two
long vectors (LO and L1), one medium vector (M), four small vectors (S0, SO,, S1;, and

S1,) and three zero vectors (Z;, Z,, and Z3), which are arranged as shown in Figure 6.2.

z } —
3 so.so, L0

Figure 6.2. Space Vectors and triangles tr; — tr,, in one sextant of a three-level converter. By convention, S0,

and S1, will stand for positive (i.e. corresponding to iy, i, Of ic), whereas SO, and S1, for negative small vectors.
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The operation of an NV modulation strategy is summarized in the following steps, which

are repeated in each switching cycle:
Step 1 — Determination of NVs: According to Vrer (See Figure 6.1).

Step 2 — Calculation of duty cycles: The duty cycles of the NVs are derived from (6.1),
(6.2). However, since the two small vectors of each pair share the same position on the SV
plane, solution of the above equations gives the duty cycles dspo and ds; as totals that can be
distributed among S0; - S0,, and S1; - S1,, respectively (see Step 3 below). Similarly, the
duty cycle for zero vectors, dz, is calculated as a total that can be distributed among vectors
Z1, Zoand Zs.

Step 3 — Distribution of duty cycles: dsp and ds; are distributed among the two vectors of
the respective pairs, according to a criterion that aims to minimize the NP voltage ripple.
Additionally, NV strategies commonly impose a number of constraints on this distribution
(switching constraints), to reduce the converter effective switching frequency. Switching

constraints also determine the distribution of dz among the three zero vectors.

Step 4 — Selection of switching sequence: Each NV strategy has a predefined set of
switching sequences, formed in accordance with the strategy’s switching constraints.
Depending on the results from the previous steps, one of these sequences is selected to

successively activate the vectors according to the assigned duty cycles.

The following analysis is based on these four steps, to derive a lower boundary for the NP

voltage ripple that can be achieved by an NV strategy.

6.3.1 Locally averaged NP current

Let us assume a 3L NPC converter operating at a steady-state, having a balanced set of
sinusoidal output currents with rms value 1,, which lead the phase voltages by the power
angle, ¢. The converter is modulated with an NV strategy at a modulation index, m. The
reference frequency is f, while the switching frequency is fs. The dc-link voltage is Vg and

the capacitors C; and C, have a capacitance C, each.

The NP voltage ripple that appears at the dc-link is generated by the NP current, i;, shown
in Figure 5.1. Each of the Space Vectors in Figure 6.1 can be related to a specific NP current,
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shown in parentheses. This current is equal to the sum of the currents of the phases that are at
state “1”, since these phases are connected to the NP. For example, the NP current
corresponding to vector 110 is —ic, because i, + i, = —ic. The function Inp(V) will be used

further on to denote the value of the NP current that corresponds to vector V.

It can be observed from Figure 6.1 that only medium and small vectors produce a non zero
NP current. If iy is the locally averaged (i.e. the average during a switching period) current
that is taken from the NP due to a medium vector, M (see Figure 6.2), then

iM :dM INP(M) ' (6.4)

where dy is the duty cycle of the medium vector. The value of iy is a function of angle 6.
Since the selection and duty cycles of medium vectors are solely determined by (6.1), (6.2),

the waveform of iy is the same for any NV modulation strategy.

On the other hand, if is is the locally averaged NP current that can be taken from the NP
due to small vectors, then is depends on the distribution of dsp and ds; among the small
vectors of the respective pairs. This is because the two small vectors of each pair produce
opposite values of NP current (Figure 6.1). Two distribution factors, Xsp and Xs; (Xso, Xs1 €
[-1, 1]), can be defined for the duty cycles of small vectors. The duty cycles of small vectors
S04, SO,, S1; and S1, (see Figure 6.2), are then given by

_1+x 1-x

dso,1 = TSO dso ' dso,z = Tsodso ) (6.5), (6.6)
1+ X 1-x
ds1,1 = TSldm ' d31,2 = TSldsn (6.7), (6.8)
while is is given by
s = Xsogo Inp (801)+ X510y |NP(511) : (6.9)

For each value of 4, is can reach a certain highest (maximum) value, isp;, as a result of

setting

Xso =Sign (INP(SOI)) and Xs; :Sign(INP(Sll)) : (6.10)
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Use of

Xso = —Sig (I (SQ,)) and x5, =—sign (1x(SL,)) (6.11)

results in is taking a respective lowest (minimum) value, isj.. In both of (6.10) and (6.11),
(Xso, Xs1) becomes equal to (—1, —1), (1, 1), (-1, 1) or (1, 1), assigning the whole dsy and ds;

to a certain small vector from the respective pair, according to (6.5) — (6.8).

The locally averaged NP current, inp, is the sum of iy and is:
e =l +ls - (6.12)

Given that iy cannot be controlled by an NV strategy, the highest and lowest values, inp i and

inp, 10, OF Inp COrrespond to isp and is 1o, respectively.

6.3.2 Effect of switching constraints

By adjusting the distribution factors of the small vectors, ixp can take any value between
inplo @nd inppi. It can be shown, however, that freedom in this adjustment can lead to
increased effective switching frequency. The values of xso and Xs; are therefore normally

restricted using sets of switching constraints, which differ among NV strategies.

Triangle Xs0 Xs1 Switching sequence Steps
ir, +1 n/a 100-200-210-200-100 4
-1 n/a 200-210-211-210-200 4
+1 +1 100-210-221-210-100 8
tr, +1 -1 100-110-210-110-100 4
-1 +1 210-211-221-211-210 4
-1 -1 110-210-211-210-110 4
s n/a +1 210-220-221-220-210 4
n/a -1 110-210-220-210-110 4
+1 +1 100-111-221-111-100 8
tr, +1 -1 100-110-111-110-100 4
-1 +1 111-211-221-211-111 4
-1 -1 110-111-211-111-110 4

Table 6.1. Duty cycle distribution factors and switching sequences for the NTV strategy [51].
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For example, in the case of the NTV strategy, Xsp and xs; can only take the values of +1.
The switching sequences defined according to this restriction are shown in Table 6.1 [51].
The sequences are given for the 1% sextant, and S0, and S1; correspond to vectors 100 and

221, respectively (see Figures 6.1 and 6.2).

Most sequences require 4 (instead of 6) switching steps, therefore decreasing the effective
switching frequency for the NTV strategy. In triangles tr, and try, however, there are also
sequences that incorporate 8 switching steps. These are available, so that inp can always

attain the values inp o and inp i, by Selecting xso and xs; according to (6.10), (6.11).

Other NV strategies (for example, the Symmetric strategy in Appendix A.3) can forbid the
8-step sequences by imposing additional switching constraints in triangles tr, and tr4. Then,
inp.lo @Nd inp pi become unattainable for certain values of & (which depend on ¢ and m). Given
the set of switching constraints, SC, of such a strategy, then inp nisc and inp,io;sc Can be defined
as the highest and lowest values, respectively, of inp, that can be achieved while abiding by
SC. It is noted here that the switching constraints of SC for triangles tr; and trs are assumed to
allow the values of £1 for xsp and Xs, as it happens in the case of the NTV strategy. This is
an essential requirement if the strategy that uses SC wishes to have a control over the NP
voltage. NV strategies that do not fulfil it, such as the SPWM or the SVM with equal duty
cycle distribution among the two small vectors of each pair, have increased values of NP
voltage ripple [62, 70].

Generally, the following inequality holds:

Inp i = Inp hisc = I loisc = o - (6.13)

However, as the modulation index increases, Vrer Spends a smaller fraction of the
fundamental period in tr, and tr4, where the additional switching constraints apply. For m = 1,
this fraction is zero, thus inpisc and inp,isc become equal to inppi @and inp,io, respectively,

during the entire cycle.

The analysis presented in the following sections assumes no switching constraints
imposed on the duty cycle distribution factors, in order to derive the operational limits of the
proposed concept. It can be adapted to a strategy that uses a given SC, if inppi and inpo are
substituted by inppisc and inp,isc, respectively. It is important to note, however, that since
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Inp,hiisc and inp,losc @pproximate ineni and inpjo When m approaches 1, the presented results

that refer to these values of m can be used irrespective of SC.

6.3.3 Zero-ripple region

The NP voltage in the NPC inverter is determined by the integral of the NP current. Thus,
vnp Can be controlled to remain the same (at the end of each switching cycle) throughout the
fundamental cycle, if ixp can become equal to zero for all values of 6. Since inp Is restricted

between inp 1o and inp pi, this is possible when

(inpio <0 and i, >0) (6.14)

holds for & = (0, 360) degrees. Examination of this condition at different values of ¢ and m

gives the zero-ripple region for NV strategies, first presented in [62] and shown in Figure 6.6.

6.3.4 A lower boundary for the NP voltage ripple

Figure 6.3 plots inpo, ineni @nd iy, according to (6.4) and (6.9) — (6.12), during a
fundamental cycle. A balanced set of sinusoidal output currents with rms value I, = 1 A is
assumed which lag the phase voltages by 30 degrees (¢ = —30 degrees), while m is set to 0.9.
The waveforms of inpo and inppi Cross the zero axis, therefore (6.14) does not hold for
certain values of #, and NP voltage ripple is expected to appear. The existence of voltage

ripple cannot be avoided by any NV strategy, but its peak value depends on the use of xso and

Xs1.
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Figure 6.3. inp.1o, inpni @Nd iy during a fundamental cycle, for ¢ = —30 degreesand m=0.9 (I, = 1 A).

While (6.14) holds during the fundamental cycle, xso and xs; can be adjusted to set inp to
zero (is = —in). In this case, the small vectors fully compensate for the charge taken from the
NP by the medium vectors, thus avoiding a change in the NP voltage. As soon as (6.14)
ceases to hold, at an angle G,, inp can no longer be set to zero, therefore charge starts to be
taken from the NP. This carries on until an angle 6, when (6.14) begins to hold again.
Nevertheless, the charge AQag, taken from the NP during [, 5] can be minimized if inp is

adjusted to its — in absolute terms — minimum value, which is inp i for this interval:

AQAB,min =5 ¢ IiNP,hidg . (6-15)

Since iy < 0 during [0a, 6s], the above adjustment (is = isp;) corresponds to the small vectors
providing the maximum possible degree of compensation against the medium vectors, while
AQagmin COrresponds to the minimum achievable uncompensated amount of charge. The
integral term of (6.15) is equal to the area of the shaded region between points A and B in
Figure 6.3, if 0 is expressed in radians. The absolute value of AQagmin iS inversely

proportional to the reference frequency, while its sign is the same as the sign of i.
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Since the two dc-link capacitors, as seen from the NP, are connected in parallel [51],
AQpg min causes an NP voltage variation, AVag min, given by (6.16). The equation contains a
negative sign, indicating that vnp decreases (or increases) as a result of a positive (or

negative) value of AQag min:

A !
AVAB,min=_ QzAgm'” . (616)

The key fact is that no NV strategy can prevent AQagmin from leaving the NP. Thus,
AVag min IS @ lower limit for the NP voltage variation that will occur during the interval [@a,
0s]. However, if AVagmin appears during an interval of the fundamental cycle, then the peak-
peak NP voltage variation during the whole cycle cannot be lower than |AVag min|-
Consequently, |AVagmin| is @ lower boundary, AVnemin, for the peak-peak NP voltage ripple

that can be generated by an NV modulation strategy.

The same analysis can be applied to all intervals of the fundamental cycle in which (6.14)
does not hold (shaded in Figure 6.3). Those will be referred to as uncontrollable intervals
(Uls), because during them the NP voltage is unavoidably driven by the uncompensated
charge of the medium vectors. On the contrary, intervals in which (6.14) does hold, will be
referred to as controllable intervals (Cls), since during them the small vectors can be used to
keep the NP voltage constant, or control it to some extent. If n uncontrollable intervals, Ul;,
Ul,, ..., Ul,, appear during a fundamental cycle, having respective minimum NP voltage

variations of AVyi1.min, AVuizmins --- » AVUinmin, then

AV e = MAX YAV, | k=100 (6.17)

As dictated by (6.15) and (6.16), AVnpmin IS @ function of C and f, as well as 1,, ¢ and m,
since the waveforms of inp o and inppi Change with these parameters. For given values of the
above, an NV strategy that achieves AVnp min IS Optimal with respect to the NP voltage ripple.
This lower boundary, on the other hand, may not be attainable in cases of successive Uls

with same-sign NP voltage deviations, which will be discussed in Section 6.4.3.
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6.4 Proposed Band-NV strategies

This section investigates the effect of the criterion used in Step 3 (see Section 6.3) for

minimizing the NP voltage ripple.

6.4.1 Criterion used by conventional NV strategies

The two main objectives of an NPC converter modulation strategy in relation to the dc-
link are the ability to bring the capacitors back to balance after transient imbalances and the
minimization of the NP voltage ripple. The existing NV strategies try to achieve these
objectives by decreasing any voltage imbalance that appears between the two dc-link
capacitors. This is obtained by measuring the capacitor voltages and adjusting Xsp and Xs;, SO
that inp in (6.12) will charge (or discharge) the capacitor having less (or more) voltage,
respectively [41, 51, 64, 70]. Equivalently, the criterion conventionally used by the NV
strategies for achieving NP balancing can be stated as follows:

“Adjust inp to drive vyp as close as possible to zero”.

This criterion, which will be referred to as the conventional criterion, is suitable for
bringing the capacitors back to balance after transient imbalances. Furthermore, it intuitively
seems to lead to the minimum NP voltage ripple, too. However, a simple example based on
the analysis of the previous section can prove that the latter is not actually true.

Continuing the example of Figure 6.3, Figure 6.4(a) illustrates how the NP voltage,
VNp.conv, Varies during a third of a fundamental cycle when the conventional criterion is used.
The NP voltage deviates from zero during the two Uls, shown in Figure 6.3 and 6.4(b). The
locally averaged NP current, inpconv, Provides maximum compensation during these
intervals, resulting in changes in NP voltage, of AVnpmin and —AVnpmin, respectively.
Moreover, inpconv 1S adjusted according to the conventional criterion, to decrease Vnp.conv
down to zero during the controllable intervals. As a consequence, the changes of £AVnp min

begin from vnp conv = 0, giving a peak-peak value of 2AVyp min to the NP voltage ripple.
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Figure 6.4. (&) Vnp,convs Vnp,gand @Nd Vnp ret, (D) inp.convs inp,io @Nd inp i, @Nd (C) inp gands inpio @Nd inp i during a third
of a fundamental cycle, for ¢ = —30 degreesand m=09 (I,=1A,f=1Hz, C=1F).

6.4.2 Proposed criterion

The above increase in the value of NP voltage ripple can be avoided by a different
criterion, which relies on the following observation: The voltage deviations have the same
amplitude, but their sign changes successively from positive to negative and vice versa
(AVun = —AVui2 = AVnemin). Therefore, the NP voltage could periodically be driven to zero,
even if iyp Was not used for this purpose. Instead, inp can be used as follows:

- During Uls: Provide the maximum possible charge compensation against the medium
vectors. Namely, adjust Xso and Xs; to achieve inp = inpyio iIf im > 0, Or inp = inp i If Im < 0. The
resulting NP voltage change will be —AVnp min and AVnp min, respectively.

- During controllable intervals: Adjust inp to (drive and) keep vnp equal to AVnp min/2,

or —AVnemin/2, If Iy Was negative, or positive, respectively, during the last uncontrollable
interval.
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The above can be achieved by periodically changing the NP reference voltage, Vnp ref, as

follows:

“Adjust inp to drive vyp as close as possible to vnprer, Which changes to AVnpmin/2, OF
—AVnpmin/2, at the end of an uncontrollable interval where iy was negative, or positive,

respectively”.

This criterion will be referred to as the Band criterion because it restricts the NP voltage,
Vnp.gand, Within a band that is centered around zero and has a width of AVnpmin. The
waveforms of Ve rer and Ve gang are illustrated in Figure 6.4(a). For this operating point, the
peak-peak value of the NP voltage ripple is decreased to half. Nearest-Vector strategies that

operate according to the Band criterion will be referred to as Band-NV strategies.

6.4.3 Regions of operation

The formulation of the Band criterion relied on the observation that the change in NP
voltage is opposite for every two successive Uls. As shown below, this is true for the greatest
part of the NPC converter’s operating range, but not for the entire range (defined by ¢ and
m). The ¢ — m plane can be divided in Regions, characterized by the number of Uls that

appear per half cycle of iy:

- Region 0: There are no Uls. AVnp min is equal to zero (zero-ripple region).

- Region 1: There is a single uncontrollable interval, Ul;, during each positive half
cycle of iy, with AVyin = —AVnpmin < 0. The next uncontrollable interval, Ul,, appears in the
negative half cycle of iy, with AVyj, = AVnp min > 0.

- Region 2: There are two Uls, Ul; and Ul during each positive half cycle of iy, with
AVyn <0 and AVy), < 0.

The example in Figure 6.3 belongs to Region 1. Figure 6.5(a) and 6.5(b) illustrate
representative examples for Regions 0 and 2, respectively, while Figure 6.6 depicts the three

Regions on the ¢ — m plane.
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In Region 0, vnp ref remains equal to zero (because AVnpmin IS zero) and the band criterion
takes the form of the conventional criterion. Thus, in this region, a Band-NV strategy
operates like a conventional one. In Region 1, Vnp rer KEEPS VNP gand 1O itS positive or negative
extreme (£AVnpmin/2) during controllable intervals, knowing that during the following Uls
the uncompensated charge will take it to the opposite extreme. This is not the case, however,
in Region 2, where there are pairs of successive Uls with the same sign of uncompensated
charge. The two intervals cause NP voltage deviations towards the same direction, and as a
consequence a modified approach is required.

According to (6.17), a lower boundary for the peak-peak NP voltage ripple in Region 2 is
given by



Chapter 6 | Nearest-Vector modulation strategies with minimum amplitude of low-frequency 105
Neutral-Point voltage oscillations for the Neutral-Point-Clamped converter

AVip min = max{‘AVUIl,min } ' (6.18)

! ‘AVUIZ,min

To achieve this value, the effect of AVyumin On the NP voltage should be partially (if
AVUuizmin > AVuimin) or totally (if AVuizmin < AVuizmin) cancelled during the controllable

interval Cly.,, found between Ul; and Ul,. More precisely, during Cli.2, Vnp.gang Should be

driven to +V¢ 12, Where

Vez = AV min /12 _‘AVUIZ,min (6.19)

In this way, after the end of Ul,, vnpgang Will be equal to +AVnpmin/2, similar to what
happens in Region 1. The following, modified version of the Band criterion can be formed, to

be used when the converter operates in Region 2:

“Adjust inp to drive vyp as close as possible to Ve rer, Which changes to Vi, or —Veii-, at the
end of Uly, and to AVnp min/2 Or —AVnp min/2 at the end of Uly, if iy during Ul; and Ul, was

negative or positive, respectively”.

A simulation example illustrating the operation of the modified Band criterion is presented
in Section 6.6. The modified criterion can achieve an NP voltage ripple of AVnpmin for the
greatest part of Region 2, shown in Figure 6.7. In this part, ixp can meet the implied
requirement of being able to drive vnpgang 10 £Vci1-2 during Cly., (before Ul, begins). In the

rest of Region 2, AVnp min Cannot be attained by any NV strategy (see end of Section 6.3.4).

OT:r
s
ool

Modulation index, m

058 . : .
-105 -100 95 90 -85 80 -7§
Power angle, ¢ (degrees)

Figure 6.7. (White) Region 1, (Grey) Part of Region 2 where AVyp min Can be achieved, (Black) Part of Region

2 where AVyp min CANNOt be achieved.
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6.4.4 Algorithm

The proposed algorithm performs the 4-Step operation (see Section 6.3), for Band-NV
strategies. A flowchart of the algorithm is illustrated in Figure 6.8. Steps 1, 2 and 4 are the
same as in conventional NV strategies, while in Step 3, Vnprer IS adjusted according to the
original/modified Band criterion, depending on the operating Region. The algorithm makes
use of a set of registers, to keep certain results from the previous half cycle of iv. The
registers are reinitialized at the zero-crossings of iy (once every T/6) according to the pseudo-

code in Figure 6.9, and perform the following operations, prior to the adjustment of Vyp ref:

A) Detection of operating Region: The Uls that appear during a half cycle of iy are
counted using register (counter) R. At the end of this half cycle, the value of R is stored in
register Ryrey (S€€ Figure 6.9). Rpyrey is Used as an estimate for the operating Region in the new

half cycle of iw.

B) Calculation of V¢y;-; (for Region 2): The algorithm makes use of the actual (minimized)
NP voltage variation, AVnp(1) and AVne(2) during the Uls, Ul; and Ul,, respectively, instead
of AVnpmin. AVnp(1) and AVnp(2) are derived from measurements of vyp, to indirectly
incorporate the values of the parameters required for the calculation of AVyp min and avoid the
integration of (6.15). Due to this, the value of AVnp(2) (AVuizmin In (6.18), (6.19)) is not yet
known during Cl1-,, and thus V1> cannot be calculated. Vi prev IS Calculated instead, based
on the values of AVnp(1) and AVnp(2) from the previous half cycle of iyv. The algorithm then

uses —Vcii-2,prev @S an estimate for Vg1, in the new half cycle of iw.
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Initialization block

AL IfR=0then set Vyprs =0
A2. SetRpev =R
A3. Reset R

B1. If |AVNP(2)| > |AVNP(1)| then set VCIl—Z,prev = -AVNP(Z)/Z
else set Veiraprev = AVnp(1)/2 - AVpe(2)
B2. Reset AVNP(].), AVNP(Z)

C1. If Balflag = 0 then set Bal = 0 else set Bal = 1
C2. Reset Balflag

Figure 6.9. Pseudocode for the algorithm’s initialization block.

C) Detection of transient imbalance: The reference NP voltage should be set to zero in
case of a transient imbalance. If the converter operates in Region 0, Vnp et IS already zero, and
therefore a Band-NV strategy performs balancing identically to a conventional one. In
Regions 1 and 2, the NP voltage is expected to change sign during every half cycle of iy. A
register (flag), Balflag, which denotes that a sign change of vnp was encountered, is
incorporated to the algorithm. If Balflag is not found set following a sign change of i,
register Bal is set to 0, indicating that a transient imbalance appeared during the last half

cycle of iy. The algorithm then keeps vnp ref t0 zero, until a zero-crossing of vyp is detected.

The values of Rpev and Ve prev are available at the beginning of each half cycle of iw.
Unless a transient imbalance has occurred, the algorithm continues with detecting the Uls
using (6.14). The NP voltage is sampled at the beginning and the end of each interval as
VNpheg @Nd Vnpend, respectively, and the NP voltage variation is stored in AVnp(R) = Vnpend —

Ve peg- At the end of Uls, vnp rer is updated as follows:

- If Rpev IS O, Vnprer IS Set to zero by the initialization block. However, if an
uncontrollable interval appears during the new half cycle of iy, Vnp rer IS Set to AVnp(1)/2 at
the end of it.

- If Rprev is 1, at the end of Uly, Ve rer IS Set to AVnp(1)/2.

- If Ryrev 1S 2, at the end of Uly, Vnp rer IS Set t0 —Vei12prev. It remains there until the end
of Uly, when it is set to max{AVnp(1), AVnp(2)}2.

It is worth pointing out that all register values are derived directly from the waveforms of

IM, InP1os INpni @Nd Vip, @and determine vnp rer. IN addition, the use of results from the previous
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half cycle of iy gives a maximum response time to a change in Region or peak-peak NP
voltage ripple, of less than T/3 (= 6.67 ms for a 50 Hz operation). This arises from the fact
that the operating conditions at the beginning of a certain half cycle of iy during which a
change happens may affect the Region and NP voltage estimates for the next half cycle,
starting after T/6, but not for the subsequent one, starting after T/3. A transient imbalance will
also be detected, at the worst case, after T/3 from the time of its occurrence, depending on the
direction of imbalance and its position in the cycle of iy. If further reduction in this response

time is needed, a threshold for |vnp| can be added to the algorithm to set Bal to 0.

The implementation of the algorithm (see Appendix A.4) requires measurement of the dc-
link capacitor voltages, as well as of (two of) the three-phase converter output currents. Its
computational requirements are increased compared to algorithms that implement the
conventional criterion, due to a more elaborate Step 3 (in Figure 6.8). However, this increase
is expected to be tolerable, since, apart from the multiplications required for the calculation

of inp,1o and inp i, the operations introduced in Step 3 are merely additions and comparisons.

6.4.5 Switching sequences — Conversion to Band-NV

The adoption of the Band criterion does not modify the switching sequences followed by a
given NV strategy (Step 4); it only affects the duty cycle distribution factors of small vectors.
A Band-NV strategy can therefore be fully defined using the switching sequences (together
with the switching constraints) of a conventional NV strategy. Stated differently, any
conventional NV strategy can be converted to operate as a Band-NV strategy, in order to

achieve a lower value of NP voltage ripple.

6.5 Performance of Band-NV strategies

6.5.1 NP voltage ripple

The previous section showed how the adoption of a criterion, different from the dc-link
capacitor imbalance (i.e. vnprer = 0), for the duty cycle distribution of small vectors, creates
the potential for decreasing the NP voltage ripple to its minimum possible value. In fact, it

also proved that an NV strategy cannot obtain this minimum, unless the NP voltage at the
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beginning of the Uls is equal to its appropriate, positive or negative, extreme. The
conventional NV strategies do not fulfil this constraint, as they constantly drive the NP
voltage towards zero. Hence, a conventional NV strategy cannot obtain the minimum value

of NP voltage ripple, in contrast to a Band-NV strategy which potentially can.

Figure 6.10 plots the minimum amplitude of NP voltage ripple that can be achieved by
conventional (AVnp.conv/2) and Band-NV strategies (AVne gand/2), as a function of ¢ and m.

The presented values were derived similarly to [51] and are normalized according to

(6.20)
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Figure 6.10. Minimum normalized amplitude of NP voltage ripple (AVypn/2) for (a) Conventional NV, and (b)
Band-NV strategies.
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Figure 6.11. Value of decr as a function of ¢ and m.



Chapter 6 | Nearest-Vector modulation strategies with minimum amplitude of low-frequency 111
Neutral-Point voltage oscillations for the Neutral-Point-Clamped converter

The plots are shown only for ¢ = [-180, 0] degrees, because they are repeated for ¢ = [0,
180] degrees (AVnp(180 + ¢) = AVnp(4)). Their values are the minimum achievable by each
strategy type because they were derived assuming no switching constraints. Applying a set of
switching constraints, SC, may have an effect on them. However, as shown in Section 6.3.2,
when m approaches 1, AVnpsc approaches AVyp for any imposed SC. Thus, AVnp,conv and
AVnpgang for the critical value of m = 1 can provide the information required for dc-link
capacitor sizing for any conventional and Band-NV strategy, respectively. This argument is
also supported by the equality of NP voltage ripple at m = 1, shown in [51] for the

conventional NTV and Symmetric strategies.

Moreover, the minimum NP voltage ripple achievable by Band-NV strategies is equal to
AVnpmin IN Regions 0 and 1, as well as in most of Region 2 (see Section 6.4.3). Thus, for
these parts of the ¢ — m plane, Figure 6.10(b) is also a plot of AVnp min, and can be re-derived

using (6.15) and (6.16). For the rest of the plane, AVnp min IS unattainable by NV strategies.

In Figure 6.11 the values of Figure 6.10(a) and 6.10(b) are used to plot the percentage
decrement, decr, of minimum NP voltage ripple in Regions 1 and 2 as:

AV
decr = [1— Mj -100% - (6.21)

NP,Conv

Based on this figure, it is worth identifying the range of loads in terms of ¢, where the Band-
NV strategies can offer a remarkable decrement (decr > 30%) of NP voltage ripple. Given
that the converter should be able to operate at a high modulation index (m = 0.95), this range
comprises the values of ¢ from approximately 0 to —50 (and —140 to —180) degrees. These
values cover the use of the NPC converter as a motor drive (¢ ~ —30 degrees). On the
contrary, the achievable decrement of NP voltage ripple for low power factor loads (¢ ~ +90
degrees) is smaller than 10%. Thus, Band-NV strategies cannot offer a notable benefit in

applications where the converter mainly has to provide reactive power.

Furthermore, it can be observed that decr is exactly equal to 50% for a large portion of
Region 1. This is the region where the conventional NV strategies can hold the NP voltage to
(approx.) zero for a part of the fundamental cycle. In this case, Band-NV strategies can
decrease the NP voltage ripple to half, as shown in the example of Figure 6.4.
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6.5.2 Effective switching frequency — Output voltage harmonic distortion

According to (6.3), the converter’s effective switching frequency is determined by the
number of switching steps followed by the selected modulation strategy. The switching steps,
in turn, are defined in the strategy’s switching sequences. As explained in Section 6.4.5, each
conventional NV strategy can be converted to a respective Band-NV strategy having the
same set of switching sequences. This conversion affects the duty cycle distribution of small
vectors, but does not modify the switching sequences. Hence, the reduction in the NP voltage
ripple offered by Band-NV strategies, avoids the significant increase in the effective
switching frequency caused by non NV (or hybrid) strategies. Moreover, in contrast to the
above strategies, Band-NV strategies do not suffer from the output voltage harmonic

distortion introduced by the use of non nearest vectors.

In comparison to the respective conventional strategies, on the other hand, there is an
effect which increases the effective switching frequency of Band-NV strategies when the
converter operates in Region 1. The fundamental cycle can be divided into two types of
interval, the duration of which is affected by the used criterion: A) Zero-inp intervals, during
which inp should be kept to zero, so that the NP voltage remains constant, and B) Extreme-inp
intervals during which iyp should take the value inpo OF inppi, t0 drive the NP voltage as
much as possible towards a certain direction. For the Band-NV strategies, the zero-iyp and
extreme-inp intervals correspond to the controllable and uncontrollable intervals,
respectively. For conventional NV strategies, the zero-iyp intervals are those during which
the NP voltage (neglecting the switching-frequency ripple) can be kept to zero, in contrast to
the extreme-inp intervals, during which the NP voltage has deviated from zero.

The average number of switching steps is higher in zero-inp than in extreme-iyp intervals.
In extreme-inp intervals, each duty cycle distribution factor takes one of the extreme values of
+1, and holds it according to (6.10), (6.11). This leads to the same, single small vector (from
the respective pair) and the corresponding switching sequence being selected for a number of
successive switching cycles. In zero-inp intervals, on the other hand, this selection changes
between successive switching cycles, in order to keep the NP voltage constant. For the NTV
strategy, the transition between different switching sequences typically requires additional
switching steps [51]. For example, using the first two switching sequences from Table 6.1, it

can be observed that, if xso remains equal to +1 (same for —1) for two successive switching
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cycles, 8 switching steps are induced in total. If xso changes from +1 to —1, 9 steps are
induced, due to the transition from vector 100 to 200. In case that a strategy’s switching
constraints allow the use of intermediate values (between +1 and —1) for Xso and Xs;, then
during zero-inp intervals such a value is selected, leading to the use of both small vectors
from the respective pair according to (6.5) — (6.8). This again induces a higher number of

switching steps compared to the extreme-inp intervals, where a single small vector is used.

The increased effective switching frequency for Band-NV strategies arises from the fact
that they have longer zero-inp intervals than the corresponding conventional strategies. This
is because the Band-NV strategies use the whole controllable intervals as zero-inp intervals,
whereas the conventional ones use parts of them as extreme-iyp intervals, to drive the NP
voltage towards zero. The degree of the above increase, as well as its effect on the converter

design, will be discussed in Section 6.7.

6.6 Simulation results

The previous sections showed that a decrement in NP voltage ripple can be achieved by
the use of Band-NV strategies for the NPC converter. The results did not refer to a specific
Band-NV strategy, since no set of switching sequences was assumed. As an example, this
section compares the NTV modulation strategy with the respective Band-NV strategy,
referred to as Band-NTV.

The two strategies were simulated using a MATLAB-Simulink model of an NPC inverter
with the following parameters: Vg = 1.8 kV, C = 0.5 mF, f; = 10 kHz, f = 50 Hz. The load is
varied between the presented simulations to attain the desired value of ¢ and an output rms
current of 200 A. The current is kept to that value, so that the effect of m and ¢ on the
amplitude of NP voltage ripple can be observed more clearly and verified against Figure
6.10, by means of (6.20). The simulation figures illustrate the line-line voltage vap, current i,
and capacitor C; reference voltage (Vcirer = 900 + Vnp rer) When the inverter is modulated by
the Band-NTV strategy, as well as the voltage vc; and the locally averaged currents inp pi,

inp.lo @nd inp, for both strategies.
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Figure 6.12. Simulation comparing the Band-NTV to the conventional NTV strategy during a fundamental
cycle, for ¢ = =30 degrees and (&) m = 0.9, (b) m = 1. i) (top) Line voltage vy, and current 5xi,, ii) Vercony,

Vc1,8and aNA Ve et 1) inp,convs inp o @Nd inp i, and iv) (bottom) ine gand, ine,ioc @Nd inp pi-

The simulations in Figures 6.12 and 6.13 focus on the operating range of motor drives,
assuming a representative load power angle ¢ of —30 degrees (power factor of 0.866). The
waveforms in Figure 6.12(a) and 6.12(b) correspond to two operating points, where decr is
exactly equal to 50% and less than 50%, respectively. It can be noticed that in the first case,
the NTV strategy can drop the NP voltage down to zero during the controllable intervals. As
shown in Section 6.4, the Band-NTV strategy can then halve the NP voltage ripple. In the
second case, the decrement offered by the Band-NTV strategy is less than 50%, but still
significant (approx. 30%). The waveforms of inp,conv @nd inp gang, Which are responsible for
the above decrements, can be studied based on Figure 6.4. Figure 6.12(a), in particular, uses

the same values of ¢ and m as Figure 6.4, to illustrate the agreement between simulation and
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Figure 6.13. Simulation comparing the Band-NTV to the conventional NTV strategy, for transient responses,
(a) Change of m from 0.7 to 0.95 and back to 0.7, for ¢ = —30 degrees, and (b) Balancing after a transient
imbalance, while the inverter operates at ¢ = —30 degrees and m = 0.95. i) (top) Line voltage v, and current

5Xia, i) Ve1,convs Ve1,and N Ve rer, 1i1) inp convs Ine,1o @Nd inp iy @Nnd iv) (bottom) ine gands ine 10 8N inp i

analytical results. The difference in the simulated waveforms is that, during the zero-inp
intervals, inp gets the form of a switching-frequency ripple instead of being equal to zero.
This is because the switching constraints of the NTV strategy do not allow it to adjust xsp and
Xs1 to get a zero value for inp. Thus, the desired zero value is achieved as an average over
more than one switching cycles, by shifting inp between positive and negative values.
Furthermore, as explained in Section 6.5.2, the zero-ine intervals can be observed to be

longer for the Band-NTV strategy.
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Figure 6.14. Simulation comparing the Band-NTV to the conventional NTV strategy during a fundamental
cycle, for (a) ¢ = —83 degrees, m = 0.95 (Region 1), and (b) ¢ = —6 degrees, m = 1 (Region 2). i) (top) Line
voltage vy, and current 5xi,, ii) Veg,convs Ver,gand @Nd Ve rer, 1) inp,convs Inpio @Nd inp i, and iv) (bottom) ine gang,

inp.1o and inp pi.

Figure 6.13 illustrates the transient response of the proposed algorithm for the Band-NV
strategies to two types of transient. In Figure 6.13(a), the modulation index is changed from
0.7 to 0.95, and back to 0.7. The operating region changes, respectively, from Region 0 to 1
and back to 0, as determined by the waveforms of inp 1o and inppi (See Figure 6.4 and Figure
6.5(a)). It can be noticed that it takes less than T/3 for the algorithm to detect each of the
above changes and change vnp rer. Figure 6.13(b) presents a voltage balancing example after a
forced transient imbalance. The imbalance is detected by the algorithm and is attenuated
within the same time interval as in the case of the conventional strategy.

0.02
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Figure 6.14 illustrates two simulation examples, where the inverter operates with a low
and a high-power-factor load, respectively. In the case presented in Figure 6.14(a) (¢ = —83
degrees, m = 0.95), it can be observed that the Band-NTV strategy does not decrease the NP
voltage ripple significantly. This is because the inverter operates at the part of Region 1
where decr is lower than 10% (see Figure 6.11). In Figure 6.14(b) (¢ = —6 degrees, m = 1),
the inverter operates in Region 2. The Band-NTV strategy therefore uses the modified
version of the Band criterion, to re-adjust vnp ref at the end of each of the two Uls. However,
due to the fact that AVnp(2) > AVnp(1) in Figure 6.14(b), vne e does not change twice during
each half cycle of iy. Namely, vnp rer takes the value of AVnp(2)/2 at the end of each Ul,, and
shifts to —Vci1-2prev Which is again equal to AVnp(2)/2, at the end of the following Ul;. The
achieved decrement in NP voltage ripple for this case is 50%.

6.7 Discussion

Figure 6.15(a) summarizes additional simulation results regarding the (normalized)
amplitude of the NP voltage ripple generated by the NTV and Band-NTV strategies, for the
case of ¢ = —30 degrees. It also includes the cross-sections of Figure 6.10(a) and 6.10(b) for
the above value of ¢, which provide the minimum ripple achievable by conventional and
Band-NV strategies, respectively. The decrement in NP voltage ripple by the Band-NTV
strategy is 50% for up to m = 0.925 and gradually reaches a minimum of 31%. It is important
to note that, according to Sections 6.3.2 and 6.5.1, this value of 31% is expected to be the
same for all other NV strategies, as it corresponds to m = 1. For this case of m = 1, simulated
in Figure 6.12(b), the peak capacitor voltage is reduced from approx. 1040 to 995 V, which
provides a significant advantage in terms of module voltage stress. The conversion to the
Band-NTYV strategy can alternatively be used to reduce the dc-link capacitance, and thus the
cost of the converter. A reduction of C by 31%, will still produce the same or lower (for m <

1) NP voltage ripple as the conventional NTV strategy.
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Figure 6.15. For ¢ = —30 degrees and m > 0.7, (a) Normalized amplitude of NP voltage ripple: (continuous line)
AVNpngand/2, (dashed line) AVnpncon/2, (filled circles) Simulation for Band-NTV strategy, (empty circles)
Simulation for NTV strategy, and (b) Ratio of f; ¢« over f.

Figure 6.15(b) plots the simulated ratio of fse over fs (i.e. the ratio of the counted
switching steps during an extensive simulation time interval, At, over 6f;At), for the NTV and
Band-NTV strategies. Although the two strategies use the same set of switching sequences,
the effective switching frequency of the Band-NTV strategy is increased by 4 to 6%
compared to the NTV strategy. As explained in Section 6.5.2, this difference arises from the
longer zero-inp intervals of the Band-NTV strategy. Nevertheless, what is important is that
the (increased) effective switching frequency of the Band-NTV strategy is lower than the
(common) effective switching frequency of the two strategies in Region 0 (m < 0.8). This is
due to the fact that in Region O the zero-inp intervals cover the whole fundamental cycle (for
the NTV strategy this is also because m is lower in Region 0, thus Vrer spends a greater part
of the cycle in tr, or try in Figure 6.2, where the 8-step switching sequences appear). As m
increases, taking the operating point from Region 0 to the upper part of Region 1, the portion
of zero-inp intervals, and thus the effective switching frequency, drops; it is this drop that is
smaller for the Band-NTV strategy. However, a converter is commonly designed to be able
to operate at a certain (rated) effective switching frequency for the whole range of m.
Therefore, use of the Band-NTV in place of the NTV strategy may have an effect on the

converter switching losses, but, unlike non NV or hybrid strategies, will not affect its rating



Chapter 6 | Nearest-Vector modulation strategies with minimum amplitude of low-frequency 119
Neutral-Point voltage oscillations for the Neutral-Point-Clamped converter

and design (modules, heatsink, etc). Namely, for the simulation value of f = 10 kHz, the
converter can be designed for fserr = 7.6 kHz, which is the effective switching frequency in
Region 0 (see Figure 6.15(b), for m < 0.8). The use of a non NV strategy, on the other hand,
would increase the effective switching frequency to a value (approx. fses = 13.3 kHz) that
cannot be reached by 1700 V modules which suit the assumed dc-link voltage level.
According to Section 6.5.2, the above described effect is expected to appear in a similar way
when converting other NV strategies to Band-NV. Apart from the NTV, it has also already
been verified for the case of the Symmetric (NV) strategy [51], as shown in Section 8.2.1.

Finally, the following two comments refer to aspects of the proposed concept that were
not included in this study (which is also the case in similar studies [16, 40, 41, 51, 52, 62, 67,
68]:

- The switching-frequency NP voltage ripple was not considered during the formulation of
Band-NV strategies. However, at low switching frequencies relative to the fundamental,
which are common for medium-voltage applications, this becomes important. In such cases,
extra care should be taken when implementing a Band-NV strategy, since the switching-
frequency NP voltage ripple will affect the NP voltage sampling, and therefore the

performance of the proposed algorithm.

- The calculation of duty cycles for the NVs was based on [62], which assumes balanced
capacitor voltages. However, when NP voltage ripple appears, the above duty cycles should
be modified to avoid distortion (that is, injection of low-frequency harmonics) of the output
voltage. Feed-forward techniques have been proposed for this purpose [28, 31, 71] which can

be adapted for application on Band-NV strategies.

6.8 Conclusion

The mechanism of Neutral-Point voltage ripple generation by Nearest-Vector strategies
for the NPC converter was analysed, and the minimum achievable ripple amplitude was
derived. It was shown that conventional (that is, existing) NV strategies cannot attain this
minimum, due to the criterion they use to perform NP (dc-link capacitor) balancing. A new
criterion and a respective algorithm were proposed to form Band-NV strategies, which

provide this possibility.
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Conventional NV strategies can also be converted to operate according to the proposed
approach. Analytical results showed that the conversion of a conventional to a Band-NV
strategy can decrease the NP voltage ripple by approximately 30 to 50% for a motor drive
application (¢ = —30 degrees). Alternatively, if a certain amplitude of NP ripple can be
afforded, the dc-link capacitance (required to limit the NP voltage ripple) can be reduced by
30%. For higher power factor loads this percentage can reach closer to 50%, whereas no
significant benefit can be expected for very low power factor loads (¢ close to £90 degrees).
The above results were verified by simulations of the well-known NTV strategy and its
Band-NV equivalent. It was also shown that similar outcomes are equally attainable by the

conversion to Band-NV of other conventional strategies.

As compared to non NV and hybrid strategies, which are the present alternative for
decreasing the NP voltage ripple, Band-NV strategies offer the advantage of not affecting the
converter’s rated switching frequency. However, in comparison to the respective
conventional NV strategies, a small increase in switching losses can be expected when the
converter operates at a high modulation index.
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7.1 Introduction

The previous chapter focused on NV strategies, proposing Band-NV strategies to minimize
the amplitude of NP voltage ripple in an NPC converter. As explained in Section 6.2,
however, NV (and Band-NV) strategies can only eliminate NP voltage ripple for a certain
range of values of load power angle and converter modulation index. Non NV strategies, on
the other hand, can achieve NP voltage ripple elimination throughout the converter’s
operating range (i.e. for all values of ¢ and m), yet increasing the switching losses and output

voltage distortion.

The trade-off between the NP voltage ripple produced by NV strategies on the one hand,
and the increment of switching losses and output voltage WTHD caused by non NV
strategies on the other, gave birth to hybrid strategies, which operate as combinations of the
two. In [72], the well-known SPWM (which is an NV) strategy is combined with a non NV
strategy, implemented as a carrier-based PWM with two carrier waveforms. A variable, D,
determines the fraction of the fundamental cycle where SPWM modulates the converter. It is

important to note that, unless D is equal to zero, NP voltage ripple appears at the dc-link.

A different approach for creating a hybrid strategy can be found in [52]. There, the NTV
strategy (named N3V in [52]) modulates the NPC converter in combination with a proposed
non NV strategy, named S3V. S3V is characterized by using three vectors during each
switching cycle, among which, one is non nearest. A threshold, vp max, for the NP voltage is
used to determine when S3V should be put into action ([vnp| > Vnpmax), thus avoiding further
NP voltage deviation (caused by the NTV). This approach also generates NP voltage ripple
with amplitude vnpmax. Moreover, in case that Ve max IS Set close to zero with the aim of
eliminating NP voltage ripple, successive transitions appear from the NV to the non NV
strategy and vice-versa. As it will be shown later (in Section 7.3), this effect is undesirable

since it can increase the converter’s switching losses.

Finally, in [34], a strategy that mitigates the drawbacks of the NTV? [33] is described. The
strategy is classified here as hybrid, because the line voltage (PWM) waveforms in [33]
indicate that it can partly operate as an NV strategy. Its formulation is based on a WTHD
minimization process, which should be performed offline for non linear or imbalanced loads.

For the case of linear and balanced loads, the results of the above process can be
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approximated by analytical equations. However, as explained in [66], an online estimator of
the load power angle, as well as a detector for the linear and balanced nature of the load are

still required.

This chapter proposes a straightforward way of creating hybrid strategies for the NPC

converter, which have the following characteristics:

- Eliminate NP voltage ripple.

- Can operate with non linear or imbalanced loads.

- Can be built as combinations of any NV and non NV strategy.

- Use the non NV strategy to the minimum possible extent, thus minimizing the

converter’s switching losses and WTHD for the selected strategy combination.

7.2 Proposed Hybrid strategies

It is reminded that in Section 6.3.4 the fundamental cycle of the NPC converter was
divided into controllable and uncontrollable intervals, according to whether the following

equation holds:

(igo.0 <O and e, >0) . (7.1)

The above distinction can provide the basis for creating hybrid strategies which can eliminate
NP voltage ripple. Given an NV strategy, X, and a non NV strategy, Y, a hybrid strategy, Hx-
v, that combines the two can be built according to the flowchart in Figure 7.1. Namely, the
converter can be modulated using X throughout the controllable intervals, since during them,
X is capable of holding vnp to zero. During the uncontrollable intervals, on the other hand, Y

should be put into action.

Controllable and uncontrollable intervals can be identified in practice using the
instantaneous (sampled) values of the phase currents as values of Inp(V) in (6.4) and (6.9) —
(6.11). In this way, operation of hybrid strategies according to Figure 7.1 is equally
achievable for converter loads that draw non sinusoidal or imbalanced currents. Moreover, it
can be performed for loads that require non sinusoidal voltages, since the NVs and duty

cycles dy, dsp and ds;, can be determined for any, circular or not, movement of Vger in the
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Figure 7.1. Flowchart for the proposed hybrid strategies.
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linear modulation region (circle in Figure 2.13). An example of such a load is a motor with a

non sinusoidal back-emf, which the converter has to provide with sinusoidal currents.

7.3 Simulation results

An NPC inverter with Vg = 1.8 kV, C; = C, = 0.5 mF, f; = 8 kHz, and f = 50 Hz is
simulated using MATLAB-Simulink (SimPowerSystems Toolbox). The simulation figures
illustrate the locally averaged currents inpjo and inppi, the applied modulation strategy, the
line-line voltage vap, and phase current(s), and the capacitor voltage vc;. In Figure 7.2, the
inverter supplies a linear and balanced load with ¢ = —30 degrees (power factor of 0.866),
while m is set to 0.9. The waveforms of inp 1o and inp pi are shown for the entire simulation, but
they are only used by the simulated hybrid strategy, according to Figure 7.1. This strategy, H.
nTv-sav, combines the (NV) NTV strategy [51], with the (non NV) S3V strategy, proposed in
[52]. In order to demonstrate its operation as compared to the combined strategies, the
inverter is modulated for one fundamental period (0.02 s) by each strategy, as follows: From
0 to 0.02 s by the S3V, from 0.02 to 0.04 s by the NTV, and from 0.04 to 0.06 s by the Hyrv-

s3v Strategy. It can be observed that the low-frequency NP voltage ripple that appears when
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the NTV strategy modulates the inverter is eliminated by the Hntv.ssv. This happens even
though the NTV is still applied in place of the S3V for a significant part (48.5%) of the
fundamental cycle. Moreover, the line voltage waveform generated by the HNTV-S3V can
be seen to be enhanced (i.e. closer to the five-level waveform generated by the NTV strategy)

as compared to the S3V strategy, thus having a decreased value of WTHD.
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Figure 7.2. Simulation of NPC inverter modulated successively by the S3V, NTV and Hyrv.sav Strategies: (a)
Locally averaged currents inp 1o and inppi, (0) Applied modulation strategy, (c) Line voltage v,, and current 5xi,,

and (d) Capacitor voltage vc;.
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Figure 7.3. Simulation of NPC inverter modulated by a hybrid strategy combining the NTV and S3V according
to [52] (Vnp.max = 5 V): (a) Applied modulation strategy, (b) Line voltage v,, and current 5xi,, and (c) Capacitor

voltage vc;.

Combining the NTV with the S3V according to [52] and using a voltage threshold vnp max
of 5 V, has the effect shown in Figure 7.3. Due to the NTV strategy, the NP voltage quickly
reaches the threshold and varies around it, thus causing multiple transitions between the two
strategies. Such transitions, however, can introduce additional switching steps to the
converter. For example, for Vrer as in Figure 6.1, the NTV strategy may need to use the
switching sequence “210-110-100-110-210" (from Table 6.1). The S3V, on the other hand,
would avoid the (ripple-generating) medium vector 210 and use “100-200-220-200-100" for
a similar Vger. As a consequence, for each transition between the two strategies in that area
of Vger, two additional switching steps will be introduced to the converter (to switch from
100 to 210 or vice-versa). When using the above approach, the switching sequences of the
combined strategies should therefore be redesigned with the aim of minimizing the added

steps and their impact on the converter’s switching losses.
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Figure 7.4. Simulation of NPC inverter modulated successively by the S3V, Symmetric (Sym) and Hsym.sav
strategies, supplying a non linear and imbalanced load: (a) Locally averaged currents iyp,o and inp i, (b) Applied
modulation strategy, (c) Line voltage v,, and three-phase currents 5xi,, 5xiy, and 5xi., and (d) Capacitor voltage

Vci.

In Figure 7.4, the simulated hybrid strategy, Hsym-s3v, combines the Symmetric (Sym) NV
strategy [51] with the S3V. The Hsym-s3v IS given as a second example, demonstrating the
applicability of the proposed concept on different combinations of NV and non NV
strategies. Furthermore, the load in this simulation is non linear and imbalanced. It can be
seen, again, that the Hsym.s3v eliminates the NP voltage ripple generated by the Symmetric
strategy, even though the latter is still applied for approximately 50% of the fundamental

cycle.
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7.4 Discussion

Figure 7.5 plots the percentage duration of uncontrollable intervals during a fundamental
cycle, as a function of ¢ and m. The presented values are derived using (6.4) and (6.9) —
(6.12), for the case of sinusoidal and balanced phase currents (they are shown for ¢ = —180 to
0 degrees; they are identical for ¢ = 0 to 180 degrees, respectively). For hybrid strategies
created according to Figure 7.1, Figure 7.5 also depicts the percentage duration of applying
the (selected) non NV strategy. It can be observed that, for ¢ = —90 degrees and m > 0.7, this
percentage approaches 100%. Thus, for purely reactive loads, the proposed hybrid strategies
offer no benefit compared to non NV strategies, since they operate as such (the same has
been observed in [34]). On the other hand, for less reactive loads, the participation of non NV
strategies is lower than 100% and decreases with m. For low values of m it drops to zero,

therefore the hybrid strategies operate as NV strategies.

-60 -30 0

m 05 g0 -150 ~-120 90
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Figure 7.5. Percentage duration of uncontrollable intervals as a function of ¢ and m according to (6.4) and (6.9)

— (6.12), for sinusoidal and balanced phase currents.

The proposed approach inherently guarantees minimum participation of non NV
strategies, since non NV strategies are only applied when an NP voltage deviation cannot be
prevented by NV strategies. Hence, for a given combination of strategies, the approach yields
an NP-voltage-ripple-eliminating strategy with minimum switching losses and output voltage
WTHD.
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An estimate for these switching losses can be obtained by an analysis similar to that
included in [72]. Such an analysis can be performed owing to the fact that the intervals of the
fundamental cycle where each strategy is applied can be specified analytically (as in Figure
6.3); this is not the case in the approaches of [52] and [34]. In comparison to [52], the
proposed approach also has the advantage of avoiding multiple transitions between the
combined strategies, and thus the need for modification of their switching sequences. In fact,
operation according to Figure 7.1 can be readily added to any implemented pair of strategies.
Computationally, this incurs little additional cost, since the determination of the NVs and the

calculation of duty cycles (in Figure 7.1) are already in place for any NV strategy.

A last comment refers to the capacitor (or NP) balancing capabilities of the proposed
strategies, after possible NP voltage deviations. Unlike non NV strategies which may need to
implement additional control loops [50, 66], hybrid strategies can rely on their NV strategies
to achieve this task. Namely, since the NV strategies are applied during the controllable
intervals, they are given the chance to adjust inp in favour of capacitor balancing (a similar
comment can be found in [52]). As the percentage duration of controllable intervals increases
(Figure 7.5), the balancing process can be completed within a shorter time interval. A
simulation detail illustrating the balancing operation of Hsym-s3v can be observed in Figure

7.4 (see vcy being driven to 900 V at 0.04 s, when the Hsym-sav is applied).

7.5 Conclusion

This chapter presented a simple concept for creating hybrid modulation strategies that can
eliminate NP voltage ripple from the NPC converter. The proposed hybrid strategies can be
based on existing NV and non NV strategies, combining the two in a way that minimizes the
converter’s switching losses and output voltage harmonic distortion. The benefit offered in
comparison to non NV strategies (which also eliminate NP voltage ripple) increases with the
load power factor and decreases with the converter modulation index. The performance of
the proposed concept is also enhanced as compared to other approaches for the creation of
hybrid strategies. Its operation was demonstrated for different combinations of strategies and

with non linear and imbalanced loads.
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8.1 Thesis conclusions and contribution

In accordance with the objectives outlined in Section 1.3, the first part of this Thesis analysed
the dc-link capacitor current of 3L NPC and CHB inverters, associating it with the induced
voltage-current stress and required capacitor size. The study focused on common modulation
strategies, such as the SPWM, the SPWM with 3" harmonic injection, and the conventional
SVM. It revealed that, for any of these strategies, the total capacitor size required for the

CHB inverter is at least three times higher than that for the NPC inverter.

The capacitor size was estimated using a number of analytical and numerical methods,
giving the rms value and harmonics of the dc-link capacitor current. As compared to the
analytical rms current derivations, the proposed numerical approach provided a simpler
alternative for deriving capacitor losses and peak-peak capacitor voltage. Moreover, in
contrast to the illustrated method for harmonically analysing the capacitor current, the

approach can be easily applied to different (e.g. discontinuous) modulation strategies.

The harmonic analysis, on the other hand, can be extended in a simple way to multiple
inverter systems with a common dc-link capacitor. It also offers the possibility to investigate
the effect of introducing a reference/carrier phase shift between the inverter waveforms on
the capacitor size. The study presented in Chapter 4 covered single-phase (CHB) and three-
phase 2L inverter systems comprising two or three inverters, and derived the optimal phase
shifts for each case. Regarding single-phase inverter systems, it was shown that for reference
phase shifts that cancel the low-frequency (baseband) harmonic, a decrement of
approximately 15% for two-inverter and 35% for three-inverter systems can be achieved in
the capacitor rms current, respectively. For three-phase inverter systems, this decrement

reaches 40% and 50%, respectively.

The second part of this Thesis focused on the NPC converter, covering its last two
objectives (as in Section 1.3). Chapter 5 presented a circuit for reducing the voltage stress
caused by the NP voltage ripple on the modules of the NPC converter. The circuit is based on
low-voltage components, which have smaller size and cost as compared to the components of
other balancing circuits. On the other hand, the NPS circuit has the disadvantages of not
reducing the voltage stress on the converter’s dc-link capacitors, as well as of needing to be
pre-charged before operating the converter. In relation to the conventional solution of over-

sizing the inverter dc-link capacitors, the use of the circuit is expected to be advantageous
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when the restriction on the NP voltage variation becomes stricter, since the voltage rating of

the circuit components decreases accordingly.

The last two chapters of this Thesis provided the basis for creating modulation strategies
with optimal performance with respect to NP voltage ripple generation in the NPC converter:

- Under the restriction of exclusively using the nearest vectors, the concept of Band-NV
strategies set the framework for developing modulation strategies with the minimum
possible NP voltage ripple.

- When the nearest vector restriction is removed, the proposed Hybrid strategies offered
a simple way to eliminate NP voltage ripple, introducing minimum additional converter

losses and output voltage distortion.

Regarding Band-NV strategies, particular attention was given to the operating range of
NPC converters as motor drives (PF =~ 0.85). In that range, the conversion of a conventional
to a Band-NV strategy can decrease the NP voltage ripple or the required dc-link capacitance
by 30 to 50%. Although in comparison to the respective conventional NV strategies a small
increase in switching losses can be expected when the converter operates at a high
modulation index, this increase was shown to not affect the converter’s rated switching
frequency. Furthermore, the performance of Band-NV strategies was examined for highly
reactive loads (PF = 0), appearing for example in STATCOM applications, where no
reduction of NP voltage ripple can be offered, as well as for operation of the NPC converter
as an AFE (PF <0).

The distinction between controllable and uncontrollable intervals introduced in the
previous study, led to the creation of hybrid modulation strategies. The proposed hybrid
strategies can combine existing NV and non NV strategies to eliminate NP voltage ripple
from the NPC converter. As compared to non NV strategies or to other approaches for the
creation of hybrid strategies, the proposed approach was shown to minimize the converter’s
switching losses and output voltage harmonic distortion. It is also important that the approach

can operate with non linear or imbalanced loads, always achieving elimination of NP voltage

ripple.
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8.2 Future work

8.2.1 Experimental results

All results presented in this Thesis were extensively validated using simulations in
MATLAB-Simulink (SimPowerSystems toolbox). MATLAB code was also incorporated in
Simulink models to implement elaborate procedures, such as the algorithms of Band-NV and
Hybrid strategies for the NPC converter. The simulations can be expected to have provided a
close representation of a real converter operation due to the level of detail embedded in them,
as well as due to the nature of the problems studied in this Thesis. Namely, the waveform of
the dc-link capacitor current, which determines the capacitor current rms value/harmonics
and voltage ripple, is not dependent on parameter-sensitive phenomena (e.g. resonances),
parasitic elements (e.g. parasitic capacitance to ground for common-mode currents), or
selected converter modules. A simulation model can therefore reproduce the dc-link
capacitor current in an experimental setup with greater accuracy compared to other effects
which are affected by the above. Nevertheless, experimental work is also necessary to further

investigate issues such as:

- Physical construction limitations in multiple inverter systems, where the length of dc-
link busbars should be limited to avoid increasing their inductance.
- Pre-charging circuit for the NPS circuit.
- For the NPC converter modulation strategies,
o algorithm implementation details and computational requirements
o effect of dead time between converter switchings
o operation at low switching frequencies and effect of sampling

With regards to modulation strategies for the NPC converter in particular, it should be
noted that the aim of Chapters 6 and 7 was to set the basis for the creation of different Band-
NV and hybrid strategies, respectively. They therefore focused on the proposed concepts,
rather than on a specific strategy or experimental implementation. Simulation results were
accordingly included to validate the operation of the proposed concepts at different converter
operating conditions and types of load, rather than to precisely quantify parameters like
converter losses and output voltage distortion, which are dependent on the implemented

strategy. Experimental results will be part of studies comparing the performance of strategies
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built according to the proposed concepts. Preliminary results are described in the following
sections.

8.2.2 Extension of work on Band-NV strategies

Chapter 6 presented the concept of Band-NV strategies and explained how it can be
applied to different NV strategies. There is therefore an open question as to which Band-NV
strategy can perform better with regards to parameters like NP voltage ripple, effective
switching frequency and output voltage harmonic distortion. Future work in this area will
examine a number of Band-NV strategies, with the aim of addressing the above question. In
this section, results for the Symmetric strategy (see Appendix A.3) are summarized and
compared to those for the NTV strategy, included in Chapter 6.

As explained in Section 6.3.2, the switching constraints of the NTV strategy allow it to
attain the values of inppi, inplo, @nd thus AVnemin, for any value of m. The Symmetric
strategy’s constraints (SC will refer to them in this section), on the other hand, affect the
highest and lowest values that inp can take (observe the notches on the waveforms of inppi
and inp, 1o In Figure 8.1, which do not appear in Figure 6.3).

Locally avg current (A)

0 (-r-f} 120 180 .'-'40 300 360
Angle 8 (degrees)

Figure 8.1. Waveforms of inp nisc and inp,igsc for the Symmetric strategy, for ¢ = —30 degrees and m = 0.9.
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As a consequence, the minimum value of NP voltage ripple, AVnp,minsc, IS increased for m
< 1 as compared to AVnpmin. Figure 8.2 plots AVnpminsc for the Symmetric strategy and its

Band-NV equivalent, which will be referred to as Band-Sym strategy.
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Figure 8.2. Normalized amplitude of NP voltage ripple (AVnpqsc/2) for the (a) Symmetric, and (b) Band-Sym
strategy.

The value of decr for the Symmetric and Band-Sym strategies is shown in Figure 8.3. It
can be observed that the part of the plot where decr is exactly equal to 50% differs
significantly in comparison to the NTV strategy (see Figure 6.11). This is due to the fact that,
as shown in Figure 8.4, Region 1 for the Symmetric (and Band-Sym) strategy covers the part
of Region 0 illustrated in Figure 6.6.
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Figure 8.3. Value of decr as a function of ¢ and m, for the Symmetric and Band-Sym strategies.
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Figure 8.4. Regions of converter operation for the Symmetric strategy: (Grey) Region 1, (Black) Region 2.
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Figure 8.5. Simulation comparing the Band-Sym to the Symmetric strategy during a fundamental cycle, for ¢ =

—30 degrees and (a) m = 0.9, (b) m = 1. i) (top) Line voltage v, and current 5Xi,, i) Ve conv, Vo1,sand @Nd Ve ref,

|||) iNP,ConV: in'|o and iNP,hi: and |V) (bottom) iNP,Band: iny|0 and iNP,hi-
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Figure 8.5 presents simulation results for the Symmetric and Band-Sym, which can be
compared to Figure 6.12 for the NTV and Band-NTV strategies. Zero-inp intervals can be
observed more clearly in Figure 8.5, since inp for the Symmetric and Band-Sym strategies is
equal to zero during these intervals. The increased duration of zero-inp intervals for the Band-
Sym leads to an increased effective switching frequency in comparison to the Symmetric
strategy, as shown in Figure 8.6. In comparison to the NTV and Band-NTV strategies, the
figure also illustrates that for the above strategies the amplitude of NP voltage ripple is higher
for m < 1, but not for the critical value of m = 1 (since, as explained in Section 6.3.2, when m

approaches 1, AVnp minsc approaches AVnep min).
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Figure 8.6. For ¢ = —30 degrees and m > 0.7, (a) Normalized amplitude of NP voltage ripple: (continuous line)
AVgang-sym/2, (dashed line) AVgyn/2, (filled circles) Simulation for Band-Sym strategy, (empty circles)
Simulation for Symmetric strategy, and (b) Ratio of f ¢ over fs.

Finally, apart from the formulation and comparison of different Band-NV strategies, the

work in this area can be extended with:

- Carrier-based implementations of Band-NV strategies (similarly to [41]).

- Feed-forward techniques (see [8], [29], [30]) adapted for application with Band-NV
strategies.

- Studies investigating the operation of Band-NV strategies with non linear or

imbalanced loads.
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8.2.3 Extension of work on Hybrid strategies

As for the case of Band-NV strategies, there is an open question on defining a hybrid
strategy that is optimized w.r.t. converter switching losses and output voltage distortion.
Future studies will investigate different hybrid (i.e. combinations of NV and non NV)
strategies to address this question, thus providing a practically valuable solution for NP

voltage ripple elimination to NPC converter designers.

Finally, the proposed concept on hybrid strategies can be modified with the aim of
creating strategies that can limit the NP voltage ripple to a desired extent (similarly to [52,
70]). Again, given the amplitude of NP voltage ripple, the created hybrid strategies can be
studied further to minimize switching losses and output voltage distortion by appropriately
defining the intervals when the selected NV/non NV strategy should be used.






Appendix A

SVM for the NPC converter —
MATLAB-SImulink models

Sections A.1 — A.3 of this Appendix provide supplementary material on NV strategies for the
NPC converter, while Section A.4 presents representative models/implementations of

calculations, converters, and modulation algorithms in MATLAB-Simulink.

A.1 Calculation of duty cycles for nearest Space Vectors

As explained in Section 6.3, the SV diagram of a three-level converter can be divided into
six sextants. Each of them consists of four small triangles, try — tr4, illustrated in Figure A.1.
For NV strategies, the duty cycles of Space Vectors are derived from (2.15), where V1, V,,
..., Vp, are the NVs for each small triangle. Solution of the above equations does not
distinguish between small (also zero) vectors that share the same position on the SV plane.
Thus, the derived values of dsg, dsi1, and dz can be arbitrarily distributed between {S0,, S0},
{S1,, S1,}, and {Z4, Z,,, Z3}, respectively.

The expressions for the duty cycles of NVs are taken from [62], and include a correction
in (A.3). It is noted that for the purposes of this section, angle 8 stands for the angle of Vger

w.r.t. LO, in the sextant where Vrer belongs (see Figure A.1).
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Figure A.1. Space Vectors and triangles tr; — try, in one sextant of a three-level converter.

Triangle try: {S04, SO}, M, LO

dgoin :2—m(\/§cose+sin¢9), (A1)
Ay =2msing , (A.2)
dyom =—1+m(/3coso-sing) (A.3)

Triangle try: {S04, S0,}, {S1;, S1,}, M

dsoyp, =1-2msing, (A.5)
dgy r, =1+ (sin@— /3 cos0) (A.6)
Oyeo =1+ M sin@+~/3c0s0) (A7)

Triangle tr3: {S1;, S1,}, M, L1

Aoy = 2—m(\/§cos¢9'+sin 9') : (A.8)
Ay =2mMsing' , (A.9)
dy=-1+m (\/5 cos &'-sin 6") , (A.10)

where 8" = w/3 - 0.

Triangle tra: {Zl, 7o, Z3}, {801, 802}, {Sll, Slz}
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d, s :1—m(\/§cose+sin 6), (A.11)
Ay =M (\/§ cos @ —sin 6’), (A.12)
sy 5 =2Msing. (A.13)

A.2 NP current rms value

This section presents an analytical derivation of the NP current rms value, used to plot the
graph in Figure 5.4 and determine the NPS circuit current rating in Section 5.2.3.

The absolute value of the NP current is periodic with a period of m/3. Therefore, the
analysis of one sextant of the SV diagram (see Figure A.l) is adequate to derive its rms
value. It can be readily shown that for modulation index m > 1/33 = 0.577, Vrer passes from
the outer and middle small triangles (try, tr, and tr3) without falling in the inner triangle (trs).
This is the region of modulation index values where the inverter practically operates, and NP
voltage ripple starts to appear [1]. For a given m > 0.577, the angles of transition from

triangle try to trp, and from tr; to tr; are 6 and (n/3 — ), respectively, where

6, = arccos 1)z . (A.14)
2M ) 6

Using the expressions for the small and medium vector duty cycles from Section A.1, as well
as the NP current associated with each vector in the first sextant (see Figure 6.1), the rms NP

current (Inp rms) Can be calculated from

O

_[ (dsom 5+ Ay 'itf)dﬁ
0
13-6y

61]'

I3
+ .[ (d81,tr3 'ic2 + 0y 'i,f)de

713-6,

Numerical calculation of (A.15) gives the plot of Figure 5.4. The plotted values have also
been verified with NPC inverter simulations using the SimPowerSystems toolbox of
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MATLAB-Simulink. As explained in Section 6.3, different NV modulation strategies can be
defined, depending on the distribution of dsp and ds; among the two small vectors of the
respective pair. However, since both vectors of each pair cause the same current amplitude
(only the sign changes, which cancels when squaring) to flow to/from the converter NP, the
above distribution does not affect the rms value of the NP current. Consequently, (A.15) and

Figure 5.4 are valid for any NV strategy.

A.3 Symmetric modulation strategy

This section describes the Symmetric modulation strategy, presented in [51] and discussed
in Chapters 6 and 7. The switching constraints and switching sequences for the 1* sextant of
this strategy are presented in Table A.1.

Figure A.2. Space Vectors and small triangles for the Symmetric strategy.

It can be observed that all switching constraints refer to triangles tr, and try. Namely, in
the higher/lower half of these triangles, the distribution factor xso/Xs1, respectively, can only
take the value of —1. As explained in Section 6.3.2, this restriction affects the amplitude of
NP voltage ripple for m < 1. However, it is imposed in order to create a set of switching

sequences, each of which comprises 6 switching steps.
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Triangle Xs0 Xs1 Switching sequence Steps
try free n/a 100-200-210-211-210-200-100 6
tro free -1 100-110-210-211-210-110-100 6
tron -1 free 110-210-211-221-211-210-110 6
trs n/a free 110-210-220-221-220-210-110 6
try free -1 100-110-111-211-111-110-100 6
tran -1 free 110-111-211-221-211-111-110 6

Table A.1. Duty cycle distribution factors and switching sequences for the Symmetric strategy [51].

A.4 MATLAB-Simulink models

This section includes the following:

MATLAB code for numerical calculation of (normalized) dc-link capacitor rms

current and peak-peak voltage ripple for NPC and CHB inverters.
Simulink model of the “Vector selection” block used by SVM for the NPC

converter.

Simulink model of NPC converter with NPS circuit.

Simulink model of NPC converter modulated with the Band-NTV strategy.
MATLAB code embedded to the “Band-NV PWM generator” block in the Simulink
model of NPC converter modulated with the Band-NTV strategy (implementing the

Band-NV algorithm).
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i) MATLAB code for numerical calculation of (normalized) dc-link capacitor rms current
and peak-peak voltage ripple for NPC and CHB inverters.

$INPUTS

M = 2/sqrt(3); % Modulation index

phi = 30/180*pi; % Power angle in rads

strategy = 2; % 1:SPWM, 2:SPWM+1/6 3rd harm., 3: SVM

HBperPh = 2; % Number of H-bridge cells (per phase) for the ML CHB

f = 1; % Reference frequency in Hz
C = 3 Capacitance of dc-link capacitors in F
Io mag = sqrt(2); % Magnitude of phase current in A

dTheta = 2*pi/180;

count = 0;

i d NPC rmssq = 0; % i.e. 1 d NPC rms square
i d NPC dc = 0;

i d CHB rmssq = 0; % i.e. i d CHB rms square
i d CHB dc = 0;

i d NPC = zeros(l);

i d CHB = zeros(1l);

i d CHB rmssqg ml = zeros(10);
i d CHB dc ml = zeros(10);

i d CHB ml = zeros(1l,1);

duty ml = zeros(1l);

for theta = 0:dTheta:2*pi-dTheta
count = count + 1;

$Duty cycle calculation

dutyA = M*cos (theta);

dutyB = M*cos (theta - 2*pi/3);
dutyC = M*cos(theta + 2*pi/3)

cmSignal = 0; % Common-mode voltage reference signal
if strategy == 2
cmSignal = -1/6*M*cos (3*theta);
else if strategy == 3
dutyABC = [dutyA dutyB dutyC];
cmSignal = -0.5* (max (dutyABC) + min (dutyABC)) ;
end
end

dutyA = dutyA + cmSignal;
dutyB = dutyB + cmSignal;
dutyC = dutyC + cmSignal;

$Three-phase currents

iA = Io _mag*cos (theta-phi);

iB = Io_mag*cos (theta-phi-2*pi/3);
iC = Io_mag*cos (theta-phi+2*pi/3)
I3ph = [iA iB iC];

$NPC inverter calculations
[dutySorted, indices] = sort([dutyA* (dutyA > 0) dutyB*(dutyB > 0) dutyC* (dutyC > 0)],
'ascend') ;

dutyl = dutySorted(
duty2 = dutySorted(
duty3 = dutySorted(
il = I3ph(indices (1
i2 = I3ph(indices (2
i3 = I3ph(indices(3));

i d NPC rmssq = i d NPC rmssq + (duty2-dutyl)*(i2+i3)"2 + (duty3-duty2)*(i3)"2

i d NPC(count) = iA*dutyA* (dutyA > 0) + iB*dutyB* (dutyB > 0) + iC*dutyC* (dutyC > 0);
i d NPC dc = i d NPC dc + i_d NPC(count);

)i
)i
)i
)i
)i

’

1
2
3
)
)
)
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%CHB inverter calculations

i d CHB rmssq = i d CHB rmssq + iA"2*abs (dutyA);
i d CHB(count) = iA*dutyA;

i d CHB dc = i d CHB dc + i d CHB(count);

$Multilevel CHB (CHB ML) inverter calculations

Is

147

HBhigh = floor (abs (dutyA) *HBperPh); SNumber of cells with duty cycle = +/-1 (for phase A)

HBduty = HBperPh * mod (abs (dutydA), 1/HBperPh);

for n = 1:HBperPh
if n <= HBhigh

duty ml(n) = sign(dutyA); % Duty cycle of the HBhigh lower cells
else
duty ml(n) = 0; % Duty cycle of the (HBhigh+2) up to the highest-level cell
end
end
duty ml (HBhigh + 1) = sign(dutyA)*HBduty; % Duty cycle of the (HBhigh+l)-level cell
for n = 1:HBperPh
i d CHB rmssqg ml(n) = i d CHB rmssq ml(n) + iA"2*abs(duty ml(n));
i d CHB ml(count,n) = iA*duty ml(n);
i d CHB dc_ ml(n) = i d CHB dc ml(n) + i d CHB ml(count,n);
end
end
SRESULTS

$NPC inverter results

fprintf ("\n\nNPC\n--—-—-=-——-——-————— "y

i d NPC rmssq = i d NPC_ rmssg*dTheta/ (2*pi);

i d NPC dc = i d NPC dc*dTheta/ (2*pi);

i C_ NPC rms = sqrt(i_d NPC rmssqg - i_d NPC dc”2) %Capacitor

i C NPC = i d NPC - i d NPC dc;

dQ C NPC = i C NPC.*dTheta/ (2*pi*f);

Q C NPC = cumsum(dQ C NPC);

Q C NPCpp = max(Q C NPC) - min(Q C_NPC);

V_C NPCpp = Q C NPCpp/C %Capacitor peak-peak voltage ripple

%CHB inverter results

fprintf ("\n\nCHB\n--=-=-=-——-——————— ")

i d CHB rmssq = i d CHB_ rmssg*dTheta/ (2*pi);

i d CHB dc = i d CHB dc*dTheta/ (2*pi);

i C CHB rms = sqgrt(i d CHB rmssq - i d CHB dc”2) S%Capacitor

i CCHB = i d CHB - i d CHB dc;

dQ C CHB = i _C CHB.*dTheta/ (2*pi*f);

Q C CHB = cumsum(dQ C CHB);

Q C CHBpp = max(Q_C CHB) - min(Q_C CHB);

rms

for

rms

current for NPC

NPC

current for CHB

V_C CHBpp = Q C CHBpp/C %Capacitor peak-peak voltage ripple for CHB
$CHB ML inverter results
for n = 1:HBperPh
fprintf ('\n\nML CHB, Cell %d \n------------————- ',n);
i d CHB rmssq ml(n) = i d CHB rmssq ml(n)*Dtheta/ (2*pi);
i d CHB dc ml(n) = i d CHB dc_ml (n)*Dtheta/ (2*pi);
i C CHB rms ml = sgrt(i_d CHB rmssq ml(n) - i d CHB dc ml(n)"2)
i CCHB ml =i d CHB ml(:,n) - i d CHB dc ml(n);

dQ C CHB ml = i C CHB ml.*Dtheta/ (2*pi*f);

Q C CHB ml = cumsum(dQ C CHB ml);
Q C CHBpp ml = max(Q C CHB ml) - min(Q C CHB ml);
V_C_CHBpp_ml = Q_C CHBpp_ml/C

end
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i) Simulink model of the “Vector selection” block used by SVM for the NPC converter.

a2 a [

e
11} o —II
1

L* /l‘:' +

999

[T 1 L |I
El

@ o o > .—rl
4

11 L -T.rll

R 1 o) i —ao ||
[T fe « O

= T o ._-lr o \
21 p o \

[z 1

L
[+

L
o

2 2 1}

HH

2z o

Pulss

[z I

¥

a
T -t

[z 1 1j

2 13

T 3T

"7
[T

@ 1 . a
maz ._1T o

.

T P LR ot

=]

[ === = [eora} 4N

il [+ ra]—sr

21 *

i g _;

@ 2 1}

- I §

Y ¥
El
t .
a

Mulloos
Swindn

Figure A.3. Vector selection block.
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V) MATLAB code embedded to the “Band-NV PWM generator” block in the Simulink
model of NPC converter modulated with the Band-NTV strategy.

)

% NOTE: The code below operates through an interface to the “Band-NV PWM generator” block.

function

[vNum,i M,i Spos,i Sneg, tprev_new,Vbeg,ContInt,V Cl ref,sM,UI Flag,UIsign,t sM,bal Flag,balOK
,Region, sV _Cl1,V _Bandpk,DQcross flag,Vectorl,Vector2,Vector3,Vectord4,Timel,Time2,Time3,Time4, i
_Smax, iNP_BandNTV,x S1,x S0] =

fen(t, £s, tprev, Vv _Cl, Iabc, M, vNum prev,i M prev,i Spos prev,i Sneg prev,Vbeg prev,ContInt prev,
sM prev,UI Flag prev,UIsign prev,t sM prev,bal Flag prev,balOK prev,Region prev,sV Cl prev,V_
Bandpk prev,DQcross_flag prev,V_Cl ref prev,Vectorl prev,VectorZ2 prev,Vector3 prev,Vectord4 pr
ev,Timel prev,Time2 prev,Time3 prev,Time4 prev,i Smax prev,iNP BandNTV prev,x Sl prev,x SO pr
ev)

$INPUT

f = 50;

Vnom = 900;

C = 0.5e-3;

% x max = 1;
notUsing8stepsForSmallBalancing = 1;

%Hold the values below, unless they change later
Vectorl = Vectorl prev;
Vector2 = Vector2 prev;
Vector3 = Vector3_prev;
Vector4 = Vector4 prev;

Timel = Timel prev;
Time2 = Time2 prev;
Time3 = Time3 prev;
Timed4 = Timed prev;
vNum = vNum_prev;

i M =1 M prev;

i Spos = i Spos_prev;

i Sneg = i Sneg prev;

i Smax = i_Smax prev;
iNP_BandNTV = iNP_BandNTV_prev;
x S0 = x S0 _prev;

x S1 = x Sl prev;

UI Flag = UI_Flag prev;
UIsign = Ulsign prev;

t sM = t sM prev;
DQcross_flag = DQcross_flag prev;
bal Flag = bal Flag prev;
balOK = balOK_prev;
Region = Region prev;
V_Bandpk = V_Bandpk prev;
Vbeg = Vbeg prev;
V_Cl_ref = V_Cl ref prev;
ContInt = ContInt prev;
sV_Cl = sV_Cl prev;

sM = sM prev;

Tsw = 1/fs;
w = 2*pi*f;
ref = cos(w*t);

% if M < 0.95
mult = 1.07;

o
o\

% else

% mult = 1.01;
% end

mult = 1;

if t > tprev+Tsw
$New switching period!
tprev_new = t;
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5

theta is calculated based on tprev,

% therefore remains the same during a switching period

theta = mod (w*tprev, 2*pi);

sextantNum = floor (theta / (pi/3));

theta = mod(theta, pi/3); % Working with the first Sextant only!
theta tr = acos(1/(2*M))-pi/6;

$Duty cycles

dSOmod = dSO (theta, M, 1);
dSlmod = dS1(theta, M, 1);
dMmod = dM(theta, M, 1);

%Vector selection

vNumS0O = mod (4*sextantNum, 24); %S0,1->+0, SO0,2->+1
vNumSl = mod(4*sextantNum + 4, 24); %S1,1->+4, S1,2->+5
vNumM = mod (4*sextantNum + 2, 24);

%$Calculating i_ S0, i_S1

IofsS0 = 0;
IofsSl = 0;
if vNumSO == 0 || vNumSO == 12
IofS0 = Iabc(1l);
else if vNumS0O == || vNumSO == 16
IofS0 = Iabc(3);
else if vNumSO == 8 || vNumSO == 20
IofS0 = Iabc(2);
end
end
end
if vNumS1 == 0 || vNumSl == 12
IofS1l = Iabc(l);
else if vNumS1l == |l vNumS1l == 16
TofS1l = Iabc(3);
else if vNumSl == || vNumS1l == 20
IofS1l = Iabc(2);
end
end
end

i SO = dSOmod*IofsO;
i S1 = dSlmod*Iofsl;
i Smax = abs(i_S0) + abs(i_S1);

% Deriving i Spos|Str and i Sneg|Str
i Spos = 1_Smax;

i Sneg = -i_Smax;

%Calculating i M

IofM = 0;
if vNumM == || vNumM == 14
IofM = Iabc(2);
else if vNumM == || vNumM == 18
IofM = TIabc(1l);
else if vNumM == 10 || vNumM == 22
IofM = Iabc(3);
end
end
end

i M = dMmod*IofM;

%Checking inverter operation Region (0, 1, or 2) and Balance whenever i M changes sign
if sM prev ~= sM && t > t sM prev + 5*Tsw
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$Check that balance was not lost
balOK = 1;
if bal Flag == 0

balOK = 0;
end

% Check if there has been an UI between the previous change of sM and this one

Region = 1;

if UI _Flag prev == % If not, we are in Region O
Region = 0;

end

%Reinitialize flags for next i M half cycle (after some delay, because between quick
sign changes

$there are no UIs and this confuses the code, sending it to Region 0)

bal Flag = 0;

UI Flag = 0;

DQcross_flag = 0;

t sM = t;

end

sV_Cl = sign(V_Cl - Vnom);
% Check 1f V _Cl crossed Vnom between the previous change of sM and this one
if sV Cl prev ~= sV Cl
bal Flag = 1;
end

% Check if there has been an UI between the previous change of sM and this one

if i M > -i Sneg || i M < -i Spos %aDQS < ai M %Inside an uncontrollable interval
UI Flag = 1; % UI appeared between two sign changes of i M, so Region = 1 or 2.
if iM>0

UIsign = 1; % Sign of i M during last UI
else
Ulsign = -1;
end
end
if balOK prev == 0 || Region prev == 0

ContInt = 1;

Vbeg = Vnom;
V_Bandpk = 0;
V_Cl_ref = Vnom;
else % Region 1, Balanced operation

o

Sample V_C1 at the beginning and at the end of an uncontrollable interval.
$Sampling voltage at the beginning and the end of uncontrollable intervals (if any)
if ~(i_M > -i Sneg || 1 M < -i Spos) %Inside a controllable interval

ContInt = 1;

%At the beginning of a controllable interval:
$If the previous UI has driven V_Cl to its sign, sample V_CI1.
%This is the final voltage, after the uncontrollable int.
if ContInt prev == 0 && sV_Cl == Ulsign
%Change Vref
V_Bandpk = mult * 0.5 * abs(V_Cl - Vbeg prev);

%Set the reference (target) voltage according to the sign (or 0) of i M
%in the previous uncontrollable interval.
V_Cl_ref = Vnom + UlIsign * V_Bandpk;
end
else
ContInt = 0;

%At the beggining of an uncontrollable interval sample V_Cl. This is the initial
voltage, at the beggining of the uncontrollable int.
if ContInt prev == 1 && DQcross flag prev ==
Vbeg = V_CI1;
DQcross_flag = 1; % To sample the very beginning of the uncontrollable
interval
end
end
end
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$SADJUSTMENT OF DUTY CYCLES

%$Voltage deviation due to M, S0,1 and S1,1
DVofM = i M*Tsw/ (2*C);

DVofS0 = i S0*Tsw/ (2*C);

DVofSl = i S1*Tsw/ (2*C);

vNumSO_1 = vNumSO;
vNumSO 2 = vNumSO + 1;

vNumS1l 1 = vNumS1l;
vNumSl 2 = vNumS1l + 1;

x S0 = 0;
x 81 = 0;

if theta < theta tr
Triangle = 1;
$Low outer triangle, use S0, M, LO
vNumLO = mod (4*sextantNum + 3, 24);

dLOmod = 1-dSOmod-dMmod;

$Distribution of duty cycle between S0,1 and SO,2

$For the NTV, it is actually selection between 50,1 or S0,2

if DVofS0O ==

% Arbitrarily select x SO = 1, it doesn't affect VNP

Vectorl = vNumSO_1; Timel = dSOmod*Tsw;
Vector2 = vNumLO; Time2 = dLOmod*Tsw;
Vector3 = vNumM; Time3 = dMmod*Tsw;

else
x S0 = (V_Cl ref - V_Cl - DVofM)/DVofS0;

if x SO >= 0
x S0 = 1;
Vectorl = vNumSO_1; Timel = dSOmod*Tsw;
Vector2 = vNumLO; Time2 = dLOmod*Tsw;
Vector3 = vNumM; Time3 = dMmod*Tsw;
else
x S0 = -1;
Vectorl = vNumLO; Timel = dLOmod*Tsw;
Vector2 = vNumM; Time2 = dMmod*Tsw;
Vector3 = vNumSO 2; Time3 = dSOmod*Tsw;
end
end

else if theta < pi/3 - theta tr
$Triangle 2
Triangle = 2;
balancing flag = 0;

if V. C1 ref > V Cl + DVofM + abs (DVofs0) + abs(DVofSl)
$Select the small vectors that cause positive DVs

if DVofsSO > 0
x_ S0 = 1;
else
x S0 = -1;
end

if DVofsl > 0

x S1 = 1;
else

x S1 = -1;
end

else if V. Cl ref < V_Cl + DVofM - abs(DVofS0) - abs(DVofSl)
$Select the small vectors that cause negative DVs

if DVofsO > 0
x S0 = -1;
else
x S0 = 1;
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end

if DVofsSl > 0

x S1 = -1;
else
x 81 = 1;
end
else
balancing flag = 1;
finalV Cl a = V_Cl + DVofM + abs(DVofS0) - abs(DVofSl);

finalV C1 b = V_Cl + DVofM - abs (DVofsS0) + abs(DVofSl);

if abs(V_Cl ref - finalV Cl a) < abs(V_Cl ref - finalVv Cl b)
$Select SO that causes positive DV and S1 that
%causes negative DV (a).
if DVofsO0 > 0
x 80 = 1;
else
x S0 = -1;
end

if DVofsl > 0
x S1 = -1;
else
x 81 = 1;
end

else
%Select SO that causes negative DV and S1 that
%causes positive DV (b).
if DVofsSO > 0
x S0 = -1;
else
x S0 = 1;
end

if DVofSl > 0

x 81 = 1;
else
x S1 = -1;
end
end
end
end
if notUsing8stepsForSmallBalancing == 1 && balancing flag == 1 && x S0 == 1 &&
x S1 ==
x S0 = -1;
x 81 = -1;
end
if x S0 == 1 && x_S1 == % This is the 8-step sequence

Vectorl = vNumSO0 1; Timel = dSOmod*Tsw;
Vector2 = vNumM; Time2 = dMmod*Tsw;
Vector3 = vNumS1l 1; Time3 = dSlmod*Tsw;
else if x S0 == 1 && x_S1 == -1
Vectorl = vNumS0 1; Timel = dSOmod*Tsw;
Vector2 = vNumS1l 2; Time2 = dSlmod*Tsw;
Vector3 = vNumM; Time3 = dMmod*Tsw;
else if x S0 == -1 && x_S1 ==
Vectorl = vNumM; Timel = dMmod*Tsw;
Vector2 = vNumS0 2; Time2 = dSOmod*Tsw;
Vector3 = vNumS1l 1; Time3 = dSlmod*Tsw;
else
Vectorl = vNumS1l 2; Timel = dSIlmod*Tsw;
Vector2 = vNumM; Time2 = dMmod*Tsw;
Vector3 = vNumS0 2; Time3 = dSOmod*Tsw;
end

end
end
else
Triangle = 3;

vNumLl = mod (4*sextantNum + 7, 24);
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dLlmod = 1-dSlmod-dMmod;

%$Distribution of duty cycle between 50,1 and S0,2
if DVofSl ==
% Arbitrarily select x S1 = 1, it doesn't affect
Vectorl = vNumM; Timel = dMmod*Tsw;
Vector2 = vNumLl; Time2 = dLImod*Tsw;
Vector3 = vNumS1l 1; Time3 = dSlmod*Tsw;
else
x S1 = (V.Cl ref - V Cl - DVofM)/DVofSl;
if x S1 >= 0
x 81 = 1;
Vectorl = vNumM; Timel dMmod*Tsw;
Vector2 = vNumLl; Time2 = dLIlmod*Tsw;
Vector3 = vNumS1l 1; Time3 = dSlmod*Tsw;
Vectorl = vNumSl 1; Timel = dSlmod*Tsw;
Vector2 = vNumLl; Time2 = dLlmod*Tsw;
Vector3 = vNumM; Time3 = dMmod*Tsw;
else
x 81 = -1;
Vectorl = vNumS1l 2; Timel = dSlmod*Tsw;
Vector2 = vNumM; Time2 = dMmod*Tsw;
Vector3 = vNumLl; Time3 = dLImod*Tsw;
Vectorl = vNumLl; Timel = dLlmod*Tsw;
Vector2 = vNumM; Time2 = dMmod*Tsw;
Vector3 = vNumSl 2; Time3 = dSlmod*Tsw;
end
end
end
end

oo

5

5

o

o0 oP

iNP_BandNTV = i M + x S0*i SO0 + x S1*i S1;
else

%$Same switching period

tprev_new = tprev;
end

SSWITCHING THE CONVERTER

if t < tprev new + (Timel)/2
vNum = Vectorl;
else if t < tprev new + (Timel + Time2)/2
vNum = Vector2;
else if t < tprev new + (Timel + Time2 + 2*Time3)/2
vNum = Vector3;
else if t < tprev new + (Timel + 2*Time2 + 2*Time3) /2
vNum = Vector2;
else
vNum = Vectorl;
end
end
end
end

vNP
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Appendix B

Converter IGBT-diode losses

An analytical study of semiconductor (switching and conduction) losses for the 2L, 3L NPC,
and 3L CHB inverter topologies is presented in this Appendix. Existing literature on
switching and conduction losses is reviewed, and its methodologies are used to derive
analytical loss expressions for each topology. Expressions are written in terms of the inverter
operating parameters and module loss characteristics, assuming the SPWM modulation
strategy. Screenshots from a CLC, built according to the derived expressions, are included at

the end of the Appendix.

B.1 Switching losses

Switching losses appear during the turn-on and turn-off processes of the semiconductors
that create the inverter’s PWM waveform. The process of estimating the switching losses for
an inverter switching module (IGBTs will be assumed in this study) or diode, starts with
analysing the switching energy loss for a single switching. Subsequently, the number of
switchings and their position during the fundamental voltage and current cycle is determined.
The sum (integration) of all switching energy losses over a fundamental period, divided by its

duration, T, gives the switching power losses for the examined IGBT or diode.

Regarding the estimation of elementary (i.e., for a single switching) switching energy
losses, two main approaches can be found in the literature. The first is based on the
semiconductor current-voltage (I-V) switching transients, whereas the other uses its on/off
loss-current (Eonjorf —1) curves. In [73, 74] the authors present an electrothermal model that
approximates the switching losses in IGBTs and diodes based on the devices turn-on and
turn-off 1-V characteristics. Turn-on and turn-off processes and losses are treated separately,

as they are governed by different phenomena. This increases the model’s complexity and
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brings several curve-fitting constants in the derived expressions. On the other hand, the
approach using the switching energy (Eonsoi -1) curves is simpler, mainly because of the fact
that the losses during a complete switching (turn-on and turn-off) are approximately
proportional to the switching voltage and current. This argument is supported and used by
many researchers [75, 76], while graphs included in IGBT-diode module data sheets indicate
this approximately linear relationship [77]. Accepting this approach has the benefit of
avoiding long expressions and numerous constants, while enhancing the accuracy of the

results due to the use of experimental data from the relevant data sheets.

Starting with 2L inverters, switching losses have been investigated using different
assumptions as a basis, giving respective approximate results [78, 79]. What is important for
the case of 2L inverter is the fact that switching losses are the same and independent of the
load PF for all continuous PWM methods. This happens because all three-phase currents are
commutated during each carrier cycle [12]. Regarding the NPC inverter, expressions for
switching losses have been derived in [80], using a second order approximation of the
switching energy with respect to current. Finally, no study of switching losses has been found
regarding the CHB inverter.

The analytical derivation of inverter switching losses in the present study was based on the
assumption that the total (turn-on and turn-off) losses during one semiconductor switching
are proportional to the switching voltage and current [75, 76]. The approach that uses the
switching energy curves was adopted, due to the advantages explained earlier.
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Figure B.1. IGBT turn-on and turn-off energy losses [77].

Figure B.1 [77] illustrates the turn-on and turn-off energy losses of an IGBT with respect
to its switching current. Similar graphs are also available for power diodes. The sum of the
two curves for each value of the switching current represents the total switching energy loss
during one complete switching. The curves are approximately linear and hence this sum can
be approximated by a first order equation with respect to the instantaneous switching current,
lsw. Switching losses are also proportional to the switching voltage, Vs, and therefore the
switching energy loss characteristics (i.e. the energy losses during one on-off switching),
Eiswc for IGBTs and Ejsy g for diodes, can be mathematically described by equations of the

following form:

Elswc = VSW (ac ) Isw + bc)
Ve or E :Vi(a 1y, +b,q) B.1
\/ 1sw,c/d \/ c/d SW c/d/ -+ ( ' )

base

Elsvv,d = (ad ’ Isw +bd)

base

<

The latter equation is written in a compact form, to cover both, IGBTs (subscript ‘c’) and
diodes (subscript ‘d”). The curve-fitting constants a. and b, will be used for the IGBTSs, while

ag and by will be used for the diodes. Symbols o and b will represent the sums a; + ag and b
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+ by, respectively. Vpase represents the reference switching voltage, used for the derivation of

the plot in the data sheet.

In addition to the switching energy characteristics, the calculation of average switching

losses for a given inverter semiconductor, requires the following parameters:

- Switching frequency, fs.

- Switching voltage (i.e., the voltage across which the semiconductor has to switch),
Vsw.

- The switching current (i.e., the current that flows/will flow through the
semiconductor, before/after it switches off/on, respectively). For reasons of simplicity
of derived expressions, angle @ in this section will represent the current angle instead
of the voltage reference angle. Thus, the switching current will be Isiné.

- The angle interval(s) during which the semiconductor switches, expressed as

portion(s) of the fundamental cycle, [61, 62].

The first step for the derivation of a switching loss expression is the calculation of the
average energy loss, Eg,, over a fundamental period. One complete switching happens during
each switching period. Under the assumption that the switching frequency is several times
higher than the fundamental frequency, the switchings can be considered to be evenly
distributed over a fundamental period. Thus, for a given inverter IGBT/diode, Eg, is given by

the following integral:

E Vﬂijfz(ac,dkasin6?+bc,d)d0. (B.2)

sweld —
' [2)
Vbase 272.

The switching power losses can then be found by multiplying by the inverter switching

frequency:

P

sw,c/d

= Esw,c/d fs . (B.3)

B.1.1 Switching losses in the two-level inverter

The methodology introduced in the previous paragraph will be initially applied to the 2L

inverter. In a 2L inverter, power semiconductors switch under:
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- The full dc bus voltage: Vg

- Instantaneous current: Iy sing

- The switching intervals: [0, ] and [x, 27]

The expressions for the IGBT/diode average switching energy and switching power losses

in this topology are given below:

V,, 1 = .
Esw,c/d—ZL :Vdc 2_".0 (ac/dlpk3|n0+bc/d)d9
Vbase T b (B4)
a
P — dc c/d | + c/d f
sw,c/d-2L Vbase( T pk 2 j S

According to (B.4), the power loss expression is derived from the energy loss expression in a
simple manner, and hence, throughout the report, the two expressions will be presented as a
pair with a single equation number. The expression is the same for IGBTs and diodes. Since

the three-phase 2L inverter consists of six IGBTs-diodes, its total switching losses will be

given by
V. (a b
Psw—ZL,3¢ = 6@(; I pk "‘Ej fs (B.5)
where
a=a, +a, (B.6)
b=b +b;

B.1.2 Switching losses in the NPC inverter
In an NPC 3L inverter, IGBTs and diodes switch under:

- Half the dc bus voltage: V. /2
- Instantaneous current: lpsing
- Switching intervals:
= (S;) < (Ds) switch during [0, —¢]
= (S, Ds) < (D3, D4) switch during [n—¢, @]
= (S4) < (Dg) switch during [r, 2n—¢]
»  (S3, Dg) <« (D1, Dy) switch during [2n—¢, 2x]
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The average switching energy and the respective power loss expressions for each
semiconductor of this topology will be (*/* is used as in (B.1) to provide a compact equation

form for semiconductors that share the same loss expression):

Ve 1 prd .
Esw—NPC,Sl/DS = ESW—NPC,S4/D6 ZV_dE 0 (ac/d I pksm9+ bc/d)de
base
B.7
vV, 1 (B.7)
Psw—NPC,Sl/DS = Psw—NPC,S4/D6 = \/_4_[ac/d I pk(cos¢+1) + bc/d (m _¢)]fs
base 7
Vie 1 ¢# .
Esw—NPC,SZ/SB =KEI”¢(ac|kaIn9+bc)d0 55
vV, 1 '
Paw-npc.saiss = e — [ac ok (1—cosg) + bc¢]fs
Vbase 4
Ve 1 ¢7 .
Esw—NPC,Dl/.../D4 = \ig g (a4l pk SIN 0 +b,)do 59
Ve 1 '
Paw-npe,p1/.1pa = VLS_ [ad I (1—cosg)+ bd¢]fs

base

According to the above expressions, the total switching losses for the three-phase 3L NPC

inverter are

V. (@ b
Pavnee,3s = 3V_d(; | ok +E) fs . (B.10)

base

B.1.3 Switching losses in the CHB inverter

In a CHB 3L inverter, the semiconductors switch under conditions which are similar to the

ones for the NPC inverter:

- Half the dc bus voltage: V. /2
- Instantaneous current: [y sing
- Switching intervals:
= (Sp) < (D) switch during [0, n—¢]
= (Sy) < (D3) switch during [n—¢, ]
= (S3) < (Dy) switch during [x, 2n—¢]
= (Sy) « (Dy) switch during [2n—¢, 2]
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The switching loss expressions for the IGBTs S; ... S4 and diodes D; ... D4 for each H-

Bridge of the CHB topology, will be the following:

Ve 1 (79 :
Eqwcresioz = Eswchsaps = V_dE 0 (@ql ok SINO + b4 )dO
Vbase 1 (Bll)
Psw—CHB,Sl/DZ = PSW—CHB,SSID4 = i_[a-c/d I pk(C05¢ +1) + bc/d (7r - ¢)]fs
Vbase 4”
Vie 1 ¢~ .
ESW—CHB,S4/D3 = Esw—CHB,SA/DS = V_E o (a'c/d I pk SIN 0+ bc,d)dﬁ
base (812)

P =P = Ve 1
sw-CHB,S4/D3 — ' sw—CHB,S4/D3 —
Vbase 47[

[ac/d I (1—cosg) + bc/d¢]fs

The total switching losses for the three-phase CHB comes from the following expression,

which is identical to the respective one for the NPC inverter:

Vi (a b
PSW—CHB,3¢ = 3\/_(1(; I pk +§} fs = PSW—NPC,3¢ . (B.13)

base

B.2 Conduction losses

Conduction losses occur during the semiconductor conduction intervals, due to their non-
zero on-state voltage drops. Two main approaches have been used in the literature for the
estimation of conduction losses, both giving the same results. The first [78] assumes a high
switching frequency and divides the fundamental period into infinitesimal time intervals,
equal to the switching period. Then, it multiplies the expressions for the power loss and the
duty cycle of each power semiconductor for a given time instant with the elementary
switching period (dt). Finally, it integrates this product over a fundamental period and obtains
the average conduction losses. The second approach [79] performs a pulse-by-pulse analysis
that examines the exact positions and durations of each semiconductor’s conduction
intervals. It does not assume an infinite switching frequency, hence approaching what
happens in an inverter more closely, but yields complicated intermediate results. The final
results of the two methods are identical, which verifies the applicability of the first approach

even in lower switching frequencies.
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Unlike switching losses, inverter conduction losses are affected by the selection of the
PWM strategy and the load power factor. Expressions for the 2L inverter conduction losses
can be found in [78, 79, 81]. Regarding the NPC inverter, expressions for IGBT and diode
conduction losses are derived in [80, 81, 82], and have been verified in the context of the
present work. Expressions for the NPC inverter can also be found in [75] and [83] for a
number of modulation strategies. No literature has been found on the conduction losses of the

CHB and the interleaved inverter topologies.

IGBT and diode conduction (instead of switching) 1-V characteristics are used for deriving
expressions for conduction losses. In order to approximate these characteristics, it is common
to use two curve-fitting constants, Vo g and Reyg that represent the semiconductor’s saturation
voltage and on-state resistance, respectively. Their values are acquired from -V graphs
included in IGBT-diode module data sheets.
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Figure B.2. IGBT I-V characteristic [77].

Figure B.2 [77] presents the conduction I-V characteristic for an IGBT. V, is equal to the
voltage at the point where the extension of the linear part of the graph intersects the
horizontal axis, while R. is equal to the inverse of its gradient. Vo ¢4 and Reg approximate the

conduction I-V characteristics of IGBTs-diodes, according to

V=Vys+!1Ryy . (B.14)



Appendix B | Converter IGBT-diode losses 165

The derivation of the conduction losses for an inverter semiconductor, associates its

conduction characteristics with the following parameters:

- The instantaneous load current amplitude, Ipsing and power factor, PF = cos¢
- The conduction interval(s) during a fundamental period, [6;, 6]

- The conduction duty cycle as a function of the voltage angle, 6(6+¢)

The term ‘conduction interval’ in the present context is used macroscopically to denote the
portions (in terms of current angle 6) of the fundamental period, during which the examined
IGBT or diode carries current while it is turned on. The device does not conduct during the
whole conduction interval but during a fraction of it, which equals to the instantaneous duty
cycle. Under the assumption of a high inverter switching frequency, the sum of all
elementary conduction losses over a fundamental period can be approximated by a respective
integral. Division by the duration of a fundamental cycle (2x) gives the expression for

conduction power losses of a specific IGBT/diode of the inverter:

F)con:i 525(9+¢)|c/dvc/dd(9
2 7o

or (B.15)
1 o, . .

P :ZJ@ SO+, SINO(R 41, SINO+V, 4 )dO

B.2.1 Conduction losses in the two-level inverter

In a 2L inverter, power semiconductors conduct:
- The instantaneous load current : I sing
- Conduction intervals:
= |[GBT S; and diode D, conduct during [0, ]
= |IGBT S; and diode D; conduct during [=, 27]
- Duty cycles:

= |GBTs: 5=%[1+Msin(6?+¢)]

= Diodes: & :%[1— M sin(6 + ¢)]
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According to the previous paragraph, the IGBT, diode and total conduction losses for the

three-phase 2L inverter will be given by the following expressions:

Poon st s1/ss = %j:%[u M sin(@ + @)1l ,, SinO(R, 1, Sin&+V, )6

Lo Y (B.16)
Pcon—ZL,Sl/SZ 8+§COS¢ pk+ 27Z'+ECOS¢ Oc pk

1 -1 : : :
Poon 2 o1/05 :ZIO “[1-Msin(@ + Il , SinO(R, 1, sin@+V, ,)d6

Lo Y (B.17)
Peon-2L.01/02 = 5_3_C03¢ Rdlpk+ 27[—§COS¢ 0 ! o

Pavzeos =| SRR+ R R )cos |1+
(B.18)

|:_(V0c+V0d)+_(VOc_VOd)COS¢:|ka
T ' 4 ’ ’

B.2.2 Conduction losses in the NPC inverter

As for the 2L inverter, the power semiconductors that conduct in this topology conduct the
instantaneous load current. The conduction intervals for each semiconductor of the NPC
inverter are summarized in Table B.1. The voltage waveform produced by 3L inverters
switches between £V/2 and 0, not between +Vc/2 and —Vgc/2 as in 2L inverters. This affects
the calculation of the semiconductor duty cycles, which are different than the 2L inverter’s
and are shown in Table B.2 [49]. Note that in this topology certain devices conduct during

two non adjacent intervals during a fundamental cycle.
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Device with duty with duty
] from to from to
conducting cycle cycle
S1 0 —¢ 51
S2 0 n—¢ 1 T—¢ =« 53
D3 , D4 n—¢ T 54
2
D5 0 n—¢ 52 < T—¢ T 53
54 T 2n—¢ 64
83 T 2n—¢ 1 2n—¢ 2m 52
D,D 2n—¢  2nm P
1 2 1
D6 T 2n—¢ 63 2n—¢ 2= 52

Table B.1. Conduction intervals for the NPC inverter.

Sign of vy ret Leg x in state with duty cycle Symbol
(P) Msin(6+¢) o1
Vx,ref > 0
2) 1-Msin(6+¢) 02
2) 1+Msin(6+¢) 03
Vx,ref <0
(N) —Msin(6+¢) 04

Table B.2. Conduction duty cycles for three-level inverters.
The resulting conduction power loss expressions for the inverter IGBTS are the following:

P

C

1 (v . . . :
o NPC.S1/Sa = gjo M sin(@ + §)1 ,, sin @(R,1 ,, sin 6 +V,,.)dé
(B.19)

P

C

MRCI ék 2 MVO,CI pk .
on-NPC,S1/S4 — (1+cos ¢) +—[(7T—¢) COS ¢ +Sin ¢]
67 4
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C

1 ¢, . .
Pon—NPC,SZ/SS = E[J'O I sin Q(Rcl pk SIN 9+V0,c)d0+

j¢ [L+ M sin(@ + )]l sin O(R. 1, sin 6 +V, . )dd]

RI% RJIZM ) (B.20)
Pon-npe s2rs3 = 1 6 (1—cos¢)” +

V,.I MV, |

Oc Pk — "9¢ P (4cos ¢ —sin )

4
The respective conduction power loss expressions for the inverter diodes are:

1 (= ) . )
Peon-npC.D1/. /D4 = ELW [-M sin(@ + #)]I pk SIN O(Ry1 pk SIN 0+V,,4)do

, (B.21)
P — MR, | Pk 1 2 MVy,l PK i
con-NPC,D1/.../D4 — 67 ( —Cos ¢) +T(S|n¢—¢COS ¢)
1 (79 . . i
Pon e, 05/ 06 = E[Io [1- M sin(@ + @)1, SiNO(Ry 1, SINO+V, )dO+
j”_¢[1+ M sin(0 + ¢)]..d6]
B.22
Ralse MRy12, (B.22)

Poon_npe.D5/DE = 4 3. 1+ cos’ P) +

Vol ok MV 4l ok
+
A

[(2¢ — ) cos ¢ — 2sin @]

Using the above expressions, the total conduction losses for the three-phase NPC inverter

can be proved to be the following:

4M

3
Poon-npe,3p = ‘:E(RC + Rd)+7(Rc - Rd)COS(é}l ik +

(B.23)
[E (Vo,c +V0,d ) + _32/| (Vo,c _Vo,d ) Cos ¢}| pk
T

B.2.3 Conduction losses in the CHB inverter

Instantaneous current values and duty cycle definitions are identical for the 3L NPC and
CHB inverters. However, the conduction intervals, illustrated in Table B.3, are different for

the CHB topology.
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Device conducting from to with duty cycle from to with duty cycle
S1 0 n—¢ 51
S2 T 2n—¢ 1 2n—¢ 2m 52
D1 2n—¢ 2n 51
_ ) _
D2 0 n—¢ 52 S n—¢ T 1
<
S3 T 2n—¢ 54
S4 0 n—¢ 1 n—¢ T 53
D3 n—¢ T 54
D4 T 2n—¢ 53 2n—¢ 2n 1

Table B.3. Conduction intervals for the CHB inverter.

The resulting conduction power loss expressions for the CHB inverter’s IGBTs and diodes

are given below:

1l ¢ . . .
Peon_cHB.s1/s3 = EJ.O [Msin(@ + ¢)]I pk SIN ORI pk SIN 0+V,.)do
B.24
MR_15, , MV, , (B.24)
Poon-chB.s1/s3 =7(1+ COS @) +T[(7r—¢)cos¢+sm |
1 79 . .
Peon_cHe.s2/54 = E[jo I Sin ORI ok SING +V,)dO+
j:ﬁ¢[1+ M sin(@+ )11, sinO(R.1 , sin+V, . )d6]
RIZ  MR.IZ (B.25)
Peon-cHe.s2/s4 = 4p - e = (1—-cos¢)’ +
V, | MV, |
Qe PR 4 9 X (hcos ¢ —sin )
Az
1 ¢~ . . .
Peon-cre,p1/03 = ZL_J‘M sin(@+ @)1l sin (R, 1, sinO+V, )d6
(B.26)

MR, 1?2 MV, I
Peon_cHB.p1/D3 = S (1-cos ¢)2 "‘M(Sin ¢ —PCos )
67 A
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Por e 02/ :i [ 1-Msin(@+¢)]1 , sinB(R,1,, 5in O+, )d6+

1 pn .
ij |, SiNO(R I, Sin@+V,,)do
(B.27)

M 1
Peonche.p2/04 = [_ a(l"' cos¢@)’ + Z:| Ryl ;k +
M . 1
{E[(gb — 1) C0S ¢ —Sin @] +;}I Vo

As for the switching losses, the expression for the total conduction losses of the three-
phase CHB inverter can be shown to be the identical to the respective expression for the NPC
inverter (B.23):

Pcon—CHB,3¢ = Pcon—NPC,3¢ - (B.28)

B.3 Converter loss calculator

The loss expressions derived in this Appendix for the 2L and the 3L NPC and CHB
inverters were incorporated in an Excel spreadsheet, used as a CLC. The CLC was also
extended to cover other converter types, namely the 6-pulse rectifier, the buck and boost dc-
dc converters, and the 2L inverter for Brushless DC (BLDC) motor drives.

The user can select a converter type and provide input (Figure B.3), according to which
the CLC estimates IGBT-diode losses and temperatures. Input includes values of parameters
such as the converter switching frequency, modulation index, output current, etc., as well as
the selection of IGBT-diode modules. Module data sheets are used to derive the values of
loss coefficients (Figure B.4) and calculate the loss expressions and junction temperatures
(Figures B.5 and B.6). Values for the ambient temperature and heat sink thermal coefficient,
also provided by the user, are part of the above calculation. The calculation is recurrent, since

junction temperatures affect the loss coefficients and vice-versa.

The CLC is a useful tool for converter design, since it contributes to the selection of

modules, heat sinks, and operating parameters. Its copyright belongs to TSL Technology Ltd.
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1 Loss Calculations for Three-Phase NPC Inverter
2 Losses are for one device in the inverter.

3

4 Input

5 |Link voltage Vbus 18001

6 Fundamental freq. fo 50 Hz

T Switching freg. faw 10000 Hz

& Modulation m 0.99

9 Power factor cosphi 0.85

10 Max phase current Ipk,max 283 A

11 Outer devices l:\“ - V4} | FF300R17MES3 j
12

13 Inner devices (V2 - V3:| | FF300R17ME3 j
14

15

16 Clamping diodes (D5 - DB) ) Outer device

17 |are part of / same type as: @ Inner device

18

19

20 Junction temperature T 125 C

21 Ambient temperature Ta 40 C

22 |Heat sink thermal res. Rthha 0.132 KW

23

24

25 |Derived quantities SPWM | SVM

26 | Sine fundamental output 1091 1260(Vrms
27 Max pure sine output 1102 1273 [Vrms
25 |Effective link 900 v

29 Power angle phi 0.55 rad

M 4 » M| Rectifier Buck . Boost ~BLDC 2L Inv. ~ CHBInv. | 3L NPC Inv.

Figure B.3. Converter selection and input parameters for the NPC inverter sheet of the CLC.

Data for selected device (1 - V4)

MNo.

IGBT module

housing type
Rgon/Rgoff [W]

VDC [V]

Inom [A]

Rthjc [KAWV]

Vee @ Inom [V]
Etot/lnom (25°C) [mWs/A]
Etot/Inom (125°C) [mWs/A]
V_t02 (25°C) [V]
R_ce2 (25°C) [Ohm)]
V_t01 (125°C) [V]
R_ce1 (125°C) [Ohm)]
Rthjcd [KAWV]

Erec2 (25°C) [mWs]
Erec1 (125°C) [mWs]
U_02 (25°C) [V]
R_D2 (25°C) [Ohm]
U_01 (125°C) [V]
R_D1 (125°C) [Ohm]
R_CC™+EE" [mOhm]
Rthch-GBT [KAV]
Rthch-Diode [KAW]
SiC diode
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Eonoff 168.9 mJ
Ac 0.63 mJ/A
Bc 0.00 mJ
Vil 0.90v
Rce 0.00499 ohm
Erec 1.7 mJ
Ad 0.11 mJ/A
Bd 394 mJ
uo 1.07 vV
Rd 0.00275 ohm
Rceoee 0.00152 ohm
Inom 300 A

327
FF300R17ME3
EconoDUAL3
47
900 Derived guantities (V11 - \/4)
300 —=
0.075 IGBT sw!tch!ng
24 IGBT switching sc.
0.43 IGBT switching off.
063 IGBT threshold
105 IGBT resistance
000317 Diode recaovery
0.90 Diode switching sc.
0.00499 Diode switching off.
013 Diode threshold
403 Diode resistance
iy Bond resistance
1.16 MNominal current
0.00213
1.07)
0.00275
1.1
0.00
0.00
0

Figure B.4. Datasheet values and derived loss coefficients for the selected IGBT-diode module.
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
i
78
79
80

83
84
85
86
a7
il
89
90
91
92
93
94
95
96
97

Figure B.5. Losses and temperatures for each semiconductor, as a function of the output current.

Peak output current Ipk [Apk] 0 24 47 [l
Rms output current Irms [Arms] 0 17 33 50
Power Po [kW] 0 27 54 80
IGBT 31 conduction losses IGBT 51 cond 0 5 11 18
IGBT S1 switching losses  IGBT 51 sw 0 22 44 66
IGBT 51 total losses IGBT 51 tot 0 27 ) 84
Diode D1 conduction losses Diode D1 cond 0 0 0 0
Diode D1 switching losses  Diode D1 sw 0 0 9 9
Diode D1 total losses Diode D1 tot 0 0 9 10
IGBT-diode V1 bond losses Bond of V1 0 0 1 1
IGBT-diode V1 total losses  Device V1 0 27 65 95
IGBT 52 conduction losses IGBT 52 cond 0 7 16 26
IGBT S2 switching losses  IGBT S2 sw 0 2 4 5
IGBT 52 total losses IGBT 52 tot 0 9 20 32
Diode D2 conduction losses Diode D2 cond 0 0 0 0
Diode D2 switching losses  Diode D2 sw 0 0 9 9
Diode D2 total losses Diode D2 tot 0 0 9 10
IGBT-diode V2 bond losses  Bond of V2 0 0 1 2
IGBT-diode V2 total losses  Device V2 0 9 30 43
Diode D5 conduction losses Diode D5 cond 0 3 5 8
Diode D5 switching losses  Diode D5 sw 0 0 89 92
Diode D5 total losses Diode D5 tot 0 3 94 101
Total inverter losses Inverter [KWV] 0.0 0.2 1.1 14
% total inverter losses Inverter [%] 0.88% 211% 1.78%
Temperatures

Ambient Ta 40 40 40 40
Heat sink {under W1} Th 40 44 49 52
Heat sink (under W2} Th 40 4 44 45
Heat sink (under D5} Th 40 40 52 53
Case (IGBT 51) Te,j 40 44 49 52
Case (Diode D1) Te.d 40 44 49 52
Case (IGBT 52) Tc,) 40 4 44 46
Case (Diode D2) Tc.d 40 41 44 46
Case (Diode D5) Tc.d 40 40 52 53
IGBT 51 Tj 40 46 53 59
Diode 01 Td 40 44 50 54
IGBT 52 Tj 40 42 45 48
Diode D2 Td 40 4 45 47
Diode DA Td 40 41 65 66
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Losses in VM1

450

400 /

330 / IGET 51 tot
300 / Dicde D1 ot

% 250 et —— IGBT 51 cond

@ / T IGBT 515w

& 200 = .

s / — Dicde D1 o@nd
150 | Diode D1 sw
100 / — Bond of V1

0 _érg— . .
0 50 100 150 200 250
Current mms (Imrms) [Arms]
Temperatures for V1
140
120 H=&-B=-4F=-E-F-&-B-8-E=F-t

E 100 / ==B==Tjd,max

i M T

'E ) //’M T

i 80 Tcj

E Ted

& a4p ——Th

20
0 T

0 50 100 150 200

Current rms (Imrms) [Amms]

250

Figure B.6. Losses and temperatures for module V1, in a graphical form.
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Appendix C

Single-phase transformerless PV
Inverter (Patent pending)

C.1 Motivation

PV inverters (dc to ac power electronic converters) convert the direct current generated by
the PV panels to alternating current, which is then supplied to the grid. Traditional PV
inverter configurations contain transformers that provide galvanic isolation between the PV
array of panels and the grid. In the absence of a transformer, however, leakage currents can
circulate in a path formed by the PV array, the inverter, the (grounded) grid neutral, and the
ground (Figure C.1). Even if the PV array is not grounded using an earth rod, its large surface
laid against the ground forms a parasitic capacitance (in the order of nF to pF) that can
conduct HF (in the order of kHz) common-mode leakage currents. Leakage currents damage
the PV panels and bring up safety issues, and therefore have to be kept as low as possible (in
the order of mA).

B Transformerless EMI C,\ Grid

PV inverter filter

/_'\\

Parasitic _]_
capacitance |

Figure C.1. Common-mode current (i) circulation path, through the PV array’s parasitic capacitance [84].
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C.2 Solution — Existing topologies

Leakage currents are generated when the voltage of the PV panels with respect to ground
fluctuates at HF. In this study, vpy+ and vpp— will be used to denote the voltage of the positive
and negative PV rail w.r.t. ground, respectively (Vey+ = Vpy— + Vpy). HF fluctuations on vpys
(and vpy-) arise from the PWM operation of the inverter. The fluctuations appear across the
parasitic capacitance, which has low impedance at HF, and therefore allows leakage currents
to flow through it. The solution to the problem is therefore to stabilize, or only allow a LF

fluctuation of vpy..

The value of vpy.+ is a function of the grid voltage (vgrig), the PV array output dc voltage
(Vev), and the inverter switching state. The frequency of vgig is typically 50 or 60 Hz, while
Vpy also varies slowly (in the order of Hz), depending on the instantaneous value of

irradiance on the PV array. Thus, a value of
Vpv+ = @Vgrig + bVpy (C1)

(a and b are constants) does not contain any high-frequency components that give rise to

leakage currents.

C.z21 Topologies based on the NPC inverter

Figures C.2 — C.4 and C.6 — C.9 illustrate a number of existing transformerless PV
inverter topologies. The first two topologies,

- the single-phase NPC inverter (Figure C.2) [49], and
- the inverter patented by Conergy (Figure C.3) [85, 86]

are related to the NPC topology. They both use a single reactor (L1) for their output filter,
connected to one of their output terminals. The other terminal is connected to the grid neutral,

which is grounded. As a result, vpy. takes the value of the upper capacitor voltage,
Vpy+ =Vc1 = O-5VPV , (CZ)

avoiding high-frequency fluctuations according to (C.1) (a=0and b = 0.5).
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The NPC inverter is built using modules with a voltage rating of Vp\/2, and is modulated
as described in Chapter 2. The Conegy inverter, on the other hand, requires two modules (V1

and V2) to be rated at Vpy, While its zero state is achieved by turning on modules V3 and V4.

Cla=

D1y

D2C|

C2a=

EMI
filter 6 Varig

Figure C.2. NPC inverter topology [49].

Clas=

cC2a=

EMI (N
Y filter Varia

Figure C.3. Conergy inverter topology [85].

C.2.2 Topologies based on the H-Bridge inverter

Figures C.6 to C.9, illustrate topologies that originate from the single-phase H-Bridge
inverter (Figure C.4). It has been demonstrated by several researchers [84, 87] that such

topologies can avoid high-frequency fluctuations of vpy. only by:

- Splitting the output filter reactor in two (L1, L2), and connecting one to each output

terminal, and at the same time
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- ensuring that the common-mode voltage, vem, defined as (va + vg)/2, is equal to Vp\/2

for all inverter switching states (points A, B and voltages va, vg are shown in Figure

C.4).
A L1
Vil V3 manliilee
)
EMI
Vev| | PV | et == filter 6 Verig
V2 V4
G i
—o— v —|
B L

Figure C.4. Conventional H-Bridge inverter topology.

——o Va=Vpy

i ]
Vpy r
2 al
4(} ON-”i_I—‘ ‘_o Ve =0
O B
)

(P

V
PV VA=0
Vev L
2
Vg = Vpy
0

(N)

Figure C.5. Switching states and conduction paths for the H-Bridge inverter under bipolar modulation: (P) vag
= Vpy, and (N) vas = —Vpy. Voltages v and vg are shown w.r.t the negative PV rail. Arrows illustrate the

conduction paths for both directions of current.

The H-Bridge inverter itself can be used as a transformerless PV topology, under bipolar

modulation. This strategy only uses the positive (P) and negative (N) switching states of the
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H-Bridge, illustrated in Figure C.5. The positive and negative states can be used, since the

value of v¢m, derived in Table C.1 below, is equal to Vpy/2 for both of them.

State Va Vg Vem
P: (V1-V4) Vpy 0 Vpyl2
N: (V2-V3) 0 Vpy Vpyl2

Table C.1. Switching states for the H-Bridge inverter under bipolar modulation.

On the contrary, as shown in Table C.2, the H-Bridge zero states, Zp and Zy, give a common-
mode voltage which is different than Vp\/2. Hence, these states have to be avoided in an H-

Bridge transformerless PV inverter.

State Va Vg Vem
Zp: (V1-V3) Vey Vey Vpy
Zn: (V2-V4) 0 0 0

Table C.2. Zero (forbidden) switching states Zp and Zy, for the H-Bridge transformerless PV inverter.

Nevertheless, switching an H-Bridge between the positive and negative states (without
zero states) deteriorates the quality of its PWM output voltage, since it results into a two-
level (instead of three-level) waveform. In order to cover this drawback, transformerless PV
inverter topologies based on the H-Bridge, introduce different circuit modifications to create

their zero states. Their operation relies on one of the following two alternatives:

A. Keeping v¢nm equal to Vey/2 during all inverter states, or
B. Keeping veyn equal to Vpy/2 during the positive and negative inverter states, and

disconnecting the PV array from the grid during the zero states.

Transformerless PV inverter topologies that operate according to the first alternative are

- the iH5 inverter (Figure C.6) [88], and
- the H6 inverter (Figure C.7) [89, 90],

while topologies based on the second alternative are
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- the H5 inverter (Figure C.8) [91], and
- the HERIC inverter (Figure C.9) [92].

The zero states of the above topologies are summarized in Table C.3.

Topology Zero state(s)
iH5 (V1-V3-V6)
H6 (V1-V3-V5-V6) or (V2-V4-V/5-V6)
H5 (V1-V3)
HERIC (V5-V6)

Table C.3. Zero states for transformerless topologies based on the H-Bridge inverter.

The iH5 and H6 inverters clamp the voltage of their zero state conduction path to the mid
dc-bus voltage. This way, va, vg (see Figure C.4) and v, become equal to Vpy/2 during the
zero states, too. HS, on the other hand, implements a technique known as “dc bypass”,
decoupling the PV array from the rest of the circuit during its zero state (Zp). Similarly,
HERIC implements an “ac bypass”, by modifying the ac side of the circuit to achieve the

same effect.

According to [87, 88], the approach of iH5 and H6 (i.e., keeping v¢m equal to Vey/2 during
all inverter states) is more reliable regarding leakage current suppression, because it has a
lower dependency on the parasitic elements of the inverter circuit. Furthermore, the
advantage of all topologies based on the H-Bridge as compared to those based on the NPC
inverter, is that they require half the value of Vpy to generate the same amplitude of ac
voltage. In PV applications this is a significant advantage, since it affects the required

number of panels per PV array, and relates to safety regulations regarding dc voltage levels.
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Appendix C | Single-phase transformerless PV inverter
N L1
— N
cl== V5T Vl‘|<} Vil{}
V6
V PV il:\ EMI
PV o filter
o= vz_I v4_I
— N
L2
EMI
Vev| | PV filter
<} EMI
Vev| | PV == filter
V2 \Z!
4
— T
L2
Figure C.8. H5 PV inverter topology [91].
L1
V1 V3 €000 r—
&)
Ty EMI
Cl=e= .
Vev| | PVl A filter
V2 V4 D2,
s
<900 r—
L2

Figure C.9. HERIC PV inverter topology [92].
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C.3 Proposed topology

The proposed transformerless PV inverter topology is illustrated in Figure C.10, below.

v1_|<} vs_li}
ek vz_I v4_|<}

Figure C.10. Proposed transformerless PV inverter topology.

C1

EMI 6
filter Veria

C31 Concept — Structure

The basic structure of the proposed topology is similar to that of the HERIC inverter.
However, the topology operates according to the first alternative (in Section C.2.2), and
therefore does not disconnect the PV array from the grid at any time. It actually extends the
ac bypass of the HERIC inverter in the same way that iH5 extends the dc bypass of the H5
inverter. Namely, it adopts the zero state of the HERIC inverter, but also uses a capacitor
bank that is split in two, to provide a connection point at half the voltage of the dc bus
(Vev/2). Additionally, it introduces a mid dc-bus clamping branch, consisting of diodes D1,
D2, D3, and D4. During the inverter zero state (VV5-V6), these diodes clamp the voltage

of points A and B to the mid-dc bus and set v¢m to Vpy/2, as shown in the following section.

C.3.2 Switching states and common-mode voltage

Figure C.11 illustrates the switching states for the proposed topology, together with the
respective conduction paths. The respective common-mode voltages are presented in Table

C.4. The zero state, Z, is used in place of the conventional zero states Zp and Zy.
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Vpy T oN_l ] o Va=Vey
Vpy
7 [ : Fol
< 4(} ool T |
0 >“ VB—O
T > o VA—O
| A
> o Vg = Vpy
(N)
Vpy [\ ’: VA:\E/
= = 4{} 2
Vv ON | oN
Voo L ]
0 = 1 4(} 1 A VB:\%/
(2)

Figure C.11. Switching states and conduction paths for the proposed PV inverter: (P) Vag = Vpv, (N) Vag = —Vpy,

and (Z) vag = 0. Voltages v, and vg are shown w.r.t the negative PV rail.

State Va Vg Vem

P:(VI-VA) Vey 0 Va2
N:(V2-V3) 0 Vey Vpl2

Z. (V5-V6) valz valz valz

Table C.4. Switching states for the proposed PV inverter.
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C.3.3 Simulation results

The proposed PV inverter topology was simulated according to the following parameters:

Parameter Value
Ve 400 V
Lo 117 A, ¢ = —8 degrees
f 50 Hz
fe 5 kHz
M 0.8
L for L1, L2 0.6 mH
Vrig 315V, ¢ =—8 degrees

Table C.5. Simulation parameters.

600 600
400 " 400 fymm
~ 200 || | IIi 200 |
E_\ 0 I I i 0 I Il
=7 2200 | =200 I I
-400 . —400 ’
—600 =600

]

600

400 - 1

200 '/\/
U 4

-200 : : : =200 : : :
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
(a) Time (s) (b) Time (s)

Figure C.12. Simulated results of the proposed PV inverter operating with the parameters of Table C.5: (a)
Using the zero states Zp and Zy, (b) Using the proposed zero state Z.

From Figure C.12, it can be observed that the proposed PV inverter can avoid the high-

frequency fluctuations of vpy. generated by the conventional H-Bridge zero states. Namely,
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by using state Z as a zero state, vpy+ becomes equal to 0.5vgrig + 0.5Vpy for all inverter states,

thus only includes a low-frequency fluctuation at the frequency of the grid (50 or 60 Hz).

The presented analysis and results indicate that the proposed topology can be used as a
transformerless inverter for the suppression of leakage currents in PV applications. In
comparison to the inverters in Figures C.6 — C.9, this topology can be expected to have
higher cost, due to the increased number of diodes that it requires. It is noted, though, that the
clamping diodes (D1; — D4) can have a voltage rating of Vpy/2 and a very low current
rating, since they only have to carry leakage currents (less than mA).
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